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Introduction

1.1 The immune system

In order to protect themselves from pathogenic microorganisms, animals and plants
have developed effective mechanisms to recognize and eliminate pathogenic invaders.
The first line of defense is the innate immune system which comprises the unspecific
recognition of pathogens and provides immediate defense. While mechanisms of
innate immunity are present in most organisms, vertebrates have additionally
developed an adaptive immune system that consists of highly specialized cells. Innate
and adaptive immunity are mediated by humoral and cell-mediated components which
comprise different mechanisms to target pathogenic invaders. While the former is
mostly based on macromolecules that are found in extracellular fluids (e.g. antibodies,
antimicrobial peptides), the latter consists of cells that directly respond to pathogens
(e.g. phagocytes, T cells). Together, cell-mediated and humoral components of the
innate and adaptive immune system provide complex and effective mechanisms that
enable the recognition, elimination and long-lasting protection from intracellular and

extracellular pathogens [1, 2].
1.1.1 Innate and adaptive immunity

The innate immune system is the first line of defense against pathogenic invaders
which other than the adaptive immune system comprises generic mechanisms that
enable immediate protection but do not provide long-lasting immunity. Among these
mechanisms are physical barriers (e.g. mucosal surfaces) that prevent the invasion of
microorganisms as well as proteins that induce inflammation (complement system) and
cellular components that recognize and destroy pathogens (e.g. phagocytes, dendritic
cells, natural killer cells). The recognition of pathogens by innate immune cells is
mediated by pattern recognition receptors (e.g. toll-like receptors, TLRs) that bind
conserved proteins that are present in various microorganisms. If the innate immune
system fails to recognize and clear a pathogen, components of the adaptive immune
system are activated to mount a more specific and efficient immune response [1]. The
adaptive immune system enables the highly specific recognition and elimination of
pathogens and can provide long-lasting protection. It comprises specialized
lymphocytes, namely B cells and T cells that originate from a common lymphoid
progenitor in the bone marrow. During their development in the thymus (T cells) or
bone marrow (B cells), somatic recombination generates diverse repertoires of B cell
and T cell receptors that bind particular antigens and form the basis for a highly specific

recognition within the adaptive immune system [3, 4].
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B cells are an important part of humoral immune responses as they can produce large
amounts of antibodies that bind native proteins in their tertiary structure enabling
efficient immune responses against extracellular microorganisms or toxins. B cell
specificity is determined by a highly specific B cell receptor which can remain bound to
the cellular surface or be secreted as antibody into the blood plasma. Upon antigen-
specific activation via the B cell receptor, B cells proliferate and differentiate into
plasma cells or memory B cells which can secrete large amounts of antibodies and are
able to provide long-lasting immunity [2]. While antibodies target antigens that are
outside of the cell, T cells are able to mediate an immune response against intracellular
pathogens. T cells are an important part of cell-mediated immunity and recognize
antigens that are processed and presented on the cell surface by major
histocompatibility complexes (MHCs). T cell specificity is mediated by T cell receptors
(TCRs) that are expressed on the surface of T cells which recognize antigens in their
primary structure. Upon antigen-specific binding of MHC-peptide complexes, T cells
proliferate and differentiate to mount an efficient immune response against pathogenic
invaders (see 1.1.2). Once an infection is cleared by the adaptive immune system,
most antigen-specific B and T cells are eliminated, but some become long-lasting
memory cells. Upon binding of their previously encountered antigen they are able to
mount a faster and stronger immune response providing the basis for long-term

immunological memory [2].
11.2T cells

T cells mature in the thymus and are an important part of cell-mediated immunity
during adaptive immune responses. The T cell compartment consists of cytotoxic and
helper T cells that differ in their phenotype and function but are similarly characterized
by expression of a highly specific TCR which binds cognate antigens in an MHC-
dependent manner. The TCR is a heterodimer and in most T cells is composed of an a
and B chain whereas a minor subset (yd T cells) consists of y and & chains (Figure 4A).
Pairing of the two chains provides the structural composition for the highly specific
interaction with MHC-peptide complexes [5]. To enable recognition of a large number
of peptides, highly diverse TCR repertoires are generated by somatic recombination of
variable (V) and joining (J) gene segments (a chain) or VJ and diversity (D) gene
segments (B chain) resulting in over 10% possible combinations [6]. Although a large
number of TCRs are generated in the thymus, only about 5% are believed to enter the

periphery as most T cells are eliminated during thymic selection [7]. This process is
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essential to ensure functionality of T cell clones in the periphery but also to prevent

reactivity against endogenous structures (see 1.1.3.1) [8].

The T cell compartment consists of cytotoxic T cells and helper T cells that have
different functions during an adaptive immune response. Cytotoxic T cells are
characterized by expression of CD8 which is a co-receptor for MHC class | molecules
that are expressed on the surface of almost all cells. Upon recognition of foreign
peptides, cytotoxic T cells mediate programmed cell death e.g. by secretion of
cytotoxins or by expression of surface molecules that enable direct interaction with the
target cell. This provides the immune system with the ability to directly eliminate cells
that process and present foreign peptides on their surface upon infection with an
intracellular pathogen [9]. In contrast, helper T cells (Th cells) express CD4 which is a
co-receptor for MHC class Il molecules that are expressed only on professional antigen
presenting cells (APCs) such as dendritic cells, macrophages or B cells. Upon
activation, CD4 T cells secrete cytokines and upregulate molecules that enable
interaction with various cells of the immune system which allows modulation, such as
amplification or suppression, of an immune response against intracellular or
extracellular pathogens. Depending on the activating pathogen, CD4 T cells can
differentiate into specialized Th subsets (e.g. Th1, Th2, Th17) that differ in their
cytokine profile that corresponds to the respective immune reaction. Consequently,
CD4 T cells are essential mediators of an adaptive immune response and comprise

versatile mechanisms to modulate protective immune reactions [10].

1.1.3 Immune regulation

Based on the highly specific mechanisms of the adaptive immune system, pathogenic
invaders can effectively be eliminated. However, the great potential of the immune
system to cause inflammation and tissue damage requires tight controls that prevent its
false activation which can otherwise result in chronic inflammation, autoimmunity or
allergy. Immunological tolerance against self and harmless foreign antigens is induced
in the thymus (central tolerance, see 1.1.3.1) or at peripheral sites (peripheral
tolerance, see 1.1.3.2) and is essential for the maintenance of immune homeostasis
[11].
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1.1.3.1 Central tolerance

Central tolerance is a mechanism that affects T cell and B cell maturation and selection
in the thymus or bone marrow before they enter the circulation. Selection of T cells is
based on the specificity and affinity of the TCR and is an important mechanism to avoid
self-reactivity in the periphery. Developing T cells are first selected based on their
ability to bind self MHC-peptide complexes and clones that fail to bind die by neglect.
Upon recognition of self MHC-peptide complexes, low and intermediate affinity
interactions are positively selected to enter the periphery whereas high affinity clones
that have the potential to recognize endogenous structures and cause autoimmunity
are eliminated (Figure 1) [11]. Furthermore, it has been shown that intermediate affinity
to self can promote commitment to a separate lineage of CD4" T cells that exhibits
potent regulatory and suppressive functions (see 1.2) [12]. Although the precise
mechanisms that induce commitment to the regulatory T cell (Treg) lineage are not fully
understood, affinity to self has been proposed to be an important driver of Treg
development in the thymus providing the basis for suppression of self-reactivity in the

periphery (Figure 1).

The selection of clones based on their affinity to self requires the expression of
autoantigens in the thymus. It has been shown that the transcription factor Aire
(autoimmune regulator) upregulates expression of tissue-specific self-antigens in
medullary thymic epithelial cells (mTECs). Consequently, Aire dysfunction results in a
loss of central tolerance [13-16] which is characterized by a variety of autoimmune
manifestations in patients suffering from Autoimmune Polyendocrinopathy Syndrome
type 1 (APS-1) [17, 18]. Taken together, central tolerance is based on the careful
selection of clones that enter the periphery and it is currently believed that T cells with
high affinity interactions to self-antigens are eliminated during thymic selection whereas

intermediate affinity promotes commitment to the Treg lineage (Figure 1).
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Figure 1: The affinity model of thymocyte selection. T cell selection in the thymus depends
on the affinity of the T cell receptor to self-antigens. Clones that do not recognize self MHC-
peptide complexes die by neglect while low and intermediate affinity clones are positively
selected. Negative selection eliminates clones with high affinity interactions to prevent self-
reactivity. Clones with intermediate affinity to self differentiate into Tregs, although a small range
of stochastic overlap can generate either CD4" T cells or Tregs (figure derived from [19]).
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1.1.3.2 Peripheral tolerance

Thymic selection of T cells represents an important mechanism to prevent self-
reactivity in the periphery. Nevertheless, some self-reactive clones can escape thymic
selection and also tolerance against harmless foreign antigens needs to be maintained
in the periphery. Therefore, in addition to central tolerance, peripheral tolerance is
essential to prevent immune reactions against endogenous structures but also against
innocuous non-self antigens such as food or microbiota which can cause autoimmunity,
chronic inflammation or allergy [20]. Mechanisms of peripheral tolerance include the
elimination of self-reactive T cells that have left the thymus via e.g. anergy or deletion
but also entail specialized cell subsets that are able to exert regulatory functions to
control inflammatory immune reactions [11]. For example, tolerogenic APCs can
suppress inflammation by insufficient co-stimulation resulting in impaired T cell
activation and expansion. In addition, a tolerogenic environment can promote the
acquisition of regulatory functions by CD4 T cells, e.g. by expression of the
immunomodulatory cytokine IL-10 by type 1 regulatory T cells (Tr1 cells). Indeed, Tr1
cells have been shown to ameliorate inflammation in animal models of colitis [21], graft-
versus-host-disease (GvHD) [22] and type 1 diabetes (T1D) [23]. Furthermore,
regulatory T cells that are selected in the thymus based on their affinity to self-antigens
are important mediators of tolerance in the periphery (see 1.2). Collectively, the T cell
repertoire is shaped by careful selection processes in the thymus and periphery which
provide T cells with specificities to efficiently eliminate pathogenic invaders while

maintaining tolerance against self and harmless foreign antigens.
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1.2 Regulatory T cells

Regulatory T cells (Tregs) are a small but highly specialized subset that is an important
regulator of the immune system. Tregs develop as a separate lineage in the thymus
and are believed to be selected based on their intermediate affinity to self-antigens
(Figure 1). Because of their potent immunosuppressive functions they are important
mediators of tolerance in spite of their low frequencies making up only ~2-3% of the
human CD4 T cell compartment [24]. Tregs are mostly characterized by expression of
high levels of the IL-2 receptor a-chain (CD25) and lack of expression of the IL7
receptor (CD127), although this signature is not exclusive to the Treg lineage. More
importantly, the X chromosome encoded transcription factor Forkhead-Box-Protein 3
(FoxP3) has been identified as the lineage specification factor that is essential for Treg
development and function [12, 25]. Consequently, its deficiency in mice (scurfy
phenotype) and humans (IPEX syndrome) leads to severe systemic autoimmunity,
allergy and inflammatory bowel disease underlining the importance of Tregs for the
maintenance of tolerance [26, 27]. Although FoxP3 has been described as the key
transcription factor that is critical for Treg development and function, its expression is
not limited to Tregs and can be transiently upregulated by non-Tregs upon activation
[28-30]. However, stable FoxP3 expression in thymic-derived Tregs is epigenetically
imprinted within a highly conserved region in the FoxP3 locus (Treg-specific
demethylated region, TSDR) that is demethylated in Tregs, but not in conventional T
cells (Tcons) [31-34]. Furthermore, Treg-specific hypomethylation patterns that are
essential for thymic Treg development and their stability in the periphery have been
identified (e.g. foxp3 intron 1, ctla4 exon 2 and ikfz4 intron 1) which together with

concomitant expression of FoxP3 establish lineage stability in the periphery [35].

1.2.1 The peripheral Treg compartment

The immune system is frequently encountered with foreign antigens which can be
harmful to the host and require protective immune reactions. In contrast, foreign
antigens also include harmless structures such as microbiota, innocuous environmental
antigens or food which have the potential to cause severe chronic inflammation or
allergy. Therefore, immune reactions against such antigens need to be tightly
controlled by mechanisms of peripheral tolerance which includes the circulation of

regulatory cells in the periphery (see also 1.1.3.2) [20].
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In spite of its well-established importance for the maintenance of tolerance, the
composition of the peripheral Treg compartment remains poorly understood. In addition
to FoxP3" Tregs that develop as a separate lineage from Tcons in the thymus, it has
been shown that FoxP3" cells in the periphery can also derive from Tcons that have
transiently acquired a regulatory phenotype (Figure 2; see 1.2.1.2). Furthermore,
stability of thymic-derived Tregs in the periphery remains elusive as plasticity of the
Treg phenotype has been observed which can potentially contribute to inflammatory
immune pathologies (Figure 2; see 1.2.1.1). Collectively, heterogeneity and stability of
the peripheral Treg compartment remain unknown and also their contribution to
tolerance and inflammatory immune pathologies has not clearly been defined [36, 37].
For clear separation of Tregs that have developed in the thymus and Tregs that were
induced in the periphery, a nomenclature that was proposed by Abbas et al. (2013) will
be used throughout this work. In that way, thymic-derived Tregs (tTregs) can be
distinguished from Tcons that have acquired FoxP3 expression in vitro (in vitro-induced
Treg, iTreg) and Tregs that were induced extrathymically from Tcons in vivo
(peripherally-derived, pTreg) [38].

Bone marrow  Thymus Periphery
tTreg
>—Treq cell Tre o
\ g plasticity
TR Foxp3' | Autoimmune
T cell — | ,; o sl \ # \\ disease
progenitor Vi, W ‘ ;
) \" | ipe Foxp31) ~ Allergy
g ’:‘.; \, TE::I;I? QN Graft rejection
W 4‘\-(‘\. o J- TH1
T.2 A Inflammatory
T H Y bowel disease
b TH17$'Y
ey A WS Cancer
b Foxp3+;
< Infectious disease
pTreg/iTreg

Figure 2. The peripheral Treg compartment. Naive T cells and tTregs develop separately in
the thymus from a common T cell progenitor. In the periphery, naive T cells differentiate into
effector cells (e.g. Th1, Th2, Th17) that mediate different immune responses which can be
suppressed by Tregs. FoxP3" Tregs can either derive from the thymus (tTregs) or from Tcons
that were extrathymically induced in vitro (iTregs) or in vivo (pTregs) which is dependent on
TGF-B. In addition, it has been suggested that loss of a regulatory phenotype and plasticity of
tTregs can contribute to inflammation (figure adapted from [39]).



Introduction

1.21.1 Treg plasticity

Lineage stable tTregs develop in the thymus and exhibit potent immunosuppressive
functions in the periphery. However, plasticity of inherently stable tTregs remains
controversial. For example, downregulation of FoxP3, loss of suppressive capacity and
expression of effector cytokines have been observed within the peripheral Treg
compartment and have been proposed to contribute to heightened immune responses
[36, 37, 40-43]. Such pathogenic conversion of Tregs has been shown to contribute to
autoimmunity [44-46], allergy [47] and chronic inflammation [48] in mice but can also
mediate protective immune responses against helminth infections [49]. However, it is
not known whether these exTregs within the peripheral Treg compartment actually
originate from bona fide tTregs or represent instability of pTregs. On the one hand,
reprogramming of the Treg lineage under inflammatory conditions has been shown in
mice indicating inherent instability of the Treg lineage [44, 45, 47-51]. In contrast,
others have attributed plasticity to a minor Treg subset suggesting heterogeneity while
showing overall stability of Tregs in the periphery [52-54]. Collectively, instability of the

Treg lineage and its potential contribution to immune pathologies remain unknown.

Most studies that have analysed in vivo Treg stability have used lineage tracing of
FoxP3" cells in mice. But also in humans Treg instability has been observed in vitro
[55-59] which has been proposed to be restricted to the antigen-experienced memory
Treg compartment as naive Tregs have been shown to be particularly stable [60-65].
Furthermore, expression of effector cytokines has been observed in Tregs derived from
patients suffering from MS [66], T1D [67], arthritis [45, 68, 69], psoriasis [70] and
inflammatory bowel disease [71-73], but also in healthy individuals [65]. These data
question stability of the Treg lineage in vivo and even suggest a contribution of Treg
plasticity to inflammatory immune pathologies. However, studies that have reported
Treg instability in humans have analysed the polyclonal CD25'CD127  Treg
compartment ex vivo or after prior in vitro expansion which can contain variable
degrees of effector cells. Furthermore, lack of Treg-specific activation markers has
currently prevented analysis of antigen-specific Tregs and therefore lineage stability of
Tregs during particular immune responses remains unknown [74, 75]. Collectively, due
to a lack of markers it is currently impossible to unambiguously identify lineage stable
tTregs ex vivo or within in vitro expanded cultures and therefore inherent Treg plasticity
cannot be clearly distinguished from instability of pTregs. Consequently, plasticity can

similarly derive from Treg reprogramming or cellular heterogeneity which currently
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cannot be clearly separated. Taken together, the occurrence of Treg plasticity and its

contribution to immune reactions in humans remain poorly understood.

1.2.1.2 Extrathymic Treg induction

In spite of their importance for the maintenance of tolerance, little is known about the
antigen-specificity of the peripheral Treg compartment in humans. It is currently
believed that Tregs develop based on their intermediate affinity to self to prevent auto-
reactivity in the periphery while Tcon specificity is directed toward non-self to enable
protective immune reactions (Figure 1) [76-83]. Nevertheless, tolerance needs to be
maintained against harmless foreign antigens from e.g. the environment, commensals
or food (see 1.1.3.2). Indeed, it has been shown that Tregs can control immune
responses against non-self antigens in mice [84-91] and humans [92-97]. However, it is
currently assumed that immune responses against foreign antigens are mediated by
pTregs which are induced extrathymically from Tcons in the periphery. However, lack
of markers to unambiguously distinguish tTregs from pTregs is currently limiting
delineation of the peripheral Treg compartment in humans. Although Helios [98, 99]
and Neuropilin 1 [100, 101] have been proposed to identify tTregs, their application for
the separation of human tTregs and pTregs remains controversial [102-105]. More
recently, CD137 has been shown to be upregulated on antigen-activated Tregs ex vivo
which exhibited a stable Treg signature separating them from CD154-expressing Tcons
suggesting a role for tTregs in the maintenance of tolerance against foreign antigens in
humans [92, 96, 97, 106, 107]. Collectively, the specificity of pTregs as well as their

contribution to regulatory immune responses in humans remain unknown.

Evidence for extrathymic Treg induction comes mostly from in vitro studies which have
shown that particular conditions (IL-2, TGFB) can induce FoxP3 expression and
regulatory functions in naive Tcons (iTregs) [108-110]. Furthermore, pTreg induction
has been observed in vivo in mice during chronic inflammation [111-113], autoimmunity
[100, 101, 114, 115], within tumors [100], during helminth infection [116] and even
under homeostatic conditions [117-122]. Similar to in vitro studies, in vivo Treg
induction has been shown to require antigen-activation and TGF- [101, 111, 112, 115,
119, 121, 123]. However, even in mice the origin of pTregs remains unclear as
induction is mostly defined by acquisition of FoxP3 expression resulting in variable
outcomes depending on the experimental system. Therefore, the extent and
contribution of pTregs to the physiological Treg repertoire and to tolerance especially in

humans remain elusive.

10
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The inability to identify rare antigen-specific Tregs and Tcons has limited the
characterization of immune responses against defined antigens [74, 75]. Therefore, the
contribution of particular antigens to Treg-Tcon conversion, including extrathymic Treg
induction and differentiation of tTregs into effector cells, has not been demonstrated in
humans [74, 75]. More recently, sequencing of T cell receptors has emerged as novel
technology to provide insight into the clonality of T cell populations and to track
individual clones and their progeny. Using this method, studies have aimed to evaluate
heterogeneity and plasticity of the peripheral Treg compartment in mice and humans by
determining the clonal overlap between Tregs and Tcons. However in mice, studies
have reported highly variable overlap ranging from less than 5% [124-126] to 20% [76,
77, 114, 127-129] up to 40% [130] depending on the approach. Similarly, results from
humans have suggested variable degrees of Treg-Tcon conversion with notable TCR
repertoire overlap within the polyclonal Treg compartment [131] as well as in response
to tumor antigens [132] and CMV [133] while more recent studies have reported only

limited overlap of the polyclonal Treg and Tcon compartments [134, 135].

Consequently, heterogeneity within the peripheral Treg compartment has been shown,
yet whether it originates from the inability to unambiguously identify tTregs or
represents physiological extrathymic Treg induction or potentially pathogenic Treg
conversion cannot be clearly distinguished. Therefore, heterogeneity and stability of the

peripheral Treg compartment remain unknown.

1.3 Regulatory T cell therapy

Regulatory T cells are important mediators of tolerance and are able to suppress
inflammatory immune reactions in the periphery (see 1.2). Chronic inflammation or
autoimmune diseases are caused by a temporary or long-lasting loss of tolerance
against endogenous or harmless exogenous antigens that cause harmful immune
reactions. Current therapeutic strategies focus on systemic immunosuppression which
inhibits the immune system’s capacity to react against infectious agents leaving
patients severely immunocompromised. Since mechanisms that contribute to loss of
tolerance are diverse and remain mostly unknown, the development of specific
therapies is currently limited. Observations of impaired Treg frequency or function in
autoimmune diseases such as multiple sclerosis (MS) [136-140], rheumatoid arthritis
(RA) [141, 142] or systemic lupus erythematosus (SLE) [143-147] suggest a

contribution of the Treg compartment to the development of inflammatory immune

11
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pathologies. Furthermore, amelioration of inflammation by in vivo Treg expansion [148-
152] or adoptive transfer [153] show the potency of Tregs for the treatment of
inflammatory diseases. Therefore, Tregs emerge as promising therapeutic target to

restore tolerance in patients that suffer from inflammatory immune pathologies.

1.3.1 Clinical Treg isolation

Therapeutic Tregs can contribute to the specific treatment of various immune
pathologies. In addition to targeting Tregs in vivo [148-152], adoptive transfer of in vitro
generated Tregs aims to increase Treg frequencies to restore tolerance. To this end,
autologous Tregs are isolated from peripheral blood ex vivo followed by in vitro
expansion to generate sufficient numbers before they are re-infused into the patient
(Figure 3). Feasibility of using endogenous Treg populations to suppress immune
reactions has been shown in different animal models for e.g. GvHD [154-158], MS
[159], colitis [160], T1D [161] or arthritis [162, 163]. Furthermore, human Tregs have
been shown to suppress transplant arteriosclerosis [164] as well as human skin [165-
167] and islet [168] allograft rejection in humanized mouse models. However,
unambiguous identification of Tregs remains a major challenge and also Treg plasticity
has been observed questioning long-term stability of the Treg lineage (see 1.2.1.1). For
clinical applications, stability of in vitro expanded Tregs needs to be ensured, but also
long-term stability in vivo is required to prevent their differentiation into potentially
pathogenic effector cells. However, to date little is known about Treg lineage stability
which is mostly limited by the inability to unambiguously identify tTregs [36, 37]. Taken
together, impurities of in vitro generated Tregs but also potential instability of Tregs in
vivo raise significant safety concerns and represent a major obstacle for clinical use of
Tregs [169, 170].

Clinical transfer of polyclonal Tregs, either ex vivo [171, 172] or following in vitro
expansion [173-182], has been shown to be safe and effective in patients as treatment
for GVHD and T1D. Furthermore, cord blood-derived CD25" Tregs, consisting mainly of
naive Tregs, were successfully expanded in vitro and have proven safety and efficacy
in allogeneic umbilical cord blood transplantation [174, 178, 179]. Alternatively,
expanded CD25"CD127" Tregs that were purified by fluorescence-activated cell sorting
(FACS) have been used in autologous settings for the treatment of autoimmunity [173,
176, 177]. However, FACS sorting is still not routinely applicable under GMP-
compatible conditions and even expansion of FACS sorted CD25"'CD127" Tregs fails to

eliminate non-Treg contaminations [183, 184]. Currently, clinical Treg isolation
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protocols are largely based on the magnetic separation of CD25-expressing T cells
[171-174, 178, 179, 182, 185-188]. Although this enriches FoxP3" Tregs ex vivo, purity
is highly variable and depends on the composition of the starting material, e.g. cord
blood, adult peripheral blood or leukapheresis. Furthermore, also non-Tregs can
acquire a CD25'CD127  phenotype in vivo or upon in vitro culture including
upregulation of FoxP3 without acquisition of regulatory functions (see 1.2.1.2).
Collectively, the inability to clearly identify lineage stable Tregs compromises purity of
in vitro generated Tregs and generates significant safety concerns for adoptive Treg
transfer. More recently, converse expression of activation-induced CD137 and CD154
expression was shown to distinguish between CD137" Tregs and CD154" Tcons ex
vivo enabling enrichment of antigen-specific Tregs that exhibited a stable Treg
signature including TSDR demethylation and a Treg-specific expression profile [92, 96,
97, 106, 107]. Furthermore, following polyclonal stimulation of Tregs it was shown that
exclusion of cells co-expressing CD137 and CD154 enabled enrichment of stable
CD137" Tregs ex vivo [107]. However, applicability of this marker combination for
optimization of stability of therapeutic Tregs remains elusive but could strongly improve
current protocols. Collectively, the great potential of Tregs to mediate
immunosuppression in various inflammatory immune pathologies has been shown, yet
successful Treg therapy requires the optimization of Treg isolation and expansion
protocols to improve purity and stability of therapeutic Tregs [170].
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Figure 3: Schematic diagram of adoptive Treg transfer. For adoptive transfer, Tregs are
isolated from the peripheral blood of patients, expanded in vitro and re-infused back into the
patient (figure modified from [189]).

1.3.2 Generation of antigen-specific Tregs

For therapeutic Treg transfer, large numbers are currently required in spite of their high
suppressive potential. Since only low numbers can be isolated from the peripheral

blood, extensive in vitro expansion is needed which compromises Treg purity (see
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1.3.1). Therefore, increasing the potency of clinical Tregs can significantly reduce
required numbers and consequently augment efficacy and safety of Treg therapy. It
has been shown that endogenous antigen-specific Tregs reactive against disease-
relevant antigens are of higher potency than polyclonal populations in murine models
for e.g. T1D [161] or GvHD [154-158, 166, 167] and therefore much lower cell numbers
were required to mediate potent immunosuppression. Furthermore, protocols for in
vitro generation of human alloantigen-specific Tregs have been developed [167, 190-
192]. Yet, application of antigen-specific Tregs for adoptive transfer is currently limited
by lack of knowledge about disease-relevant Treg targets and technological difficulties
that are currently limiting the large-scale isolation and expansion of antigen-specific
Tregs. Therefore, novel approaches, including genetic engineering of Tregs to
introduce defined specificities are currently evaluated to improve efficacy of adoptive

Treg transfer.
1.3.2.1 TCR gene transfer

T cell specificity is mediated by expression of a defined TCR that consists of an a and
B chain (Figure 4A, see also 1.1.2). However, cells that express a particular TCR are
extremely rare and therefore TCR gene transfer aims to introduce defined specificities
into a large number of T cells by genetic engineering. For therapeutic applications,
TCRs that recognize disease-relevant antigens can be isolated to generate an
expression construct which can be integrated into donor T cells [193]. This approach
enables the introduction of a defined specificity into a large number of T cells which has
successfully been implemented into the clinic for the treatment of cancer [194-199].
Furthermore, in animal models for e.g. experimental autoimmune encephalomyelitis
(EAE) [79, 200], GvHD [201, 202], T1D [203-205] and arthritis [206, 207], Tregs with
transgenic TCRs have been shown to ameliorate inflammation and also human
antigen-specific Tregs have been generated by TCR gene transfer in vitro [208-210].
These findings highlight the potential of genetically modified T cells to mediate antigen-
specific immune responses which can be used for the redirection of Treg specificity

toward defined antigens for targeted immunosuppression.

In spite of their therapeutic potential, the identification and isolation of endogenous
antigen-specific T cells remains a major challenge and especially the identification of
disease-relevant Treg-derived TCRs is currently limited. Furthermore, mispairing of
endogenous af chains with transgenic af chains can generate novel, potentially

harmful specificities that can result in harmful off-target activation of transgenic T cells.
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In addition, TCRs bind antigens in an MHC-dependent manner which requires the
generation of different TCRs for individual patients or at least patient groups.
Consequently, clinical application of TCR therapy is currently limited by multiple
challenges and therefore novel strategies are needed to improve the safety and

efficacy of genetically modified T cells with a redirected specificity.
1.3.2.2 Chimeric antigen receptors

Chimeric antigen receptors (CARs) emerge as promising alternative for the generation
of antigen-specific T cells. Other than TCRs, CARs are artificial receptors that contain
an antibody-type specificity that can bind surface antigens independent of MHC (Figure
4B). The specific recognition of particular antigens by CAR-T cells is mediated by
antibody-derived single chain variable fragments (scFv) with an extracellular spacer
domain that are coupled via a transmembrane region to an intracellular TCR-derived
signaling domain [211, 212]. This enables MHC-independent binding of surface
antigens resulting in T cell activation by TCR-derived intracellular signaling domains.
The potential of chimeric receptors to mediate antitumor activity in mice has already
been described many years ago [213-217]. Yet, promising clinical results were only
obtained recently in the treatment of hematological malignancies targeting CD19" B
cells [218-220]. In spite of their efficacy in the treatment of hematological malignancies,
many challenges remain (e.g. targeting solid tumors, toxic side effects, on-target-off-
tumor activity), but novel strategies are aiming to increase safety and efficacy of CAR-T
cells not only for cancer [221], but also to treat chronic immune pathologies such as
HIV [222-224] or fungal infections [225].

In addition, CARs emerge as novel strategy for the in vitro generation of antigen-
specific Tregs that have the potential to mediate tolerance in inflammatory immune
pathologies. Since disease-relevant TCRs for Treg activation are mostly unknown,
CARs emerge as promising technology to redirect Treg specificity toward a large
variety of surface antigens. In murine models, redirected CAR-Tregs reactive against
myelin basic protein were able to ameliorate EAE [226] and also CAR-Tregs specific
for 2,4,6-trinitrophenol (TNP) or carcinoembryonic antigen (CEA) were successfully
redirected to the colon where they were highly potent in suppressing colitis and
development of its associated colorectal cancer [227-229]. More recently, human CAR-
Tregs were redirected toward HLA-A2 as commonly mismatched antigen in
transplantation and have been shown to suppress xenogeneic GvHD [230-232].

