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ABSTRACT
The role that anergy, an acquired state of T cell functional unresponsiveness, plays in
natural peripheral tolerance remains unclear. In this study, we demonstrate that anergy is
selectively induced in fetal antigen-specific maternal CD4+ T cells during pregnancy. A
naturally occurring subpopulation of anergic polyclonal CD4+ T cells, enriched in self
antigen-specific T cell receptors, is also observed in healthy hosts. Neuropilin-1
expression in anergic conventional CD4+ T cells is associated with thymic regulatory T
cell (Treg cell)-related gene hypomethylation, and this correlates with their capacity to
differentiate into Foxp3+ Treg cells that suppress immunopathology. Thus, our data
suggest that not only is anergy induction important in preventing autoimmunity, but it
also generates the precursors for peripheral Treg cell differentiation
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CHAPTER 1

Background and Introduction
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Overview
T cells are an indispensible part of the immune system, continuously surveying the body
for the presence of any disease causing pathogens. T cells recognize “antigens”, which
can be any substance that elicits an immune response. Antigens can be derived from the
body (self-antigens) such as the pancreatic tissue, or from outside the body (non selfantigens) such as viruses or bacteria. Despite their potential to cause severe damage to
self-tissues, T cells usually only respond to non-self antigens. This recognition of “self”
from “non-self” is called T cell tolerance (Mueller, 2010; Xing and Hogquist, 2012).

T cell tolerance is a double-edged sword. It can be beneficial or detrimental to us
depending on the context of the disease. Breakdown of T cell tolerance, wherein T cells
start attacking self-tissues, has been known to cause several autoimmune diseases
including diabetes (Pauken et al., 2013), Rheumatoid arthritis (RA) (Koetz et al., 2000)
and multiple sclerosis (MS) (Sinha et al., 2014). The National Institutes of Health (NIH)
estimates about 23.5 million Americans suffer from some form of autoimmune disease
and the direct health care costs from these diseases are in the range of $100
billion(Somers et al., 2006). Despite recent advances in biological therapy, the treatment
for autoimmune diseases remains problematic. For instance, treatment of rheumatoid
arthritis (RA) with drugs that suppress aberrant immune responses to self-antigens still
pose risks for infection, as these drugs can have off-target effects leading to suppression
of T cells that fight pathogens (Mueller, 2010). A better approach for the treatment of
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autoimmune disorders would be to reinforce stable T cell tolerance to self-antigens, while
maintaining full responsiveness to non self-antigens.

The flip side of T cell tolerance leads to a problem in cancer. Cancer immunotherapies
are being designed such that the T cells can attack and clear cancerous cells. However,
cancer related antigens originate from body’s tissues and they are usually ignored
because T cells recognize them as “self”(Chen and Mellman, 2013). As most cancer
immunotherapies try to make T cells responsive to cancer antigens, patients receiving
these treatments run a high risk for collateral T cell mediated damage to their organs
(Crespo et al., 2013; Sitkovsky et al., 2008). Thus reversal of tolerance in T cells specific
for antigens from cancerous cells, while maintaining tolerance in self-tissue damaging
cells is a better approach for cancer treatment. Therefore, in both types of diseases –
autoimmunity and cancer, understanding T cell tolerance is the key for developing
superior therapies.

The antigen that a T cell will respond to must be first recognized by the T cell receptor
(TCR). TCRs are generated randomly by random rearrangement of small gene segments.
This random generation ensures that the T cells will recognize a broad range of foreign
antigens and mount an effector response in the right context. The ligands recognized by
the TCRs are small, about four to five amino acids within a peptide bound to the major
histocompatibility complex (peptide-MHC). The random generation of TCRs and the
small ligands they recognize creates T cells responding to self-antigen recognition. This
3

problem of self-recognition and development of autoimmunity is eliminated by thymic
education of T cells. Central tolerance refers to the events occurring in the thymus before
a T cell moves into peripheral lymphoid organs. T cells with TCRs that bind to with a
high affinity to self-antigens expressed in the thymus are deleted, a process called
negative selection. One other mechanism of central tolerance is lineage deviation of some
self-antigen specific cells to a suppressor cell, called the regulatory T (Treg) cell.
Although efficient in deleting most auto-reactive T cells, central tolerance is often leaky
and some self-antigen specific T cells escape negative selection and move into the
periphery. Thus peripheral tolerance is essential in maintaining homeostasis of the
immune system (Stritesky et al., 2012; Xing and Hogquist, 2012).

In the peripheral lymphoid organs, some self-antigen specific cells may never see their
cognate antigen and hence remain ignorant. Treg cells generated in the thymus suppress
autoreactive cells and are essential for maintaining immune homeostasis (Kim et al.,
2007). One other mechanism of peripheral tolerance is anergy. Anergy is defined as a
state of functional responsiveness, during which T cell fail to respond to their cognate
antigen. Several groups have suggested that Treg cells are important for the induction and
maintenance of anergy (Mueller, 2010) (Martinez et al., 2012).

This chapter will focus on the development of Treg cells and the mechanisms that induce
anergy in T cells.
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PART 1. Regulatory T (Treg) cells
In the last few decades, it has become established that regulatory T cells (Treg cells) are an
essential subset for the maintenance of immune homeostasis. However, when the idea of
Treg cells (then called suppressor cells) was first proposed in the 1970s, it was
controversial despite the huge interest in the field. In 1969, Nishizuka and colleagues
observed that removal of thymus on day 3 after birth results in spontaneous development
of autoimmunity. This phenotype was not observed following thymectomy on day 7
(Nishizuka and Sakakura, 1969).This finding led to the idea that suppressor cells are
generated in the thymus and would later become formative for Treg cell research. Later in
1970, Gershon and Kondo showed that a subset of T cells that differed from the helper T
cells dampened immune responses (Gershon and Kondo, 1970). The mouse Major
Histocompatibility Complex (MHC) I-J region was associated with genes necessary for
the suppression mediated by these suppressor cells. The interest in this subset quickly
waned as the existence of the I-J region on the mouse MHC was disqualified using
molecular techniques (Kronenberg et al., 1983). Although many studies performed in the
following decades hinted at the presence of a suppressor T cell subset, the most
convincing evidence arrived from a seminal paper from Sakaguchi and colleagues
(Sakaguchi et al., 1995). They showed that transfer of CD25+CD4+ depleted splenocytes
into athymic nude mice lead to autoimmunity. However, co-transfer with CD25+CD4+ T
cells prevented the mice from getting autoimmunity(Sakaguchi et al., 1995). These
results thus delineated the CD25+CD4+ cells as the subset necessary for the prevention of
autoimmunity and Treg cells.
5

Following this discovery that the thymus can give rise to autoimmune suppressive Treg
cells, the interest in this subset was rekindled. In 2001, it was discovered that Scurfy
mice, which develop severe spontaneous autoimmunity in the Foxp3 gene (Brunkow et
al., 2001). Later on, mutations in human FOXP3 (the ortholog of murine Foxp3) was
shown to be responsible for IPEX syndrome (Immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome), a disease similar to the one seen
in scurfy mice (Bennett et al., 2001; Wildin et al., 2001). Due to the similarities between
the phenotype of IPEX syndrome and autoimmunity that developed in mice depleted of
Tregs, led several groups to explore the role of Foxp3 in Treg cells. In the early 2000s,
studies from Sakaguchi and Rudensky showed that Foxp3 was the indeed the lineagedefining transcription factor found in Treg cells, essential for their development and
function. Retroviral transduction of Foxp3 into naïve T cells made the cells suppressive
in vivo and in vitro (Fontenot et al., 2003; Hori et al., 2003). Treg cells were shown to be
essential for the prevention of autoimmunity throughout the lifespan of an individual, as
selective ablation of Treg by targeting Foxp3 lead to immunopathology and death even in
adult mice (Kim et al., 2007). Thus, it was established that CD25+Foxp3+CD4+ regulatory
T cell subset was essential for immune regulation and prevention of autoimmunity.

Although the importance of Treg cells in maintaining immune homeostasis is well
established today, the mechanistic cues involved in the development of Treg cells are not
clearly understood. In addition to developing in the thymus, it has been shown that
6

Foxp3+ Treg cells can also emerge from Foxp3–CD4+ naive T cells in peripheral lymphoid
tissues. These cells arising in the periphery from naive T cell subset are called peripheral
Treg (pTreg) cells (Apostolou and Boehmer, 2004) while those that are generated in
thymus are called thymic Treg (tTreg) cells (Abbas et al., 2013). The mechanistic cues
involved in the development of Treg cells including TCR specificity, TCR signaling, costimulation and cytokines are discussed here.

A. T Cell Receptor (TCR) specificity.
TCRs with diverse specificities are generated in the thymus due to random rearrangement
of the TCR locus. Although helpful in aiding the immune system in recognizing a wide
array of antigens, this random rearrangement also generates cells that are specific for selfantigens. Before emigrating to the periphery, T cells are educated in the thymus and cells
that bind with a high affinity to self-antigens expressed by specialized antigen presenting
cells are deleted by a process called negative selection. Cells that bind with an
intermediate to low affinity are positively selected and exit the thymus. However, not all
self-reactive cells can be deleted and some escape negative selection and move into the
periphery. One other mechanism of education of T cells in the thymus is differentiation
of the self-reactive cells into suppressive regulatory T cells (Stritesky et al., 2012).

Because Treg cells form a small percentage of total CD4 T cells (4-10%), it was thought
that T cells with only certain specificity would give rise to Treg cells. First evidence for
this notion came from transgenic mouse models. Rag deficient transgenic mice with
7

specificity for foreign antigens were unable to give rise to Treg cells (Itoh et al., 1999).
Double transgenic mouse studies then provided further evidence that recognition of “selfantigen” in the thymus was necessary for the development of (Itoh et al., 1999). Jordan
and colleagues showed that hemagglutinin (HA)-specific T cells (TS1) became Treg cells
only when crossed to mice expressing HA in the thymus. Also, altering TS1 to have
lower affinity for HA lead to failure in Treg cell generation (Jordan et al., 2001). These
data suggested that Treg cell that develop in the thymus could be of high affinity and
specific for self-antigens. This claim was further supported by several, if not all, studies
that used different double transgene models (Apostolou et al., 2002; Pacholczyk et al.,
2006).

In the recent years, transgenic mice expressing TCRs derived from Treg cell have been
generated. In the first few transgenic studies using Treg cell derived TCRs, deletion of T
cells was observed rather than increased frequency of Treg cells (DiPaolo and Shevach,
2009)3. This was an unexpected outcome, which was later found to be due to the fact that
all thymocytes expressed TCRs of the same specificity. It was observed that the
frequency of Treg cells inversely correlated with the frequency of transgenic clones in the
thymocytes. Suggesting that there was competition between clones for presumably
limited environmental cues to become Treg cell. It was also observed that the Treg cells
plateaued after a certain number in contrast to CD4 SP T cell that were positively
selected (Bautista et al., 2009). These data gave rise to the niche hypothesis of Treg cell
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selection, which posits that Treg cell selection is governed by intra-clonal competition for
antigenic niche that is rare (Lio and Hsieh, 2011).

Although it was suggested that T cells that become Treg cell are of a high affinity, it was
difficult to quantify the strength of the signal received through the TCRs. Moran and
colleagues made a novel Nur77-GFP reporter mouse, in which Nr4a1 (gene encoding
Nur77) promoter drives the expression of GFP (Moran et al., 2011). Nur77 is expressed
following signaling through the TCR. Using the mouse, the team reported that the
expression of GFP on Treg cells was significantly higher than T cells that are positively
selected and similar to T cells that undergo negative selection. They also showed that in a
transgenic cell line expressing a Treg cell derived TCR that T cells received a strong TCR
signal once the frequency of T cells was decreased (Moran et al., 2011). This is in tandem
with the notion that T cells compete intra-clonally for rare self-antigens. Thus, various
studies suggest that TCR specificity is important for the generation of Treg cell.

The studies discussed above indicated that self-reactive cells differentiate into Treg cells,
however it wasn’t clear what degree of self-reactivity dictates the choice of deletion or
lineage deviation to Treg cells in the thymus. A study from Lee et al addressed this
question using the well-established rat insulin promoter (RIP)-mOVA model by keeping
the amount antigen presented constant but varying the degree of TCR affinity (Lee et al.,
2012). They first identified naturally occurring TCRs from DO11.10β TCR transgenic
mice, which had a wide range of reactivity to OVA323-339 in vivo and in vitro. They used
9

this reactivity as a read out for the affinity of the TCRs for OVA. Following retroviral
transduction of each individual TCR into CD4–CD8– thymocytes from Rag1–/– mice, the
cells were transferred into thymuses of RIP-mOVA hosts. The team observed a
correlation between negative selection and more highly reactive TCRs. Remarkably, T
cells with a broad range of TCR affinity (~1000-fold) could give rise to Treg cells. Higher
affinity TCRs could give rise to higher frequency of Treg cells. Furthermore, some OVA
specific TCRs could give rise to Treg cells even in the absence of self-antigen recognition
in the thymus, suggesting that Treg cells with foreign specificities could be generated in
the thymus, presumably due to cross-reactivity to self-antigens (Lee et al., 2012). These
data suggest that Treg cells can be generated with a wide range of TCR affinity, even with
foreign specificities, that is below the threshold for negative selection but above that of
positive selection.

B. TCR signaling
The signaling events required for the development of Treg cells remain poorly understood.
This section highlights the current findings about the signaling processes necessary for
driving Foxp3 expression.

TCR proximal signaling events have been suggested to hamper the development of Treg
cells, however their role in driving expression of Foxp3 is not clear. It was shown that the
frequency and number of Treg cells was significantly reduced in mice that have mutant
versions of Zap70 that cannot recruit Vav1, Lck or PLCγ1 (Hsu et al., 2009). These
10

results demonstrate that ZAP70 is important for signaling through the TCR. It is not clear
however if these defects are specific for Treg cell development as mice carrying these
mutations also have defects in other thymic education processes such as positive
selection.

Mice that have a mutation in the LAT (linker of activated T cells) which blocks
phosphorylation of tyrosine 136 and thus recruitment of PLCγ1 have normal positive
selection but impaired Treg cell development(Koonpaew et al., 2006). This suggests that
downstream signaling events are important for the differentiation of Treg cells.

Signaling through the TCR activates several pathways, including the NFκB and AKT
pathway. Studies have suggested that NFκB pathway is important for the differentiation
of Treg cell. For example, mice with defects in the components of the NFκB pathway such
as PKCθ, CARMA1, B cell lymphoma 10 (Bcl-10), TGFβ-activated kinase 1 (TAK1)
and IkB kinase β (IKKβ) showed significant reduction in the number and frequency of
Treg cells (Long et al., 2009) It was also observed that constitutive expression of NFκB by
overexpressing IKKβ was sufficient to rescue the defects in Treg cell differentiation. Also,
this constitutive expression was sufficient to bypass TCR mediated recognition of self, as
it lead to the expression of Foxp3 in TCR transgenic mice on a Rag deficient background.
These Treg cells had stable Foxp3 expression and showed unique DNA demethylation at
Cpg islands, a hallmark of tTreg cells. However, the Treg cells described in this study
showed poor homeostatic proliferation and survival and did not express CD25 (Long et
11

al., 2009). Taken together, these data suggest that although NFκB is involved in the
expression of Foxp3 in Treg cells, it does not account for other aspects of Treg cell
development, which may be controlled by other aspects such as co-stimulation.