Furthermore, it has been demonstrated that CAR-Tregs have the potential to
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ameliorate allergic airway inflammation [233] and to prevent neutralizing immune
responses against Factor VIII in mice [234]. Together these findings highlight the wide-
ranging potential of CAR-Tregs to mediate antigen-specific tolerance in different
immune pathologies. However, the identification of disease-relevant target antigens as
prerequisite for the in vitro generation of antigen-specific Tregs remains a major
challenge and is currently limiting CAR-Treg application for different immune
pathologies. Nevertheless, Tregs emerge as a promising target to harness the immune
system’s potential to regulate immune reactions which can contribute to the specific

treatment of chronic inflammation and autoimmune disease.

In conclusion, the potential of Tregs to mediate tolerance is well-established and
currently emerging as promising therapeutic approach for the treatment of chronic
inflammation and autoimmune disease. Nevertheless, little is known about the
heterogeneity, stability and specificity of the peripheral Treg compartment in humans
which not only generates significant safety concerns for adoptive transfer, but also
questions inherent stability of the Treg lineage and its contribution to regulatory

immune responses.
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Figure 4: Schematic diagram of receptors for the redirection of T cell specificity. (A) T cell
receptor complexes consist of an af heterodimer that binds peptides presented on MHC
complexes; T cell activation is mediated by the ¢ chain and TCR-associated proteins (CD3¢,8,y).
(B) Chimeric antigen receptors consist of an antibody-derived antigen-binding moiety that is
coupled to intracellular signaling domains via a flexible hinge and transmembrane domain
(figure modified from [189]).
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The immunosuppressive potential of regulatory T cells (Treg) is currently evaluated for
the treatment of chronic inflammation and autoimmune disease. Yet, to date their
clinical application is still limited as little is known about the stability and specificity of
the human Treg compartment. Therefore, this study aimed to optimize efficacy and
safety of in vitro generated Tregs as well as to provide insight into the heterogeneity

and stability of the physiological Treg compartment in humans.

In this study, novel markers for the identification and isolation of stable Tregs were to
be identified as in vitro modification and expansion severely compromise Treg purity
and there are currently no markers for the unambiguous identification of Tregs and
conventional T cells (Tcons) ex vivo or after prior expansion. CD137 and CD154
expression have recently been shown to distinguish between antigen-activated Tregs
and Tcons ex vivo. Whether this Treg signature is also maintained after in vitro
activation and expansion and still allows discrimination of stable from instable Tregs or
effector T cells is not known but would strongly improve current possibilities for the
generation of therapeutic Treg. Furthermore, the unambiguous identification of stable
antigen-activated Tregs was to enable comprehensive analysis of the stability of the
physiological Treg compartment in humans in vitro and in vivo as well as in response to
specific antigens. Collectively, these findings can provide insight into the currently

unknown contribution of heterogeneity and plasticity to the human Treg compartment.

Secondly, this study aimed to improve efficacy of in vitro generated Tregs by optimizing
their antigen-specificity. In spite of the heightened suppressive potential of antigen-
specific Tregs, lack of knowledge about disease-relevant target antigens has prevented
the identification and isolation of highly potent antigen-specific Tregs for the treatment
of inflammatory immune pathologies. Therefore, chimeric antigen receptors (CARs) are
currently investigated to redirect Treg specificity toward defined antigens. In this study,
Treg specificity was to be redirected toward an exogenous antigen to provide a system
for targeted Treg activation that is dependent on antigen application. Furthermore, the
identification of Treg-specific activation markers was to provide insight into specific

requirements of in vitro Treg activation for augmented CAR-Treg functionality.

Taken together, these data can provide novel tools for the optimization of Treg efficacy
and safety in a clinical environment as well as improve understanding of the
composition of the physiological Treg compartment that is essential for the

maintenance of tolerance.
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3.1 Material

3.1.1 Reagents and kits

Table 1: Reagents

Reagent

Source

1,4-Dithiothreitol (DTT)

Sigma-Aldrich, Schnelldorf

2-Propanol (ROTISOLV® = 99,95%)

Carl Roth, Karlsruhe

2X Reaction Mix (CellsDirect™)

Thermo Fisher Scientific, Schwerte

3,5-bistrifluoromethyl pyrazole (BTP1)

In house [235]

4’,6-diamidino-2-phenylindol (DAPI)

Sigma-Aldrich, Schnelldorf

Acetic acid (96%)

Carl Roth, Karlsruhe

Adenosine triphosphate (ATP)

New England Biolabs, Frankfurt a.M.

Agencourt Ampure XP beads

Beckman Coulter, Krefeld

Alul (10U/ul)

New England Biolabs, Frankfurt a.M.

Anti-Biotin MacsiBeads

Miltenyi Biotec, Bergisch Gladbach

Anti-CD62L microbeads, mouse

Miltenyi Biotec, Bergisch Gladbach

Anti-CD90.2 microbeads, mouse

Miltenyi Biotec, Bergisch Gladbach

Brefeldin A

Sigma-Aldrich, Schnelldorf

Candida albicans (lysate)

Greer Laboratories, Lenoir, NC, USA

Collagenase NB 8 Broad Range from | Serva Electrophoresis GmbH,
Clostridium histolyticum Heidelberg
Cytomegalovirus (lysate) Siemens Healthcare Diagnostics,

Erlangen, Germany

D+ Glucose

Merck, Darmstadt

D+ Maltose Monohydrate

Sigma-Aldrich, Schnelldorf

Deoxyribunucleotides (dATP, dCTP, dGTP, dTTP)

Solis BioDyne, Tartu, Estonia

Dextran 500 (MW: 500,000)

Carl Roth, Karlsruhe

Dextrin

Sigma-Aldrich, Schnelldorf

Dimethylsulfoxid (DMSO)

Sigma-Aldrich, Schnelldorf

DNase | from bovine pancreas

Sigma-Aldrich, Schnelldorf

Escherichia coli (lysate)

ATCC, LGC Standards GmbH, Wesel,
Germany

Ethanol (299,5%, 96%)

Carl Roth, Karlsruhe

FastStart Universal Probe Master (ROX)

Roche Diagnostics, Mannheim

Fc receptor (FcR) Blocking Reagent, human

Miltenyi Biotec, Bergisch Gladbach

Ficoll-Paque™ PLUS (1,078g/ml)

GE Healthcare Life
Freiburg

Sciences,

20



Material and Methods

Table 1 (continued): Reagents

Reagent Source
FITC-Dextran 2000 (MW: 2,000,000) Sigma-Aldrich, Schnelldorf
Formaldehyde Carl Roth, Karlsruhe
Hot FirePol® DNA Polymerase (5U/pl) Solis BioDyne, Tartu, Estonia
HotStar PCR Buffer (10x) Qiagen, Hilden
HotStar Taq™ DNA Polymerase (5U/ul) Qiagen, Hilden

lonomycin

Sigma-Aldrich, Schnelldorf

Klenow Fragment (5U/ul)

New England Biolabs, Frankfurt a.M.

Lamda DNA NEB, Frankfurt a.M.

PCR Buffer BD (10x) Solis BioDyne, Tartu, Estonia
Pefabloc Sigma-Aldrich, Schnelldorf

Percoll GE Healthcare Life Sciences,

Freiburg

Phorbol-12-myristat-13-acetat (PMA)

Sigma-Aldrich, Schnelldorf

Propidium iodide

Sigma-Aldrich, Schnelldorf

Protaminsulfate (from salmon)

Sigma-Aldrich, Schnelldorf

Proteinase K (20mg/ml)

Sigma-Aldrich, Schnelldorf

Retronectin

Takara Bio via Clontech Laboratories,
Saint-Germain-en-Laye, France

SUPERnase In™ RNase Inhibitor

Thermo Fisher Scientific, Schwerte

SuperScript® Il RT/Platinum® Taq Mix

Thermo Fisher Scientific, Schwerte

SYBR® Green PCR Master Mix

Thermo Fisher Scientific, Schwerte

T4 DNA Ligase

New England Biolabs, Frankfurt a.M.

TagMan™ Universla PCR Master Mix

Thermo Fisher Scientific, Schwerte

Tris

Carl Roth, Karlsruhe

Triton X-100

Sigma-Aldrich, Schnelldorf

Trypan blue

Biochrom, Berlin

twin.tec® 96 well plates

Eppendorf, Hamburg
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Table 2: Cell separation reagents and kits

Reagent Source
AllPrep® DNA/RNA Micro Kit Qiagen, Hilden
AllPrep® DNA/RNA Mini Kit Qiagen, Hilden

Anti-Biotin microbeads

Miltenyi Biotec, Bergisch Gladbach

Anti-CD25 microbeads I, human

Miltenyi Biotec, Bergisch Gladbach

Anti-CD3 microbeads, human

Miltenyi Biotec, Bergisch Gladbach

Anti-CD4 microbeads, human

Miltenyi Biotec, Bergisch Gladbach

Anti-PE microbeads

Miltenyi Biotec, Bergisch Gladbach

C1™ Single-Cell Auto Prep Array IFC
(5-10um)

Fluidigm, South San Francisco, CA,
USA

C1™ Single-Cell Auto Prep Reagent Kit

Fluidigm, South San Francisco, CA,
USA

CellTrace™ Violet Cell Proliferation Kit

Thermo Fisher Scientific, Schwerte

EpiTect Bisulfite Kit

Qiagen, Hilden

EZ DNA Methylation Kit Gold

Zymo Research, Freiburg

FoxP3 staining buffer set

Miltenyi Biotec, Bergisch Gladbach

FoxP3 staining buffer set

ebioscience, Frankfurt a.M.

GE 48.48 Dynamic Array™ Sample and
Assay Loading Reagent Kit IFC

Fluidigm, South San Francisco, CA,
USA

Gel/PCR DNA Fragments Extraction Kit

Geneaid, New Taipei City, Taiwan

Inside Stain Kit

Miltenyi Biotec, Bergisch Gladbach

MiSeq Reagent Kit v3

lllumina, Inc., San Diego, USA

QIAamp® DNA Blood Mini Kit

Qiagen, Hilden

Qubit™ ds DNA HS Assay Kit

Thermo Fisher Scientific, Schwerte

Quick-DNA™ Miniprep Kit

Zymo Research, Freiburg

Rneasy Mini Kit

Qiagen, Hilden

Single Cell-to-CT™ Kit

Thermo Fisher Scientific, Schwerte

Treg expansion kit

Miltenyi Biotec, Bergisch Gladbach

Treg suppression inspector, human

Miltenyi Biotec, Bergisch Gladbach
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3.1.2 Buffers and media

Table 3: Buffers for cell isolation, transfection and fluorescent labeling

2x HBS Buffer
136,89mM
4.96mM
1,76mM
20,98mM

NaCl

KCI
NazHPO4
HEPES

in ddH,O (pH = 6,75 — 6,76)

Carl Roth, Karlsruhe
Carl Roth, Karlsruhe
Carl Roth, Karlsruhe
Carl Roth, Karlsruhe

Calcium Loading Buffer

TmM
TmM

20mM

CaCl, x 2 H,0O
MgCl,
HEPES

in PBS/BSA

Carl Roth, Karlsruhe
Carl Roth, Karlsruhe

Carl Roth, Karlsruhe

Colon Washing Buffer

100U/ml
100pg/ml
0.25ug/ml
10pg/ml

Gibco® penicillin/
streptomycin
Amphotericin B
Gentamicin

in Gibco® Hank's Balanced Salt

Solution (HBSS)

Thermo Fisher Scientific, Schwerte

Thermo Fisher Scientific, Schwerte

Sigma-Aldrich, Schnelldorf
Sigma-Aldrich, Schnelldorf

Thermo Fisher Scientific, Schwerte

Phosphate-buffered saline (PBS)

Carl Roth, Karlsruhe
Carl Roth, Karlsruhe
Carl Roth, Karlsruhe
Carl Roth, Karlsruhe

Sigma-Aldrich, Schnelldorf

137mM NaCl,
2.7mM KCI
1.5mM KH,PO,
8.9 mM Na,HPO, x 2 H,O
in ddH,O (pH =7,2)
PBS/BSA
0.5% BSA
in PBS
PBS/BSA/EDTA
0.5% BSA
2mM EDTA
in PBS

Sigma-Aldrich, Schnelldorf

Promega, Mannheim
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Table 4: Cell culture media

Treg expansion medium

100U/ml
100U/ml
100ug/ml
5% (viv)

100nmol

IL-2 (GMP-grade)
Gibco® penicillin/
streptomycin

Human serum from male AB
plasma
Rapamycin (GMP-grade)

in TexMACS™

Miltenyi Biotec, Bergisch Gladbach
Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Sigma-Aldrich, Schnelldorf

Miltenyi Biotec, Bergisch Gladbach
Miltenyi Biotec, Bergisch Gladbach

Tcon expansion medium

200U/ml
100U/ml
100ug/mi
5% (v/v)

IL-2 (Proleukin®)
Gibco® penicillin/
streptomycin

Human serum from male AB
plasma
in TexMACS™

Novartis, Nlrnberg

Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Sigma-Aldrich, Schnelldorf

Miltenyi Biotec, Bergisch Gladbach

T cell resting medium

100U/ml
100pg/ml
5% (vIv)

Gibco® penicillin/
streptomycin

Human serum from male AB
plasma

in Gibco® Roswell Park Memorial
Institute Medium (RPMI) 1640

Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Sigma-Aldrich, Schnelldorf

Thermo Fisher Scientific, Schwerte

Treg cloning medium

100U/ml
100U/ml
100ug/ml
10% (v/v)

100nmol
20uM
Tug/mi

IL-2 (GMP-grade)
Gibco® penicillin/
streptomycin

Human serum from male AB
plasma
Rapamycin (GMP-grade)

2-Mercaptoethanol
anti-CD28 antibodies
in TexMACS™

Miltenyi Biotec, Bergisch Gladbach
Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Sigma-Aldrich, Schnelldorf

Miltenyi Biotec, Bergisch Gladbach
Thermo Fisher Scientific, Schwerte
Miltenyi Biotec, Bergisch Gladbach
Miltenyi Biotec, Bergisch Gladbach

Tcon cloning medium

200U/ml
100U/ml
100ug/ml
10% (v/v)

20uM

IL-2 (Proleukin®)
Gibco® penicillin/
streptomycin

Human serum from male AB
plasma
2-Mercaptoethanol

in TexMACS™

Novartis, Nlrnberg

Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Sigma-Aldrich, Schnelldorf

Thermo Fisher Scientific, Schwerte
Miltenyi Biotec, Bergisch Gladbach
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Table 4 (continued): Cell culture media

Complete DMEM

10% Fetal Calf Serum (FCS)
100U/ml Gibco® penicillin/
100ug/ml  streptomycin

50uM 2-Mercaptoethanol

in Gibco® Dulbecco’s Modified
Eagle Medium (DMEM)

Biowest, Nuaillé, France

Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte
Thermo Fisher Scientific, Schwerte

3.1.3 Equipment and software

Table 5: Equipment

Equipment

Source

ABI 7500 Cycler

Thermo Fisher Scientific, Schwerte

Amnis® ImageStream X Mark ||

Merck, Darmstadt

Cell Sorter, FACSAria™

BD, Heidelberg

Cell Sorter, FACSAria™ I

BD, Heidelberg

Cell Sorter, Influx™

BD, Heidelberg

Flow Cytometer, FACSCanto™

BD, Heidelberg

Flow Cytometer, LSR Il

BD, Heidelberg

Flow Cytometer, MACSQuant

Miltenyi Biotech, Bergisch Gladbach

Gammacell® 40 Exactor

Best Theratronics, Kanata, ON,
Canada

MACS® manual separators

Miltenyi Biotech, Bergisch Gladbach

StepOnePlus™ Real-Time PCR System

Thermo Fischer Scientific, Schwerte

Table 6: Software

Software

Source

FlowdJo X 10.0.7

TreeStar, Inc, Ashland, OR, USA

GraphPad Prism

GraphPad Software Inc., La Jolla,
CA, USA

IDEAS® software v6.1

Merck, Darmstadt

INSPIRE® software

Merck, Darmstadt

MACSQuantify™

Miltenyi Biotech, Bergisch Gladbach

RStudio v0.98.501

RStudio Inc., Boston, MA, USA

SINGULAR™ Analysis Toolset R package

Fluidigm, South San Francisco, CA,
USA

StepOne Software v2.3

Thermo Fischer Scientific, Schwerte
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3.1.4 Primers and gene expression assays

Bisulfite specific primers for epigenetic analysis (see 3.3.8.2) were designed by the
group of Prof. Dr. J. Walter at the Saarland University and obtained from biomers.net;
sequences are listed in Table 7. Primer pairs that are marked with an asterisk (*) were
used for the generation of hairpin constructs for hairpin bisulfite PCR (see 3.3.8.2).
Primers for the detection of CAR constructs (see 3.3.9.3) were designed by D. Lock at
Miltenyi Biotech and were obtained from TIBMolbiol; sequences are shown in Table 8.
Gene expression assays for high-throughput gPCR (see 3.3.9.1 and 3.3.9.2) are listed

in Table 9 and were obtained from Thermo Fisher Scientific.

Table 7: Bisulfite-specific primers

Target | Amplicon location Primer sequence (5" > 3)
(Human
GRCh37/hg19) Forward Reverse
ctiaq | CNr2:204700499- | GTAGTTGTATGTATTTAT = CCTTTAATACAAACC
204700960(+) TTATTTAAATTTT AATCTATC
TGGTGAAGTGGATTGAT TATAAAAACCCCCCC
foxp3 chrX:49121125- AGAAAAGG CCACC
promoter | 49121322(+) GGATTATTAGAAGAGAG CTACTCTCCCCTACC
AGGTTTG* AAATATAAA*
ATATAGAAGGGGATGTT AATACTCTCCCAAAC
foxp3 chrX:49116207- TAGATGT CCTTATTC
enhancer | 49116607(+) | TATTATATAGAAGGGGA CCCCATTATACAAAA
TGTTTAGATGT* AAAAATACT*
TGTTTGGGGGTAGAGG TATCACCCCACCTAA
foxp3 chrX:49117051- ATTT ACCAA
TSDR 49117387(+) | TAAGTTTGTTGTAGGAT ATAAAATATCTACCCT
AGGGTAGTTAG* CTTCTCTTCCTC*
i | CNr2:213988928- | TATGGGTGTATGTTTTT ~CATTACATAACATATC
213989329(+) GTGTGT CACTTATAC
i2ra chr10:6079456- | TATTTGTATTTAGTGAA CTTCTAATTTAAATTT
6079933(+) GATTAGAATAA CCCAAAAAAAC
o3 | Chr11:76379042- | TTTTTAGTGAGTATAGT =~ CTATAATCAAAACCA
76379386(+) ATTAAGTTTTT AAATTAAAATAAC
cd40l chrX:135739037- | ATTTTGTAAAGATTAATA CATAATAATAATAACT
g 135739484(+) GGTTTTAAGA ATCCATATATTAC
(frsf9 chr1:8000840- | TAGATTTTGAGATTTTA TCATACCAAATTCTAA
8001383(+) GGGTTG AATTCTTTC

A-tailing hairpin linker

GGGCCCATDDDDDDDDATGGGCCCT*
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Table 8: Primers for the detection of Dextran-CAR constructs

Construct Primer location Primer sequence (5" > 3)

CD137-CD3C CD137 fwd CTTCCCGGAGGAAGAAGAGG
CD137 rev CAAGGTTCAGCTCGTTGTAG

W/o-CD3C CD3¢ fwd TGTACTGCCTGCAGCGAGTC
CD3C rev TATCCAGCACGTCGTATTCC

ICOS-CD3¢ ICOS fwd CTGACCGATGTGACACTGAG
CD3C rev TATCCAGCACGTCGTATTCC

CD28-CD3C CD28 fwd CTGTACTGCCTGCAGAGAAG
CD28 rev GGTGCGTATGGCTGGTAATG

0OX40 fwd CTGGCCAAGATCAGTACTCG

CD134-CD3¢ CD3C rev TATCCAGCACGTCGTATTCC
Housekeeping GAPDH fwd AGGGCTGCTTTTAACTCTGGT
GAPDH rev CTCCTCCCACACCAGCTTTG

Table 9: Gene expression assays

Target Tagman® Gene Expression Assay ID
b2m Hs00187842_m1
bach2 Hs00222364_m1
bcl2 Hs00608023_m1
bcl6 Hs00153368_m1
ccr8 Hs00174764_m1
cd40lg Hs00163934_m1
csf2 Hs00929873_m1
ctla4 Hs03044418 m1
cxcrb Hs00174843 _m1
fas Hs00907755_m1
fcrl3 Hs00901693_m1
foxp3 Hs00203958_m1/Hs01085834_m1
gapdh Hs99999905 m1
gata3 Hs00231122_m1/Hs00922328 m1
gzmb Hs04261345_m1
havcr2 Hs00958623_m1
icos Hs04261471_m1
ifny Hs00989291_m1
ikzf2 Hs00212361_m1
ikzf4 Hs00223842_m1/Hs01042455 m1
ilno Hs00961622_m1
il7a Hs00174383_m1
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Table 9 (continued): Gene expression assays

Target

Tagman® Gene Expression Assay ID

ilr2

Hs01030384_m1

i2

Hs00174114_m1

i21

Hs00222327_m1

22

Hs01574154_mA1

il2ra

Hs00907779_mA1

i132

Hs00992441_m1

il7r

Hs00902334_m1/Hs00904815_m1

Irre32

Hs00194136_m1

maf

Hs04185012_s1/Hs00193519_m1

nfatc2

Hs00905452_m1

pdcd1

Hs01550088_m1

prdm1

Hs01068503_m1

rorc

Hs01076122_mA1

tgfB1

Hs00998133_m1

tigit

Hs00545087_m1

tnf

Hs01113624_g1/Hs99999043 m1

tnfrsf18

Hs00188346_m1

tnfrsf4

Hs00533968_m1

tnfrsf9

Hs00155512_m1

ArrayControl™ RNA Spikes
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3.2 Methods

3.21 T cell isolation and expansion

Leukapheresis products from healthy donors were obtained from the Charité University
hospital in Berlin with informed consent according to ethical guidelines. Leukapheresis
filters were reconstituted with PBS/EDTA, layered onto Ficoll-Paque and centrifuged for
35min at 445g at room temperature. The interphase was carefully removed and
washed twice with PBS/EDTA (300g, 15min and 200g, 10min at 4°C). PBMCs were
counted using trypan blue with 3% acetic acid to exclude dead cells and erythrocytes.
T cells were isolated from PBMCs by magnetic activated cell sorting (MACS, Miltenyi
Biotec, Bergisch Gladbach) using magnetic particles coupled to antibodies
(microbeads). PBMCs were labeled with anti-CD25 or anti-CD4 microbeads for 15min
at 4°C. Cells were washed and CD25" or CD4" cells were enriched using columns
composed of ferromagnetic spheres within a magnetic field. For expansion, CD25"
Tregs were cultured in Treg expansion medium (Table 4) in the presence of Treg
expansion beads (4:1 bead-to-cell ratio) and fresh medium was added every 2-3 days.
Before 6h restimulation, CD25" Tregs were rested for 1-4 days in T cell resting medium
(Table 4) without magnetic particles before activation with Treg expansion beads (4:1
bead-to-cell ratio) or 10ng/ml PMA and 500ng/ml lonomycin. To block potential
downregulation of CD154 upon ligation, 1ug/ml anti-CD40 antibodies were added

during 6h activation when CD154 was stained on the surface.

3.2.2 Isolation of cells from human tissue

Human tissue was obtained from patients who underwent surgery and gave informed
consent according to ethical guidelines (EA1/233/09, EA1/008/16, EA1/266/12,
EA1/290/13, EA1/094/15). Cells from tissue were obtained by mechanical (tonsil,
thymus, lung) and/or enzymatic (colon) disruption of the tissue. For stimulation, either
total lymphocytes (tonsil, thymus) or CD4-enriched T cells (lung, colon) were rested
overnight in T cell resting medium (Table 4) before 6h restimulation with 10ng/ml PMA

and 500ng/ml lonomycin in the presence of 1ug/ml anti-CD40 antibodies.

Tonsil samples were obtained from patients who underwent tonsillectomy and the
tissue was cut into small pieces in PBS/EDTA. Homogenized tissue was passed
through a 100um cell strainer, layered onto Ficoll-Paque and centrifuged for 35min at

445¢. The interphase was carefully removed and washed twice with PBS/EDTA (300g,
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15min and 200g, 10min at 4°C). Cells were counted and cultured overnight before
stimulation. Thymic tissue was obtained from patients who underwent cardiac surgery
and samples were mechanically processed by the group of Prof. Dr. I.-K. Na who
provided stroma cell-depleted cell lysates that were rested overnight before stimulation.
Colon samples were kindly provided by Prof. Dr. D. Baumgart and D. Metzke from the
Charité University hospital in Berlin. Mucosal tissue was washed for 5min on a shaker
in Colon Washing Buffer (Table 3). For tissue lysis, samples were incubated for 15min
at 37°C in HBSS + 5mM DTT while shaking at 150rpm. Lysed tissue was vortexed for
15s before washing 2 x 5min in HBSS and 1 x 5min in RPMI + 10% FCS + 100U/ml
penicillin, 100pg/ml streptomycin. The tissue was cut into small pieces and digested for
60-90min at 37°C in RPMI + 10% FCS + 100U/ml penicillin, 100ug/ml streptomycin
supplemented with 1,5mg/ml collagenase NB 8 and 20ug/ml DNAse | at 170rpm.
Digested tissue was passed through a metal strainer and a 100um cell strainer before
counting. T cells were isolated using CD4 microbeads as described above (see 3.3.1)
and rested overnight before restimulation. Lung tissue was obtained from lung explants
or biopsies and cut into small pieces in RPMI1640 medium. Homogenized tissue was
passed through a 100um cell strainer and centrifuged for 10min at 1000rpm at 4°C.
Lymphocytes were obtained by Percoll gradient centrifugation at 1000g for 30min at
RT. Percoll was diluted 10:1 with 10x PBS and cells were resuspended in 40% Percoll
(diluted in RPMI1640) and layered onto 80% Percoll (diluted in RPMI1640). The
interphase was carefully removed, filtered (100um) and washed for 15min at 400g at
4°C. T cells were isolated using CD4 microbeads as described above (see 3.3.1) and

rested overnight before restimulation.

3.2.3 Generation of T cell clones

Single cell naive clones (CD4'CD25"'CD127 CD45RO CCR7"CD45RA") or 10 cells/well
memory clones (CD4'CD25'CD127'CD45RO'CD45RA’) were sorted from CD25-
enriched Tregs into 96 well plates (round bottom) with 5 x 10* irradiated (30 Gy)
autologous or allogeneic (pooled from 3 donors) feeder cells in 100ul Treg cloning
medium (Table 4). Single cell CD137/CD154 Treg clones (CD4*CD25'CD127°) were
sorted likewise after ex vivo 6h stimulation with Treg expansion beads (4:1 bead-to-cell
ratio). On day 1, beads at a 2:1 ratio (bead-to-feeder cell) were added. CD4" memory
Tcon clones were generated by single cell sorting of CD4°CD25CD127"CD45RO* T
cells into 96wp with 5 x 10* irradiated (30 Gy) autologous or allogeneic (pooled from 3
donors) feeder cells in 100ul Tcon cloning medium (Table 4) with 30ng/ml anti-CD3
and 1ug/ml anti-CD28 antibodies. On d7, 5 x 10* irradiated (30 Gy) allogeneic feeder
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cells (pooled from 3 donors) were added in 100ul Treg or Tcon expansion medium
(Table 4), respectively. After 2-3 weeks, yellow wells were transferred to 96 well plates
(flat bottom) and clones were expanded before analysis after 4-5 weeks. During
expansion, fresh Treg expansion medium or Tcon expansion medium (Table 4) were
added every 2-3 days. Before restimulation, cells were rested for 2 days in T cell
resting medium (Table 4) before stimulation with 10ng/ml PMA and 500ng/ml
lonomycin for intracellular cytokine staining. FoxP3 staining was performed in
unstimulated clones that were obtained directly from the culture. Cloning efficiencies
were 22.14% (+ 8.13% SD) for naive Tregs, 10.07 % (£ 10.28% SD) for memory Tregs,
18.23% (+ 8.10% SD) for CD137°CD154 Tregs, 34.37% (+ 8.90% SD) for
CD137°CD154" Tregs and 21.09 % (+ 4.45% SD) for memory Tcons.

3.2.4 Antigen-reactive T cell enrichment (ARTE)

The identification of antigen-reactive T cells is based on the converse expression of
CD137 and CD154 on Tregs and Tcons after 6h antigenic stimulation, respectively
[106, 107]. CD137- and CD154-expressing cells were isolated by fluorescent labeling
and subsequent magnetic enrichment as described in 3.2. To this end, 2-5 x 10’ PBMC
were cultured overnight in T cell resting medium before 6h stimulation with respective
antigens (40ug/ml E. coli, 40ug/ml C. albicans, 10ug/ml CMV) in the presence of
1ug/ml anti-CD40 and 1ug/ml anti-CD28 pure antibodies. Cells were stained with
CD154-Biotin and CD137-PE and magnetically enriched with anti-Biotin and anti-PE
microbeads, surface staining of additional markers was performed on the column.

CMV-reactive T cells were isolated from CMV seropositive donors.

3.2.5 In vitro Treg suppression assay

The in vitro suppressive capacity of Tregs was analysed by inhibition of proliferation of
CD4" responder T cells (Tresps). Tregs and Tresps were distinguished by opposite
HLA-A2 expression. Expanded Tregs were rested for 1-4 days in T cell resting medium
(Table 4) without expansion beads before co-culture with Tresps. Tresps were isolated
ex vivo and stained for 15min at 37°C in PBS with CellTrace™ Violet Cell Proliferation
Kit at a final concentration of 2.5uM. Staining was blocked with FCS for 2min at RT and
cells were washed twice with PBS. A total of 5 x 10* Tresps were co-cultured in
different ratios with Tregs in 96 well flat bottom plates in T cell resting medium (Table

4) for 5-7 days. Proliferation of Tresps was assessed by dilution of CellTrace™ Violet
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(A-B)

Cell Proliferation Dye. The percentage of inhibition was calculated as x 100

where A: uninhibited Tresps and B: inhibited Tresps.

Treg suppression requires their activation and also Tresps need to be activated to
proliferate. For polyclonal activation, Tregs and Tresps were activated by the same
stimulus using anti-CD3/-CD28. To this end, Treg Suppression Inspector beads were
added to the culture according to manufacturer's instructions. Analysis of the
suppressive capacities of CAR-Tregs upon dextran-specific stimulation required
independent activation of Tresps. Therefore, Tresps were activated by allogeneic
stimulation using CD4" Tresps from 3 pooled donors. To this end, irradiated allogeneic
APCs (CD3-depleted PBMCs, irradiated at 30Gy) were added to the co-culture at a 1:1
ratio. For activation of CAR-Tregs, bead-bound dextran (1:100) was added to the

culture.