Another component of NFκB pathway thought to be important in the expression of Foxp3
is c-Rel. It binds to noncoding sequence 3 (CNS3) on the Foxp3 gene locus (Ruan et al.,
2009). CNS3 was shown to be important for the development of Treg cell, as deletion of
this region leads to defects in the Treg cell development in the thymus (Zheng et al.,
2010). It has thus been suggest that c-Rel is the link between TCR signaling and Foxp3
expression.

In contrast to the NFκB pathway, the AKT pathway is inhibitory for the development of
Treg cell (Harada et al., 2010). Activation of AKT pathway leads to inactivation of the
Foxo proteins. Foxo 1/Foxo 3 double deficient mice have reduced number of regulatory T
cells. Signaling through Akt inhibits the phosphorylation of Foxo 1, 3, 4 and thus
prevents their binding to the Foxp3 promoter. Thus, the Akt pathway negatively regulates
the generation of Treg cell (Harada et al., 2010; Ouyang et al., 2010b). It is not clear how
Akt or NFκB pathways are preferentially activated to inhibit or promote the generation of
Treg cells.

Co-stimulation: One of the key requirements for the development of Treg cell is costimulation through CD28. It was shown that deficiency in CD28 or its ligands B7 1/2
12

results in significant reduction in the number and frequency of regulatory T cells (Tai et
al., 2005). Signaling through CD28 provides a cell intrinsic signal important for survival
and differentiation of Treg cells. This co-stimulatory signal leads to the development of
Treg cell precursors and it was shown that Lck binding was necessary for this process (Tai
et al., 2005). The exact mechanisms by which co-stimulatory signals lead to the
enhancement and survival of Treg cell precursors are not clear.

C. Cytokines.
The main cytokines implicated in the generation of Treg cells are transforming growth
factor β (TGF-β) and the common gamma-chain cytokines such as IL-2, IL-15.

IL-2
The first evidence that IL-2 is essential for the development of Treg cell came from the
studies showing that lack of common IL-2 receptor beta-chain lead to severe
autoimmunity and reduction in Treg cell (Malek et al., 2002). Furtado et al then showed
that IL-2 was required for the maintenance and survival of Treg cells (Furtado et al.,
2002). The latter result was quite surprising at the time. However, in retrospect, this
should have been anticipated as Foxp3+ Treg cells constitutively also express the IL-2
receptor (CD25). Recent studies have shown that IL-2 is required for the maintenance of
mature Treg cell in the periphery but is dispensable for the differentiation of inducible Treg
cell (iTreg) cells in vitro(Burchill et al., 2008).
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IL-2 is part of a proposed two-step model of Treg cell development in the thymus. In this
model, the first step is TCR-dependent followed by a TCR-independent cytokine
mediated step. In the first step, signaling through the TCR and co-stimulatory signals
from CD28 lead to generation of Treg cell precursors that are CD25+Foxp3-. Once the
precursors have been formed, signals from a cytokine like IL-2 (or IL-15) lead to the
activation of Janus kinase 1 and 3 (Jak1, Jak3). This leads to the dimerization of STAT5b
that increases the Treg cell repertoire by binding to the conserved non-coding sequence 2
(CNS2) on the Foxp3 locus. Mice that express constitutively active STAT5 have higher
frequency of Treg cells, further supporting the claim that IL-2 is required for the
generation of Treg cell in the thymus (Burchill et al., 2008). It is possible that IL-2 has
redundant roles in the development of Treg cells that can be compensated by other
common gamma-chain cytokines. This is because IL-15 and IL-7 double deficient mice
show further reduction in Treg cell frequency in the thymus (Bayer et al., 2008; Vang et
al., 2008).

TGFβ
The role of TGFβ in the development of thymic Treg cell is not clear. It has been shown
that in vitro conversion of naïve CD4 T cells to Treg cells or generation of pTreg cells in
the gut requires TGFβ(Liu et al., 2008). It was shown that TGFβ receptor knockout mice
have normal number of thymic Treg cells. Zhang et al, showed that the TGFβ receptor
knockout CD4 cells require additional trigger such as lymphopenia to cause
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autoimmunity. This suggests that TGFβ is dispensable in maintaining immune
homeostasis in an intact mouse (Zhang and Bevan, 2012).

In vitro, it has been shown that TGFβ mediated signaling leads to binding of SMAD3 to
its binding site on the CNS1 region of the Foxp3 locus. These data suggest that although
TGFβ is essential for the development of iTreg, it does not play a significant role in the
generation of Treg cells in the thymus (Ouyang et al., 2010a) (Tone et al., 2008).

D. Epigenetic control of the Treg cell lineage.
Foxp3 expression alone is not sufficient to generate a stable Treg cell lineage (Hill et al.,
2007; Ohkura et al., 2013). A unique Treg cell related methylation has been recently
defined, which is required to maintain Treg cell lineage. This Treg-me consists of
hypomethylated CpGs at four Treg cell-related genes encoding Tnfrsf18, Ctla4, Ikzf4, as
well as the Foxp3 conserved non-coding DNA sequence 2 (CNS2)(Ohkura et al., 2012).
Cells that express Foxp3 but lack this Treg-me are unstable and prone to differentiating
into potentially harmful effector T cells (Morikawa et al., 2014; Zhou et al., 2009). This
is true for in vitro generated Treg cells (iTreg cells) (Floess et al., 2007; Polansky et al.,
2008). The stability of Treg cells is a major issue since iTreg cell generation is an important
avenue for therapies in several autoimmune diseases.
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PART 2. T cell anergy.
Three signals are required for the activation of T cells – 1) peptide-MHC recognition, 2)
co-stimulation through CD28 and 3) cytokines. Anergy is a mechanism of peripheral
tolerance that is by defined by a functional inactivation of T cells after antigen encounter
under sub-optimal conditions. Anergy is induced in T cells when they recognize antigen
(signal 1) in the absence of co-stimulation (signal 2). Under these conditions, T cells fail
to become fully activated and enter a state of unresponsiveness, preventing cell
proliferation and cytokine production upon antigen re-encounter (Jenkins and Schwartz,
1987; Mueller et al., 1989; Schwartz, 2003). Anergy can be further defined as clonal
anergy, which refers to growth arrest; and in vivo anergy, which is defined by a
generalized inhibition of proliferation and effector functions.

A. Role of co-stimulation and IL2 in anergy induction.
Signaling through CD28, after binding to its ligands CD80/86 on antigen presenting cells
(APCs), leads to the expression of Il2 mRNA (Fraser et al., 1991; Lindstein et al., 1989).
The inability to make IL-2 is one of the defining factors of anergic cells. Signaling
through the IL-2 receptor even in the absence of co-stimulation can prevent the induction
of anergy in T cells(Boussiotis et al., 1997). Phosphatidylinositol 3 kinase (PI3K)/Akt
axis, which is downstream target in the IL-2 receptor pathway is activated following
receptor engagement. This induces the degradation of the cyclin-dependent kinase
inhibitor p27kip1. In the absence of co-stimulation through CD28 or IL-2 receptor
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signaling, p27kip1 is not degraded, which prevents cell cycle progression (Appleman et al.,
2002; Nourse et al., 1994; Rowell et al., 2005).

Engagement of the IL-2 receptor can also cause repression of expression of the histone
deacetylase sirtuin 1(Sirt1). Sirt1 inhibits the c-jun, which fails to form the AP1 complex
necessary for activation-induced responses. Sirt1 in anergic cells can also be repressed by
activated of the PI3K/Akt pathway, leading to the sequestration of Foxo3a required for
Sirt1 expression (Gao et al., 2012; Zhang et al., 2009).

B. Mammalian target of rapamycin (mTOR) signaling in anergy.
Anergy could be induced in T cells even in the presence of co-stimulation when mTOR
was inhibited through rapamycin(Powell et al., 1999). It was initially thought that mTOR
signaling was required for the transition from G1-to-S phase of cell cycle. However,
targeting other cell cycle regulators or the transition from G1-to-S phase did not prevent
anergy induction (Allen et al., 2004; Colombetti et al., 2002). Thus, mTOR signaling
itself was necessary for preventing anergy induction. IL-2 receptor signaling activates
mTOR by a PI3K/Akt dependent pathway. Akt in turn phosphorylates tuberous scelerosis
complex 2 (TSC2), which is an inhibitor of mTOR activity (Delgoffe et al., 2009).

Activation of T cells has a high metabolic demand, which required mTOR activity as it
acts to integrate environmental cues (Chappert and Schwartz, 2010). If T cells fail to
increase their metabolism due to inefficient mTOR activation, they become anergic
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(Zheng et al., 2009). Inhibition of mTOR not only induces anergy, but also promotes
differentiation of Treg cells (Delgoffe et al., 2009). It is interesting to note that Treg cells
have been thought to be anergic themselves, as they do not produce IL-2 or proliferate
when stimulated unless IL-2 is provided exogenously.

C. Transcriptional regulation of T cell anergy
When T cells are activated without the engagement of co-stimulation, unbalance calcium
signaling in the absence of full activation of PKC/Ras-regulated pathways results in the
expression of a specific set of genes encoding for proteins that are responsible for the
hyporesponsive state of anergic T cells. Calcium signaling is important for the induction
of T cell anergy as experiments have shown that the calcineurin inhibitor cyclosporine A
prevents T cells activated with anti-CD3 without CD28 engagement from becoming
anergic (Jenkins et al., 1990). The calcium/calmodulin-dependent phosphatase
calcineurin is a major transducer of calcium signaling in T cells. Activation of calcineurin
in response to increased intracellular calcium results in the de-phosphorylation of
members of the nuclear factor of activated T cells (NFAT) family of transcription factors,
which are otherwise retained in the cytosol in a highly phosphorylated state (Harris et al.,
1996; Safford et al., 1993).

In activated T cells, NFAT partners with AP-1 and other transcription factors to induce
the expression of many activation-induced genes (Macián, 2005). Suboptimal activation
of T cells would cause to the calcium/calcineurin-induced nuclear translocation of NFAT
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without full activation of the MAPK-dependent AP-1 transcription complexes (Deaglio et
al., 2002). The central role of NFAT1 in the induction of T cell anergy is supported by
the fact that NAFT1-deficient T cells are resistant to stimuli that induce anergy, whereas
expression of a constitutively active form of this protein renders T cells hyporesponsive
(Deaglio et al., 2002; Lineberry et al., 2009).

Early growth response proteins 2 and 3 (Egr2/Egr3) are up-regulated in anergic T cells in
an NFAT-dependent manner. These proteins control the expression of several other
anergy associated genes such as those encoding the ubiquitin ligase Casitas B-lineage
lymphoma b (Cbl-b) and diacylglycerol kinase alpha (DGKα)(Alam et al., 2005; Zheng
et al., 2012). Deltex-1 is also expressed in anergic cell which interacts with Egr2 to upregulate the expression of Cblb. Deltex-1 deficient cells are hyperactive and resistant to
anergy induction. Finally, the E3 ubiquitin ligase GRAIL is expressed in anergic cells.
GRAIL-mediated ubiquitination of certain genes leads to reduced TCR-signaling in
anergic cells (Lineberry et al., 2008; Nurieva et al., 2010).

D. Anegy induction by Treg cells.
CTLA4 is an important molecule involved in T cell mediated suppression. Blocking
CTLA4 with a mAB leads to autoimmune diseases such as colitis in healthy mice (Read
et al., 2000; Takahashi et al., 2000)and exacerbates diabetes in NOD mice (Lühder et al.,
1998). CTLA4 helps Treg cells to down-regulate the co-stimulatory molecules CD80 and
CD86, which dampens signal 2, leading to anergy induction. Selectively knocking out
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CTLA4 on Treg cells leads to increased number of Treg cells, however these Treg cells have
impaired capability of suppression (Qureshi et al., 2011).

We have shown that Treg cells are essential for inducing anergy in a mouse model of
arthritis. (Martinez et al., 2012). Mice lacking Treg cells failed to prevent the development
of arthritis after receiving an adoptive transfer of self-antigen specific CD4+ T cells. In
contrast, self-antigen specific cells became anergic in the presence of Treg cells and took
on a CD73hiFR4hi phenotype.

E. CD73 and FR4
CD73: Nt5e encodes CD73, which is an ecto-enzyme expressed on many cells including
Treg cells. CD73 works in tandem with CD39 to convert extracellular ATP to adenosine
(Deaglio et al., 2007). Treg cells have been shown to suppress T cell activity in an
adenosine dependent pathway (Alam et al., 2009; Deaglio et al., 2007). Role of CD73 in
anergy induction or maintenance is currently not clear.

FR4: Folate receptor 4 (FR4) is encoded by Fol4. FR4 has been shown to be important
for Treg cell suppressive activity (Yamaguchi et al., 2007). It was recently shown to be
essential for sperm-egg fusion during fertilization. In reproductive biology it has been
renamed as Juno, which is expressed on the surface of eggs and is a receptor for the
sperm protein Izumo1 (Bianchi et al., 2014). It is currently unclear how it informs the
mechanism of anergy.
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Conclusions
Anergic cells and Treg cells share several phenotypic and mechanistic characteristics.
However, the relationship between the two has not been clearly elucidated. In following
chapters, we will explore the role of anergy in the generation or Treg cells.
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STATEMENT OF THESIS
Selective suppression of effector T cell functions in the periphery is required in order to
prevent immune cell-mediated damage to healthy tissues. This is especially true during
many health conditions, such as pregnancy and organ transplants. Anergy, an acquired
state of T cell functional unresponsiveness, is one way in which this suppression is
achieved. We have previously shown in a transgenic mouse model of arthritis, anergic
cells could be identified using novel surface molecules Nt5e/CD73 and Folr4/FR4.
However, the mechanisms of anergy induction and maintenance remain poorly
understood. It is also unclear if self-antigen specific cells that escape deletion in the
thymus become anergic in healthy hosts. This dissertation tests the hypothesis that selfantigen specific T cells that escape to the periphery become anergic due to chronic
antigen presentation in a steady state environment. We describe a subpopulation of
anergic (Foxp3–CD44hiCD73hiFR4hi) polyclonal conventional CD4+ T cells in healthy
hosts that is enriched in self-antigen specificities. We also show that anergy develops in
fetal antigen specific maternal cells during pregnancy in a polyclonal system, establishing
that anergy induction selectively limits fetal antigen driven CD4+ T cell effector
responses in vivo. Importantly, this anergic subpopulation preferentially gives rise to
suppressive Foxp3+ regulatory T (Treg) cells in vivo. Finally, analysis of DNA
methylations at Foxp3, Ctla4, Tnfrsf18, and Ikzf4 revealed that the Foxp3– anergic cells
have an epigenetic signature similar to thymic Treg cells. Thus, our data indicate that not
only is anergy induction important in preventing autoimmunity, but it also generates
intermediates leading to Treg cell induction. These findings indicate that exploiting anergy
in autoimmune disorders may be an effective therapeutic strategy.
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CHAPTER 2
Materials And Methods
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Mice
Mice were bred and housed in specific-pathogen free conditions in animal facilities at the
University of Minnesota, Twin Cities. B6.g7 (H-2g7 congenic of B6) mice as well as B6
strain KRN mice that express a TCR transgene specific for GPI–I-Ag7 were gifts from
Drs. Diane Mathis and Christophe Benoist (Harvard Medical School, Boston, MA) and
the Institut de Genetique et de Biologie Moleculaire et Cellulaire (Strasbourg, France).
B6 mice were purchased from Charles River Breeding Laboratories under a contract from
the National Cancer Institute (Frederick, MD). B6 Tcra–/– (B6.129S2-Tcratm1Mom/J) and
BALB/c mice were purchased from Jackson Laboratory (Bar Harbor, Maine). B6
Foxp3DTR gene knockin mice were a kind gift from Dr. Alexander Rudensky (Memorial
Sloan-Kettering Cancer Center, New York, NY). B6 Foxp3GFP and Foxp3DTR CD45.1
mice were gifts from Dr. Sing Sing Way (University of Cincinnati, Cincinnati, OH).
Cells from spleen and all the lymph nodes of Foxp3-Cre-GFP x R26-YFP mice were a
gift from Dr. Jeffrey A. Bluestone (University of San Francisco, San Francisco, CA). The
breeding of B6 strain Act2W transgenic mice that constitutively express 2W1S55–68
peptide:I-Ab complexes, B6 Nur77GFP transgenic reporter mice, Aire–/–, non-obese
diabetic (NOD), B6 x B6.g7 F1 (B6G7F1), and B6G7F1 Tcra–/– mice was carried out in
our facility. Experiments were reviewed and approved by the University of Minnesota
Institutional Animal Care and Use Committee.