3.2.6 Genetic engineering of Tregs

Genetic engineering of Tregs was based on the stable integration of a transgene using
lentiviral vectors. To this end, replication-deficient lentiviral particles containing the
transgene were generated (see 3.3.6.1) and activated primary human T cells were
infected (see 3.3.6.2) resulting in stable integration of the transgene into the host

genome.

3.2.6.1 Production of lentiviral particles

Dextran-CAR constructs were generated and provided by Dr. A. Kaiser and D. Lock
(Miltenyi Biotec, Bergisch Gladbach, Table 10). All CAR-constructs contained an
AC146-derived scFv, a CD8 transmembrane domain and a P2A-linked ALNGFR for
detection of transfected and transduced cells. Constructs that differed in their
extracellular spacer contained a human IgG4 hinge (L, M, XS) or a human CD8 hinge
(S) together with CD137-CD3( signaling (Table 10). Different signaling domains were
coupled to ectodomains with an XS IgG4 hinge (Table 10).

Lentiviral supernatants were generated by co-transfection of HEK293T cells with the
expression vector and packaging plasmids. The 2™ generation lentiviral packaging
plasmids pCMVARS8.74 and pMDG2.VSV-G were used for the packaging of lentiviral
particles. One day prior to transfection, 3 x 10° HEK293T cells were seeded in a 10cm

cell culture dish in complete DMEM (Table 4). Cells were transiently transfected with
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0,84pg pMDG-2.VSV-G, 5,16ug pCMVARS8.74 and 3,35ug Dextran-CAR plasmids
diluted in ddH,O supplemented with 2,5M CaCl,. While aerating, 2ml of 2x HBS buffer
(Table 3) were slowly added to the solution and 2ml of the transfection solution were
added dropwise to the cells. The medium containing the transfection solution was
removed after 4h and cells were washed twice with pre-warmed PBS before fresh
complete DMEM was added. After 48 hours, lentiviral supernatants were harvested,
filtered (0,45um) and used directly or stored at -80°C for up to 6 months.

Table 10: Dextran-CAR constructs

Spacer domains

Construct Spacer Co- Signaling Size

stimulation (bp)

L Hinge CH2-CH3 IgG4 CD137 CD3¢ 9339

M Hinge CH3 IgG4 CD137 CD3¢ 9012

XS Hinge 1gG4 CD137 CD3¢ 8691

S Hinge CD8 CD137 CD3¢ 8790
Signaling domains

Construct Spacer Co- Signaling Size

stimulation (bp)

w/o-CD3C Hinge 1gG4 - CD3¢ 8568

ICOS-CD3¢ Hinge IgG4 ICOS CD3¢ 8688

CD28-CD3¢ Hinge IgG4 CD28 CD3¢ 8697

CD137-CD3C Hinge IgG4 CD137 CD3¢ 8691

CD134-CD3¢ Hinge IgG4 CD134 CD3¢ 8700

PD1-CD3¢ Hinge 1gG4 PD-1 CD3¢ 8865

CD137-CD3¢ Hinge 1gG4 CD137 CD3¢ 8529

CD28-CD3¢ Hinge 1gG4 CD28 CD3¢ 8526

3.2.6.2 Lentiviral transduction of T cells

CD25" Tregs were activated in Treg expansion medium (Table 4) in the presence of
Treg expansion beads at a bead-to-cell ratio of 4:1. CD4" Tcons were activated in Tcon
expansion medium (Table 4) in the presence of 30ng/ml anti-CD3 and 1ug/ml anti-
CD28. On d3, culture medium was replaced with the respective lentiviral supernatants
supplemented with 4ug/ml protaminsulfate and cells were spinoculated on retronectin-
coated 96 well plates for 90min at 800g and 32°C. After centrifugation, viral
supernatant was removed and fresh culture medium was added to the cells.
Transduction efficiency was assessed on d2 or d3 after transduction by staining of

LNGFR on the cellular surface. For restimulation, magnetic particles were removed on
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d7-d8 and expanded Tregs were rested for 1-4 days in T cell resting medium (Table 4).
Tregs were activated with 10ng/ml PMA and 500ng/ml lonomycin, Treg expansion
beads (4:1 bead-to-cell ratio), bead-bound dextran (anti-mouse CD90.2/CD62L
microbeads in PBS, 1:100), 2ug/ml soluble FITC-Dextran (MW 2 x 10°), 1nMol D+
Glucose, 1nMol D+ Maltose, 2ug/ml Dextrin or 1nmol Dextran (MW 5 x 10°) for 6h. For
expansion, bead-bound dextran (1:100) or Treg expansion beads (4:1 bead-to-cell

ratio) were added in Treg expansion medium (Table 4).

3.2.7 Flow-cytometry

For flow cytometric detection of extracellular and intracellular antigens, cells were
stained with antibodies from Table 11 as described in 3.3.7.1 - 3.3.7.6. All data were
acquired on a FACS Canto/LSRIl or MACS Quant Analyzer, adsorption and emission
of used fluorochromes are shown in Table 12. FlowJo vX.0.7 or MACSQuantify™ were

used for data analysis.
Table 11: Antibodies

Antibodies for flow cytometric detection

Specificity Fluorochrome Clone Source
: ® Miltenyi Biotec,
CD3, human VioBlue BW264/56 Bergisch Gladbach
PE-Vio770
APC-Vio770 Miltenvi Biot
. ™ iltenyi Biotec,
CD4, human VioGreen ViT4 Bergisch Gladbach
FITC
VioBlue®
APC-Vio770 Miltenvi Biot
iltenyi Biotec,
CD8, human | PerCP - BW135/80 Bergisch Gladbach
VioGreen
PerCP - Miltenyi Biotec,
CD14, human VioGreen™ TUK4 Bergisch Gladbach
VioGreen™ Miltenyi Biotec,
CD20, human ParCP LT20 | Bergisch Gladbach
CD25, human Bv421™ 3G10 Biolegend, Koblenz
PE Miltenyi Biot
iltenyi Biotec,
CD25, human _ 'AP(T:M 3G10 Bergisch Gladbach
VioBright ™ FITC
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Table 11 (continued): Antibodies

Specificity Fluorochrome Clone Source
FITC Miltenyi Biot
iltenyi Biotec,
CD69, human APC FNSO 1 Bergisch Gladbach
APC-Vio~770
FITC MB15 Miltenvi Biot
6 - itenyi Biotec,
CD127, human PE-Vio™770 18C9 Bergisch Gladbach
PE
PE Miltenyi Biotec,
CD137, human VioBright™FITC 4B4-1 Bergisch Gladbach
APC 5C8 Miltenvi Biot
. ® iltenyi Biotec,
CD154, human VioBlue Bergisch Gladbach
Biotin
CD154, human PECy7 TRAP1 in house (DRFZ)
APC
APC-Vio®770 Miltenvi Biot
iltenyi Biotec,
CD45RA, human APC T6DT1 | Bergisch Gladbach
VioGreen
PE-Vio®770 Miltenvi Biot
in® iltenyi Biotec,
CD45RO, human APC-Vio™770 UCHL1 Bergisch Gladbach
PerCP
Miltenyi Biotec,
FoxP3, human/mouse APC 3G3 Bergisch Gladbach
ebioscience,
FoxP3, human/mouse PerCP PCH101 Frankfurt a.M.
GARP, human Alexa Fluor® 647 G14D9 Biolegend, Koblenz
. PE Miltenyi Biotec,
Helios, human/mouse FITC 22F6 Bergisch Gladbach
Miltenyi Biotec,
HLA-A2, human PE REAS17 Bergisch Gladbach
IFN-y, human PerCP-Cy5.5 4S.B3 Biolegend, Koblenz
Miltenyi Biotec,
IFN-y, human FITC 45-15 Bergisch Gladbach
i \/in® Miltenyi Biotec,
IL-2, human APC-Vio™770 N7.48A Bergisch Gladbach
Miltenyi Biotec,
IL-10, human APC JES3-9D7 Bergisch Gladbach
FITC Miltenyi Biotec,
IL-17, human APC-Vio®770 CZ8-23G1 Bergisch Gladbach

35



Material and Methods

Table 11 (continued): Antibodies

Specificity Fluorochrome Clone Source
CHeé6- Miltenyi Biotec,
LAP, human 17E51 | Bergisch Gladbach
LNGFR (CD271), ME20.4- Miltenyi Biotec,
human PE-Vio®770 1H.4 Bergisch Gladbach
NFAT-1, human 1 BD, Heidelberg
Phospho-ZAP-70/SYK ebioscience
(Y319/Y352), n3kobub f
Frankfurt a.M.
human/mouse
i \/in® Miltenyi Biotec,
TNF-a, human PE-Vio~ 770 CA2 Bergisch Gladbach
Activating and blocking antibodies
Specificity Fluorochrome Clone Source
. Miltenyi Biotec,
CD28, human Pure (functional grade) 15E8 Bergisch Gladbach
CD3, human Pure (functional grade) OKT3 Miltenyi Biotec,
’ Bergisch Gladbach
CD40, human Pure (functional grade) HB14 Miltenyi Biotec,
’ Bergisch Gladbach

Table 12: Fluorochromes

Fluorochrome

Excitationy,ax (nm)

Emissionyax (Nm)

DAPI 359 461
Brilliant Violet 421™ 407 421
CellTrace™ Violet 405 450
VioBlue® 400 452

Indo-1 AM 346 475
VioGreen™ 388 520
Viobility™ 405/520 Fixable Dye 405 520
VioBright™ FITC 496 522

FITC 495 520

PE 565 578

Propidium lodide 493 632
PerCP 482 675
PerCP-Cy5.5 482 690
PE-Vio®770 565 775
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Table 12 (continued): Fluorochromes

Fluorochrome Excitationyax (nm) Emissionyax (nm)
Alexa Fluor® 647 650 665
APC 652 660
APC-Vio®770 652 775

3.2.7.1 Fluorescent labeling of surface molecules

For fluorescent labeling of surface molecules, cells were washed for 5min at 500g at
4°C with PBS/BSA/EDTA (Table 3) and stained with different combinations of surface
antibodies (Table 11). Staining was performed for 10min at 4°C in PBS/BSA/EDTA or if
Viobility™ 405/520 Fixable Dye was used, cells were washed and stained for 20min at
RT in PBS (Table 3). After surface staining, cells were washed and either resuspended
in PBS/BSA/EDTA for analysis or cell sorting (see 3.3.7.3) or fixed and permeabilized

for intracellular or intranuclear staining (see 3.3.7.2).

3.2.7.2 Fluorescent labeling of intracellular and intranuclear proteins

After staining of surface molecules as described in 3.3.7.1, cells were fixed and
permeabilized for staining of intracellular or intranuclear proteins. For staining of
FoxP3, cells were fixed and stained using the FoxP3 buffer kit. For fixation, cells were
resuspended in Fixation/Permeabilization solution for 30min at 4°C, intranuclear
staining was performed in permeabilization buffer for 30min at 4°C according to the
manufacturer's manual. For intracellular cytokine staining, cells were restimulated with
10ng/ml PMA and 500ng/ml lonomycin for 6h in the presence of 5ug/ml Brefeldin A for
the last 4h. After surface staining, cells were fixed for 15min at RT and stained with
respective antibodies (Table 11) upon permeabilization for 10min at RT using the
Inside Stain Kit. When analysed together with cytokines, CD137 and CD154 were

stained intracellularly.

3.2.7.3 Fluorescence activated cell sorting

Sorting of live cells is based on the separation of populations according to the
expression of fluorescently labeled surface antigens. For the sorting of live cells,
surface staining was performed as described in 3.3.7.1 with antibodies from Table 11.
Cells were resuspended in PBS/BSA/EDTA (Table 3) at a concentration of 5 x 10’
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cells/ml and propidum iodide was added before sorting to exclude dead cells. Cells
were sorted on a FACS Aria™/Aria™ Il or Influx™ cell sorter either into 96-well-plates
or protein-coated 5ml or 1.5ml tubes. Sorted cells were counted and their purity was

determined before they were cultured or used for downstream analysis.

3.2.7.4 Flow-cytometric detection of ZAP70 phosphorylation

Phosphorylated ZAP70 (pZAP70) was stained intracellularly after activation. Before
stimulation, Tregs were rested for 1-4 days without activation in T cell resting medium
(Table 4) before incubation with 10ug/ml soluble FITC-Dextran at 37°C degrees. After
5 minutes, cells were fixed directly according to manufacturer's recommendations
using the ebioscience FoxP3 Staining Buffer Set. After fixation, permeabilization and

intracellular staining with CD4, LNGFR and pZAP70 antibodies were performed.

3.2.7.5 Nuclear localization of NFATc2

Localization of NFATc2 within single cells was analysed by combination of flow
cytometry with microscopy on an AMNIS ImageStream X Mark Il. CD25" Tregs were
isolated ex vivo and stimulated in T cell resting medium (Table 4) with 10ng/ml PMA
and 500ng/ml lonomycin. After 6h, cells were harvested and fixed in 3% Formaldehyde
for 20min at RT and then stained with CD4-PECy7, CD137-PE, CD154-Alexa647, and
NFATc2-FITC in 0.1% (v/v) Triton-X for 30min at RT. Before analysis, 2ug/ml DAPI
was added for nuclear staining. Nuclear localization of NFATc2 was analysed on
AMNIS ImageStream X Mark Il using ISPIRE® software, data was analysed with
IDEAS® software. Analysis of nuclear localization of NFATc2 is based on the similarity
of the images of the nucleus (DAPI) with NFATc2. To this end each cell is allocated a

similarity score with higher scores indicating more similar images.

3.2.7.6 Calcium Flux Assay

CD25" Tregs were isolated ex vivo and stimulated with Treg expansion beads (4:1
bead-to-cell ratio) in T cell resting medium (Table 4). After 6h, cells were stained with
4uM Indo-1 AM Calcium Sensor Dye for 30min at 37°C in Calcium Loading Buffer
(Table 3). Cells were washed with Calcium Loading Buffer and surface staining with
antibodies against CD4, CD137 and CD154 was performed in PBS/BSA/EDTA. Cells
were warmed up to 37°C before measurement on a LSRIl Flow Cytometer. After
approximately 30s of acquisition, the calcium ionophore lonomcyin was added at

1ug/ml and the remaining sample was measured. Peak emission of Indo-1 AM Calcium
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Sensor Dye shifts upon calcium binding from 475nm (unbound) to 410nm (bound)
enabling the quantification of changes in intracellular calcium concentrations (Table
12).

3.2.8 Epigenetic analysis

Analysis of the epigenome is based on the conversion of unmodified cytosine to uracil
upon treatment with bisulfite which enables evaluation of the methylation status of
every cytosine either by gene-specific amplification (see 3.3.8.1) or sequencing (see
3.3.8.2).

3.2.8.1 Methylation-sensitive TSDR real-time PCR

Cells were frozen in 200ul PBS at -80°C before analysis which was done by K. Vogt in
cooperation with Prof. Dr. B. Sawitzki (BCRT Berlin). Genomic DNA was isolated with
the QIAamp® DNA Blood Mini Kit. Bisulfite conversion of 50-1200ng genomic DNA was
performed with EpiTect Bisulfite Kit. Real-time PCR was done in a final reaction volume
of 20ul with 10ul FastStart Universal Probe Master, 100ng Lamda DNA, 5pmol
methylation or non-methylation specific probe, 30pmol methylation or non-methylation
specific primers and at least 1ng bisulfite-treated DNA or plasmid standard. Samples
were analyzed in triplicates on an ABI 7500 Cycler under the following conditions: 1
cycle of 10min 95°C and 45 cycles of 15s 95°C followed by 1min 61°C. The percentage
of FoxP3 TSDR was then calculated by dividing the nonmethylated copy-number by

the total genomic FoxP3 copy-number.

3.2.8.2 Deep bisulfite amplicon sequencing

CD137°CD154 Tregs and CD137'CD154" Tregs from male donors were sorted,
pooled and frozen as dry pellets at -80°C. Deep bisulfite sequencing was done by P.
Giehr and J. Gottfreund in cooperation with Prof. Dr. J. Walter (Saarland University).
Cells were thawed and digested with lysis buffer (10mM Tris, 5mM EDTA, pH 8.0) with
1mg/ml Proteinase K at 55°C overnight. For deep sequencing of Treg signature regions
(Table 7), cell lysates were used directly for bisulfite conversion. To analyse
methylation of complementary strands within individual DNA molecules by hairpin
bisulfite sequencing, DNA was enzymatically cut and strands were covalently linked by
hairpin molecules. To this end, cell lysates were incubated with 1mM Pefabloc for 1h at
RT after Proteinase K treatment. DNA was digested with 10U Alul at 37°C overnight.
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Digestion was stopped at 80°C for 20min and blunt ends were tailed with 5uM dATP
and 6U Klenow enzyme for 30min at 37°C. The reaction was stopped at 80°C for
30min. Strands were ligated with 5uM Alul/A-tailing hairpin linker (Table 7), 20uM ATP
and 200U T4 DNA ligase at 16°C overnight. For bisulfite conversion, 100ng DNA were
treated with EZ-DNA methylation Gold kit according to manufacturer’s instructions.
PCR was performed with either 2.5U HOT FIREPol® DNA Polymerase or 1.5U HotStar
Tag™ DNA Polymerase with 20ng bisulfite-treated DNA, 0.2mM dNTPs and 0.17uM
bisulfite-specific primers (Table 7) according to manufacturer’'s recommendations. PCR
products were amplified under the following conditions: 1 cycle of 15min 95°C and 42
cycles of 1min 95°C, 2min annealing (90min for generation of hairpin constructs), 1min
72°C followed by 7min 72°C. Amplicons were purified with Agencourt Ampure XP
beads according to manufacturer’s instructions. Hairpin amplicons were gel purified
using Gel/PCR DNA Fragments Extraction Kit according to manufacturer’s instructions.
Purified amplicons were sequenced on the lllumina MiSeq platform using MiSeq
Reagent Kit v3 at the NGS sequencing unit of Prof. Dr. J. Walter at Saarland
University. Data analysis was perfomed with BiQ Analyzer HT [236] by P. Giehr and J.
Gottfreund (Saarland University). Sequencing results were processed and filtered
according to sequence identity (>0.9), bisulfite conversion (>0.95) and fraction of
unrecognized sites (<0.1). The mean methylation value and CpG methylation pattern

maps were generated for each amplicon.

3.2.9 Quantification of gene expression

3.2.9.1 High throughput real-time PCR

High throughput real-time PCR was done by M. Staber in cooperation with Dr. L. Lozza
(MPI for infection biology, Berlin) using the Biomark™ HD system which is based on
automated PCR reactions within integrated fluidic circuits (IFCs). CD25" Tregs were
isolated ex vivo and stimulated for 6h with Treg expansion beads in the presence of
1ug/ml  anti-CD40 pure antibodies. After 6h, CD4'CD25'CD127'CD45RO"
CD137°CD154 and CD137°CD154" Tregs were FACS purified for analysis of gene
expression. A total of 300 cells (100 cells/donor) were sorted into twin.tec® 96 well
plates with 5ul of 2X CellsDirect™ Reaction Mix and 0.1ul of 20U/ul SUPERnase In™
RNase Inhibitor and stored at -80°C. Reverse transcription was performed with
TagMan® Gene Expression Assays (Table 9) and SuperScript® lll RT/Platinum® Tagq
Mix. Real-time PCR was performed using 48.48 Sample/Loading Kit and analysed on a
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Biomark™ HD according to manufacturer's instructions. Gene expression was

normalized to expression of GAPDH.

3.2.9.2 Single cell gene expression

For single cell gene expression analysis, CD25" Tregs or CD25  Tcons were stimulated
for 6h with 10ng/ml PMA and 500ng/ml lonomycin in T cell resting medium (Table 4) in
the presence of 1ug/ml anti-CD40 pure antibodies. CD137°CD154" Tregs and
CD137°CD154" Tregs as well as CD137'CD154" Tcons (all CD45RO") were FACS
purified and frozen in FCS + 10% DMSO at -80°C overnight or in the gas phase of
liquid nitrogen at < -150°C for 1-2 weeks before analysis. Single cell gene expression
was done by K. Vogt in cooperation with Prof. Dr. B. Sawitzki (BCRT Berlin). Single
cells were captured and lysed in individual reaction chambers of an IFC using the C1™
system before high throughput gene expression analysis was performed using the
Biomark™ HD system. For capturing of single cells, cells were loaded onto C1™
Single-Cell Auto Prep Array IFC (5-10pum) using C1™ Single-Cell Auto Prep Reagent
Kit. Cells were imaged and wells with single cells were documented. Cell lysis, reverse

transcription and pre-amplification were performed with C1™

Single-Cell Auto Prep
Reagent Kit and Single Cell-to-CT™ Kit on a C1™ System. Pre-amplified products
were harvested and real-time PCR was performed with TagMan™ Universal PCR
Master Mix and TagMan® Gene Expression Assays (Table 9) with 48.48 Sample and
Assay Loading Reagent Kit IFC according to manufacturer's recommendations on a
Biomark™ HD (also see 3.3.9.1). Single cells were filtered according their expression of
B2M (Ct <16) and gene expression was analysed using the SINGULAR™ Analysis

Toolset R package for RStudio v0.98.501.

3.2.9.3 Detection of Dextran-CAR constructs by quantitative real-time
PCR

The competitive expansion of Dex-CAR constructs with different signaling domains was
analysed by qPCR using primers that bind within the signaling domain that are unique
to the particular construct (Table 8). DNA was isolated by Qiagen DNA Mini Kit or
Zymo Research Quick-DNA™ Miniprep Kit according to manufacturer’s instructions
and expression of the different constructs was analysed using 1x SYBR® Green PCR
Master Mix and 500nMol forward and reverse primers (57°C annealing temperature),
respectively. Expression was analysed on a StepOne™ Real-Time PCR System and

normalized to expression of GAPDH. Relative expression of different time points was
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normalized to the beginning of the culture to account for different efficiencies of the

PCR depending on the primers.

3.2.10 Sequencing of TCRVf chains

CD25-enriched Tregs were isolated from PBMCs ex vivo and stimulated for 6h with
10ng/ml PMA and 500ng/ml lonomycin in the presence of 1ug/ml anti-CD40 antibodies.
For the isolation of antigen-specific Tregs and Tcons, PBMCs were stimulated with
different antigens and antigen-specific Tregs and Tcons were simultaneously enriched
by ARTE as described in 3.3.4. CD137°CD154" Tregs, CD137°CD154" Tregs and
CD137'CD154" Tcons were FACS purified and genomic DNA was isolated with
AllPrep® DNA/RNA Mini or Micro Kit. Sequencing of TCRVP chains was done by Dr. U.
Stervbo and Dr. M. Nienen in cooperation with Prof. Dr. N. Babel (BCRT Berlin/Ruhr
University of Bochum). To this end, TCR-B loci were amplified as previously described
[237] and library preparation and sequencing was performed using lllumina MiSeq at
NGS core facility at the BCRT in Berlin. High quality reads (average quality score >30)
were processed with IMSEQ [238] and each clonotype was assigned an ID (VB-/JB-
gene identity, CDR3 amino acid sequence). Similarity was quantified by Yue-Clayton
similarity index (YCsim) where O indicates dissimilarity and 1 identifies identical

populations [239].

3.2.11 Statistical analysis

All data are summarizing different donors and experiments which were analysed with
GraphPad Prism. Significances were calculated with Prism using paired t test, unpaired
t test, Wilcoxon matched pairs test, Mann-Whitney U test (for the comparison of two
groups) or repeated measures ANOVA, one way analysis of variance, Friedman test or
Kruskal-Wallis test in combination with Dunns or Tukeys post hoc tests (for the
comparison of more than two groups) depending on the parametric or non-parametric
distribution and the paired or unpaired nature of the respective data set. The exact
tests that were performed are specified in the respective figure legends. Significances
are indicated with p <0.05: *, p< 0.01: ** and p < 0.001: ***
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4 Results
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4.1 ldentification of stable Tregs by CD137"'CD154  expression

The immunosuppressive potential of Tregs emerges as important target for clinical
applications. For adoptive transfer, Tregs are isolated from the peripheral blood of
patients followed by in vitro expansion to generate sufficient numbers (see 1.3, Figure
3). However, in vitro expansion compromises purity and increases the risk of
introducing contaminating effector cells. Current protocols for clinical isolation of human
Tregs are based on the expression of CD25, yet in spite of optimized protocols
insufficient purity remains a major concern for adoptive therapy [153]. Currently, there
are no unambiguous surface markers to identify stable FoxP3" Tregs ex vivo or within
in vitro expanded cultures limiting their therapeutic potential. Therefore, this study
aimed to define markers for the identification and isolation of highly stable Tregs ex

vivo and after prior in vitro expansion for optimized stability of therapeutic Tregs.
4.1.1 CD137 and CD154 expression within the human Treg compartment

It has been shown that CD154 is expressed selectively on Tcons after 6h stimulation
ex vivo while antigen-activated Tregs are characterized by CD137 expression [92, 96,
97, 107]. To investigate the potential of converse CD137 and CD154 expression to
distinguish between Tregs and contaminating Tcons within the human polyclonal
CD25'CD127" Treg compartment, expression of CD137 and CD154 were analysed
upon activation of CD25°CD127" Tregs ex vivo. Following stimulation with anti-CD3/-
CD28, most Tregs upregulated CD137 of which a small subset co-expressed CD154
(Figure 5A,B). In addition, a very minor CD154" population lacked CD137 expression
which most likely represents contaminating Tcons. To determine phenotypic
differences between CD137°CD154° Tregs and CD137°CD154" Tregs, gene
expression of selected Treg-associated markers and effector cytokines was analysed.
Among CD137-expressing Tregs, CD154" and CD154  cells were defined by
expression of Treg-associated markers such as foxp3, ikzf2 (HELIOS), tigit, il2ra
(CD25) and tgfB1 which were expressed at lower levels in CD137°CD154" Tregs
(Figure 5C). In contrast, effector cytokines (il2, il17a, ifny, tnfa) were exclusively
expressed by CD137°CD154" Tregs and completely absent in CD137°CD154" Tregs.
These data show striking differences regarding the phenotype of the two Treg
populations within the CD25'CD127" Treg compartment. Interestingly, high levels of the
regulatory cytokine il10 were detected exclusively in CD137°CD154" Tregs indicating a
regulatory potential in spite of their limited ability to express other Treg-associated

markers (Figure 5C). Furthermore, these data suggest distinct regulatory mechanisms
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of CD137"CD154 Tregs that lack IL-10 expression. These data show the co-existence
of CD137°CD154" Tregs and CD137°CD154" Tregs within the human CD25'CD127
Treg compartment that differ in their expression of Treg-associated markers and
effector molecules. While CD137°CD154  Tregs exhibited a transcriptional Treg
phenotype, CD137°CD154" Tregs were characterized by a compromised

transcriptional Treg signature.

CD137°CD154  Tregs expressed high levels of Treg-associated markers. However,
long-term stability of the Treg phenotype and stable expression of Treg-associated
genes are regulated by epigenetic marks. Indeed, Treg stability has been closely linked
to the demethylation of specific Treg signature genes that have been shown to be
differentially methylated in Tregs and Tcons [240, 241]. To investigate differential
stability of CD137°CD154" Tregs and CD137°CD154" Tregs on an epigenetic level,
local-deep bisulfite sequencing of regions within foxp3, ctla4, ikzf2, Irrc32, il2ra, tnfrsf9
and cd40lg that were shown to be differentially methylated in Tregs and Tcons was
performed [241]. CD137°CD154 Tregs exhibited a completely demethylated TSDR
and were highly demethylated at all other analysed regions indicating remarkable
epigenetic stability (Figure 5D). In contrast, CD137°CD154" Tregs were partially
methylated at all analysed Treg-associated regions revealing an instable Treg
signature (Figure 5D). These findings show that CD137°CD154" Tregs are
characterized by a stable Treg signature providing evidence for their thymic origin and
long-term stability in the periphery. In contrast, CD137°CD154" Tregs exhibited an
instable Treg signature with significant methylation of Treg-associated regions.
However, compared to conventional central memory T cells (Tcy), CD137°CD154"
Tregs were hypomethylated at these regions clearly separating this regulatory subset
from Tcons (Figure 5D). Therefore, CD137°CD154" Tregs did not represent
contaminating effector cells but rather exhibited an intermediate Treg-Tcon signature. It
is important to note that also tnfrsf9 (CD137) and cd40lg (CD154) were differentially
methylated indicating that the ability to express either of these markers was at least
partially imprinted on an epigenetic level. In summary, these data show that the human
CD25'CD127° Treg compartment contained stable CD137°CD154 Tregs with a
prototypic Treg signature and instable CD137°CD154" Tregs with an intermediate
Treg-Tcon signature revealing notable heterogeneity within the peripheral Treg

compartment.
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Figure 5: Phenotype of CD137°CD154" Tregs and CD137'CD154" Tregs ex vivo. (A-D)
CD25-enriched Tregs were activated for 6h with anti-CD3/-CD28. (A,B) CD137 and CD154
expression were analysed on CD25'CD127" Tregs; (A) representative dot plot of one donor and
(B) statistical summary of several donors (n=68, 17 independent experiments were performed).
CD137°CD154" Tregs and CD137°CD154" Tregs (CD25'CD127 CD45RO") were sorted for
analysis of (C) gene expression (2 independent experiments were performed, 3 donors were
pooled for each experiment) and (D) mean methylation of indicated regions (data from two
independent experiments are shown, 5 and 6 male donors were pooled for each experiment);
data from T¢y were obtained from Durek et al., 2016 [242]. (B) Each dot represents one donor,
lines indicate median, (C,D) mean + SEM is shown.
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4.1.1.1 Molecular regulation of CD154 expression on Tregs

CD154 expression on activated Tregs distinguished between stable CD137°CD154
Tregs and effector-like CD137°CD154" cells (Figure 5C,D). Differential methylation of
cd40lg was observed (Figure 5D), but how CD154 expression on Tregs is regulated
remains unclear. Expression of CD137 has been described to be NFkB-dependent
whereas CD154 expression is mediated by NFAT (nuclear factor of activated T cells)
[243]. The NFAT family consists of five transcription factors (NFAT1-5) of which
NFAT1, 2, 4 and 5 are essential for T cell development and function. NFAT expression
exhibits a certain level of redundancy and together with other transcription factors is
crucial for the regulation of gene expression upon translocation into the nucleus [244].
To elucidate molecular differences that mediate activation-induced expression of
CD154 and potentially also upregulation of other effector functions on Tregs, molecular

mechanisms downstream of TCR activation were analysed.