Polyclonal CD4+ T cell adoptive transfer

24

Spleen and LN cells (inguinal, axillary, brachial, cervical, mesenteric and pancreatic)
from Foxp3DTR CD45.1 mice were harvested in PBS, 5% FBS, and 0.1% sodium azide,
and then the CD4+ T cells were enriched by MACS negative selection. Flow cytometric
cell sorting of the polyclonal T cell subsets was then performed using GFP as well as
anti-CD44, -CD73, -FR4, and -CD25 mAbs, together with other non-T cell markers
(B220, F4/80, CD8α, NK1.1, CD11c, and CD11b) as “dump” reagents (eBiosciences,
Inc, San Diego, CA). Cells were physically sorted on a BD FACSAria (BD Biosciences,
San Jose, CA) at the University of Minnesota Flow Cytometry Core Facility. Purified
CD4+ T cell subsets were then transferred (1 – 5 x 105) into syngeneic Tcra–/– B6 hosts.
In some cases, Foxp3-expressing Treg cells were ablated following adoptive transfer by
the i.p. injection of diphtheria toxin (DT; List Biological, Campbell, CA) at a
concentration of 0.5 µg/mouse on day 1 after adoptive transfer of T cells, and then 0.2
µg/mouse every other until day 21. Weights were taken on the day of T cell transfer and
every other day thereafter. Reported weights are relative to the initial measurement on the
day of cell transfer.

Reverse transcriptase real-time quantitative PCR
RT real-time qPCR was used to compare gene expression levels in physically sorted
purified CD4+ polyclonal T cell subsets, as previously described (Martinez et al., 2012).
The primer sets used are shown in Table. 1.

Arthritis model and Treg cell ablation.
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Arthritis was induced by the adoptive transfer of naive B6 KRN CD4+ T cells into
lymphopenic Tcra–/– B6G7F1 hosts as previously described (Martinez et al., 2012).
Arthritis severity was assigned a score from 0 – 3 for each paw based on swelling and
erythema, resulting in a maximum Arthritis Clinical Index score of 12 for each mouse
(Binstadt et al., 2006). Treg cells were ablated following adoptive transfer by the i.p.
injection of diphtheria toxin (DT; List Biological, Campbell, CA) at a concentration of
0.2 µg/mouse on day 1 after adoptive transfer of T cells, and then 0.1 µg/mouse every
other until day 21.

Bisulfite sequencing
Primers for bisulfite sequencing for Tnfrsf18 exon 5, Ctla4 exon 2, Ikzf4 intron 1b and
Foxp3 intron 1 have been previously published (Ohkura et al., 2012)and see Table 1.
Sodium bisulfite treatment of the extracted DNA was carried out using Qiagen Epitect®
Bisulfite Kit (Cat. No. 59104). For cloning TOPO® TA Cloning Kit was used (Invitrogen
K4500-40). Sequences were analyzed using BISMA web tool (Rohde et al., 2008).

Histological analysis
H&E-stained slides were prepared from 10% neutral buffered formalin-fixed tissues
using standard methods, and were evaluated by an A.C.V.P.- board certified pathologist
(M.G. O'S.) using light microscopy.

Flow cytometric phenotypic analysis
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T cells were interrogated with allophycocyanin (APC)–conjugated anti-CD25 (PC61.5),
eFluor 450-conjugated anti-CD73 (eBioTY/11.8), PE-Cy7–conjugated anti-FR4
(eBio12A5), Alexa Fluor 700–conjugated anti-CD44 (IM7), PerCP-Cy5.5-conjugated
anti-CD45.1 (A20), V500–conjugated anti-CD4 (RM4-5) (eBiosciences). T cells
suspensions were also stained with APC–eFluor780–conjugated anti-B220 (RA3-6B2), CD11b (MI-70), -CD11c (N418) (all eBiosciences), and -F4/80 (BM8; Invitrogen,
Carlsbad, CA), for use as dump channel reagents. Stained T cells were then treated with
Foxp3 Fixation/Permeabilization Concentrate and Diluent and stained with APC–
conjugated anti-Foxp3 (FJK-16s) (eBioscience). In some experiments cells were also
stained with Pacific Blue–conjugated T-bet (BioLegend, San Diego, CA) following
fixation/permeabilization.

Test for cytokine production and proliferation
For intracellular cytokine staining, T cells were incubated for 4 h at 37 ̊C in RPMI
medium 1640 + 10% FCS in the presence of 10 ng/ml PMA (Sigma-Aldrich, St. Louis,
MO), 1 µM ionomycin (EMD Chemicals, Gibbstown, NJ) and with 10 µg/ml brefeldin A
(Sigma-Aldrich, St. Louis, MO). Cells were then stained for surface markers as described
above. Intracellular staining was preformed using the Cytofix/Cytoperm kit
(eBioscience). Surface stained cells were fixed overnight and permeabilized for 45 m,
then stained for APC-conjugated anti–IL2 (JESS-5H4), PE-Cy7–conjugated anti–IFNg
(XMG1.2), and eFluor450 anti–TNF (MP6-XT22) (eBiosciences). For in vitro
proliferation and ELISA assays, sorted T cells were CFSE-labeled and then stimulated in
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plates coated (O/N) with CD3 and CD28 mAbs (both eBiosciences) at 1:10 ratio for 8
hours or 96 hours in complete media. The T cells were subsequently analyzed for their
mean cell division response and supernatants from each stimulated population (Naive,
Treg cell, Teff-mem, anergic) were assayed using ELISA and previously described (Vanasek
et al., 2006).

ELISA
IL2 ELISA was performed using purified anti-mouse IL2 (E05611-1573, eBioscience),
biotin conjugated anti-mouse IL2 (JES6-5H4, eBioscience), SA-HRP (Cat: 554066, BD
Pharmingen) and ABTS (Lot. 110185, KPL).