Since NFAT is ubiquitously expressed in all T cells, mean fluorescent intensity (MFI) of
NFATc2 was analysed to investigate differences in the expression level per cell.
Interestingly, the MFI of NFATc2 was increased in CD137°CD154" Tregs compared to
CD137°CD154" Tregs indicating higher levels of NFATc2 expression within CD154-
expressing Tregs (Figure 6A). NFAT-dependent gene regulation requires its
translocation into the nucleus. Therefore, nuclear NFAT translocation was blocked by
BTP1 which is a highly selective inhibitor of NFAT activation [235]. Blocking of nuclear
NFAT translocation by BTP1 reduced expression of IL-2 in activated Tregs showing the
functionality of NFAT inhibition (Figure 6B). Furthermore, expression of CD154 was
inhibited by BTP1 whereas an effect on CD137 expression was only observed at high
concentrations (Figure 6C). Although BTP1 is highly specific for blocking nuclear
translocation of NFAT [235], an effect on NFkB cannot be excluded which can result in
inhibition of CD137 expression especially at high concentrations (Figure 6C). Taken
together, these data suggest that expression of CD154, IL-2 and most likely also other
effector molecules in Tregs were regulated by NFAT which was differentially expressed
in CD137°CD154" Tregs and CD137°CD154" Tregs. Therefore, molecular adaptations
within the peripheral Treg compartment represent a potential mechanism for the

regulation of effector functions in Tregs.
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Figure 6: CD154 expression on Tregs is dependent on nuclear NFAT. (A-C) CD25" Tregs
were isolated and restimulated for 6h ex vivo. (A) NFAT expression was analysed after 6h
stimulation with PMA/lonomycin, the MFI (geometric mean) of NFATc2 was normalized to
CD137°CD154" Tregs (n=17, 6 independent experiments were performed). (B-C) BTP1 was
added 20min prior to 6h stimulation with anti-CD3/-CD28 before analysis of (B) IL-2 expression
(n=8, 2 independent experiments were performed) and (C) CD137 and CD154 expression (n=8,
3 independent experiments were performed). (C) Inhibition of CD137 and CD154 was
calculated based on expression without BTP1. Statistical significances were determined by (A)
one sample t test, (B) paired t test or (C) Mann-Whitney test. (A,B) Each dot represents one
donor with (A) mean, (C) mean + SEM is shown.

Differential expression of NFATc2 was observed in CD137°CD154 Tregs and
CD137°CD154" Tregs and also dependence of CD154 expression on nuclear NFAT
translocation was shown (Figure 6A-C). However, it remains unclear whether an
inability to upregulate CD154 derives from the lower levels of NFAT per cell (Figure 6A)
or insufficient translocation into the nucleus in CD137°CD154" Tregs. To address this
question, flow cytometric detection was combined with imaging to provide a detailed
analysis of NFAT localization within individual cells. This method enabled the
separation of cytoplasmic from nuclear NFATc2 in CD137°CD154  Tregs and
CD137'CD154" Tregs (Figure 7A). Nuclear translocation was analysed on a single cell
level by allocating a similarity score to each cell based on the similarity of the images of
NFATc2 and the nucleus which was defined by DAPI staining. Within CD137°CD154"
Tregs almost all cells had translocated NFATc2 into the nucleus whereas significant
amounts of cytoplasmic NFATc2 were detected within CD137°CD154" Tregs (Figure
7B). Nevertheless, nuclear NFATc2 was also detected within CD137°CD154" cells
showing that translocation itself was not sufficient to induce CD154 expression within

individual cells (Figure 7B).
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Collectively, NFATc2 translocation was higher in CD137°CD154" Tregs (Figure 7C)
indicating that not only lower expression but also inefficient nuclear translocation
contributed to lack of CD154 expression on CD137" Tregs. These data indicate
differential signaling mechanisms upon stimulation which can have the potential to

contribute to the regulation of the expression of effector molecules in Tregs.
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Figure 7: Nuclear translocation of NFATc2 in Tregs. (A-C) Nuclear translocation of NFATc2
was analysed after 6h stimulation with PMA/lonomycin. (A) Representative image of one cell of
CD137°CD154" Tregs (top) and CD137°CD154" Tregs (bottom). (B-C) A similarity score was
allocated to each cell based on the similarity of the images of NFATc2 and the nucleus (DAPI);
higher similarity scores indicate more similar images. (B) Representative histogram of one
donor; (C) the percentage of cells that had translocated NFATc2 was determined based on (B)
and normalized to CD137°CD154 Tregs (n=8, 3 independent experiments were performed); (C)
statistical significances were determined by one sample t test, each dot represents one donor,
lines indicate mean.

Here it was shown that the transcription factor NFAT represents an important
mechanism contributing to the regulation of CD154 expression on Tregs. Within
CD137°CD154" Tregs, nuclear NFATc2 was significantly reduced indicating inefficient
translocation (Figure 7C). Nuclear import of NFAT requires calcium-dependent
dephosphorylation which emerges as potential mechanism upstream of NFAT-
dependent gene regulation in Tregs [245]. Therefore, intracellular calcium levels were
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analysed within CD137°CD154" Tregs and CD137°CD154" Tregs to investigate
molecular differences downstream of TCR activation. To analyse calcium influx, cells
were stained with a calcium indicator dye which shifts emission upon calcium-binding.
To this end, changes in the intracellular calcium concentration were measured in
CD137'CD154" Tregs and CD137°CD154" Tregs upon stimulation with the calcium
ionophore ionomycin. Changes in intracellular calcium were quantified by determining
the ratio of bound to unbound calcium over the time of acquisition with addition of
ionomycin after ~30 seconds (Figure 8A). There was a stronger calcium influx in
CD137'CD154" Tregs compared to CD137°CD154 Tregs after addition of ionomycin
(Figure 8A) resulting in overall higher levels of bound calcium as determined by the
area under the curve (Figure 8B) and higher maximum values (Figure 8C). These data
suggest reduced or delayed signal transduction in CD137°CD154 Tregs following
stimulation. Consequently, reduced calcium signaling in CD137°CD154 Tregs can
represent a potential mechanism to limit nuclear translocation of NFAT upon TCR

activation and therefore expression of effector molecules.
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Figure 8: Calcium influx in CD137°CD154" Tregs and CD137°CD154" Tregs. (A-C) CD25"
Tregs were isolated and stimulated ex vivo for 6h with anti-CD3/-CD28. (A) Mean value for each
time point of the ratio of bound to unbound calcium after addition of 10ug/ml lonomycin after 30-
40s is shown. (B-C) Differences between CD137°CD154" Tregs and CD137°CD154" Tregs
were quantified by analysis of (B) the area under the curve and (C) the maximum value of the
curves that are shown in (A). (B-C) Statistical significances were determined by paired t test
(n=6, 2 different experiments were performed); (B,C) each dot represents one donor.

Taken together, these data show that CD154 expression on Tregs was associated with
molecular adaptations downstream of TCR signaling. It can be speculated that reduced
calcium influx mediated lower levels and inefficient nuclear translocation of NFATc2 in
CD137°CD154 Tregs. This can represent an important mechanism that contributes to

phenotypic differences between CD154 Tregs and CD154" Tregs.
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4.1.2 CD137 and CD154 expression within expanded Treg cultures

Here it was shown that activation-induced CD137 and CD154 expression distinguished
between epigenetically stable CD137°CD154" Tregs and effector-like CD137°CD154"
Tregs within the peripheral Treg compartment (Figure 5A-D). Therefore,
CD137'CD154 expression enabled the purification of Tregs ex vivo, yet it remains
elusive whether stable Tregs can similarly be identified after prior in vitro expansion.
This represents a particular challenge as the generation of sufficient numbers for Treg-
based therapies or the modification of Treg functionality e.g. by genetic engineering

requires prolonged in vitro expansion.

To date, clinical Treg isolation is based on CD25 expression which can routinely be
applied under GMP-compatible conditions. Treg isolation by CD25 microbeads enabled
the enrichment of FoxP3" cells from peripheral blood ex vivo (Figure 9A). However,
notable frequencies of FoxP3™ cells were detected within enriched populations which
potentially represent transiently activated Tcons that have upregulated CD25 (Figure
9A). Since Treg frequencies were low ex vivo, Tregs were expanded for 2-3 weeks in
the presence of IL-2, rapamycin and anti-CD3/-CD28 which have been shown to favor
expansion of Tregs [246, 247]. Upon polyclonal expansion, frequencies of FoxP3" cells
significantly decreased resulting in cultures with only 41.01% (mean = 14.50% St.Dev.)
FoxP3-expressing cells compared to 65.79% (mean + 10.46% St.Dev.) at the
beginning of expansion (Figure 9B). Furthermore, CD25 was expressed by almost all
cells and CD127 was lost and could therefore no longer distinguish between Tregs and
contaminating Tcons (Figure 9A). These data suggest either downregulation of FoxP3
by Tregs or an outgrowth of non-Tregs in spite of optimized culture conditions. In
addition to a loss of FoxP3, significant amounts of pro-inflammatory cytokines (IFN-y,
IL-17, IL-2, TNF-a) were detected within expanded cultures indicating notable numbers
of cells that exhibited an effector-like phenotype which can have a strong inflammatory
potential (Figure 9C). Taken together, in vitro expansion of CD25" Tregs, which is
required to generate sufficient numbers for therapeutic applications, resulted in
compromised purity of expanded cultures. Impurities can either derive from inherent
Treg instability or contaminations with effector cells ex vivo. Irrespective of their origin,
inflammatory effector cells generate significant safety concerns for adoptive therapy
and therefore novel strategies for the identification and isolation of stable Tregs ex vivo

and after prior in vitro expansion are required.
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Figure 9: Treg expansion compromises purity. (A-C) CD25" Tregs were sorted and
expanded before analysis of (A,B) FoxP3 and (C) cytokine expression; (A) representative dot
plot of one donor and (B) statistical analysis of several donors (n=30 from 9 independent
experiments for dO and d14, n=19 from 7 different experiments for d28). (C) Cytokine
expression was analysed on d28 after 6h restimulation with PMA/lonomycin (n=38 from 12
different experiments for IFN-y, n=40 from 13 different experiments for TNF-a, n=19 from 7
different experiments for IL-17 and n=17 from 6 different experiments for IL-2). (B) Statistical
significances were determined by One Way analyis of variance; lines indicate (B) mean or (C)
median.

In vitro expansion of CD25" Tregs resulted in compromised purity including loss of
FoxP3 expression and upregulation of effector cytokines which can derive from
contaminations at the beginning of the culture or Treg instability. CD137°CD154
expression was shown to be upregulated on an epigenetically stable Treg subset ex
vivo whereas co-expression of CD154 identified an effector-like Treg subset with an
instable transcriptional and epigenetic Treg signature (Figure 5C,D). To investigate
stability of Tregs after prior in vitro expansion, CD137 and CD154 expression were
analysed on expanded Tregs after 6h stimulation. Similar to Tregs ex vivo (Figure 5B),
the majority of cells exhibited a CD137"CD154" phenotype after expansion with a small
percentage of cells that expressed CD154 of which some co-expressed CD137 (Figure
10A,B). Frequencies of FoxP3" Tregs varied between subsets and were significantly

increased within CD137°CD154" Tregs compared to cells expressing CD154 (Figure
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10C,D). Lowest levels of FoxP3 were detected within CD137°CD154" cells which most
likely represent contaminating effector cells. Therefore, phenotypic differences between
CD154" and CD154 Tregs that were observed ex vivo were maintained upon
expansion and CD137°CD154 expression was similarly able to selectively identify
FoxP3" Tregs.
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Figure 10: CD137 and CD154 expression within expanded Treg cultures. (A-D) CD25"
Tregs were isolated and expanded in vitro before restimulation with anti-CD3/-CD28. (A,B)
CD137 and CD154 expression were analysed. (A) Representative dot plot of one donor and (B)
statistical summary of several donors (n=64, 21 independent experiments were performed).
(C,D) FoxP3 expression was analysed on the different subsets after 6h stimulation, (C)
representative histogram of one donor and (D) statistical summary of several donors (n=61, 20
independent experiments were performed). (D) Statistical significances were determined by
Kruskal-Wallis test. (B,D) Each dot represents one donor, lines indicate median.

Differences in FoxP3 expression were observed between CD137°CD154 Tregs and
CD137°CD154" Tregs within in vitro expanded cultures (Figure 10C,D). To determine
their epigenetic stability, TSDR demethylation was analysed. In line with epigenetic
stability of CD137°CD154" Tregs ex vivo (Figure 5D), CD137°CD154 Tregs exhibited
an almost completely demethylated TSDR after expansion which was strongly
methylated in CD137°CD154" Tregs and completely methylated in CD137°CD154" cells
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(Figure 11A). These data show that CD137°CD154  expression was able to identify
epigenetically imprinted Tregs within in vitro expanded cultures. Furthermore, these
data confirm the notion that CD137°CD154" expression identified contaminating Tcons
whereas CD137°CD154" Tregs exhibited intermediate levels of TSDR demethylation
(Figure 11A). Remarkably, a strong correlation was observed between CD137"CD154
expression and TSDR demethylation within expanded Treg cultures (Figure 11C) which
was even more significant than the association of FoxP3 expression with TSDR
demethylation (Figure 11B). These data reveal the striking potential of CD137"CD154
expression as surrogate surface marker for the identification of epigenetically stable

FoxP3-expressing Tregs even after prior in vitro expansion.
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Figure 11: Epigenetic stability of CD137°CD154 Tregs and CD137°CD154" Tregs. (A)
Tregs were sorted from expanded cultures according to CD137 and CD154 expression and
TSDR demethylation was analysed (n=7, 2 independent experiments were performed). (B-C)
CD25-enriched Tregs were expanded for 14 or 28 days before analysis of TSDR demethylation;
correlation of TSDR demethylation with (B) FoxP3 and (C) CD137°CD154 expression are
shown (n=11, 3 independent experiments were performed). Statistical significances were
determined by (A) Kruskal-Wallis test or (B,C) linear regression analysis. (A) Each dot
represents one donor, lines indicate median.

Within expanded Treg cultures, CD137°CD154" expression identified epigenetically
stable FoxP3® Tregs while CD137°CD154" Tregs were characterized by a
hypermethylated TSDR (Figure 11A) and low levels of FoxP3 expression (Figure
10C,D). Next, a more detailed phenotypic analysis was to provide insight into potential
functional differences between CD137°CD154" Tregs and CD137°CD154" Tregs. In
line with their transcriptional signature ex vivo (Figure 5C), high protein levels of the
Treg-associated markers LAP and GARP were detected within CD137°CD154" Tregs
while expression was significantly reduced within CD137°CD154" Tregs (Figure 12A).
LAP and GARP have been shown to contribute to contact-dependent TGF-B-mediated

suppression representing an important regulatory mechanism [248]. In line with these
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findings, CD137°CD154  Tregs were more suppressive than CD137°CD154" Tregs in
an in vitro suppression assay showing different functionality and underlining the
heightened regulatory potential of CD137°CD154  Tregs (Figure 12B). In addition,
expression of pro-inflammatory cytokines was limited to CD137°CD154" Tregs and
except for TNF-a almost completely absent in CD137°CD154 Tregs (Figure 12C).
Interestingly, as observed on a transcriptional level (Figure 5C), IL-10 was expressed
almost exclusively by CD137°CD154" Tregs (Figure 12C). IL-10 expression might
represent an important regulatory mechanism for this particular subset suggesting
functional differences between CD137°CD154" Tregs and CD137°CD154  Tregs.
Nevertheless, IL-10 expression was low and in vitro suppression was compromised in
CD137°CD154" Tregs suggesting only a minor regulatory potential of this subset which

was rather characterized by an effector-like phenotype.
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Figure 12: Phenotype of CD137°CD154" Tregs and CD137°CD154" Tregs within expanded
cultures. (A,C) CD25" Tregs were isolated and expanded in vitro before restimulation with
PMA/lonomycin. (A) Expression of LAP and GARP were analysed after 24h (n=13, 4
independent experiments were performed). (C) Expression of INF-y, TNF-a (n=30 from 9
different experiments), IL-17, IL-2 (n=11, 4 different experiments) and IL-10 (n=17, 6
independent experiments) were analysed after 6h stimulation. (B) Tregs were sorted from
expanded CD25" cultures according to CD137 and CD154 expression, total CD25" Tregs
represent unsorted samples; all populations were expanded for another 10 days before in vitro
suppression of CD4'CD25 Tresps was analysed (n=4-6, 2 independent experiments were
performed); inhibition of proliferation relative to untreated Tresps is shown. Statistical
significances were determined by (A) repeated measures ANOVA or (C) Wilcoxon signed-rank
test. (A,C) Each dot represents one donor and lines indicate (A) mean or (C) median, (B) mean
+ SEM is shown.

Taken together, these data show that CD137 and CD154 expression distinguished
between epigenetically stable CD137°CD154 Tregs and effector-like CD137°CD154"
Tregs not only ex vivo, but also after prior in vitro expansion. While lack of CD154
expression identified a Treg subset that expressed high levels of FoxP3 and almost
completely lacked cytokine expression, CD137°CD154" Tregs exhibited a strongly
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methylated TSDR and were characterized by reduced levels of FoxP3 and high levels
of effector cytokines. Although the origin and function of CD137°CD154" Tregs remain
to be determined, the potency of CD137°CD154" expression as Treg-specific activation
signature becomes evident and can enable the identification and isolation of lineage

stable Tregs for the purification of clinical products for adoptive Treg transfer.

4.2 In vitro generation of antigen-specific Tregs

Chronic inflammatory diseases are currently believed to be the consequence of effector
cells that target harmless, mostly unknown autoantigens resulting in the destruction of
healthy tissue such as the CNS during multiple sclerosis, pancreatic islets during T1D
or cartilage tissue during rheumatoid arthritis [249]. To suppress inflammatory immune
reactions and restore immune homeostasis, Tregs emerge as important target for
clinical applications (see 1.3). Adoptive transfer of in vitro expanded Tregs has
demonstrated their potential to treat inflammatory immune pathologies. Nevertheless,
their therapeutic application is currently limited by insufficient technologies for the
isolation and large-scale expansion of highly potent antigen-specific Tregs. Therefore,
chimeric antigen receptors (CARs) are currently emerging to redirect Treg specificity
for clinical applications (see 1.3.2.2). Current approaches using CAR technology to
generate antigen-specific Tregs have focused on endogenous antigens such as HLA-
A2 [230-232]. However, disease-relevant Treg targets are often unknown and
expression is often not limited to inflamed tissues. Therefore, Treg specificity was

redirected toward an exogenous antigen for targeted activation of CAR-Tregs.
4.2.1 Generation of dextran-specific CAR-Tregs

In this study, antigen-specific Tregs were generated by in vitro genetic engineering
using a chimeric antigen receptor to redirect Treg specificity toward dextran to provide
an inducible system by linking Treg activation to the application of an exogenous
antigen. Dextran is a branched polysaccharide consisting of several glucose molecules
that are linked by a-1,6 and o-1,3 glycosidic linkages resulting in lengths of 3-2000
kDa. Dextran-reactive Tregs were generated by genetic engineering of human CD25"
Tregs using a lentiviral expression vector encoding a dextran-specific CAR. The
construct contained a dextran-specific scFv which was connected to a short (12aa)
IgG4-derived hinge to provide flexibility for efficient antigen-binding. The ectodomain

was connected via a CD8-derived transmembrane domain to an intracellular signaling
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moiety consisting of CD3C in combination with CD137 co-stimulation (Figure 13A). To
detect transduced cells, truncated human low-affinity nerve growth factor receptor
(LNGFR) was included in the expression vector which could be stained on the surface
after successful lentiviral transduction (Figure 13B). LNGFR expression was detected
after lentiviral transduction although levels were highly variable with an average of
20.75% (mean £ 9.84% St.Dev.; Figure 13C). Although LNGFR expression identified
transduced cells, it does not provide insight into the efficiency of the transcription and
translation of the receptor. Therefore, receptor expression was quantified by analyzing
antigen-binding within transduced cells. To this end, Tregs were incubated with FITC-
labeled dextran which enabled direct flow cytometric detection of dextran-binding cells.
Dextran was bound selectively by LNGFR" and not LNGFR™ cells within the same
culture in a concentration-dependent manner with only minor unspecific binding by
LNGFR™ Tregs at high concentrations (Figure 13D,E). These data show functional
expression of the CAR on transduced LNGFR" Tregs although not all LNGFR" cells
were able to bind dextran suggesting inefficient transcription or translation of the
transgene (Figure 13E). Since it was bound efficiently and enabled tracking of dextran-
binding cells, FITC-Dextran with a molecular weight of 2,000,000 g/mol was used

throughout this work to detect CAR-Tregs unless specified otherwise.

Dextran consists of several glucose molecules and can therefore structurally resemble
other saccharides that are commonly encountered and could have the potency to
induce off-target activation of CAR-Tregs. To this end, the degree of cross-reactive
binding by CAR-Tregs was analysed by incubation with glucose (monosaccharide),
maltose (disaccharide), dextrin (polysaccharide) or dextran (polysaccharide) before
staining with FITC-Dextran. FITC-Dextran staining was only blocked by soluble or
bead-bound dextran, but not by any other tested saccharides (Figure 13D,F).
Consequently, CAR-Tregs selectively bound dextran showing no cross-reactive binding
of CAR-Tregs with other saccharides highlighting their specificity. Furthermore, CAR-
Tregs similarly bound soluble and bead-bound dextran and also different molecular
weights (500,000g/mol and 2,000,000 g/mol) providing flexible opportunities regarding
antigen application. Taken together, specificity for dextran was introduced into human
Tregs by in vitro genetic engineering using a chimeric antigen receptor. CAR-Tregs
were able to selectively bind dextran and therefore emerge as system for targeted

activation of Tregs in vitro and in vivo.
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Figure 13: Generation of dextran-specific CAR-Tregs. (A) Schematic diagram of the
dextran-specific CAR construct. (B-F) CAR-Tregs were generated by lentiviral transduction
which was analysed by (B-C) LNGFR expression; (B) representative dot plot of one donor and
(C) statistical analysis of several donors (n=50 from 16 independent experiments for CAR-Tregs
and n=12 from 4 different experiments for untransduced Tregs). (D-F) CAR expression and
specificity was analysed by incubation with different saccharides before staining with FITC
dextran; (D) representative histogram of one donor and (F) statistical analysis of several donors
(n=5-9, 2-3 independent experiments were performed); the percentage of bound antigen was
calculated as relative frequency of FITC-Dextran” cells in the treated samples compared to the
untreated control. (E) CAR surface expression was analysed by binding of FITC-Dextran (n=3-9
from 1-3 independent experiments). Each dot in (C,F) represents one donor and lines indicate
mean; (E) mean £ SEM is shown.

CAR-Tregs were generated by lentiviral transduction which stably integrates the
transgene into the host genome. To investigate a potential influence of viral
transduction and CAR expression on Treg function, the phenotype of CAR-Tregs was

analysed. FoxP3 as most important Treg marker was similarly expressed by LNGFR"
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and LNGFR™ Tregs indicating no immediate effects on the phenotype of CAR-Tregs
(Figure 14A). To provide a more comprehensive phenotypic analysis, gene expression
of several Treg-associated markers (foxp3, ctla4, ikzf4, tigit, ikzf2, tnfrsf9, tgfb1) and
pro-inflammatory cytokines (il2, ifny, tnf, il5, csf2) were analysed after polyclonal
stimulation. LNGFR" Tregs expressed similarly high levels of Treg markers compared
to LNGFR™ Tregs and lacked expression of pro-inflammatory cytokines (Figure 14B).
Although expression of ctla4 and ikzf4 was low, this was not dependent on CAR
expression and was similarly observed in LNGFR™ Tregs. Collectively, there was no
apparent influence of CAR expression on the Treg phenotype which was maintained by
CAR-Tregs.
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Figure 14: Phenotype of CAR-Tregs. (A) LNGFR" Tregs and LNGFR’ Tregs were sorted and
expanded for 10 days before staining of FoxP3 (n=5-6 from 2 independent experiments). (B)
Transduced Tregs were activated for 6h with anti-CD3/-CD28 and LNGFR" Tregs and LNGFR
Tregs were sorted for gene expression analysis (n=3, 1 experiment was performed). (A)
Statistical significance was analysed by Mann Whitney test. (A) Each dot represents one donor,
line indicates mean; (B) mean + SEM is shown.

4.2.2 CD137 expression identifies antigen-activated CAR-Tregs

Here, Treg specificity was redirected toward an exogenous antigen by expression of a
dextran-specific CAR. CAR-Tregs maintained their Treg phenotype (Figure 14A,B) and
bound dextran (Figure 13D-F), but their functionality requires efficient signal
transduction and Treg activation. To date, lack of Treg-specific activation markers has
limited identification, isolation and characterization of antigen-reactive Tregs on a
single cell level. CD137 has been described to be upregulated specifically on Tregs
after short-term antigen-specific stimulation ex vivo and was furthermore shown here to

identify activated Tregs after prior in vitro expansion [92, 96, 97, 107].
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CD137 expression was analysed on transduced Tregs after 6h stimulation with dextran
to determine antigen-specific activation of CAR-Tregs. Although the origin and function
of CD137°CD154" Tregs remain unclear, they only represented a small subset within
the Treg compartment and clearly exhibited a partial Treg signature (see 4.1).
Therefore, expression of CD137, regardless of CD154 expression, was analysed to
determine activation of CAR-Tregs. CD137 was upregulated selectively on LNGFR*
Tregs while LNGFR™ Tregs within the same culture were not activated (Figure 15A,B).
These data were in line with the selective binding of dextran by LNGFR" cells and
show efficient activation of CAR-Tregs upon antigen-binding. As dextran was not
bound by all LNGFR" cells (Figure 13E), CAR-Tregs were activated with FITC-Dextran
to directly track activation of antigen-binding cells. Dextran-binding was stable over the
time of stimulation showing stable receptor-ligand interaction enabling analysis of
dextran-binding cells after 6h stimulation (Figure 15D). Following activation, CD137
was upregulated selectively on cells that had bound dextran showing specific activation

of dextran-binding cells while indicating only minor unspecific activation (Figure 15C,E).

CD137 has been shown to be upregulated on Tregs upon TCR stimulation and was
now applied to the identification of antigen-activated CAR-Tregs. The selective
induction of CD137 on LNGFR" CAR-Tregs already indicated that expression was
induced upon CAR-mediated stimulation. Nevertheless, to directly control that CD137
expression was induced by CAR and not TCR stimulation, down-regulation of CD3 as
pivotal event in endogenous T cell activation was analysed after 6h stimulation [250].
CD3 was down-regulated on CD137" cells upon TCR but not CAR stimulation
confirming that CD137 expression was induced by CAR-mediated stimulation
independent of the endogenous TCR (Figure 15F). Since CD137 expression enabled
rapid analysis of CAR-Treg activation in vitro, cross-reactivity with other
polysaccharides was again evaluated by CD137 expression after 6h incubation with
glucose, maltose and dextrin. In line with the selective binding of dextran (Figure 13F),
CAR-Tregs were not activated with other saccharides whereas bead-bound and
soluble (500,000g/mol and 2,000,000 g/mol) dextran induced CD137 upregulation
(Figure 15G). These data underline the antigen-specificity of CAR-Tregs and
demonstrate the potency of CD137 expression for the detection of antigen-activated
CAR-Tregs. Taken together, these data show redirection of Treg specificity toward an
exogenous antigen by expression of a dextran-specific CAR. CAR-Tregs selectively

bound dextran and antigen-specific activation could readily be identified by CD137
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expression which emerges as marker for the rapid analysis of CAR-mediated Treg
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activation in vitro.
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Figure 15: CD137 expression identifies antigen-activated CAR-Tregs. (A-G) CAR-Tregs
were activated for 6h before analysis. (A,B) CD137 expression on LNGFR" Tregs and LNGFR’
Tregs is shown; (A) representative dot plot of one donor and (B) statistical analysis of several
donors (n=21, 7 experiments were performed). (C-E) Activation of dextran-binding cells was
analysed; (C) representative dot plot of one donor and (D-E) statistical summary of several
donors (n=25, 9 experiments were performed). (D) Dextran-binding was analysed after 6h
stimulation with FITC-labeled dextran (6h stim.) compared to staining of unstimulated samples
(unstim.); (E) CD137 expression was analysed on dextran® and dextran™ cells. (F) CD3 surface
expression was analysed after 6h stimulation with anti-CD3/-CD28 or bead-bound dextran
(n=11, 4 experiments were performed); downregulation was calculated as ((A-B)/A)x100 with
CD3 expression on A: unstimulated LNGFR® Tregs and B: CD137'LNGFR’ Tregs. (G)
Specificity of CAR-Tregs was analysed by CD137 expression after incubation with different
saccharides, unstimulated background was subtracted from each sample and CD137
expression was normalized to the maximum of dextran-binding cells in the unstimulated sample
(n=5-9, 2-3 experiments were performed). (B,D,E,F) Statistical significances were calculated by
paired t tests. (B,D,E,G) Each dot represents one donor, lines indicate mean; (F) mean + SEM
is shown.
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4.2.3 Optimizing CAR design for augmented Treg efficacy

CAR-Tregs were generated by lentiviral transduction and dextran-specific activation
was shown in vitro (see 4.2.1 and 4.2.2). However, functionality of CAR-Tregs can
strongly depend on the structure of the construct and therefore efficacy of CAR-Treg
therapy requires optimization of CAR design for improved Treg function. To date,
studies that have investigated the impact of CAR design on T cell function have
focused on effector cells as analysis of Treg activation has been limited by lack of
specific activation markers. In this study, CD137 was identified as marker that was
specifically upregulated on antigen-activated CAR-Tregs separating them from CD154-
expressing Tcons. Therefore, analysis of CD137 expression provides the opportunity to
selectively evaluate the impact of CAR design on Treg function within in vitro cultures

enabling the optimization of CAR-Treg efficacy.
4.2.3.1 The extracellular spacer domain affects CAR-Treg activation

CAR-Treg activation requires stable antigen-binding which can be influenced by the
extracellular spacer domain. Indeed, it has been shown that the extracellular spacer
significantly influences CAR-T cell activation depending on the size, structure and
expression pattern of the target antigen [251-257]. Dextran is a very large
polysaccharide and therefore antigen-binding can be particularly dependent on the size
and flexibility of the extracellular spacer. To analyse the impact of the size of the
spacer domain on antigen-binding and CAR-Treg activation, dextran-specific CAR-
Tregs with long (L, 228aa), medium (M, 119aa), short (S, 45aa) and very short (XS,
12aa) extracellular spacer domains that contained IgG4-derived (L, M, XS) or CD8-
derived (S) hinges were generated (Figure 16A) [253]. Efficiency of lentiviral
transduction as determined by LNGFR expression was similar between constructs
(Figure 16B), but major differences in antigen-binding were observed within transduced
cells (Figure 16C). Most efficient binding was facilitated by S domains although binding
was also observed by L and XS spacers albeit at lower frequencies (Figure 16C). In
contrast, binding was almost completely abrogated by M spacer domains revealing
significant differences in antigen-binding by variable spacer lengths (Figure 16C). To
investigate the impact of the spacer domain on CAR-Treg activation, CD137
expression was analysed after dextran-specific stimulation. Since antigen-binding was
highly variable between constructs, activation was analysed directly on cells that had
bound dextran. Following 6h stimulation with soluble FITC-Dextran, CAR-Tregs with an

XS spacer were activated most efficiently whereas other domains failed to initiate Treg
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activation in spite of antigen-binding (Figure 16D). Interestingly, S spacer domains that
exhibited the most efficient antigen-binding (Figure 16C), were not activated by dextran
suggesting insufficient stability of the receptor-ligand interaction that failed to initiate
intracellular signaling and Treg activation. These data show that antigen-binding per se
was not sufficient to mediate CAR-Treg activation and highlight the potential of CD137

expression to rapidly analyse in vitro Treg activation for optimized CAR design.
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Figure 16: The impact of the extracellular spacer domain on CAR-Treg activation. (A)
Schematic diagram of CAR constructs with different spacer lengths (L=large, M=medium,
S=small, XS=very small). (B) LNGFR expression (n=12, 4 different experiments were
performed) and (C) dextran-binding are shown (n=3-9, 1-3 different experiments were
performed). (D) CD137 expression was analysed after restimulation with soluble FITC-Dextran,
expression on unstimulated samples was subtracted (n=6-9, 2-3 independent experiments). (D)
Statistical significances were calculated by Kruskal-Wallis test. (B,D) Each dot represents one
donor, lines indicate (B) mean or (D) median; (C) mean + SEM is shown.
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4.2.3.2 The impact of co-stimulation on CAR-Treg function

Comparison of different spacer domains revealed a significant impact of CAR design
on antigen-binding and CAR-Treg activation. Following antigen-binding, signal
transduction is mediated by the intracellular signaling domain which is derived from the
endogenous TCR complex. The addition of one (2" generation CAR) or two (3™
generation CAR) co-stimulatory domains (e.g. CD28, CD137) to the CD3( signaling
domain have been shown to increase persistence, proliferation and effector functions
of CD4" and CD8" CAR-T cells in vitro and in vivo [258-265]. To evaluate the impact of
co-stimulation on CAR-Treg function in vitro, dextran-specific CAR constructs
consisting of an optimized XS spacer domain combined with different co-stimulatory
domains (CD28, CD137, ICOS, CD134, PD-1) together with CD3( or CD3¢ signaling

were generated (Figure 17A).