Immunoblots
Various tissues (heart, kidney, pancreas, liver, lung, gut, salivary gland) from RAG–/–
mice were harvested and protein extraction was performed using freeze/thaw method.
Briefly, harvested tissues were frozen in liquid nitrogen followed by thawing at room
temperature and lysed using RIPA Lysis and Extraction buffer (Thermo Sci. No. 89900).
The protein extracts were then used as substrate for immunoblot analysis. MiniPROTEAN® TGXTM gels 4-15% were purchased from BIO-RAD (Ctl. No. 400083670).
Mini Nitrocellulose iBlot® Gel Transfer Stacks were purchased from Novex (Lot.
NM27023-01). Serum samples were probed with AF680 conjugated goat anti-mouse IgG
Fcγ (JacksonImmuno Research, 11-625-071).
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Statistical analysis
Mean Arthritis Clinical Index scores were compared using the Mann–Whitney U test.
Other tests of significance shown represent the results of an unpaired one-tailed Student
t-Test or One-Way Anova as indicated in the figure legends.
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Table 1: Primers

for quantitative PCR and bisulfite sequencing.
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CHAPTER 3
Characterization of Polyclonal Anergic CD4+ T Cells

This chapter originally appeared as a part of:
Kalekar, L.A., Schmiel, S.E., Nandiwada, S.L., Lam, W.Y., Barsness, L.O., Zhang, N.,
Stritesky, G.L., Malhotra, D., Pauken, K.E., Linehan, J.L., et al. (2016). CD4+ T cell
anergy prevents autoimmunity and generates regulatory T cell precursors. Nat Immunol
17, 304–314.

Experiments shown in Fig 3.1c performed by Gretta L. Stritesky.
Experiments shown in Fig 3.9 performed by Sarada L. Nandiwada
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3.1 INTRODUCTION
In order to respond to a variety of foreign antigens, T cells with diverse T-cell receptor
(TCR) specificities are generated in the thymus. Random TCR rearrangements
concomitantly give rise to T cells specific for self-antigens. In the thymus, CD4+ T cells
that bind with a high affinity to self-antigen are either deleted or selected to become
suppressive Foxp3+ Treg cells (Hsieh et al., 2012; Stritesky et al., 2012). Nevertheless, T
cells with lower affinity for thymus-expressed self-antigens may escape clonal deletion.
Moreover, not every self-antigen is expressed in the thymus. Consequently, some
matured self-reactive CD4+ cells emigrate to the periphery where they can recognize selfpeptide Major Histocompatibility Complex class II (pMHCII) complexes. This problem
necessitates peripheral tolerance mechanisms to prevent the development of autoimmune
disease (Mueller, 2010).

Anergy has been postulated as one such tolerance mechanism. It is a state of functional
inactivation wherein CD4+ T cells lose the capacity to proliferate in response to their
cognate antigen (Mondino et al., 1996; Schwartz, 2003; Telander et al., 1999). Anergy is
induced when TCR signaling is unaccompanied by strong CD28 co-stimulatory receptor
ligation(Harding et al., 1992; Jenkins and Schwartz, 1987; Mueller et al., 1989). Anergy
induction and/or maintenance is also antagonized by IL-2R signaling that leads to strong
mTOR activation(Beverly et al., 1992; DeSilva et al., 1991; Powell et al., 1999). Multiple
biochemical signaling defects have been ascribed to this inactivated state, including
blocked signaling to Ras, JNK, and ERK, and impaired expression of active AP-1
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transcription factor complexes(Fields et al., 1996; Telander et al., 1999). Up-regulation of
counter-regulatory gene products such as Cblb, Dgka, Rap1, Rnf128, and Itch are
understood to underlie this development of proliferative unresponsiveness(Bachmaier et
al., 2000; Boussiotis et al., 1997; Heissmeyer et al., 2004; Olenchock et al., 2006;
Seroogy et al., 2004).

In vivo, anergy can be induced in CD4+ T cells by systemic, repeated exposure to soluble
antigen in the absence of infection or adjuvant(Kearney et al., 1994). Likewise, the
adoptive transfer of naive self-antigen specific CD4+ T cells to normal mice bearing selfpeptide MHC class II complexes leads to the development of functional
unresponsiveness(Adler et al., 1998; Lohr et al., 2004; Martinez et al., 2012). On the
other hand, the adoptive transfer of self-reactive CD4+ T cells into lymphopenic hosts
lacking Foxp3+ Treg cells fails to elicit the induction of anergy and can instead lead to T
effector cell differentiation and consequent severe immunopathology(Knoechel et al.,
2005; Martinez et al., 2012).

Despite this potential for anergy to play a role in natural CD4+ T cell tolerance, the
investigation of anergy within a diverse polyclonal T cell repertoire has been difficult in
part due to the apparent rarity of self-reactive T cells in the peripheral immune system
and the lack of identifying markers. Genetic loss of Egr2, Cblb, Dgka, Rnf128, and Itch
expression can lead to a resistance to anergy induction in vivo in association with an
increased susceptibility to autoimmune disease and enhanced anti-tumor
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reactivity(Heissmeyer et al., 2004; Jeon et al., 2004; Nurieva et al., 2010; Olenchock et
al., 2006; Perry et al., 1998; Zheng et al., 2012). A recent study failed to identify any
anergic polyclonal CD4+ T cells with self-peptide MHC class II specificity based on
Nr4a1 (Nur77) gene activation, even though anergic self-reactive B cells could be easily
found (Zikherman et al., 2012). However, investigation of anergy induction using TCR
transgenic CD4+ T cells recently showed that the development of proliferative
unresponsiveness in vivo can be associated with an up-regulation of CD73 (Nt5e) and
FR4 (Folr4)(Martinez et al., 2012). Remarkably, Bim–/– mice defective for thymic T cell
clonal deletion were also recently shown to have an increased frequency of polyclonal
CD4+ T cells in the periphery with a Nur77-expressing CD73hiFR4hi anergic phenotype,
prior to the development of overt autoimmunity (Stritesky et al., 2013).