LNGFR expression was similar between constructs (Figure 17B), but there was high
variability in the efficiency of dextran-binding within transduced cells (Figure 17C).
Particularly CAR-Tregs with ICOS co-stimulation and CDe signaling exhibited
significantly reduced binding of dextran even within transduced LNGFR" cells showing
inefficient CAR expression on the surface or an inability to bind dextran in spite of CAR
expression (Figure 17C). It has been shown that steric effects can affect stability of
CAR complexes which can provide an explanation for instability of these particular
constructs [266-268]. Nevertheless, most commonly used domains including CD3¢ with
CD28, CD137, CD134 or no co-stimulation were similarly expressed and could
therefore be compared in regard to their ability to activate Tregs (Figure 17C). To
investigate the effect of different co-stimulatory domains on Treg activation, expression
of CD137 was analysed after 6h stimulation with bead-bound dextran. As expected,
constructs that failed to bind dextran did not induce CD137 expression once more
underlining the specificity of CD137 expression to identify antigen-activated CAR-Tregs
(Figure 17C,D). Interestingly, among CAR-Tregs that exhibited functional antigen-
binding, CAR-Tregs were only activated with CD137 or to a lesser extent CD134 co-
stimulation, but not with other commonly used signaling moieties such as CD28-CD3(
or CD3¢ alone (Figure 17D). These data reveal a striking impact of co-stimulation on
CAR-Treg activation which can rapidly be analysed by CD137 expression.
Interestingly, Tregs were shown to benefit from CD137, but not CD28 co-stimulation
suggesting a significant impact of intracellular signaling on CAR-Treg functionality.
Collectively, CD137 expression can contribute to the optimization of CAR-Treg efficacy

by rapid in vitro screening of Treg activation.
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Figure 17: The impact of co-stimulation on CAR-Treg activation. (A) Schematic diagram of
CAR constructs with different signaling domains. (B) LNGFR expression (n=10-19 from 3-6
different experiments) and (C) dextran-binding (n=7-21 from 2-7 independent experiments) are
shown. (D) CD137 expression was analysed after restimulation with bead-bound dextran,
CD137 expression of unstimulated samples was subtracted (n=7-26, 2-8 different experiments
were performed). (D) Statistical significances were calculated by Wilcoxon signed rank test and
indicate activation above background. (B-D) Each dot represents one donor and lines indicate
the (B) mean or (C,D) median.

Analysis of CAR-Treg activation revealed that commonly used CD28 co-stimulation did
not induce Treg activation in spite of efficient antigen-binding (Figure 17C,D). Thus, the
CAR was expressed on the cellular surface but failed to provide intracellular signaling
which can derive from insufficient co-stimulation or dysfunctional signaling domains. To
investigate the functionality of the constructs and to elucidate the ability of the different
signaling domains to initiate proximal signaling, phosphorylation of the protein tyrosine
kinase ZAP70 was analysed. Upon TCR stimulation, ZAP70 is phosphorylated
(pZAP70) after recruitment to ITAMs within CD3( initiating early signaling events [269].
Upon stimulation with soluble dextran, pZAP70 was only detected in LNGFR" Tregs but
not in LNGFR" cells confirming its selective phosphorylation after CAR-mediated
activation (Figure 18A,B). Phosphorylation in constructs containing CD3¢ was

completely absent and also CD3-ICOS signaling did not initiate proximal signaling
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events (Figure 18B). These data are in line with lack of antigen-binding and confirm the
specificity of ZAP70 phosphorylation in dextran-reactive CAR-Tregs (Figure 17C).
Interestingly, high frequencies of pZAP70 were detected in CAR-Tregs with CD28 or no
co-stimulation although there was no CD137 upregulation (Figure 18B, Figure 17D).
These data show that antigen-binding by these constructs induced proximal signaling
events which yet did not result in Treg activation providing further evidence for the

heightened potential of CD137 co-stimulation for CAR-Treg activation.
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Figure 18: ZAP70 phosphorylation upon CAR-Treg activation. (A-B) Phosphorylation of
ZAP70 in LNGFR" Tregs and LNGFR™ Tregs was analysed after 5min incubation with soluble
dextran; (A) representative histogram of one sample and (B) statistical summary of several
donors and constructs (n=7, 2 independent experiments were performed). (B) Statistical
significances were calculated by paired t test, mean + SEM is shown.

In contrast to other studies that have generated human CAR-Tregs with CD28 co-
stimulation [230-232], dextran-specific CAR-Tregs were not activated by CD28-CD3¢
signaling although functionality of the CD28-CD3( CAR was confirmed by initiation of
proximal signaling events (Figure 17D, Figure 18B). To further analyse the impact of
co-stimulation on T cell activation and to investigate potential differences in the
signaling requirements of Tregs and Tcons, activation of CAR-expressing CD4" Tcons
was analysed. Tcons were transduced with different CD3{-CAR constructs containing
CD28, ICOS, CD137, CD134 or no co-stimulation. Dextran was bound by LNGFR"
Tcons, although levels were lower in CAR-Tcons with ICOS co-stimulation (Figure
19A). These findings provide further evidence for overall instability of some CARs.
Next, activation of CAR-Tcons by bead-bound dextran was analysed by expression of
the Tcon-specific activation marker CD154 [106, 107]. Interestingly, differences in Tcon

activation were less pronounced compared to Tregs with notable CAR-Tcon activation
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with CD28, CD137, CD134 or no co-stimulation (Figure 19B). Only low levels of
activation were observed with ICOS co-stimulation which also exhibited reduced
binding of dextran (Figure 19A). However, overall levels of CD154 induction were low
and variable between donors (Figure 19B). To directly compare efficiency of the most
commonly used signaling domains with CD137 and CD28 co-stimulation, activated
CD154" CAR-Tcons were sorted after 6h stimulation with bead-bound dextran and
expanded before restimulation. Isolation of antigen-specific CAR-Tcons enabled the
direct comparison of dextran-reactive cells and therefore could reveal a potential
impact of small differences that were observed within bulk cultures (Figure 19B).
Following restimulation, CAR-Tcons with CD137 and CD28 co-stimulation were
activated although CD28 co-stimulation was even slightly more efficient (Figure 19C).
These findings are in line with the higher potency of CD28-CD3( signaling that was
observed in bulk cultures (Figure 19B). These data further confirm overall functionality
of CARs with CD28-CD3( signaling and show that different co-stimulatory domains can
have a variable impact on Tcons and Tregs. Therefore, functionality of different
constructs needs to be evaluated separately which can rapidly be determined by

converse expression of CD137 and CD154 on Tregs and Tcons, respectively.

It was shown that CD28 co-stimulation had a significantly different impact on Tcons
and Tregs. To investigate whether this differential activation derived from differences in
proximal signaling events, ZAP70 phosphorylation was analysed after dextran-specific
stimulation of CAR-Tcons. Interestingly, ZAP70 phosphorylation was similar to Tregs
with higher levels of pZAP70 with CD28 co-stimulation compared to CD137 (Figure
19D). Therefore, it can be speculated that ZAP70 phosphorylation was more potent in
inducing downstream signaling in Tcons with CD28 co-stimulation compared to Tregs.
These data show that similar proximal signaling events can have a differential impact
on the activation of Tregs and Tcons indicating differences in the signal transduction
downstream of ZAP70 phosphorylation. Taken together, functionality of the CD28-
CD3¢ CAR construct was confirmed by analysis of CAR-Tcon activation and was
shown to exhibit augmented potency compared to CD137 co-stimulation in Tcons.
Therefore, it can be speculated that activation of Tregs and Tcons was dependent on
differential signaling requirements upon CAR-mediated stimulation. While CD28-CD3¢
was potent in activating CAR-Tcons, CAR-Tregs required CD137-CD3¢ signaling for

efficient activation.
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Figure 19: The impact of co-stimulation on conventional CAR-T cells. (A-B) CD4" Tcons
were transduced and restimulated for 6h. (A) Dextran-binding of unstimulated samples (n=9-12,
3-4 independent experiments were performed) and (B) CD154 expression after stimulation with
bead-bound dextran are shown (n=6, 2 independent experiments were performed),
unstimulated background was subtracted from each sample and CD154 expression was
normalized to the maximum of dextran-binding cells in the unstimulated sample. (C) CD154"
Tcons were sorted after 6h stimulation with bead-bound dextran and expanded before
restimulation with anti-CD3/-CD28 or bead-bound dextran (n=6 for CD137-CD3( and n=3 for
CD28-CD3¢ from 1 experiment). (D) Phosphorylation of ZAP70 in LNGFR" and LNGFR™ T cells
was analysed after 5min incubation with soluble dextran (n=3-6 from 2 independent
experiments). (A,B) Each dot represents one donor, lines indicate median; (C,D) mean + SEM
is shown.

It was shown here that CD137, but not CD28 co-stimulation induced dextran-specific
CD137 expression on CAR-Tregs (Figure 17D). However, co-stimulatory domains have
not only been described to influence immediate T cell activation, but to contribute to
persistence and proliferation of CAR-T cells in vivo [270]. To elucidate differences
between CAR constructs upon dextran-specific expansion in vitro, CAR-Tregs with
different signaling domains were expanded in the presence of anti-CD3/-CD28 or bead-
bound dextran. LNGFR was stained on expanded cultures at the beginning of the
culture and on d17 after antigen-specific expansion. Enrichment of LNGFR" cells was

calculated based on the ratio of LNGFR" and LNGFR® cells at the beginning and end of
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the culture. Enrichment of CAR-Tregs with CD137 and CD134 co-stimulation was more
pronounced compared to other co-stimulatory domains after dextran-specific expansion
whereas polyclonal activation did not specifically enrich CAR-Tregs (Figure 20A,B).
These findings indicate stronger proliferation of CAR-Tregs with CD137 and CD134 co-
stimulation providing them with a selective advantage compared to LNGFR’ cells in the
same culture. These findings are in line with superior activation of CAR-Tregs with
CD137 and to a lesser extent CD134 co-stimulation (Figure 17D). However, differences
between CARs were low with strong variations between donors and experiments. It is
important to note that Tregs were activated with anti-CD3/-CD28 ex vivo to enable
efficient lentiviral transduction. Polyclonal stimulation was removed before antigen-
specific expansion of CAR-Tregs and therefore dextran was supposed to serve as
specific stimulus for CAR-Tregs for the time of the culture. Nevertheless, unspecific
proliferation as result of the original stimulation cannot be excluded and can contribute

to the high variability.
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Figure 20: Expansion of CAR-Tregs with different signaling domains. (A-B) Tregs were
expanded in the presence of (A) anti-CD3/-CD28 or (B) bead-bound dextran and enrichment of
LNGFR" cells on d17 was calculated as the ratio of LNGFR/LNGFR" Tregs on dO multiplied
with the ratio of LNGFR"/LNGFR™ Tregs on d17 (n=13-18 from 4-6 independent experiments).
Statistical significances were calculated by Kruskal-Wallis test; each dot represents one donor
with lines representing the (A) median or (B) mean.

High variability was observed when CAR-Tregs with different signaling domains were
expanded separately in vitro. Therefore, comparison of the different constructs within a
competitive setting was to enable direct comparison within a single culture. To this end,
CAR-Tregs with different signaling domains were pooled and expansion of the different
constructs was determined by quantitative real-time PCR (qPCR). Separation of

constructs was enabled by specific primers that were spanning construct-specific
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regions within the intracellular signaling domains (Table 8). To account for different
efficiencies of the PCR reactions depending on the primers, relative expression levels
were determined at the beginning of the culture to which subsequent expression levels

were normalized.

Upon dextran-specific expansion of pooled CAR-Tregs with different signaling
domains, there was an enrichment of LNGFR" cells only in the presence of dextran
compared to stimulation with anti-CD3/-CD28 showing selective enrichment of CAR-
Tregs (Figure 21A). It is important to note that the beads that were used for polyclonal
stimulation also contained dextran and could therefore also be bound by the CAR.
However, their high affinity for CD3 and CD28 most likely favors interaction with the
TCR and therefore selective expansion of LNGFR" cells was only observed at later
time points of polyclonal expansion (Figure 21A). To ensure that enrichment of
LNGFR" cells during dextran-specific expansion was not merely a result of apoptosis of
LNGFR™ cells, absolute expansion was determined. Similar levels of expansion were
detected within cultures expanded with bead-bound dextran or anti-CD3/-CD28
showing that accumulation of LNGFR" cells was a result of antigen-specific expansion
of CAR-Tregs (Figure 21B).

Antigen-specific expansion of pooled CAR-Tregs with different signaling domains
resulted in expansion of LNGFR" cells. To investigate a potential outgrowth of a
particular construct within this pooled culture, relative expression of the different
signaling domains was determined by qPCR and normalized to the beginning of the
culture. To exclude high variability based on differential transcription of the constructs,
genomic DNA was used as template. Within this competitive co-culture, there was
selective expansion of CAR-Tregs with CD137-CD3¢ signaling in the presence of
dextran while polyclonal expansion did not favor any construct (Figure 21C,D).
Therefore, CD137 provided the most potent co-stimulation for dextran-specific
expansion of CAR-Tregs in vitro. Although CD28 co-stimulation did not induce CD137
expression in almost all donors (Figure 17D), there was significant ZAP70
phosphorylation and also expansion in some donors indicating a certain degree of
functionality (Figure 21D). Conversely, CD134 co-stimulation induced CD137
expression in some cells (Figure 17D), yet it did not provide an advantage for
proliferation suggesting suboptimal co-stimulation (Figure 21D). Therefore, functionality
of e.g. CD28 or CD134 co-stimulation cannot be excluded although it appeared to be

highly variable. In contrast, CD137-CD3( signaling was shown to consistently correlate
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with increased functionality in almost all donors including potent in vitro activation and

expansion indicating their overall heightened potential.
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Figure 21: Expansion of CAR-Tregs with different signaling domains in a competitive co-

culture. (A-D) CAR-Tregs with different signaling domains were pooled and expanded in the
presence of anti-CD3/-CD28 or bead-bound dextran. (A) LNGFR expression and (B) absolute
expansion were analysed (n=5-7, 2-3 different experiments were performed). (C-D) Relative
expression of the different signaling domains after expansion with (C) anti-CD3/-CD28 or (D)
bead-bound dextran was quantified by gPCR (n=7, 3 different experiments were performed). (A-
D) Mean + SEM is shown.

Taken together, CD137 expression emerges as Treg-specific activation signature that
can be applied to the rapid analysis of Treg activation in vitro which enabled the
optimization of CAR-Treg efficacy. CAR-Treg activation was shown to require a very
short spacer domain which in combination with CD137-CD3( signaling enabled potent

activation and expansion of dextran-specific CAR-Tregs in vitro.
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4.2.4 Isolation of dextran-reactive CAR-Tregs

Treg specificity was redirected toward dextran by CAR expression and receptor design
was optimized for augmented Treg functionality. For clinical applications, CAR-Tregs
need to be enriched prior to transfer which can be achieved either by antigen-specific
expansion or by direct sorting of transduced cells. To evaluate the possibility to enrich
CAR-Tregs by antigen-specific expansion, Tregs consisting of an optimized XS spacer
and intracellular CD137-CD3( signaling were generated and expanded in the presence
of bead-bound dextran. During in vitro culture in the presence of bead-bound dextran,
CAR-Tregs selectively expanded resulting in an enrichment of CAR-Tregs after 2
weeks (Figure 22A). In contrast, expansion with anti-CD3/-CD28 did not favor LNGFR"
Tregs but similarly expanded LNGFR' cells (Figure 22B). Similar to the high variability
that was observed in previous experiments (Figure 20B), purities were variable
between experiments and donors and therefore only partially enabled purification of
CAR-Treg.

Alternatively, increasing CAR-Treg purity by FACS sorting of transduced cells followed
by polyclonal expansion was evaluated. To this end, sorting of LNGFR" cells was
investigated to enrich CAR-Tregs for expansion. In addition, sorting of CD137" Tregs
after dextran-specific stimulation was analysed to increase potency of sorted CAR-
Tregs as CD137 expression was shown to specifically identify antigen-activated CAR-
Tregs (see 4.2.2). Both sorting strategies similarly enriched LNGFR" cells and also
frequencies of dextran-binding cells were comparable after expansion (Figure 22C,D).
However, upon antigen-specific restimulation, CD137 expression was increased when
Tregs were sorted by CD137 expression compared to isolation by LNGFR expression
(Figure 22E). Furthermore, dextran-reactive cells were almost completely absent within
CD137 sorted cells showing that most antigen-specific CAR-Tregs had expressed
CD137 upon the initial stimulation (Figure 22E). These data show that CD137
expression enabled the identification of highly reactive CAR-Treg clones which
maintained transgene expression upon expansion. Therefore, CD137 expression
emerges as Treg-specific activation marker to isolate potent antigen-reactive CAR-

Tregs without prior enrichment of transduced cells.
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Figure 22: Isolation of CAR-Tregs. (A,B) Tregs were expanded in the presence of anti-CD3/-
CD28 or bead-bound dextran and LNGFR expression was analysed on d0, d10 and d17; (A)
representative dot plot of one donor and (B) statistical summary of several donors (n=25 from 5
different experiments). (C-E) Unstimulated LNGFR" Tregs or CD137'LNGFR" Tregs after 6h
stimulation with bead-bound dextran were sorted and expanded with anti-CD3/-28 (LNGFR"
sorted) or without further stimulation (CD137" sorted) for 14 days before staining of (C) LNGFR,
(D) dextran and (E) CD137 expression after restimulation with bead-bound dextran (n=12, 4
independent experiments for LNGFR sorted; n=15, 5 different experiments for CD137 sorted).
Statistical significances were calculated by (B) paired t test or (C-E) Mann Whitney test; (B-E)
each dot represents one donor, lines indicate median.

CAR-Tregs were specifically activated and expanded by dextran, yet their regulatory
potential depends on their suppressive capacities upon antigen-specific activation.
Therefore, the in vitro potential of dextran-activated CAR-Tregs to suppress Tcons that
were activated by allogeneic stimulation was evaluated. CAR-Tregs were enriched by
sorting of LNGFR" cells and by the isolation of dextran-specific CD137" cells which
were shown to be highly reactive after expansion (Figure 22E). LNGFR" sorted CAR-
Tregs were slightly more suppressive than LNGFR™ Tregs at low Tresp-to-Treg ratios
(Figure 23A). However, the effect was not dependent on antigen application as it was
similarly observed without stimulation (Figure 23B). Likewise, CD137" sorted Tregs
were suppressive, yet the addition of dextran did not have a significant effect and also
CD137 sorted Tregs were similarly able to inhibit Tresp proliferation (Figure 23C,D).

These findings either show lack of suppression upon CAR stimulation or are caused by
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technical limitations of this in vitro assay. It is important to note that Tregs were
activated ex vivo by anti-CD3/-CD28 for efficient lentiviral transduction and expansion
of CAR" Tregs and CAR’ Tregs. It can be speculated that this prior expansion induced
Treg activation which resulted in unspecific suppression even in the absence of
stimulation masking a potential effect of CAR-mediated activation. Furthermore,
remaining dextran can be present in unstimulated samples as magnetic particles used
for the isolation and expansion consist of dextran and cannot be fully removed from
expanded cultures. Therefore, more sensitive in vitro assays as well as analysis of in
vivo suppression are required to elucidate the antigen-specific suppressive potential of

dextran-specific CAR-Tregs.
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Figure 23: In vitro suppressive capacity of CAR-Tregs. (A-D) CAR" Tregs and CAR™ Tregs
were sorted and expanded with anti-CD3/-CD28 before suppression of allogeneic CD4" Tresps
was analysed in the presence of (A,C) bead-bound dextran or (B,D) without stimulation (w/0);
inhibition of proliferation is shown. (A,B) Tregs were sorted based on LNGFR expression (n=5-
6, 2 independent experiments were performed). (C,D) Tregs were sorted based on CD137
expression after 6h stimulation with bead-bound dextran (n=6, 2 independent experiments were
performed). (A-D) Mean + SEM is shown.
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4.2.5 Purification of stable antigen-reactive CAR-Tregs

In this study, Treg specificity was redirected toward dextran which enabled targeted
activation of Tregs upon antigen application. In vitro generation of CAR-Tregs can
significantly increase efficacy of Treg therapy, yet antigen-specific Tregs with disease-
amplifying potential require heightened safety measures regarding Treg instabilities or
non-Treg contaminations. CD137 was upregulated on highly reactive, dextran-specific
CAR-Tregs upon stimulation and therefore enabled the identification and isolation of
potent CAR-Tregs. However, it was shown here that a small subset of CD137" Tregs
co-expressed CD154 after polyclonal stimulation which exhibited an instable Treg-Tcon
phenotype including expression of effector cytokines. In contrast, CD137°CD154
expression identified epigenetically stable Tregs after 6h polyclonal stimulation ex vivo
and after prior in vitro expansion (see 4.1). Therefore, CD137°CD154  expression was
to be evaluated for the purification of stable in vitro generated antigen-specific CAR-

Tregs.

To purify in vitro generated CAR-Tregs by co-staining of CD137 and CD154 and to
evaluate the potential of this Treg-specific activation signature to identify stable
antigen-specific CAR-Tregs, LNGFR" Tregs were sorted and expanded in vitro.
Following 6h dextran-specific restimulation, CD137 was selectively upregulated
although variable levels of CD154" cells were also observed (Figure 24A,C). These
findings reveal notable frequencies of effector-like cells that were specific for dextran
which can provide a significant safety risk regarding therapeutic applications. In line
with previous observations after polyclonal stimulation, CD137°CD154  expression
identified activated CAR-Tregs that expressed high levels of FoxP3 (Figure 24B,D) and
low levels of IL-2 and TNF-a (Figure 24E). In contrast, CD137 and CD154 co-
expression identified antigen-reactive cells that exhibited an effector-like phenotype
with low levels of FoxP3 (Figure 24B,D) and high levels of pro-inflammatory cytokines
(Figure 24E). Therefore, dextran-reactive cells with an inflammatory potential can
readily be eliminated from expanded cultures by CD154 expression whereas
CD137'CD154 expression identified antigen-reactive CAR-Tregs that expressed high

levels of FoxP3 and lacked expression of effector cytokines.

In summary, human Tregs were engineered to express a dextran-reactive CAR which
enabled their in vitro redirection toward an exogenous antigen. Stable antigen-specific

Tregs were identified by CD137°CD154" expression which emerges as Treg-specific
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activation signature to optimize CAR design for augmented CAR-Treg efficacy as well

as to improve stability and safety of therapeutic Tregs.

A 6h dextran stimulation B
untransduced  LNGFR* sorted total CD25* CD137*CD154  CD137*CD154*
{102 1.28 | {203] - 68.4/{595 215
o -E“:‘ :
o T 32003 1355 7741132 579
CcD154
C
80 1 % 807 251 h ~NSs e CD137°CD154
S . 20] ©77 4. ™ CDI3TCDISA
% 604 ‘s 601 ® 151 i, 4 CD137CD154*
s . o — o ©10- T
© o S 3 s 20 2 5 b
s 5 401 L ¥ 35,
x s L * e 5 4 m o
20{ % L9 20q ™ 2 31 .= — "
O A T 24 m—,a 0,
020 = AL S 1 - LA -
O 'm— 2 O T T f T 0 "-- : T 2
CD137 + + - °CD137+ + - total IL-2  TNF-a
CD154 - +  + CD154- + + CD25*

Figure 24: Identification of FoxP3* CAR-Tregs by CD137°CD154 expression. (A-E) CAR-
Tregs were sorted by LNGFR expression and expanded for 10 days before 6h restimulation
with bead-bound dextran. (A,C) Expression of CD137 and CD154 (n=12, 4 independent
experiments), (B,D) FoxP3 and (E) IL-2 and TNFa (n=6, 2 independent experiments) were
analysed. (A,B) Representative dot plot of one donor and (C,D) statistical summary of several
donors are shown. Statistical significances were determined by (D) repeated measures ANOVA
or (E) Wilcoxon signed-rank test. (C-E) Each dot represents one donor, lines indicate mean.
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4.3 Heterogeneity and stability of the peripheral Treg

compartment

CD137°CD154" expression was shown to identify antigen-activated Tregs that
exhibited a stable epigenetic and transcriptional Treg signature ex vivo and after
prolonged in vitro expansion. In contrast, a small subset that co-expressed CD137 and
CD154 was identified within the peripheral Treg compartment which exhibited an
intermediate Treg-Tcon phenotype and expressed significant amounts of effector
cytokines (see 4.1 and 4.2.5). These findings clearly show a certain level of
heterogeneity and potential instability within the peripheral CD25'CD127" Treg
compartment that correlates with the expression of CD137 and CD154. In addition to
the purification of in vitro generated Tregs, long-term stability of Tregs in vivo is
essential for adoptive Treg transfer, yet little is known about Treg stability in humans.
Therefore, comprehensive analysis of CD137°CD154 Tregs and CD137°CD154" Tregs
was to provide insight into the stability and heterogeneity of the physiological Treg

compartment in humans.
4.3.1 Heterogeneity within CD137°CD154" Tregs

Expression of effector molecules and compromised suppressive capacity within the
CD25'CD127" Treg compartment were limited to a small CD137°CD154" Treg subset
ex vivo and after prior in vitro expansion (see 4.1 and 4.2.5). However, it remains
unclear whether this subset represented an inherently stable and functionally distinct
population or was characterized by cellular heterogeneity or phenotypic plasticity. To
investigate their stability in vitro, CD137°CD154" Tregs were sorted and expanded
before re-analysis of CD137 and CD154 expression. CD137°CD154" Tregs gave rise
to heterogeneous populations containing cells that had lost either CD137 or CD154
expression following restimulation while others maintained expression of both markers
(Figure 25A). These data indicate that CD137°CD154" expression was not stably
maintained by this subset which rather represented a transient phenotype.
Interestingly, cells that had lost CD154 expression were highly positive for FoxP3
expression and lacked expression of effector cytokines while CD154" cells maintained
effector functions (Figure 25B-G). These data suggest that CD137°CD154" Tregs were
not an inherently stable Treg subset and underline the correlation of CD137°CD154
expression with a Treg phenotype. However, it remains unknown whether

heterogeneity within CD137°CD154" Tregs derived from phenotypic plasticity of
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inherently stable clones or identified a transitional state of conversion between the Treg

and Tcon compartment.
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Figure 25: Stability of CD137°CD154" Tregs. (A-G) CD137°CD154" Tregs were sorted from
expanded Treg cultures and expanded for 10-12 days before analysis of (A) CD137 and CD154
expression (n=23, 8 different experiments were performed). Expression of (B) FoxP3 (n= 6 from
2 different experiments), (C) TNF-a, (D) IFN-y (n=17, 6 independent experiments), (E) IL-17
(n=11, 4 different experiments), (F) IL-2 (n=8, 2 different experiments) and (G) IL-10 (n=14, 5
different experiments) were analysed on CD137/CD154 expressing cells after 6h restimulation
with PMA/lonomycin. Statistical significances were determined by (C,D,E,F) Friedman test or
(G) repeated measures ANOVA. (A-G) Each dot represents one donor, lines indicate
(B,C,D,E,F) median or (A,G) mean.

4.3.1.1 Clonal heterogeneity within CD137°CD154" Tregs

CD137'CD154" Tregs exhibited and intermediate Treg-Tcon phenotype and also
expansion of CD137°CD154" Tregs revealed notable heterogeneity (see 4.1, Figure
25A-G). These observations can either derive from phenotypic plasticity of inherently
stable clones or the occurrence of cellular intermediates of Treg-Tcon conversion.
However, within bulk populations the impact of individual clones cannot be determined
and therefore the source of heterogeneity cannot be clearly defined. To provide insight
into the stability of CD137°CD154" Tregs on a clonal level, single cell clones were
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generated. Similar to bulk populations (Figure 25A), expression of CD137 and CD154
was highly variable between expanded clones but also within individual clonal
populations. Some clonal populations completely lost CD154 expression while others
maintained co-expression of both markers and only few lost CD137 (Figure 26A,B).
These data show once more that CD137°CD154" expression was not stably
maintained by a distinct Treg subset, but rather reveal heterogeneous expression on a
clonal level. Whereas CD137°CD154" expression was partly maintained within bulk
cultures (Figure 25A), the majority of clonal populations exhibited a CD137°CD154
phenotype, although expression of CD154 was variable even within clonal populations
(Figure 26B). Since only few populations maintained expression of CD137 and CD154,
these data provide further evidence for heterogeneity within CD137°CD154" Tregs

which was now shown to derive from diversity on a clonal level.
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Figure 26: CD137 and CD154 expression on single cell clones within CD137°CD154"
Tregs. Single cell CD4°CD25'CD127'CD137°CD154" Treg clones (2 donors, 2 independent
experiments were performed) were sorted and expanded before analysis. (A-B) CD137 and
CD154 expression were analysed after 6h restimulation with PMA/lonomycin; (A) representative
dot plot of individual clonal populations and (B) statistical summary of several clones (107
clones). (B) Lines indicate median.