In this study, we report on the discovery of Nt5e and Folr4 as mRNAs that are overexpressed during the in vivo induction of clonal anergy and describe our investigation of
the proteins they encode CD73 and FR4 as putative anergy markers to track functionally
unresponsive polyclonal CD4+ T cells that normally arise in healthy hosts. Our data now
indicate that anergy is a natural mechanism of peripheral self-tolerance, and plays a key
role in the regulation of self-antigen driven CD4+ T cell growth and differentiation in the
polyclonal repertoire.
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3.2 RESULTS
Anergic polyclonal CD4+ T cells express CD73 and FR4
It was previously shown that KRN TCR-transgenic CD4+ T cells specific for ‘self’
glucose-6-phosphate isomerase (GPI) presented by MHC class II I-Ag7 undergo an
abortive clonal expansion, up-regulate the expression of CD73 and FR4, and develop
anergy when transferred into healthy H-2g7-strain hosts (Martinez et al., 2012). To
investigate the general importance of in vivo anergy to peripheral self-tolerance we
focused our attention on conventional CD4+ T cells that expressed CD44, CD73, and FR4
in combination within the secondary lymphoid organs. As naive Foxp3–CD44loCD4+ T
cells in the lymph nodes and spleen express only low to intermediate CD73 and FR4,
these cells were used to set flow cytometry analysis gates and then the Foxp3–CD44hi
polyclonal CD4+ T cell repertoire was examined for evidence of high level CD73 and
FR4 co-expression (Fig. 3.1a). A population of Foxp3–CD44hiCD73hiFR4hi polyclonal
CD4+ T cells was identified in all healthy mouse strains tested, comprising approximately
2 – 5% of the total peripheral CD4+ T cell compartment (Fig. 3.1b). Similar to results
reported for Bim-deficient mice (Stritesky et al., 2013), Aire–/– mice defective for central
T cell tolerance showed a significant increase in the number and frequency of anergicphenotype CD4+ T cells in the lymph nodes and spleen, as compared to their littermate
controls (Fig. 3.1b,c). ). Interestingly, both the frequency and absolute number of Foxp3–
CD44hiCD73hiFR4hi polyclonal CD4+ T cells rose with age (Fig. 3.1d).
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If high-level CD44, CD73, and FR4 (but not Foxp3) co-expression marks polyclonal
autoreactive CD4 T cells that have undergone clonal anergy induction in response to
peripheral self-antigen recognition, then they should demonstrate evidence of functional
unresponsiveness. We sort purified Foxp3–CD44hiCD73hiFR4hi (anergic), Foxp3–
CD44hiCD73loFR4lo (Teff-mem), naive and Treg cells polyclonal CD4+ T cells from a
Foxp3DTR reporter mouse (Fig 3.2). Anergic cells produced little IL-2 at either 8 or 96
hours following in vitro stimulation with the combination of CD3 and CD28 mAbs (Fig.
3.3a). In vitro proliferation in response to 96 h of CD3 and CD28 mAb stimulation was
similarly reduced in anergic polyclonal T cells (average cell divisions = 1.0 ± 0.2) as
compared to naive CD4+ T cells (4.0 ± 0.1 divisions, data not shown). For all other
cytokines tested, including TNF, IFN-γ, IL-17a, IL-10, and IL-21, anergic cells showed
little response to in vitro PMA+Ionomycin stimulation as compared to antigenexperienced Teff-mem cells (Fig. 3.3b,c). Therefore, the development of a peripheral
Foxp3–CD44hiCD73hiFR4hi anergic CD4+ T cell phenotype is not an infrequent event in
healthy mice, is increased in the setting of defective central tolerance, and is associated
with a reduced capacity to produce IL-2 and proliferate.

Self-antigen specific polyclonal CD4+ T cells enter an anergic state in healthy hosts
Bim–/–(Stritesky et al., 2013) and Aire–/– mice defective for central T cell tolerance
showed an in increase in the number and frequency of anergic phenotype T cells in the
lymph nodes and spleen. Therefore, self-antigen specific CD4+ T cells that escape
deletion in the thymus more frequently develop an anergic phenotype in the periphery. To
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interrogate bona fide self-reactive polyclonal CD4+ T cells for evidence of anergy
induction, we made use of an insulin B chain peptide 10-23 (InsB10-23)–I-Ag7 tetramer to
examine T cell tolerance to insulin in non-diabetic NOD and B6.g7 mice(Crawford et al.,
2011; Kearney et al., 1994; Moon et al., 2009; 2007; Stadinski et al., 2010). As a control,
we compared the phenotype of these InsB10-23–I-Ag7–reactive T cells to non-autoreactive
polyclonal CD4+ T cells specific for HEL–I-Ag7 in NOD mice (Fig. 3.4a,b). As expected,
no antigen-experienced (CD44hi) HEL–I-Ag7–specific cells could be found in NOD mice.
In contrast, 25 ± 3% of the insulin-specific CD4+ T cells in non-diabetic NOD mice were
Foxp3– and CD44hi, of which 43% had a CD73hiFR4hi anergic phenotype (Fig. 3.4a,b).
Interestingly, we found very few CD44hi insulin-specific CD4+ T cells in B6.g7 mice,
suggesting that most peripheral T cells specific for InsB10-23–I-Ag7 remain ignorant of
self-antigen in this non-autoimmune strain. The absolute number and frequency of
insulin-specific anergic T cells was significantly higher in non-diabetic NOD mice as
compared to either insulin-specific T cells in B6.g7 mice or non-autoreactive CD4+ T
cells in NOD mice (Fig. 3.4c). Taken together, these data support the notion of a normal
Foxp3–CD44hiCD73hiFR4hi compartment in the secondary lymphoid organs of both
healthy and autoimmune disease-prone mice that contains anergic polyclonal CD4+ T
cells with specificity for self-peptide MHC class II.

Fetal antigen-reactive CD4+ T cells develop anergy
The results from the Aire–/– mice and NOD mice discussed above suggest that anergy
might serve as a natural peripheral self-tolerance checkpoint and barrier to autoimmune
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disease development. We therefore aimed to study anergy in a more physiological
polyclonal setting, where the specificity of the self-antigen is known and a timeline for
tolerance induction can be established. We made use of a model of fetal antigen-specific
tolerance wherein male B6 Act2W transgenic breeder mice engineered to ubiquitously
express a 2W1S55–68 (hereafter 2W1S) peptide are crossed with non-transgenic
syngeneic B6 females (Rowe et al., 2012) (Fig. 3.5a). Mothers were then examined for
the development of tolerance in the 2W1S–I-Ab-specific polyclonal CD4+ T cell
compartment, as defined using 2W1S–I-Ab tetramers(Moon et al., 2007). A small
population of 2W1S-specific CD4+ T cells (~400) was found in virgin females, and this
number did not change by day 18 of gestation in pregnant females bred to non-transgenic
males (Fig. 3.5b, c). However, pregnant hosts crossed to 2W1S peptide-expressing males
demonstrated a significant expansion of 2W1S-specific CD4+ T cells by day 18 of
gestation comprised of both Foxp3–CD44hi conventional cells and Foxp3+ Treg cells (Fig.
3.5b-d). Thus pregnancy alone did not lead to the activation of 2W1S-specific CD4+ T
cells and the endogenous maternal repertoire of 2W1S-specific CD4+ T cells only
responded in the presence of cognate fetal antigen.

By day 18 a large proportion of the activated and expanded conventional 2W1S-specific
CD4+ T cells co-expressed CD73 and FR4, consistent with the hypothesis that they had
been made anergic following recognition of fetus-derived 2W1S peptide (Fig. 3.6a-c).
More than 80% of anergic T cells also specifically expressed Nrp1 by day 18 of
pregnancy (Fig. 3.6d). Ki67 expression increased in both the anergic and non-anergic
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(Teff-mem) fractions of CD44hi 2W1S-specific T cells through day 10 of pregnancy, but at
later time points Ki67 expression fell specifically in the anergic T cell group indicating
the development of proliferative unresponsiveness (Fig. 3.6d,e). Consistent with
proliferative anergy, at day 18 a significantly lower percentage of anergic phenotype
2W1S-specific CD4+ T cells retained the capacity to synthesize interleukin-2 (IL-2) in
response to in vivo 2W1S peptide challenge, as compared to Teff-mem cells (Fig. 3.6f). By
14 d postpartum the anergic 2W1S:I-Ab–specific maternal CD4+ T cells demonstrated a
sharp decline, suggesting that continuous antigen recognition is required to maintain the
phenotype or survival of CD4+ T cells made anergic to a fetal antigen (Fig. 3.6b). Taken
together, these results validated the use of CD73 and FR4 mAbs as predictive biomarkers
of polyclonal CD4+ T cell anergy induction in vivo.