Most clones within CD137°CD154" Tregs did not maintain co-expression of both
markers upon expansion but exhibited variable expression levels of CD137 and CD154
(Figure 26A,B). These findings suggest heterogeneity in regard to CD137 and CD154
expression, yet underlying phenotypic plasticity of individual clones remains elusive. To
enable phenotypic analysis of clonal heterogeneity, clonal populations shown in Figure
26 were arbitrarily classified according to their expression of CD137"CD154" which was
shown to correlate with Treg identity in previous experiments (see 4.1; Figure 11C). To
this end, clonal populations that expressed 260% CD137°CD154 were characterized

as Treg-like clones whereas Tcon-like clones were classified as cultures that contained
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<60% CD137°CD154" cells after expansion (Figure 27A). Within clonal populations
derived from CD137°CD154" Tregs, cytokine-producing cells were enriched within
Tcon-like clones that mostly maintained CD154 expression which was highly significant
for TNF-a and IL-2 (Figure 27D). Similarly, IL-10 expression was increased in Tcon-like
clones which was in line with its selective expression in CD154-expressing cells within
polyclonal cultures (Figure 27C, Figure 5C, Figure 12C). In contrast, FoxP3 expression
was similarly heterogeneous in Treg-like and Tcon-like clones (Figure 27B-D) and it
has been shown to be less specific for a stable Treg phenotype within clonally
expanded populations [271]. Collectively, significant phenotypic differences were
observed within clonal populations derived from CD137°CD154" Tregs which contained
Treg-like clones that lacked expression of effector cytokines and Tcon-like clones that
exhibited an effector-like phenotype. Therefore, heterogeneity that was observed
regarding CD137 and CD154 expression was reflected on a phenotypic level.
However, it remains unclear whether Tcon-like clones represented contaminating
effector cells or Tregs that had acquired effector functions. To further investigate the
phenotype of Tcon-like clones, their phenotype was compared to clonal populations
derived from Tcons. Interestingly, in comparison to clones derived from Tcons, FoxP3
and IL-10 expression were increased in Tcon-like clones (Figure 27B,C) while high
levels effector cytokines where mostly detected in clones derived from Tcons (Figure
27D).

Taken together, heterogeneity of CD137°CD154" Tregs was shown to derive from
diversity on a clonal level revealing Treg-like and Tcon-like clones that differed in the
expression of effector cytokines. Although Tcon-like clones exhibited an effector-like
phenotype, they did not resemble clones derived from Tcons but were rather
characterized by an intermediate Treg-Tcon signature. These data show that diverse
expression of CD137 and CD154 on expanded CD137°CD154" Tregs correlated with
phenotypic heterogeneity which further demonstrates cellular heterogeneity within this

subset.
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Figure 27: Clonal heterogeneity within CD137°CD154" Tregs. (A-D) Single cell
CD4'CD25'CD127'CD137°CD154" Treg clones (n=2, 2 independent experiments were
performed) and CD4"CD25CD127"CD45R0O" Tcon clones (n=4, 2 independent experiments
were performed) were sorted and expanded before analysis. (A) CD137 and CD154 expression
and (C-D) cytokine expression were analysed after 6h restimulation with PMA/lonomycin, (B)
FoxP3 expression was analysed in unstimulated samples. (A-D) Clones derived from
CD137°CD154" Tregs were grouped into Treg-like clones (>60% CD137°'CD154 expression)
and Tcon-like clones (<60% CD137°CD154" expression) as shown in (A). A total of 77 Treg-like
clones, 30 Tcon-like clones and 69 Tcon clones were analysed. Statistical significances were
determined by (B-D) Kruskal-Wallis test, lines in (A-D) indicate median.

4.3.1.2 Single cell gene expression in CD137°CD154" Tregs,
CD137°CD154 Tregs and CD137°CD154" Tcons

Analysis of clonal populations derived from CD137°CD154" Tregs revealed Treg-like
and Tcon-like clones that exhibited differential expression of effector cytokines (Figure
27A-D). To provide insight into heterogeneity and cell-to-cell variation of
CD137°CD154" Tregs directly ex vivo, expression of 41 selected target genes

(including 2 housekeeping genes) was analysed in 93 single cells derived from
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CD137°CD154" Tregs, 91 cells from CD137°CD154" Tregs and 47 cells from CD137
CD154" Tcons. Based on 39 target genes including e.g. Treg-associated markers,
effector cytokines and transcription factors (Figure 28B), principal component analysis
(PCA) revealed a complete separation of CD137°CD154" Tregs and CD137°'CD154"
Tcons along PC1 which accounted for most of the variance (28.93%; Figure 28A).
These data highlight their distinct transcriptional profiles based on the expression of the
analysed target genes. Interestingly, the majority of CD137°CD154" Tregs clustered
closely with CD137°CD154" Tregs although some were transcriptionally more similar to
CD137'CD154" Tcons (Figure 28A). These findings reflect the heterogeneity that was
observed within clonally expanded populations providing further evidence for the co-

existence of Treg-like and Tcon-like cells within CD137°CD154" Tregs.
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Figure 28: PCA analysis of single cell gene expression. (A) CD4°CD25" Tregs and
CD4"CD25 Tcons were stimulated for 6h with PMA/lonomycin and sorted according to CD137
and CD154 expression. (A) PCA analysis of single cell gene expression of 39 target genes that
are shown in (B); different symbols in (A) indicate individual donors (93 cells from 2 donors for
CD137°CD154" Tregs, 91 cells from 5 donors for CD137°CD154" Tregs and 47 cells for CD137"
CD154" Tcons from 1-2 individual experiments were analysed).

Principal component analysis provided an overview about the overall similarity of the
different populations based on the transcriptional signature of the analysed target
genes (Figure 28A,B). Next, a more detailed analysis was to provide insight into the
expression of selected targets within single cells. Using hierarchical clustering analysis
based on the expression of 39 target genes (Figure 28B), there was a very clear

separation of all cells into three distinct clusters (Figure 29). Most strikingly, there was
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a complete separation of CD137°CD154" Tcons (cluster 1ll) from CD137°CD154" Tregs
(cluster I) which was similarly observed by PCA analysis (Figure 28A). These findings
underline the transcriptional signature of CD137°CD154 Tregs that was completely
distinct from CD137°CD154" Tcons. In contrast, CD137°CD154" Tregs contained cells
that clustered closely with CD137°CD154" Tcons (cluster 1I) as well as cells that
transcriptionally resembled CD137°CD154 Tregs (cluster I; Figure 29). Within the latter
(cluster I), high levels of Treg-associated markers (e.g. helios, garp, tigit) were detected
whereas effector cytokines (e.g. ifn-y, il-2) were almost completely absent. On the other
hand, a significant proportion of cells derived from CD137°CD154" Tregs expressed
reduced levels of Treg-associated markers and clustered closely with Tcons (cluster II).
These findings confirm cellular heterogeneity and further demonstrate the co-existence
of Treg-lke and Tcon-like cells within CD137°CD154" Tregs that was similarly
observed on a clonal level. Interestingly, even within these Tcon-like cells (cluster II)
there was no significant expression of effector cytokines which were almost exclusively
detected within Tcons (cluster Ill). In contrast to data derived from clonal populations
(Figure 27C), IL-10 expression was not restricted to CD137°CD154" Tregs but similarly
observed in cells derived from Tcons (Figure 29). In line with previous observations,
cytokine expression was almost completely absent within CD137°CD154" Tregs even

on a single cell level.

Taken together, these data show that CD137°CD154" Tregs consisted equally of Treg-
like and Tcon-like cells that in spite of the co-expression of both markers represented a
heterogeneous population. Single cell analysis showed that CD137°CD154" expression
did not continuously correlate with expression of effector cytokines suggesting that
although cytokine expression appeared to be limited to CD154-expressing cells,
CD154 expression was not sufficient to induce effector functions. Furthermore it is
important to note that Treg identity of CD137°CD154" cells was confirmed on a single
cell level as high levels of Treg markers and low levels of effector cytokines were

homogenously observed within individual cells of this subset.
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Figure 29: Hierarchical clustering of single cells. CD4'CD25" Tregs and CD4'CD25 Tcons
were stimulated for 6h with PMA/lonomycin and sorted according to CD137 and CD154
expression. Hierarchical clustering was performed based on expression of 39 target genes
(Figure 28B) in single cells, housekeeping (HK) genes (gapdh, b2m) were not included for
clustering; expression is shown as log2. A total of 93 cells from 2 donors for CD137°CD154
Tregs, 91 cells from 5 donors for CD137°CD154" Tregs and 47 cells for CD137°CD154" Tcons
from 1-2 individual experiments were analysed.

4.31.3 CD137 and CD154 co-expression identifies epigenetically

imprinted Tregs and Tcons

Single cell analysis showed that heterogeneity within CD137°CD154" Tregs derived
from the co-existence of Treg-like and Tcon-like cells. However, it remains unclear
whether this mixture represented convergence of inherently stable cells or identified
cellular intermediates that were undergoing conversion between the Treg and Tcon
compartment. Lineage identity of Tregs and Tcons can be determined by epigenetic
analysis of the TSDR which is completely demethylated in Tregs, but not in Tcons [31-
34]. Analysis of bulk cultures has revealed intermediate levels of TSDR methylation in
CD137°CD154" Tregs (Figure 5D, Figure 11A). However within bulk cultures, it cannot
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be distinguished between homogenous de-/methylation of both strands or differential
methylation of complementary strands within a single DNA molecule (hemimethylation).
While the former would indicate a mixture of cells, the latter could provide strong
evidence for ongoing de-/methylation processes and therefore potential conversion

between the Treg and Tcon compartment.

Conventional epigenetic methods enable the distinction between methylated and
unmethylated DNA but fail to capture dynamic processes within individual cells. To
analyse whether CD137 and CD154 co-expression identified a transitional population
between the Treg and Tcon compartment, methylation of complementary DNA
molecules was analysed by hairpin bisulfite sequencing. This method is based on the
covalent linking of complementary DNA strands by a hairpin linker after enzymatic
cleavage of genomic DNA. Following bisulfite treatment, methylation of complementary
strands within single DNA molecules can be analysed enabling the distinction between
methylated, demethylated and hemimethylated DNA molecules. While CD137°CD154
Tregs were completely demethylated at foxp3 (promoter, TSDR, enhancer; Figure
30A), CD137°CD154" Tregs contained cells that were completely methylated or
unmethylated with only few cells that exhibited hemimethylated DNA (Figure 30B).
These data confirm epigenetic stability of CD137°CD154  Tregs on a single cell level
and show that intermediate levels of TSDR methylation within CD137°CD154" Tregs
derived from a mixture of methylated and unmethylated cells while providing no

evidence for transitional processes.
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Figure 30: Hairpin bisulfite sequencing of CD137°CD154 Tregs and CD137°CD154" Tregs.
(A-B) Methylation of single DNA molecules was analysed by hairpin bisulfite sequencing (pool
of 5 male donors from one experiment). The percentage of unmethylated, hemimethylated and
methylated CpGs within the indicated regions (promoter, TSDR and an enhancer) of foxp3 of
(A) CD137°CD154 Tregs and (B) CD137°CD154" Tregs are shown.
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Analysis of complementary strands of single DNA molecules revealed a mixture of
epigenetically stable Tregs and Tcons within the CD137°CD154" Treg subset showing
that CD137 and CD154 co-expression did not identify cellular transitions between the
Treg and Tcon compartment (Figure 30B). However, hairpin bisulfite sequencing was
done directly ex vivo and it cannot be excluded that epigenetic reprogramming is
induced upon proliferation. To evaluate stability of this distinct epigenetic pattern upon
in vitro expansion, methylation of expanded clonal populations that were generated
from CD137°CD154" Tregs was analysed. In line with the co-existence of
unmethylated and methylated cells within CD137°CD154" Tregs ex vivo (Figure 30B),
clonal populations were either completely methylated or demethylated at the TSDR
indicating the co-existence of epigenetically imprinted clones (Figure 31A).
Furthermore, TSDR demethylation strongly correlated with CD137°CD154" expression
showing that the separation of Treg-like clones and Tcon-like clones based on
CD137°CD154 expression in Figure 27 represented the epigenetic state of the clones
(Figure 31B). Furthermore, differential methylation was observed at the FoxP3
promoter although low methylation levels were also observed in Tcon-like clones
(Figure 31A). These data confirm that CD137°CD154" Tregs consisted of
epigenetically imprinted Treg-like and Tcon-like clones which maintained their
epigenetic stability upon prolonged expansion but differed in their ability to retain
CD154 expression.
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Figure 31: TSDR demethylation within clones derived from CD137°CD154" Tregs. Single
cell CD4"CD25°CD127'CD137°CD154" Treg clones were sorted and expanded before analysis
(n=2, 2 independent experiments were performed). (A) Mean methylation of foxp3 TSDR (33
clones) and foxp3 promoter (21 clones) were analysed. (B) Correlation of CD137°CD154
expression with mean methylation of foxp3 TSDR; CD137°CD154" expression was calculated
relative to activated cells that upregulated CD137 and/or CD154. (A-B) Clones were grouped
into Treg-like clones (open circles) and Tcon-like clones (closed circles) according to TSDR
demethylation in (A); Treg-like clones were defined as clones with < 50% mean methylation. (B)
Statistical significances were determined by linear regression analysis. Each dot represents one
clone.
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Epigenetic analysis of CD137°CD154" Tregs has shown the presence of lineage stable
Tregs within this subset. Therefore, it becomes clear that some Tregs can transiently
upregulate CD154 in spite of TSDR demethylation. However, it remains unknown how
differential expression of CD154 is regulated in Tregs. On the one hand, molecular
differences in CD154" and CD154 cells have been observed (see 4.1.1.1) and also
differential methylation of cd40lg (CD154) was shown in bulk populations ex vivo
(Figure 5D). To investigate whether the ability to upregulate CD154 was epigenetically
imprinted within expanded clones derived from CD137°CD154" Tregs, methylation of
cd40lg was analysed. Clones were classified into Treg-like clones and Tcon-like clones
based on TSDR demethylation (Figure 31A). Methylation of cd40/g was heterogeneous
indicating that CD154 expression was not stably imprinted within this subset in spite of
CD154 expression by all cells at the time of sorting. Moreover, expression of CD154
did not correlate with methylation of cd40lg as some Treg-like clones exhibited partially
demethylated cd40lg although the protein itself was not expressed. Conversely, some
Tcon-like clones expressed CD154 in spite of cd40lg methylation (Figure 32A). The
TSDR is a highly conserved, epigenetically imprinted region that enables the
separation of Tregs and Tcons and therefore represents an exceptionally stable
epigenetic mark. In contrast, expression of most genes is regulated by epigenetic
modifications within promoter regions. Indeed, the FoxP3 promoter was demethylated
in Treg-like clones but only partially methylated in Tcon-like clones indicating a
permissive state that can enable transient expression of FoxP3 in Tcons independent
of lineage stability (Figure 31A, Figure 32B). It can be assumed that the weak
correlation of CD154 expression with cd40/g methylation derives from the analysed
region (intron 4), which was not located within the promoter and therefore its
demethylation might not be required for protein expression (Figure 32A). Consequently,
it remains unclear to what degree CD154 expression is epigenetically imprinted on

Tregs.

Taken together, comprehensive single cell analysis of CD137°CD154" Tregs revealed
phenotypic heterogeneity which derived from the co-existence of epigenetically
imprinted Tregs and Tcons. These data show a certain degree of phenotypic plasticity
of Tregs and Tcons that similarly co-express CD137 and CD154, yet they provide no

evidence for transitional processes within this subset.
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Figure 32: Generation of single cell clones from CD137°CD154" Tregs. Single cell
CD4'CD25'CD127'CD137°CD154" Treg clones were sorted and expanded before analysis
(n=2, 2 independent experiments were performed). Correlation of CD137°CD154  expression
with mean methylation of (A) cd40lg and (B) foxp3 promoter is shown, CD137°CD154
expression was calculated relative to activated cells that upregulated CD137 and/or CD154.
Clones were grouped into Treg-like clones (open circles) and Tcon-like (closed circles)
according to TSDR demethylation (as shown in Figure 31A). (A-B) Statistical significances were
determined by linear regression analysis; each dot represents one clone.

4.3.2 Plasticity of Tregs in vitro

In-depth analysis of CD137°CD154" Tregs revealed the presence of epigenetically
imprinted Tregs within this effector-like subset (Figure 30B, Figure 31A). These data
indicate a certain degree of transient phenotypic plasticity within lineage stable Tregs
which includes the upregulation of CD154 and potentially also expression of effector
molecules. To analyse plasticity of epigenetically imprinted Tregs in Vvitro,
CD137°CD154  Tregs were sorted after 6h stimulation from expanded Treg cultures
and expanded for another 10-12 days. In spite of high purities before expansion,
CD137'CD154 sorted Tregs exhibited some CD154 expression following restimulation
after expansion showing acquisition of CD154 expression (Figure 33A,B). However,
there was no loss of TSDR demethylation upon expansion of CD137°CD154" Tregs
indicating maintenance of epigenetic stability that was independent of CD154
acquisition (Figure 33C). Nevertheless, CD154 expression correlated with the
upregulation of effector cytokines which were not expressed by Tregs that maintained a
CD137°CD154" phenotype (Figure 33D). Collectively, CD154 expression could be
acquired by some stable Tregs upon expansion and therefore emerges as important
marker for the identification of cells that have the potency to express effector

molecules. Furthermore, CD137°CD154" expression was once more shown to correlate
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with a stable Treg phenotype and lack of effector cytokines expression. These data
show that CD137°CD154" Tregs exhibited a certain degree of phenotypic plasticity in
vitro as they could partially acquire effector functions along with CD154 expression
while maintaining epigenetic stability. Stil, CD154 acquisition was rare and a

CD137°CD154 phenotype was maintained by most cells.

*k%k

1
Expanded Treg Before After 1007
6h anti-CD3/-CD28  expansion expansion 3% 801
1997 0 =5
N~
g 2 407
O @ 54
0.29 0 x%G
e o LI
L& B
~°0\()lé@\o (5\6\%\0
& &
C D
ns *kKk *kk *%k *% *%Kk
c 100 — g1lo0p— —— —— ——
= £ 807 " * CD137°CD154
< 80 » 801 . 0] = CD137+CD154*
£ s 40 = *
g 607 c 201 il . [
S S10T  m w .
T 401 » 81 o am u
14 [0} ] -
. Sl t
& 20 é 5] -I‘- ] - .l.:. ﬁ
ST =0 “—i—“—i‘—"—*—
P& P IFN-y TNF-a IL-10 IL-17A  IL-2
& & Y
o Ca

Figure 33: Stability of CD137°CD154" Tregs in vitro. (A-D) CD137°CD154" Tregs were sorted
from expanded CD25" Treg cultures and further expanded for 10-12 days before analysis. (A-B)
CD137 and CD154 expression were analysed before and after expansion; (A) representative
dot plot of one donor and (B) statistical summary of several donors (n=8 from 3 experiments
before expansion and n=28 from 9 experiments after expansion). (C) TSDR demethylation of
CD137°CD154" Tregs was analysed before and after expansion (n=4, 1 experiment was
performed). (D) CD137°CD154  Tregs were expanded and restimulated for 6h with
PMA/lonomycin before expression of IFN-y, TNF-a (n=28 from 10 different experiments), IL-17
(n=16, 6 different experiments), IL-2 (n=11, 4 different experiments) and IL-10 (n=19, 7
independent experiments) were analysed on CD137°CD154 and CD137°CD154" cells.
Statistical significances were determined by (B,C) Mann-Whitney test or (D) Wilcoxon signed-
rank test. (B,C) Median + interquartile range are shown; (D) each dot represents one donor,
lines indicate median.

In vitro expansion of CD137°CD154" Tregs revealed a certain degree of phenotypic
plasticity including expression of CD154 and upregulation of effector cytokines (Figure
33A,B,D). It has been proposed that instability is restricted to the memory Treg
compartment as naive Tregs have been shown to represent a particularly stable subset

in vitro [60-64]. To investigate stability of naive and memory Tregs in regard to CD137

89



Results

and CD154 expression, naive and memory Tregs were sorted and expanded
separately before analysis. Interestingly, similar frequencies of CD154-expressing cells
were detected within both subsets indicating that plasticity was not limited to the
memory Treg compartment (Figure 34A). To track stability of individual clones, single
cell Treg clones were generated from naive, memory and CD137°CD154" Tregs
(Figure 34B-D). Most clonally expanded populations were of remarkable stability with
only some that contained a small percentage of CD154-expressing cells (Figure 34B).
Nevertheless, the majority of clones maintained epigenetic stability indicating that the
naive as well as the memory Treg compartment were stable upon prolonged in vitro
expansion (Figure 34C). These data suggest that minor phenotypic plasticity that was
observed within bulk cultures of CD137°CD154", naive and memory Tregs derived from
individual clones, but not inherent instability. Intermediate levels of TSDR
demethylation were observed in some clonal populations derived from memory Tregs
(Figure 34C). It is important to note that the cloning efficiency of memory Tregs was
significantly lower than that of the other Treg populations. Therefore, 10 cells/well were
sorted to generate memory clones which can result in oligoclonal populations. Although
it can be assumed that most clonal populations originated from a single clone, the

contribution of clonal heterogeneity cannot be fully excluded for this subset.

Independent of the starting population, the acquisition of CD154 expression by
individual clones was accompanied by an upregulation of effector cytokine expression
(IFN-y, TNF-a, IL-2, IL-17A) showing that although rare, some clones can exhibit
phenotypic plasticity (Figure 34D). Nevertheless, plasticity was not accompanied by
epigenetic instability as TDSR demethylation was maintained (Figure 34C). These
findings are in line with the absence of hemimethylation within CD137°CD154" Tregs ex
vivo which collectively provide no evidence for epigenetic reprogramming of stable
Tregs in vivo or in vitro (Figure 30A). It is important to note that although restricted to
CD154-expressing cells, cytokine expression was rather low. Furthermore, within
single cells derived from CD137°CD154" Tregs only very few cytokine-producing cells
were detected in spite of CD154 expression (Figure 29). These data show that
although they were limited to the CD154" compartment, effector functions were
extremely rare within the peripheral Treg compartment and not always induced along
with CD154.

90



Results

Taken together, these data show that plasticity within the peripheral Treg compartment,
including CD154 expression and upregulation of effector cytokines, originated from
individual clones that maintained epigenetic stability. Nevertheless, the majority of the
naive and memory Treg compartment was remarkably stable in vitro indicating only a

minor contribution of Treg plasticity to the peripheral Treg compartment in humans.
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Figure 34: Stability of clones within the peripheral Treg compartment. (A) Naive (CD45RO"
CCR7'CD45RA") and memory (CD45RO'CD45RA") Tregs were sorted ex vivo and expanded
for 14 days before CD137 and CD154 expression were analysed after 6h restimulation with
PMA/lonomycin (n=15, 5 independent experiments were performed). (B-D) Treg clones were
generated from naive (CD45RO'CCR7'CD45RA*), memory (CD45RO'CD45RA’) and
CD137°CD154" Tregs and expanded before analysis. (B) CD137°CD154 expression was
analysed on 96 naive (n=6, 4 different experiments), 37 CD137°CD154 (n=2, 2 independent
experiments) and 32 memory clones (n=3, 3 independent experiments). (C) Correlation of
CD137°CD154" expression (relative to activated cells that upregulated CD137 and/or CD154)
with TSDR demethylation is shown of CD137°CD154  clones (5 clones, n=1 from one
experiment), naive clones (20 clones, n=2 from 2 different experiments) and memory sorted
clones (19 clones, n=2 from 2 different experiments). (D) Cytokine expression was analysed
after 6h restimulation with PMA/lonomycin, expression on CD137°CD154" and CD137°CD 154"
cells was analysed (consideration of clones with >5% CD137°CD154" expression). Statistical
significances were determined by (B) Kruskal-Wallis test or (D) Wilcoxon signed-rank test. (A-D)
Each dot represents one clone, lines indicate mean.
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4.3.3 Plasticity of Tregs ex vivo

The presence of epigenetically imprinted Tregs within CD137°CD154" cells indicated a
certain degree of plasticity within the lineage stable Treg compartment. Furthermore,
phenotypic plasticity of stable Tregs was observed upon in vitro expansion, but was
shown to be limited to individual clones. Overall, these data show stability of the
peripheral Treg compartment in humans with only minor phenotypic plasticity.
However, it is important to note that analysis was limited to Tregs derived from
peripheral blood of healthy individuals and it can be speculated that plasticity might be
increased during inflammation or at local sites. To address the stability of Tregs that
were exposed to different environments in vivo, CD137 and CD154 expression were
analysed on CD25'CD127  Tregs from human thymus, tonsil, lung and colon and
compared to peripheral blood. It is important to note that thymic samples were obtained
from young individuals and therefore can be expected to contain mostly naive cells
whereas samples from tonsil, lung and colon were obtained from patients with acute or
chronic inflammation. Furthermore, samples were obtained from different donors,
including different ages, and therefore donor variability cannot be fully excluded for
comparisons between different tissues. Nevertheless, these findings can provide

insight into the stability of Tregs that were exposed to different conditions in vivo.

To identify Tregs in different tissues, cells were stained for expression of CD25, CD127
and FoxP3. The percentage of CD25'CD127" Tregs was slightly increased in tonsil
samples while frequencies within other tissues were similar to peripheral blood (Figure
35B). It is important to note that tonsils are highly immunocompetent organs and that
tonsillectomies are often the result of continuous local inflammation. Consequently,
high frequencies of CD25°'CD127 cells can derive from strong inflammatory immune
reactions resulting in activation of Tcons. In line with this notion, FoxP3 expression
within the CD25"CD127" compartment was low in tonsils, but similarly in Tregs derived
from other tissues compared to blood (Figure 35C). These findings either suggest
inefficient FoxP3 staining or significant numbers of non-Tregs within the tissue-derived
CD25'CD127" Treg compartment.

To determine plasticity within the CD25'CD127" Treg compartment, frequencies of
CD137°CD154 cells were determined after 6h stimulation. CD137°CD154 expression
was highly variable and rather low in the tissue (Figure 35A,D), but similar to
frequencies of FoxP3-expressing cells (Figure 35C). These data suggest significant

amounts of non-Tregs that exhibited a CD25"CD127" phenotype in the different tissues.

92



Results

To evaluate Treg plasticity and to account for different levels of activation, CD137 and
CD154 expression were analysed relative to all activated cells that upregulated CD137
and/or CD154 (Figure 35E-G). High frequencies of CD137°CD154" cells were detected
in some samples and provide further evidence for the occurrence of Tcons within the
tissue-derived CD25"CD127" Treg compartment. However, there were only low levels
of CD137°CD154" expression indicating that Treg plasticity was rare even within
mucosal tissues such as lung or colon where most cells exhibited a CD137°CD154
phenotype (Figure 35E,F). Interestingly, CD137°CD154" expression was almost
completely absent on Tregs derived from thymus compared to other analysed organs
(Figure 35F). As the thymus mostly contains naive cells, these data indicate that the
human Treg compartment is shaped in the periphery upon antigen encounter which
can contribute to Treg plasticity in local tissues. Nevertheless, overall levels of CD154
expression were low showing that similar to observations in vitro, the majority of the

human Treg compartment in blood and tissue was remarkably stable in vivo.
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Figure 35: CD137 and CD154 expression within human tissue. (A-G) Tregs from different
tissues were analysed ex vivo. Expression of (B) CD25'CD127", (C) FoxP3 and (A,D-G) CD137
and CD154 were analysed on Tregs derived from peripheral blood (n=14-30, 2-5 independent
experiments), thymus (n=5-13, 5-13 independent experiments), tonsil (n=5-8, 5-8 independent
experiments), lung (n=2-4, 1-3 independent experiments) and colon (n=2, 2 independent
experiments). (A,D-G) CD137 and CD154 expression were analysed after 6h restimulation with
anti-CD3/-CD28 (blood) or PMA/lonomycin (thymus, tonsil, lung, colon) on CD4"CD25°CD127
Tregs; (A) representative dot plot of one donor and (D-G) statistical summary of several donors.
(E-G) Expression is shown relative to activated cells that upregulated CD137 and/or CD154. (B-
G) Each dot represents one donor, lines indicate mean.

4.3.4 The T cell receptor repertoire of human Tregs

The peripheral Treg compartment is important for the maintenance of tolerance against
self and non-self antigens. Here, the peripheral Treg compartment was shown to
contain stable, possibly thymic-derived CD137*CD154" Tregs and instable effector-like
CD137°CD154" Tregs. In-depth analysis revealed the co-existence of stable Tregs and

Tcons within CD137°CD154" Tregs while providing no evidence for transitional
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processes within this subset. These data clearly show a minor contribution of non-
Tregs to the peripheral Treg compartment but suggest a certain degree of transient
phenotypic plasticity of Tregs and Tcons that co-express CD137 and CD154. To
elucidate the clonal origin of CD137°CD154  Tregs and CD137°'CD154" Tregs,
sequencing of the TCR repertoire was to enable tracking of individual clones and their
progeny within the peripheral Treg compartment and during antigen-specific immune
responses. These findings were to provide insight into the clonal relationship of Tregs
and Tcons and reveal clonal progenitors of CD137°CD154 Tregs and CD137°CD154"

Tregs to ultimately elucidate conversion between the Treg and Tcon compartment.

4.3.41 The polyclonal TCR repertoire of the peripheral Treg

compartment

CD137°CD154" expression enabled the identification of lineage stable Tregs and their
separation from contaminating Tcons and instable Tregs that were shown to co-exist
within the CD137°CD154" Treg subset. Therefore, analysis of the TCR repertoire of
CD137°CD154" Tregs, CD137'CD154" Tregs and CD137°CD154" Tcons was to
provide insight into the clonal overlap of Tregs and Tcons in humans as well as to
clarify the clonal origin of CD137°CD154" Tregs. To this end, the TCR VB chains of
CD137°CD154" Tregs and CD137°CD154" Tregs were sequenced and compared to
CD137'CD154" Tcons. Interestingly, the TCR repertoire of CD137°CD154" Tregs was
distinct from CD137°CD154" Tcons with only 0.48% (mean = 0.08% St.Dev.) shared
sequences (Figure 36A,B). Similarly, distinct repertoires were confirmed when the
clonality of both populations was taken into account using the Yue-Clayton similarity
index underlining the lack of overlap between CD137°CD154 Tregs and CD137
CD154" Tcons (Figure 36B). These data suggest that CD137°CD154  Tregs and
CD137'CD154" Tcons derive from different lineages and are defined by separate TCR
repertoires providing further evidence for the thymic origin of CD137°CD154" Tregs. To
confirm that lack of overlap between Tregs and Tcons was not due to technical
limitations, the repertoires of CD137°CD154" Tregs and CD137'CD154" Tregs were
compared (Figure 36B). CD137°'CD154  Tregs (total Treg) most likely represent a
heterogeneous population that is, for as yet unknown reasons, not properly activated
upon stimulation. However, it can be assumed that this subset contains a significant
proportion of clones that is shared with CD137°CD154  Tregs and can therefore be
used as internal control to detect overlapping sequences. Indeed, notable overlap was

observed between both Treg populations (17.33% mean £ 5.0% St.Dev.) confirming
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that shared sequences could readily be detected highlighting the distinct clonality of
CD137°CD154" Tregs and CD137'CD154" Tcons in the periphery providing no

evidence for conversion between the Treg and Tcon compartment (Figure 36A,B).

Tcon-derived sequences were absent in CD137°CD154" Tregs but enriched within
CD137°CD154" Tregs (2.55% mean *+ 1,10% St.Dev.) showing that overlap between
the polyclonal CD25*CD127" Treg and Tcon compartment derived specifically from this
heterogeneous CD137°CD154" population (Figure 36A). It is important to note that
CD137°CD154" Tregs also shared a significant fraction (5.33% mean + 2.05% St.Dev)
of their repertoire with stable CD137°CD154 Tregs (Figure 36C). These data further
confirm heterogeneity of CD137°CD154" Tregs which consisted similarly of
epigenetically imprinted CD137°CD154" Tregs and CD137°CD154" Tcons (see 4.3.1).
Therefore it can be assumed that overlap with CD137°CD154" Tregs and CD137
CD154" Tcons did not derive from transitional processes within this subset, but rather
from cellular heterogeneity. In line with this notion, almost no sequences could be
detected in all three populations which would be expected if CD137°CD154" Tregs

represented a transitional state of Treg-Tcon conversion (Figure 36C).

Taken together, TCR repertoire analysis provided further evidence for the thymic origin
of CD137°CD154 Tregs which exhibited a TCR repertoire that was distinct from Tcons.
These data show their origin from different precursors and reveal separate TCR clones
in the periphery. Furthermore, these data indicate no major contribution of potentially
pathogenic Treg conversion to the Tcon compartment and also show no significant
extrathymic Treg induction. In addition, absence of clones that appeared in all three
populations, that is CD137°CD154" Tregs, CD137°CD154" Tregs and CD137°'CD154"
Tcons, indicate that CD137°CD154" Tregs did not identify Treg-Tcon conversion but
confirm the co-existence of Tregs and Tcons within CD137°CD154" Tregs suggesting

that stable Tregs and Tcons converge but do not convert within this subset.
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Figure 36: TCR repertoire of the peripheral Treg compartment. (A-C) Tregs
(CD45R0O"CD25°CD127) and Tcons (CD45RO'CD25CD127") were sorted according to
CD137 and CD154 expression for sequencing of the TCR-B repertoire (n=3, 2 independent
experiments were performed). (A) Heatmap of the percentage of the Treg repertoire that
overlaps with Tcons. (B) The percentage (left) and Yue-Clayton similarity index (right; YCgim, all
clonotypes were considered) of CD137°CD154" Tregs that overlap with total Tregs (CD137
CD154°) and Tcons are shown; Yue-Clayton similarity index (YCsin) ranges from 0 indicating
dissimilarity to 1 for identical populations. (C) The total number and distribution of clonotypes of
the respective Treg and Tcon populations are shown. (B) Each symbol represents one donor.

4.3.4.2 The TCR repertoire of antigen-specific Tregs and Tcons

Analysis of the polyclonal TCR repertoires of CD137°CD154" Tregs and CD137
CD154" Tcons revealed only minor overlap indicating distinct TCR clones and
providing no evidence for a contribution of Treg-Tcon conversion to the peripheral Treg
compartment (Figure 36A-C). It has been proposed that extrathymic Treg induction
contributes to regulatory immune responses in particular against foreign antigens such
as allergens, microbiota or food (see 1.2.1.2). Similarly, it can be speculated that
pathogenic conversion of Tregs preferentially occurs in particular situations e.g. to
augment immune responses against pathogens. Consequently, it can be assumed that
Treg-Tcon conversion occurs on an antigen-specific level and therefore minor clonal
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overlap between polyclonal Tregs and Tcons does not inevitably exclude conversion
during particular immune responses. Therefore, the contribution of Treg-Tcon
conversion to physiological immune responses in humans needs to be analysed on an

antigen-specific level.

Identification and isolation of rare antigen-specific T cells has been shown and also
specificity of Tregs against foreign antigens (e.g. A. fumigatus, C. albicans, birch) has
recently been demonstrated [92, 96, 97]. Furthermore, it has been shown that the
repertoires of CD137°CD154° Tregs and CD137'CD154" Tcons specific for
A. fumigatus and birch were distinct providing no evidence for Treg-Tcon conversion
against these antigens [96]. To elucidate the clonality of Tregs and Tcons reactive
against additional antigens that could potentially induce Treg-Tcon conversion,
CD137°CD154 Tregs and CD137°CD154" Tcons specific for CMV, E. coli or C.
albicans were magnetically enriched from PBMCs after 6h stimulation. It is important to
note, that antigen-specific responses did not contain notable frequencies of
CD137°CD154" cells which were therefore not included in this analysis. Antigen-
specific Tregs and Tcons were purified by FACS sorting before sequencing of the
TCRVB repertoires. As low frequencies of unspecific CD137°CD154" Tregs could be
detected independent of the stimulation, CD137°CD154 Tregs were also sorted from
unstimulated samples as internal control to determine maximum overlap between

samples and to remove unspecific clonotypes for analysis.

Since antigen-specific cells are rare, only a limited number of cells could be sorted
(<5000 cells/sample). To control for the sensitivity of the method for each individual
sample, overlap of CD137°CD154 Tregs from stimulated and unstimulated samples
was analysed. Identical clonotypes could readily be detected between two samples
indicating that overlapping sequences could be identified within two independently
sorted samples from the same donor in spite of limited cell numbers (Figure 37A,D).
For analysis of the antigen-specific responses, unspecific clonotypes that were
detected in the unstimulated sample were excluded. In line with the distinct repertoires
of Tregs and Tcons specific for A. fumigatus and birch [96], Tregs and Tcons specific
for CMV, E. coli and C. albicans did not share the same clonotypes indicating their
origin from different precursors (Figure 37B,C). These data provide no evidence for
Treg-Tcon conversion in response to these antigens and furthermore show that
specificities against non-self are found within the stable Treg compartment. In addition,
there was no contribution of Treg clones that have converted to the Tcon compartment

showing once more remarkable stability of Tregs on an antigen-specific level.
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Figure 37: TCR repertoire of antigen-specific Tregs and Tcons. (A-D) CD137°CD154 Tregs
and CD137'CD154" Tcons were sorted for TCRVP sequencing. (A,D) Overlap of
CD137°CD154 Tregs after stimulation with C. albicans (left), CMV (middle) and E. coli (right)
with CD137°CD154 Tregs from unstimulated samples were analysed. (B,C) Overlap of
CD137°CD154 Tregs and CD137°CD154" Tcons specific for C. albicans (left), CMV (middle)
and E. coli (right) is shown. (A,B) Representative graph of one donor and (C,D) statistical
summary of the percentage of clones within CD137°CD154" Tregs that were also detected in
(C) CD137°'CD154" Tcons or (D) unstimulated samples (n=3, 2 independent experiments were
performed). (A,B) Each dot represents one clone, the proportion of each sequence in the
respective sample is shown; clones below the line were only detected in one population; (C,D)
mean + SEM is shown.

In conclusion, activation-induced CD154 expression on CD137" Tregs was shown to
distinguish between stable, in all likelihood thymic-derived CD137°CD154 Tregs and
instable effector-like CD137°CD154" Tregs. In-depth analysis, including TCR
sequencing, single cell gene expression, epigenetics and cloning revealed that
CD137°CD154" Tregs were not derived from transitional Treg-Tcon intermediates but
from a mixture of epigenetically imprinted Tregs and Tcons. In line with these findings,
antigen-specific Treg responses against foreign antigens were generated by stable
CD137°CD154" Tregs with a distinct TCR repertoire indicating their separate
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development, and not induction from Tcons. Collectively, these data highlight
remarkable Treg stability in vitro and during antigen-specific immune responses against
foreign antigens in vivo and therefore show that Treg instability and Treg-Tcon

conversion only negligibly contribute to the human Treg compartment.
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5 Discussion
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5.1 CD137°'CD154° expression as Treg-specific activation

signature for the identification and sorting of stable Tregs

The in vitro generation of therapeutic Tregs requires heightened safety measures as
effector cell contaminations can enhance inflammatory immune pathologies. Studies
from mice [42-51] and humans [45, 55-73] have shown notable Treg plasticity including
the upregulation of effector cytokines and loss of FoxP3 expression. To date, stability
of expanded Tregs depends on the purity of the starting population as there are no
unambiguous markers to separate stable Tregs from non-Tregs after expansion. In this
study, CD137°CD154  expression was shown to selectively identify epigenetically
stable antigen-activated Tregs ex vivo and within in vitro expanded cultures. There was
a striking correlation of CD137°CD154 expression with TSDR demethylation revealing
its potential to purify epigenetically imprinted Tregs from unseparated in vitro expanded
cultures. Therefore CD137°CD154 expression emerges as Treg-specific activation
signature for the identification, isolation and characterization of inherently stable Treg

populations.

Upon in vitro expansion, most CD137°CD154" Tregs maintained their phenotype and
lacked expression of effector cytokines. However, low frequencies of e.g. IL-2, INF-y
and TNF-a were observed upon expansion, but it was shown that they were expressed
selectively by cells that had acquired CD154 expression. Such transient phenotypic
plasticity, including upregulation of CD154 and expression of effector cytokines, was
shown to be restricted to few clones within the naive, memory and CD137°CD154" Treg
compartment while the majority of expanded clones maintained a stable
CD137°CD154 Treg phenotype. Furthermore, CD154 acquisition did not correlate with
epigenetic instability as most clones were completely demethylated at the TSDR
independent of CD154 expression by some cells. Therefore, it was shown that
inherently stable Tregs that were defined by CD137°CD154 expression were of
remarkable stability in vitro with only few clones that exhibited minor phenotypic

plasticity.

Previous data have shown that Treg instability occurred primarily within the memory
compartment [60-65] and was associated with TCR activation [50, 61]. It was shown
here that in spite of prolonged expansion and repetitive activation, most clonal
populations were remarkably stable. Furthermore, clones that exhibited minor

phenotypic plasticity were not selectively found within the memory Treg compartment
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but similarly occurred within expanded naive cells. It can be speculated that instabilities
that have been observed within the human CD25'CD127  Treg compartment in
previous studies most likely derived from contaminating effector cells due to an inability
to unambiguously identify stable Tregs ex vivo [45, 55-73]. Therefore, the findings
presented in this study underline the remarkable stability of Tregs and provide no
evidence for inherent instability. These findings also have important clinical implications
as higher numbers of memory Tregs can be isolated from patients and also potential
disease-relevant antigen-specificities are most likely increased within this
compartment. Collectively, CD137°CD154 expression can enable the isolation of
stable, highly potent antigen-specific memory Tregs to increase efficacy of adoptive

Treg transfer.

Although only minor phenotypic plasticity was observed within stable Tregs,
understanding mechanisms that can promote or inhibit such plasticity in vitro and in
vivo can contribute to the optimization of Treg stability for therapeutic applications. It
has been proposed that different cytokines such as IL-1B, IL-6, IL-12, IL-21, IL-23,
IL-15, IL1RA or TNF-a can negatively influence Treg stability in vitro [55-59, 68, 69].
However, it has not clearly been distinguished between inherent Treg instability and
selective outgrowth of effector cell contaminations. Here, it was shown that phenotypic
plasticity of lineage stable Tregs was restricted to cells that co-expressed CD137 and
CD154. Therefore, tracking of CD154 acquisition by CD137°CD154 Tregs can provide
a novel tool for the rapid analysis of different factors (e.g. cytokines, antigens) that
induce or prevent CD154 upregulation on stable Tregs. These findings can contribute
to the phenotypic stabilization of the CD137°CD154" Treg compartment in vitro and

potentially also in vivo.

While CD137 was rapidly upregulated on Tregs, it has been shown that Tregs are
unable to express CD154 [92, 96, 97, 107, 272]. In line with this notion, differential
methylation of CD154 in Tregs and Tcons has been reported and was also described in
this study [241]. Nevertheless, upregulation of CD154 was observed on stable Tregs,
although expression was rare and only transient. It remains unclear whether differential
methylation of c¢d40lg within individual cells accounted for an intrinsic ability to
upregulate CD154. Further analysis regarding single cell methylation of cd40/g and its
correlation with the ability to acquire effector functions are needed in the future. On a
transcriptional level it has been shown that CD154 expression is suppressed by NFAT-
FoxP3 complexes, but induced by NFAT-AP-1 complexes [273]. Higher levels of

nuclear NFAT were observed in CD154-expressing Tregs which simultaneously
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expressed lower levels of FoxP3. It can be speculated that increased levels of nuclear
NFAT together with reduced levels of FoxP3 can favor interaction of NFAT with AP-1
resulting in expression of CD154 along with other effector molecules [244]. Differential
levels of nuclear NFAT can be mediated by calcium signaling downstream of TCR
activation which were shown to be increased in CD137°CD154" Tregs. It has been
shown that Tcons exhibited increased TCR activity compared to Tregs [274] and also
in mice acquisition of a Th2 phenotype by Tregs has been associated with elevated
expression levels of proteins associated with TCR activity [49]. Therefore, differences
in the integration of TCR signals can account for phenotypic plasticity within Tregs.
Taken together, understanding mechanisms that regulate CD154 expression and
phenotypic plasticity on Tregs can reveal important targets for the stabilization of Tregs
in vitro and in vivo. Based on the findings in this work, it can be hypothesized that
differential signal transduction in CD137°CD154" Tregs can account for different levels
of nuclear NFAT which then induces, instead of represses, effector molecules and

CD154 expression.

Taken together, CD137°CD154" expression emerges as Treg-specific activation
signature for the identification and isolation of lineage stable Tregs. It was shown that
CD137°CD154" Tregs were remarkably stable in vitro while transient phenotypic

plasticity was limited to a minor subset that acquired CD154 expression.

5.1.1 Potential roles of CD137 expression on Tregs

CD137 is expressed selectively on Tregs after 5-7h stimulation although it can also be
upregulated on CD4" Tcons after longer stimulation [107, 275]. To account for the
different kinetics of CD137 expression in Tregs and Tcons, it can be speculated that
accessibility of the region is regulated by epigenetic modifications as CD137 has been
shown to be hypomethylated in Tregs compared to Tcons [241]. Similarly, tnfrsf9 was
almost completely demethylated in CD137°CD154  Tregs providing a molecular basis
for rapid CD137 upregulation on Tregs. There was a remarkable correlation of
CD137'CD154 expression with a stable Treg phenotype suggesting a link between
FoxP3 and CD137 expression as well as TSDR demethylation. Regulation of Treg-
associated genes (e.g. CTLA4) by FoxP3 has been shown [276]. Furthermore, Marson
et al. (2007) showed that tnfrsf9 (CD137) was a direct target of FoxP3 providing a
possible link between CD137 upregulation with FoxP3 expression that was shown here

[277]. It can be speculated that stable FoxP3 expression that induces CD137
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expression is mediated by TSDR demethylation which therefore indirectly correlates
with CD137 expression [31-34].

CD137 is an important co-stimulator for T cell activation upon binding of CD137L which
is expressed on a variety of APCs and activated T cells [278]. CD137 ligation induces T
cell activation and expansion which is currently investigated to heighten T cell
responses against tumors. In contrast, the function of CD137 co-stimulation for Tregs
remains unclear as studies have reported increased [279-283] or impaired [284] Treg
function upon CD137L ligation. In contrast, CD28, CTLA-4 [285] and TIGIT [286] have
been shown to augment Treg functionality while CD134 co-stimulation has been shown
to abrogate Treg-mediated immunosuppression [287, 288]. Using a chimeric antigen
receptor, it was shown here that intracellular CD137 co-stimulation was highly potent in
activating and expanding CAR-Tregs suggesting augmented Treg functionality upon
CD137L ligation. However, the impact of endogenous CD137-CD137L interaction on

Treg functionality in vitro and in vivo needs to be determined in future studies.

In spite of their potent regulatory functions, mechanisms involved in Treg-mediated
suppression are not clearly defined and are currently believed to contain contact-
dependent as well as secreted factors [289]. CD137 expression was shown to be
rapidly upregulated on antigen-activated Tregs, yet its role in the regulation of immune
responses remains elusive [290]. It can be speculated that rapid upregulation of CD137
can enable early interactions of CD137" Tregs with CD137L-expressing APCs. This
mechanism can block co-stimulation of CD137" Tcons resulting in diminished T cell
activation and therefore can represent a potent regulatory mechanism of CD137"
Tregs. CD137 expression was upregulated by the majority of CD25'CD127" cells and
therefore was not limited to a particular Treg subset. Consequently, its rapid
upregulation can provide a versatile and wide-ranging mechanism enabling their
interaction with various immune cells following antigen-specific activation.
Understanding the interaction of CD137-CD137L as regulatory mechanism can reveal

important targets for the fine-tuning of Treg-mediated immunosuppression.

In mice, IL-10 has been well-established as regulatory cytokine contributing to Treg-
mediated immunosuppression [291]. In contrast, the abundance and function of Treg-
derived IL-10 in humans remains unknown. Most importantly, as lack of markers has
prevented tTreg identification, the identity of IL-10-producing cells in humans cannot be
unequivocally determined. Interestingly, it was shown here that IL-10 expression, along

with inflammatory effector cytokines, was increased in CD137°CD154" Tregs, but
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absent in stable CD137°CD154  Tregs. However, single cell analysis revealed that
IL-10 expression derived from only few cells within CD137°CD154" Tregs while IL-10-
expressing cells were highly abundant in CD137°CD154" Tcons. Furthermore, it is
important to note that FoxP3" cells within CD137°CD154" Tregs were not characterized
by increased IL-10 expression indicating that they do not represent Tr1 cells which are
most likely part of the FoxP3'CD137 T cell compartment. These data suggest that
other than in mice, IL-10 expression does not significantly contribute to Treg-mediated
immune regulation in humans. Treg-derived IL-10 has been shown to be most relevant
for the maintenance of tolerance at mucosal surfaces, such as the intestine in mice
[292]. However, significant IL-10 protein expression was not detected within any of the
tissues that were analysed, including lung and colon (data not shown). In summary, it
remains elusive to what degree Treg-derived IL-10 contributes to immune regulation in
humans. Nevertheless, in this study it was shown that epigenetically imprinted Tregs
lacked expression of effector cytokines as well as IL-10 suggesting alternative
regulatory mechanisms, such as contact-dependent suppression or consumption of IL-

2, that need to be determined in future studies.

5.1.2 Using chimeric antigen receptors to generate antigen-specific Tregs

Autoimmune diseases are the result of ongoing inflammatory immune reactions and
local tissue damage, but the mechanisms of their development are complex and largely
unknown. It is currently believed that loss of tolerance against autoantigens contributes
to chronic inflammation and the destruction of healthy tissue, yet target antigens
remain elusive. Therefore, current immunosuppressive approaches are based on a
systemic inhibition of effector functions leaving patients severely immunocompromised.
Particularly in regard to chronic inflammatory diseases such as rheumatoid arthritis
(RA), multiple sclerosis (MS), systemic lupus erythematodes (SLE) or inflammatory
bowel disease (IBD), novel therapies are required to directly target disease-relevant

populations to restore tolerance while maintaining protective immune reactions.

Tregs exhibit a potent immunosuppressive potential and are important mediators of
tolerance. It has been shown that antigen-independent expansion of Tregs in vivo by
application of IL-2 can restore tolerance in patients with T1D [152], GvHD [148, 151],
SLE [150] and HCV-induced vasculitis [149]. Alternatively, increasing Treg frequencies
by adoptive transfer of polyclonal Tregs has been shown to be safe and effective in
patients suffering from GvHD [174, 177-179, 182] and T1D [173, 175, 176, 180, 181].

For adoptive transfer, large numbers of Tregs are required to suppress inflammation in
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vivo. As endogenous frequencies of Tregs are low, massive expansion is needed to
generate these therapeutically relevant numbers. To increase potency, antigen-specific
Tregs are currently evaluated for adoptive transfer whose superior suppressive
potential has been shown in mice for the treatment of e.g. T1D [161, 203-205], GvHD
[154-158, 166, 167, 201, 202], EAE [79, 200] and arthritis [206, 207]. Thus, transfer of
Tregs targeting disease-relevant antigens increases efficacy and therefore lowers the
numbers of required cells which reduces the risk of harmful side effects. However,
identification and isolation of endogenous antigen-specific Tregs for clinical
applications remains challenging and is currently limited by lack of technologies and
also relevant Treg targets are mostly unknown [74, 75]. Alternatively, genetic
engineering has been investigated to introduce defined specificities into Tregs by TCR
or CAR expression. To this end, human Tregs have been redirected toward a
melanoma antigen tyrosinase [208], NY-ESO-1 [209] or an islet antigen [210] by TCR
gene transfer. Alternatively, CARs with an antibody-type specificity can be redirected
toward a large variety of surface antigens which they can bind independent of MHC. In
mice, CAR-Tregs have been shown to prevent colitis [227-229], EAE [226], GvHD
[230-232], allergic airway inflammation [233] and neutralizing immune responses
against Factor VIII [234]. However, treatment of many other inflammatory immune
pathologies such as RA, SLE or IBD by antigen-specific CAR-Tregs is currently limited

by lack of knowledge about disease-relevant Treg targets.

5.1.2.1 Redirection of Treg specificity toward an exogenous antigen

As disease-relevant Treg targets are mostly unknown, the redirection of Tregs toward
an exogenous antigen emerges as promising approach for the controllable activation of
Tregs in vitro and in vivo. For example, it has been shown that Treg activation by male-
specific HY antigen can ameliorate GvHD in females when the antigen is applied
showing systemic immunosuppression by an exogenous antigen in mice [293].
Furthermore, oral application of ovalbumin (OVA) locally activated OVA-specific IL-10
producing Tr1 cells in the intestine resulting in reduced severity of IBD in mice [21] and
humans [294]. In addition, OVA-specific Tregs were able to locally suppress arthritis in
a murine adjuvant-induced-arthritis model when ovalbumin was injected into the knee
[206]. Collectively, these findings highlight the potential of redirecting regulatory cells
toward an exogenous antigen to enable targeted induction of tolerance. However, in
humans, endogenous frequencies of Tregs specific for foreign antigens (e.g.

ovalbumin) are low and may originate from diverse precursors whose stability in vivo
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remains elusive. Furthermore, it has been shown that Tcons that are specific for
exogenous antigens (e.g. KLH) most likely express cross-reactive TCRs as they
accumulated with immunological age which could result in harmful off-target T cell
activation in vivo [106]. Therefore, in this work, human Tregs were genetically
engineered to express a CAR to redirect Treg specificity toward an exogenous antigen

to provide a system for targeted Treg activation.

The selection of suitable exogenous antigens represents a major challenge as antigens
for targeted Treg activation need to fulfill particular requirements for their
therapeutically safe application. Most importantly, they need to be (1) absent from
endogenous or frequently encountered structures (2) therapeutically safe and stable
upon application by different routes and (3) have a limited persistence in vivo. The
branched polysaccharide dextran consists of several glucose molecules that are linked
by a-1,6 and a-1,3 glycosidic linkages resulting in lengths of 3-2000 kDa. It is not
endogenously expressed or regularly encountered but well-tolerated as it is commonly
used e.g. as a plasma volume expander or as contrast agent for imaging in medicine. It
has been shown that dextran can be applied systemically but also targeted e.g. to the
gastrointestinal tract by oral application providing flexible routes of antigen application
[295]. Finally, dextran is rather stable in vivo with its persistence depending on the
molecular weight enabling controllable titration of the antigen [296]. Therefore, dextran
emerges as therapeutically safe antigen for controllable and targeted activation of

Tregs in vivo.

5.1.2.2 Enhancing CAR-Treg efficacy

Efficacy of in vitro generated CAR-Tregs depends on their antigen-specific activation
and expansion. CARs are artificial constructs and it has been shown that the
extracellular, the transmembrane and the intracellular domains can significantly impact
T cell activation, expansion and persistence [270, 297]. To evaluate the functionality of
different constructs, specific in vitro assays are needed which can provide insight into
the potential efficacy of CARs in vivo. Functionality of CAR-Tcons can readily be
analysed by upregulation of effector molecules (e.g. IFN-y, IL-2) after in vitro
stimulation. However, functional assays for the analysis of CAR-Treg efficacy are
limited due to a lack of markers that are specifically involved in Treg function.
Therefore, requirements for the activation and expansion of CAR-Tregs which can

significantly differ from Tcons remain poorly understood.
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To analyse Treg activation, CD121a/b, LAP, GARP [272, 298, 299] or Ox40/CD39
[300] have been described to identify activated Tregs ex vivo, yet they require long
stimulation and expression is not limited to the Treg lineage. Recently, CD137 has
been shown to be upregulated on Tregs after only 5-7 hours of antigenic stimulation
and has been proven to be highly specific for Tregs allowing their ex vivo discrimination
from CD137'CD154" effector T cells [92, 96, 97, 107]. CD137 expression enabled
specific enrichment of antigen-activated Tregs ex vivo, displaying all features of thymic
Tregs, such as a demethylated TSDR and a Treg specific expression profile, including
high levels of FoxP3, Helios, CTLA4 and lack of CD127 and effector cytokines [96]. In
this study, CD137 was identified as Treg-specific activation marker for the identification
and isolation of antigen-reactive Tregs after prior in vitro expansion which enabled the
rapid screening of CAR-Treg activation. Furthermore, lack of CD154 expression on
CD137" Tregs was shown to identify stable antigen-specific CAR-Tregs enabling the

purification of in vitro generated Tregs for optimized safety.

Although there is accumulating data about the generation of CAR-Tregs, little is known
about the impact of CAR design on Treg function as analysis has been limited by
functional in vitro assays. In this study, CD137 expression was applied to rapidly
optimize the extracellular spacer and the intracellular signaling domain for improved
CAR-Treg activation and expansion in vitro. It has been shown that the extracellular
spacer domain impacts CAR function depending on the size and expression pattern of
the target antigen [251-257]. Furthermore, in vivo interactions with Fc domains within
the spacer have been shown to result in off target activation [253, 301]. Therefore, Fc
domains within the CAR constructs were altered to prevent off-target interactions and
the impact of spacer length on CAR-Treg function was evaluated. Antigen-binding was
significantly influenced by the size of the spacer and was most efficient with short
spacer domains. Interestingly, antigen-binding alone was not sufficient for CAR-Treg
activation as among dextran-binding cells, CD137 was only upregulated on CAR-Tregs
with very short spacer domains (12aa). It can be speculated that full CAR-Treg
activation requires not only antigen-binding per se, but depends on the affinity and
persistence of the receptor-ligand interaction. In line with this hypothesis, Taylor et al.
(2017) reported that T cell signaling required formation of submicron receptor clusters
which were dependent on the time and affinity of the receptor-ligand interaction [302].
In particular, large antigens such as dextran can benefit from very short and therefore
highly flexible spacer domains providing the basis for stable antigen-binding and Treg

activation which can rapidly be analysed by CD137 upregulation. Taken together,
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CD137 expression emerges as potent Treg-specific activation marker that enabled the
rapid testing of CAR-Treg functionality in vitro which can provide insight into the

specific requirements of Treg activation for augmented CAR-Treg efficacy.

5.1.2.3 CD137 co-stimulation augments CAR-Treg functionality in vitro

The in vivo function of effector CAR-T cells markedly depends on efficient T cell
activation which has been shown to require proper co-stimulation [258-263]. However,
lack of functional assays has limited analysis of the impact of different co-stimulatory
domains on Treg functionality. In accordance with other reports [266-268], the
intracellular signaling domain did not only have an impact on Treg activation, but also
on antigen-binding which was almost completely abrogated in constructs with ICOS co-
stimulation or CD3¢ signaling. This effect was not limited to CAR-Tregs, but was
similarly observed on conventional CAR-T cells and most likely derives from steric
effects that influence stability of CAR complexes on the cellular surface. Remaining
constructs with CD3( signaling and CD28, CD137, CD134, PD-1 or no co-stimulation
were expressed on the surface and also shown to induce intracellular signaling by
phosphorylation of ZAP70. However, Treg activation as measured by CD137 induction
was only observed in CAR-Tregs with CD137-CD3( or to a lesser extent CD134-CD3¢
signaling. These data reveal significant differences in the functionality of different CAR
constructs and underline the importance to carefully test in vitro Treg activation which

can rapidly be analysed by CD137 expression.

Interestingly, ZAP70 was phosphorylated in only few CAR-Tregs with CD137 co-
stimulation while pZAP70 was detected in a significant proportion of LNGFR" cells with
CD28 or no co-stimulation. Nevertheless, signal transduction was highly efficient in
CAR-Tregs with CD137 co-stimulation compared to other signaling domains resulting
in activation of the majority of dextran-binding cells. It can be speculated that different
kinetics can account for the variable levels of pZAP70 that were observed and can
suggest a very rapid signal transduction in CAR-Tregs with CD137 co-stimulation
compared to CAR-Tregs with CD28 or no co-stimulation. However, levels of ZAP70
phosphorylation upon CAR stimulation with different signaling domains were similar in
CD4" Tcons although signaling output as measured in CD154 upregulation was
strikingly different. Therefore, these data reveal surprisingly different requirements of
Treg and Tcon activation upon CAR stimulation in spite of similar proximal signal
transduction which can rapidly be tested by converse expression of CD137 and

CD154. Although the detailed intracellular mechanisms that activate downstream
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pathways upon CAR stimulation in Tregs and Tcons remain unclear, superiority of

CD137 co-stimulation for Treg activation and expansion becomes evident.

In addition to stronger activation, CAR-Tregs with CD137-CD3( signaling expanded
more efficiently in vitro, indicating augmented proliferation compared to other co-
stimulatory domains. In contrast, CAR-Tregs with CD134 co-stimulation did not exhibit
antigen-specific expansion suggesting inefficient activation or survival. It has been
shown that CD134 co-stimulation negatively affects Treg function providing a possible
explanation for their impaired functionality upon in vitro expansion [287, 288]. Although
CD134 co-stimulation induced CD137 expression in most donors, protein levels were
low and often only marginally above the background already indicating impaired
functionality. Conversely, CD28 co-stimulation did not induce Treg activation, yet there
was minor antigen-specific expansion in some donors. These data reveal some
discrepancies between activation-induced CD137 upregulation and in vitro expansion
indicating that lack of CD137 expression not necessarily showed complete dysfunction
of a construct although it consistently correlated with impaired functionality.
Collectively, CD137 expression enabled rapid analysis of Treg activation for improved
CAR-Treg efficacy whose correlation with long-term persistence and proliferation in

vivo needs to be analysed in future studies.

The requirement of CD137 co-stimulation for CAR-Treg activation that was shown here
is in contrast to studies that have generated functional CAR-Tregs with CD28 co-
stimulation [230-234]. In mice it has been shown that CD28, but not CD137 co-
stimulation initiated tonic signaling in conventional T cells resulting in an exhaustion
phenotype and limited efficacy [303]. However, in that particular study the degree of
exhaustion varied between CARs in spite of identical signaling domains. Therefore,
superiority of CD137 that was shown here is not in contrast to studies that have
generated functional CAR-Tregs with CD28-CD3(¢ signaling but suggests that CD137
provides superior co-stimulation resulting in augmented CAR-Treg functionality. These
findings highlight the importance to carefully assess and optimize CARs for heightened

potency.

In this work, generation and activation of dextran-specific Tregs was shown and CAR
efficacy was optimized in vitro as prerequisite for their functionality in vivo. Future
studies are needed to confirm their functionality in different mouse models. Most
importantly, feasibility of local or systemic application of dextran to redirect Tregs to

inflamed tissue e.g. during GvHD or colitis needs to be evaluated. Furthermore, the
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composition of the antigen can significantly influence CAR-Treg efficacy as soluble or
cross-linked dextran could differ in their ability to bind and activate CAR-Tregs. In
addition, the coupling of rapamycin to biodegradable nanoparticles has been shown to
increase their tolerogenic potential showing that additional modifications can contribute
to heightened functionality of antigen-specific Tregs in vivo [304]. Similarly, the
combination of CAR-Treg therapy with IL-2 treatment could enhance their in vivo
expansion resulting in potent immunosuppression. In conclusion, dextran-specific CAR-
Tregs have the potential to become a versatile therapeutic approach for targeted

immunosuppression in multiple inflammatory immune pathologies.

Taken together, CD137°CD154 expression emerges as Treg-specific activation
signature to improve purity of in vitro generated Tregs. For clinical applications, Tregs
can be isolated from peripheral blood by GMP-compliant CD25 expression. This results
in heterogeneous cultures containing stable Tregs, instable Tregs and contaminating
non-Tregs (Figure 38). Treg cultures can be expanded in vitro and their functionality
can be modified, e.g. by genetic engineering of their antigen receptors to redirect their
specificity. Sufficiently expanded Treg cultures can be restimulated by either polyclonal
or antigen-specific activation to identify and isolate stable CD137°CD154" Tregs while
eliminating contaminating inflammatory CD154-expressing cells. Upon transfer,
epigenetically stable Tregs with disease-relevant specificities can be activated locally
and can suppress chronic immune pathologies within inflamed tissues (e.g. brain, gut,
joints). If disease-relevant targets are unknown, Tregs can be redirected toward an
exogenous antigen by CAR expression and application of the antigen can induce local

or systemic Treg activation for targeted immunosuppression.
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Figure 38: Schematic diagram of optimized Treg therapy. (1) Tregs can be isolated from
peripheral blood of patients that suffer from chronic inflammation e.g. at the brain, gut or joints
resulting in epigenetically imprinted stable and instable Tregs as well as contaminating effector
cells. (2) Tregs can be expanded and engineered in vitro to express a CAR with defined
specificity and (3) upon polyclonal or antigen-specific stimulation, CD154-expressing cells that
are able to exert effector functions can be eliminated. (4) For adoptive transfer, stable
CD137°CD154" Tregs can be purified from in vitro cultures and (5) are redirected toward local
tissues in vivo either by endogenous antigen expression or application of the target antigen.

5.2 The contribution of Treg-Tcon conversion to the peripheral

Treg compartment

Although Tregs emerge as a promising target for the treatment of inflammatory immune
pathologies, little has been known about the heterogeneity and stability of the
physiological Treg compartment in humans. Conversion between the Treg and Tcon
compartment have been shown, including Treg reprogramming and extrathymic pTreg
induction, yet their contribution to human immune responses remains poorly

understood.
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Pathogenic conversion of Tregs has been observed in vivo in mice and has been
shown to contribute to autoimmunity [44-46], allergy [47] and chronic inflammation [48].
Furthermore, pTregs have been shown to be induced in the periphery from Tcons and
it is currently believed that pTregs contribute to peripheral tolerance, in particular
against non-self antigens. For example, pTregs have been shown to be important for
the maintenance of tolerance against commensal microbiota [88-91], dietary antigens
[120, 121] and during maternal-fetal conflict in mice [305]. Furthermore, preventing
extrathymic Treg induction resulted in spontaneous Th2-type pathologies at mucosal
sites such as allergic inflammation and asthma [122]. These findings suggest a very
distinct functional separation of thymic-derived Tregs that control autoimmunity and
pTregs that prevent immune reactions against non-self. Collectively, the contribution of
Treg-Tcon conversion to the peripheral Treg compartment and to human immune

responses remains poorly understood.

Here it was shown that CD137°CD154 expression identified epigenetically stable and
clonally distinct Tregs which can be speculated to be of a thymic origin and can
therefore provide insight into the specificity and stability of bona fide Tregs in humans.
In contrast, the ability to exert effector functions was restricted to a CD137°CD154"
Treg subset within the CD25'CD127" Treg compartment which was characterized by
expression of pro-inflammatory cytokines, compromised suppressive capacity and a
partially methylated TSDR, yet their origin and function remain elusive. Tracking of
clonal progenitors by TCR sequencing showed that Tcon- and Treg-derived sequences
were found within CD137°CD154" Tregs. Furthermore, CD137°CD154" Tregs exhibited
an intermediate epigenetic and transcriptional Treg-Tcon signature and also single cell
transcriptional analysis showed heterogeneity within CD137°CD154" Tregs. Therefore
it can be hypothesized that transitional processes of Treg-Tcon conversion occurred
particularly within this effector-like CD137°CD154" subset. In contrast, single cell
methylation analysis and cloning revealed that there were no ongoing methylation
processes within CD137°CD154" Tregs indicating no epigenetic reprogramming. This
distinct epigenetic pattern was observed at the TSDR, but also within the FoxP3
promoter. Transitional processes involving loss or acquisition of FoxP3 expression
would most likely involve reprogramming within the promoter region to regulate gene
expression. Therefore, CD137°CD154" Tregs did not identify Treg-Tcon conversion,
but represented a mixture of epigenetically imprinted Tregs and Tcons. These data
show transient plasticity, but not transition, of Tregs and Tcons within the
CD137°CD154" subset.
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Transitional processes were not detected within the polyclonal Treg compartment and
also the polyclonal TCR repertoires of CD137°CD154" Tregs and CD137'CD154"
Tcons were distinct. These data provide no evidence for Treg-Tcon conversion within
the peripheral Treg compartment. However, it can be speculated that Treg-Tcon
conversion occurs particularly against defined antigens during specific immune
responses. For example, Treg conversion has been associated with TCR activation
[50, 61] and has been shown during inflammatory immune responses against
pathogens, e.g. during helminth infection [49] and Herpes simplex virus infection [48].
Induction of pTregs has particularly been associated with mucosal surfaces to maintain
tolerance against microbiota and commensals as well as against other harmless
environmental antigens [306]. Therefore it can be speculated that Treg-Tcon
conversion was restricted to individual clones that can specifically contribute to immune
responses against defined antigens. Antigen-specific Treg-Tcon conversion would
result in low frequencies of cells that were undergoing transitional processes which
most likely could not be detected within the polyclonal Treg compartment. To analyse
Treg-Tcon conversion during antigen-specific immune responses, activation-induced
CD137 and CD154 expression were used to isolate rare antigen-specific T cells [92,
96, 97, 107]. To track the clonal progenitors of Tregs and Tcons in response to a
pathogen (CMV) and commensals (E. coli and C. albicans), the TCR repertoires of
antigen-specific Tregs and Tcons were sequenced. E. coli and C. albicans are found at
mucosal surfaces while CMV is a latent virus. Therefore, these antigens are frequently
encountered by the immune system and it can be speculated that they require
peripheral tolerance mechanisms (E. coli and C. albicans) or can contribute to Treg
conversion (CMV). Within the antigen-specific repertoires, there were no overlapping
clonotypes between Tregs and Tcons in response to CMV, E. coli and C. albicans.
Similarly, distinct repertoires of Tregs against A. fumigatus and birch have recently
been shown providing no evidence for Treg-Tcon conversion against these antigens
[96]. As whole cell lysates were used for stimulation, it cannot be excluded that Tregs
and Tcons that were specific for the same antigen were actually reactive against
different proteins which has recently been shown for birch [96]. Nevertheless,
independent of their peptide specificity, these data show that Tregs and Tcons specific
for CMV, E. coli and C. albicans derived from distinct precursors providing no evidence

for Treg-Tcon conversion on an antigen-specific level.

An alternative explanation for the absence of Treg-Tcon conversion in human blood

could be lack of inflammation or the local conversion in tissues as seen in mice [88,
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115, 119, 307-310]. However, this is unlikely, as albeit frequencies of converted Tregs
in mice were increased in inflamed tissues, they could readily be detected during
homeostasis and throughout peripheral organs [45, 46, 52, 100, 122, 125]. In humans,
Tregs and Tcons specific for various antigens, including mucosa-associated antigens
such as E. coli, C. albicans or C. leptum, were detected in peripheral blood showing the
circulation of Tregs that were specific for local antigens [96]. It was now shown that the
TCR repertoires of Tregs and Tcons specific for different antigens (C. albicans, A.
fumigatus, birch, E. coli, CMV) were distinct indicating no Treg-Tcon conversion within
the circulation. However, it cannot be excluded that pTregs or converted Tregs that are
reprogrammed at local sites are retained within the tissue or undergo apoptosis once
they enter the circulation and therefore cannot be detected in the periphery.
Consequently, sequencing of the TCR repertoires of antigen-specific Tregs and Tcons

from different tissues are required in the future.

Another explanation for the absence of overlapping clonotypes can be the conversion
of all progeny of a single clonotype within an antigen-specific immune response. This
would result in the complete conversion and therefore lack of overlap between Tregs
and Tcons. However in mice, Treg-Tcon conversion never affected an entire clonal
naive T cell population [47, 102, 115, 123]. Furthermore, Treg induction has been
associated with strong proliferation which would result in pronounced TCR sequence
overlap between related populations [310]. In addition, it can be hypothesized that such
a massive conversion would result in notable reprogramming even within the polyclonal
Treg compartment, which was shown here to be completely absent. It cannot be fully
excluded that individual clones that have converted were no longer detected within the
original population, yet this would require very rapid and complete conversion which is

highly unlikely.

Comprehensive analysis of CD137°CD154 Tregs and CD137°CD154" Tregs revealed
heterogeneity and transient phenotypic plasticity within the peripheral Treg
compartment, but provided no evidence for conversion between Tregs and Tcons. It
was shown that Tregs and Tcons in the periphery derived from separate lineages and
exhibited distinct epigenetic signatures and individual TCR repertoires that similarly
included specificities for foreign antigens such as CMV, C. albicans or E. coli (Figure
39). Collectively, it was shown that human CD137°CD154" Tregs were remarkably
stable in vitro and in vivo with only a small epigenetically imprinted subset that
exhibited minor phenotypic plasticity and was prone to the acquisition of effector

functions, including upregulation of CD154, whose immunological function needs to be
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determined in the future. In addition, it was shown that some cells from the Tcon
lineage that expressed CD154 after stimulation could upregulate CD137. Nevertheless,
there was no conversion between the Treg and Tcon compartment, not even within the
CD137°CD154" Treg subset which contained a mixture, but not transition, of
epigenetically imprinted Tregs and Tcons. It remains to be determined in future studies
whether particular environmental conditions or antigens promote phenotypic plasticity,
but collectively these findings provide no evidence for Treg reprogramming or
peripheral Treg-Tcon conversion in vitro or during antigen-specific immune responses
in vivo (Figure 39). It cannot be excluded that conversion might be increased during or
even favor the development of certain immune pathologies in humans, but obviously it
does not represent a major mechanism contributing to peripheral tolerance under

steady-state conditions.
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Figure 39: Stability of the Treg lineage during antigen-specific immune responses in vivo.
Treg (left) and Tcon (right) develop as distinct lineages in the thymus with a specific epigenetic
signature and TCR repertoire. Upon antigen encounter in the periphery, Treg upregulate CD137
while Tcon express CD154. Although under certain conditions (e.g. environmental signals or
particular antigens) Treg and Tcon can co-express CD137 and CD154, there is no conversion
between the Treg and Tcon compartment.
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5.2.1 Plasticity within the peripheral Treg compartment

In this study, CD137°CD154" expression was shown to identify a prototypic Treg subset
with an epigenetic Treg signature and a distinct TCR repertoire which is in all likelihood
thymic-derived whereas transient plasticity, but not conversion, was observed within
CD137°CD154" Tregs. CD137°CD154" expression was not stably maintained but only
transiently upregulated on epigenetically imprinted Tregs and Tcons that readily lost
CD154 or CD137 expression, respectively, upon expansion. Therefore,
CD137'CD154" expression can provide insight into the contribution of transient Treg

and Tcon plasticity to the peripheral Treg compartment.

Frequencies of CD137°'CD154" Tregs were low within the polyclonal Treg compartment
indicating only minor plasticity in healthy individuals. However, it can be speculated that
certain environmental conditions, e.g. inflammation or chronic activation can contribute
to transient phenotypic plasticity of Tregs and Tcons. Treg stability has been shown to
be influenced by culture conditions in vitro [55-59, 68, 69] and also, cytokine-producing
Tregs have been shown to be increased in patients suffering from MS [66], T1D [67],
arthritis [45, 68, 69], psoriasis [70] and IBD [71-73]. Thus, it can be hypothesized that
inflammatory immune pathologies favor plasticity. To provide insight into the
phenotypic plasticity of the peripheral Treg compartment that was exposed to different
environmental conditions in vivo, CD137 and CD154 expression were analysed on
Tregs isolated from thymus, tonsil, lung and colon. Compared to Tregs derived from
the thymus, higher levels of CD137°CD154" expression were detected in other
analysed organs as well as in peripheral blood. These findings suggest that Treg
plasticity was increased within the periphery. However, even Tregs that were isolated
from tonsil, lung and colon that were most likely exposed to an inflammatory
environment in vivo expressed only low levels of CD154. Since samples were obtained
from various donors that were of different ages it cannot be clearly determined whether
observed phenotypic differences derived from their differential localization or donor
variability. For example, thymus samples were obtained from young individuals that
were only a couple of days up to a few months old. Therefore, it cannot be determined
whether lack of CD154 expression on thymic Tregs derived from their thymic origin or
would similarly be observed within other organs of the same individual. Nevertheless,
overall low levels of CD154 expression within tissue-derived Tregs provide further

evidence for the remarkable stability of Tregs within the circulation and local tissues.
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In addition to environmental conditions, it can be speculated that Treg and Tcon
plasticity was restricted to particular clones. Within the polyclonal Treg compartment
only low frequencies of CD137°CD154" Tregs were detected, yet it cannot be excluded
that these cells specifically contribute to particular immune responses. Therefore,
CD137 and CD154 expression were analysed on antigen-specific T cells during
different immune responses against numerous tolerogenic (e.g. E. coli, food),
pathogenic (e.g. CMV, influenza A virus, S. aureus) and non-pathogenic (e.g. C.
albicans, house dust mite, pollen antigens) antigens using antigen-reactive T cell
enrichment (ARTE). However, none of the tested responses revealed significant
frequencies of CD137°CD154" Tregs (data not shown). ARTE is a highly sensitive
assay which is able to detect ~1 cell within 10°-10°[106]. However, the peripheral Treg
compartment only contained low frequencies of CD137°CD154" Tregs and therefore
absence of CD137°CD154" Tregs during antigen-specific immune responses can also
derive from an inability to detect such low numbers. Nevertheless, the high frequencies
of CD137°CD154 Tregs that were reactive against the tested antigens suggest that a
vast majority of antigen-specific immune responses were mediated by stable
CD137°CD154" Tregs [96]. However, a highly specific, yet undefined function of
plasticity and CD137°CD154" Tregs cannot be excluded.

Although it was shown that the majority of the peripheral Treg compartment comprised
CD137°CD154" Tregs, CD154 expression could transiently be acquired by lineage
stable Tregs. However, it remains elusive whether transient acquisition of CD154
affects Treg function and in what way it may contribute to immune reactions or even
pathology. CD154 is an important co-stimulator that is mainly expressed on activated T
cells which enables interaction with CD40-expressing cells (e.g. B cells, DCs,
macrophages). The CD154-CD40 interaction has been shown to impact many different
immune pathways and initiate cellular and humoral immune responses such as
germinal center formation, immunoglobulin isotype switching and formation of plasma
cells and memory B cells [311, 312]. Therefore, it can be speculated that rapid
upregulation of CD154 on Tregs can enable their interaction with various immune cells
that express CD40. For example, CD154-expressing Tregs could augment immune
reactions by initiation of humoral immune responses, yet whether they complement or
dominate particular effector cell reactions remains unknown. Consequently, the
function of CD154 upregulation by some Tregs during homeostasis but also during

different immune pathologies needs to be focus of further research.
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Here, it was shown that CD137°CD154" Tregs contained epigenetically imprinted Tcon
clones that had down-regulated effector functions which most likely represented
pTregs. Single cell analysis revealed that CD137°CD154" Tregs lacked expression of
inflammatory cytokines (e.g. IFN-y, IL-2) which were highly expressed in CD137"
CD154" Tcons. Therefore, induction of rapid CD137 upregulation on Tcons can enable
analysis of factors that have the potential to induce iTregs or pTregs in vitro and in vivo.
Most commonly, TGF-B has been shown to induce a regulatory phenotype in Tcons,
but also vitamin C [48, 313, 314], sodium butyrate [315, 316] or retinoic acid [48, 119,
308, 317-320] have been evaluated for their ability to induce Tregs. Although CD137
and CD154 co-expression can enable the rapid analysis of iTreg or pTreg induction,
their relevance for the maintenance of tolerance in humans are questioned by the low
frequencies of CD137°CD154" Tregs and their absence during antigen-specific
immune responses that were shown here. These findings suggest only a minor
contribution of pTregs to the peripheral Treg compartment and indicate only negligible
contribution to tolerance which is dominated by stable Tregs. Therefore, it can be
proposed that tolerance induction in vivo needs to target stable Tregs, but not aim to

induce or expand pTregs.

5.2.2 Non-self specificities within the peripheral Treg compartment do not

derive from extrathymic Treg induction

It is currently believed that Tregs are selected based on their intermediate affinity to
autoantigens in the thymus which directs their repertoire toward recognition of self [76-
83]. In contrast, Tcons are directed toward foreign antigens by the positive selection of
low affinity interactions with self-MHC-peptide complexes. However, this model of Treg-
intrinsic self-reactivity is challenged by the fact that the Treg repertoire is similarly
diverse as that of Tcons [321, 322] and that in mice thymic-derived Tregs can
recognize foreign antigens such as intestinal commensals [84], pathogens [85-87] or
ectopic antigens (e.g. Cre or OVA) [80, 323]. Furthermore, FoxP3* Tregs from human
blood have been shown to recognize antigens derived from HIV, melanoma, influenza
[94], Varicella zoster [95], hepatitis C [93], A. fumigatus, C. albicans, S. aureus, CMV,
influenza A, mite, birch and grass [92, 96, 97]. Moreover, it has been demonstrated that
human Tregs can suppress effector cell responses in an antigen-specific manner
showing that Tregs and Tcons can target the same antigen [96]. Collectively, the

occurrence of non-self specificities within the peripheral Treg compartment suggests
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that thymic Treg selection is not exclusively limited to self-reactive TCRs and highlight

the importance of Tregs for the maintenance of tolerance against foreign antigens.

Treg development is currently believed to be driven by intermediate affinity interactions
with self-MHC-peptide complexes resulting in commitment to the Treg lineage upon
TCR selection. However, if TCR selection was the main driver for Treg development,
diversity of the Treg repertoire would strongly depend on the selecting ligands in the
thymus. On the contrary, it was observed that presentation of a single peptide on
MHCII in mice resulted in highly diverse Treg repertoires [127, 130]. Furthermore,
increased overlap between the Treg and Tcon repertoires was observed in these mice
indicating that expression of the same TCR did not selectively induce Treg or Tcon
development. Similarly, it was shown that the same self-peptide can select Tregs and
Tcons providing further evidence for TCR-independent commitment to the Treg lineage
[324].

As alternative model to TCR-dependent, affinity-based Treg development, it has been
proposed that the Treg repertoire is shaped by an increased resistance to negative
selection which selectively affects Tcons [325, 326]. For example, van Santen et al.
(2004) showed that increasing numbers of agonist ligand in the thymus had no impact
on the numbers of developing Tregs but resulted in increased deletion of Tcons leading
to a higher proportion of Tregs in the periphery [327]. Therefore, peptide expression in
the thymus appeared to be a more potent driver of Tcon deletion rather that Treg
induction [328]. The transcription factor Aire promotes presentation of tissue specific
antigens in the thymus and therefore represents an important mechanism of central
tolerance. However, Aire deficiency is mostly associated with lack of negative selection
of Tcons while an impact on Tregs is less clear and remains controversial [17]. The
selective model of Treg development suggests that Treg commitment is driven by TCR-
independent processes and pre-committed Tregs undergo TCR selection with an
intrinsic resistance to clonal deletion which leads to the generation of highly diverse
repertoires with specificities against self and non-self. If such an unbiased TCR
rearrangement is assumed to occur in Tregs, this could account for the observations of
Tregs that have similar specificities compared to Tcons although they differ in their
TCR clones [96, 128]. Based on this model, it can be speculated Tregs can recognize a
highly diverse repertoire of non-self which can partly be mediated by cross-reactive
TCRs [6, 329].
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Collectively, TCR-independent commitment to the Treg lineage can provide an
explanation for the enrichment of self-reactive TCRs within the Treg repertoire, but
similarly account for highly diverse repertoires that match Tcon specificities. However,
what drives this TCR-independent commitment to the Treg lineage remains unclear.
FoxP3 expression has been observed independent of TCR signals, yet whether it
identifies pre-committed Tregs remains elusive [330]. In addition, the importance of
epigenetic imprinting of Tregs in the thymus becomes evident and has been shown to
occur early during Treg development independent of FoxP3 expression [331, 332].
Consequently, the requirements for thymic Treg development and selection remain
poorly understood and most likely contain a combination of various factors, including
TCR-dependent and -independent mechanisms, such as secreted signals, co-
stimulation, different APCs or individual niches. In summary, it becomes clear that
Tregs and Tcons can similarly respond to foreign antigens in the periphery which
enables their simultaneous contribution to antigen-specific immune responses. Future
studies will need to address the mechanisms that promote Treg development and
shaping of their repertoire in the thymus, but also elucidate the role of Treg specificity
for the maintenance of tolerance, the regulation of antigen-specific Treg responses and

consequently its contribution to the development of various immune pathologies.
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6 Summary
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Regulatory T cells (Tregs) are essential mediators of tolerance and crucial for the
containment of inflammatory immune reactions. Their immunosuppressive potential is
currently investigated for the treatment of inflammatory diseases. However, conversion
between the Treg and conventional T cell (Tcon) compartment has been described,
comprising the induction or loss of the regulatory phenotype in vivo which generates
significant safety concerns for the therapeutic use of Tregs e.g. for adoptive transfer.
To what extent such Treg plasticity affects the formation and stability of the human
Treg compartment and how it influences specific immune responses in vivo is currently
unknown. In addition, therapeutic Treg application often requires prolonged in vitro
culture to generate sufficient Treg numbers or to optimize their functionality, e.g. via
genetic engineering of their antigen receptors. However, purity of clinical Treg
expansion cultures is highly variable and it is currently challenging to identify and
separate stable Tregs from contaminating Tcons, either ex vivo or after prior
expansion. Inaccuracy of the identification of stable Tregs also limits the development
of protocols for specific manipulation of Treg functions. Therefore, this study aimed to
identify markers for the unambiguous identification of stable Tregs to improve efficacy
and safety of in vitro generated Tregs as well as to provide insight into the

heterogeneity and stability of the physiological Treg compartment in humans.

Here, CD137°CD154 expression was described as Treg-specific activation signature
after short-term reactivation. It was shown to identify prototypic stable Tregs that were
characterized by a phenotypic and epigenetic Treg signature, high suppressive
potential and lack of inflammatory cytokine expression. This Treg-specific activation
signature enabled the purification of stable in vitro generated Tregs and also allowed
for the rapid in vitro optimization of chimeric antigen receptor (CAR) constructs for
human Tregs which revealed major differences in the signaling requirements compared
to Tcons. In addition, antigen-specific responses against various antigens were
dominated by prototypic CD137°CD154" Tregs and CD137'CD154" Tcons with no
overlapping TCR sequences indicating no major contribution of Treg-Tcon conversion
to the Treg repertoire. In contrast, TCR overlap with Tcons was restricted to a minor
CD137°CD154" Treg subset with an epigenetically and transcriptionally intermediate
Treg-Tcon phenotype whose function remains unknown. Nevertheless, CD137 and
CD154 co-expression did not identify conversion, but a mixture of epigenetically

imprinted Tregs and Tcons.

Taken together, CD137°CD154  expression emerges as a universal Treg activation

signature ex vivo and upon in vitro expansion allowing the identification and isolation of
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stable antigen-activated Tregs and providing a means for their rapid functional testing
in vitro. Furthermore, it was shown that most human Tregs represent a highly stable
cell lineage which contributes to in vivo immune reactions suggesting minor Treg
instability and negligible peripheral Treg-Tcon conversion during the majority of human
Treg responses in vivo. Consequently, stable CD137°CD154" Tregs emerge as
important target for clinical applications and can contribute to the optimization of the
efficacy and safety of therapeutic Tregs.
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Zusammenfassung

Regulatorische T Zellen (Tregs) sind wichtig fur die Aufrechterhaltung von Toleranz
und die Einddmmung von entzindlichen Immunreaktionen. Die suppressiven
Eigenschaften von Tregs konnen zur Entwicklung von neuen Therapien zur
Behandlung von entzindlichen Immunerkrankungen beitragen. Es wurde jedoch
gezeigt, dass Tregs und konventionelle T Zellen (Tcons) ineinander uUbergehen
kénnen, was den Verlust oder auch die Induktion von regulatorischen Eigenschaften in
vivo beinhaltet und die therapeutische Anwendung von Tregs, z.B. durch adoptiven
Transfer aufgrund von Sicherheitsbedenken limitiert. Inwiefern diese Treg Plastizitat
zur Bildung und Stabilitdt des menschlichen Treg Kompartiments, als auch zu
spezifischen Immunreaktionen in vivo beitragt, bleibt unklar. Die therapeutische
Anwendung von Tregs bedarf langer in vitro Expansion um ausreichende Zellzahlen zu
erlangen oder um deren Funktionalitdt, z.B. durch genetische Veranderung der
Antigenrezeptoren, zu optimieren. Die Reinheit der expandierten Kulturen ist jedoch
hdchst variabel, da es momentan kaum moglich ist stabile Tregs von kontaminierenden
Tcons ex vivo oder nach in vitro Expansion zu unterscheiden. Ferner begrenzen solche
Ungenauigkeiten die Entwicklung von Protokollen zur spezifischen Manipulation von
Tregs. Deshalb war es Ziel dieser Arbeit neue Marker flr die eindeutige Identifizierung
stabiler Tregs zu beschreiben welche zum einen zur verbesserten Wirksamkeit und
Sicherheit von in vitro generierten Tregs beitragen kénnen, als auch wichtige Einblicke

in die Stabilitdt und Heterogenitat des humanen Treg Kompartiments erméglichen.

Es wurde gezeigt, dass CD137°CD154" Expression nach kurzer Stimulation eine Treg-
spezifische Aktivierungssignatur darstellt. Diese wurde auf stabilen Tregs exprimiert,
welche eine phanotypische und epigenetische Treg Signatur sowie ein hohes
suppressives Potential aufwiesen, jedoch keine pro-inflammatorischen Zytokine
produzierten. Mithilfe dieser Treg-spezifischen Aktivierungssignatur konnten stabile
Tregs aufgereinigt und chimare Antigenrezeptoren (CARs) flr Tregs in vitro optimiert
werden, welche unterschiedliche Anforderungen beziglich der Signaldomanen im
Vergleich zu Tcons aufwiesen. Des Weiteren wurden antigen-spezifische
Immunantworten gegen verschiedene Antigene von stabilen CD137°CD154 Tregs und
CD137'CD154" Tcons mit unterschiedlichen T Zell Rezeptor (TCR) Sequenzen
vermittelt, welches die Abwesenheit von Treg-Tcon Ubergangen im Treg Repertoire
aufzeigte. Es wurde ebenfalls eine kleine CD137°CD154" Treg Population detektiert,
welche TCR Uberlappung mit Tcon und eine intermedidre epigenetische und

transkriptionelle Treg-Tcon Signatur aufwies, deren Funktion bisher nicht geklart
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werden konnte. Diese Population identifizierte jedoch keine Ubergéange, sondern eine

Mischung aus stabilen Tregs und Tcons.

Zusammengefasst konnte gezeigt werden, dass CD137°CD154  Expression als
universelle Treg Aktivierungssignatur die Identifizierung und Isolierung von stabilen
antigen-aktivierten Tregs ex vivo und nach in vitro Expansion, sowie deren schnelle
funktionelle Testung in vitro, erméglichte. Des Weiteren wurde gezeigt, dass die
meisten menschlichen Tregs von einer stabilen Linie abstammen, welche zu
Immunreaktionen in vivo beitragt was ein nur geringes Aufkommen von Treg Instabilitat
und Treg-Tcon Ubergangen aufzeigt. Dementsprechend kann eine gezielte
Anwendung von CD137°CD154° Tregs die Wirksamkeit und Sicherheit von

therapeutischen Tregs malgeblich verbessern.
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