Anergic cells are quiescent despite tonic pMHCII recognition
We hypothesized that if potentially autoreactive conventional CD4+ T cells avoid thymic
negative selection but eventually become anergic in response to self-peptide MHC class
II recognition in the periphery, chronic TCR signaling would be responsible for the upregulation of CD44, CD73, and FR4, and the induction of anergy. Consistent with the
pregnancy model, naturally anergic CD4+ T cells did not appear to be in cell cycle, as
evidenced by low expression of Ki67 and low forward scatter (Fig. 3.7a, and data not
shown). Despite this proliferative quiescence, the expression of cell activation markers
typically associated with strong TCR engagement (e.g., CD69, PD-1, CTLA4) was high
on anergic T cells (Fig. 3.7b).
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Moran and colleagues (Moran et al., 2011) recently made use of a Nur77GFP reporter
mouse to assess TCR signal strength in vivo, and concluded that the high levels of Nur77
found in Foxp3+ Treg cells were consistent with their expression of high affinity TCRs for
available self pMHCII complexes. Using this Nur77GFP reporter mouse, we found that
Nur77 expression in anergic polyclonal CD4+ T cells was comparable to Foxp3+ Treg
cells, and higher than either naïve or Teff-mem cells cells (Fig. 3.8a). Finally, we assessed
the expression of Neuropilin-1 (Nrp1) and CD5 – a negative regulator of TCR signaling –
given that high level CD5 expression follows TCR interaction with a high affinity self
ligand (Azzam et al., 1998; Mandl et al., 2013). Nrp1 and CD5 expression on anergic T
cells was found to be similar to Treg cells and higher than both Teff-mem cells and naive
cells (Fig. 3.8).

Consistent with these protein data, a survey of mRNA expression in these various T cell
subpopulations confirmed a unique CD4+ T cell anergy gene signature different to either
conventional Teff-mem cells or Treg cells, and including expression of the anergy-associated
E3 ubiquitin ligase Rnf128 (known as GRAIL (Anandasabapathy et al., 2003) (Fig. 3.9).
Thus, anergic T cells in healthy mice show numerous signs of persistent self-peptide
MHC class II recognition and TCR engagements, similar to Treg cells, yet appear nonproliferative.
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3.3 DISCUSSION
We have investigated here a naturally occurring subpopulation of Foxp3–
CD44hiCD73hiFR4hi polyclonal CD4+ T cells that demonstrate defective IL-2 production.
High CD69, PD-1, Nrp1, CTLA4, CD5, Nur77, and Rnf128 levels (and yet low Ki67
expression) suggest that these are self-reactive T cells that regularly come in contact with
high affinity self-peptide MHC class II complexes and develop anergy. Here we have
associated the up-regulation of CD73 and FR4 with anergy induction in polyclonal CD4+
T cells using multiple systems of immunological tolerance, and now establish the
existence of anergy as a natural polyclonal CD4+ T cell peripheral tolerance mechanism
that may be particularly important when central tolerance fails.

Shimatani et al. (Shimatani et al., 2009) previously reported that with aging, normal mice
accumulate increasing numbers of ‘senescent’ CD4+ T cells with a
CD44hiCD25loCD69hiPD-1hi phenotype that have defects in cytokine production and
proliferation. Anergic CD73hiFR4hi polyclonal CD4+ T cell compartment similarly
increases in frequency as an individual ages. The phenotypic similarities between these
two populations may relate to the chronic TCR stimulation that is necessary to induce
both anergy and senescence. Whether in vivo anergy induction is an intermediate in the
development of CD4+ T cell senescence remains unknown.

This validation of anergy in the polyclonal CD4+ T cell repertoire also reinforces the
notion that anergy may underlie the failure of immune surveillance to control certain
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cancers (Crespo et al., 2013; Zou, 2005). Anergy reversal in the setting of T cell
lymphopenia was previously shown to increase the proliferation of tumor antigen-specific
CD8+ T cells and to enhance cancer clearance (Brown et al., 2006). Tumor cells express
high levels of inhibitory B7 family members such as PD-L1 (Cd274) that can bind PD-1
to promote anergy induction and maintenance (Lohr et al., 2004; Schwartz, 2003).
Consequently, the blockade of PD-L1 can lead to anergy reversal and better cancer
prognosis (Curiel et al., 2003). The ability of CD73 protein to catalyze the production of
extracellular adenosine suggests one additional mechanism by which anergic CD73hi
CD4+ T cells can contribute to the suppression of anti-tumor responses as well as
reinforce the development and maintenance of anergy (Beavis et al., 2012; Ohta et al.,
2006; Zarek et al., 2008). CD73 knock-out mice are indeed better at clearing cancer (Jin
et al., 2010), although the mechanistic importance of CD73 expression to CD4+ T cell
anergy induction and maintenance remains to be determined.

We note that a previous study failed to identify anergic auto-reactive polyclonal CD4+ T
cells based on high Nr4a1 (Nur77) gene activation yet poor CD3-triggered Ca2+
mobilization (Zikherman et al., 2012). Nevertheless, Aire–/– and Bim–/– mice defective for
thymic T cell clonal deletion have an increased frequency of polyclonal CD4+ T cells in
the periphery with an anergic Nur77hiCD73hiFR4hi phenotype (Stritesky et al., 2013). The
previous failure to identify anergic Nur77hi polyclonal CD4+ T cells may relate to
insufficient assay sensitivity, or more likely predicts that Ca2+ signaling remains
undisturbed in anergic CD4+ T cells.
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Anergy to fetal antigen was lost postpartum, likely as a consequence of falling peptide
MHC class II expression (Pape et al., 1998). Such a requirement for continuous antigen
recognition predicts that at least some signaling pathways downstream of the TCR
(perhaps including intracellular Ca2+ mobilization) must remain intact in anergic T cells.
Constant antigen recognition is similarly required for the optimal function and stability of
Treg cells (Levine et al., 2014; Vahl et al., 2014). Other phenotypic characteristics shared
between anergic CD4+ T cells and Treg cells (e.g., high expression of PD-1, CTLA4,
CD69, Nrp1, and Nur77) can also be taken as signs of recent and/or ongoing TCR
engagement. Therefore, we propose that similar to Treg cells, repeated and chronic antigen
encounter dictates the stability and survival of a diverse self-reactive TCR repertoire
within the anergic CD73hiFR4hi T cell compartment.
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3.4 FIGURES

Figure 3. 1: Foxp3–CD44hiCD73hiFR4hi anergic phenotype CD4+ polyclonal T cells
accumulate in the secondary lymphoid organs. Cells pooled from spleen and lymph
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nodes (inguinal, axillary, brachial, cervical, mesenteric and pancreatic) (a) Representative
analysis of Foxp3–CD44hi CD4+ polyclonal T cells for the expression of CD73 and FR4.
(b) Percent Foxp3–CD44lo (naive), Foxp3+ (Treg cell), Foxp3–CD44hiCD73loFR4lo (Teffmem)

and Foxp3–CD44hiCD73hiFR4hi (anergic) of total CD4+ T cells in various mouse

strains as indicated. Chi-Square test (d) Number and percentage of anergic-phenotype
CD4+ polyclonal T cells from Aire–/– and age-matched Aire+/– littermate controls. (d)
Change in the mean total number and percentage of anergic CD4+ cells from secondary
lymphoid organs per mouse over time, with Pearson correlation coefficient (r2) as
indicated. Mean data are representative of 2 independent experiments, n = 4 to 5 mice
each experiment. Error bars represent the SEM. Unpaired one-tailed Student’s t-Test (c).
**p < 0.01. Points denote individual mice.
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Figure 3. 2: Gating strategy and post-sort purity. (a) Polyclonal CD4+ T cells from
Foxp3DTR mice were first isolated by MACS CD4 negative selection, and then the naive,
Teff/mem, anergic and Treg cell subsets were physically sorted by flow cytometry using
the gating strategy shown. Arrowheads indicate the subpopulations collected. (b) Postsort purity for naive, Teff/mem, anergic and Treg cells.
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Figure 3. 3: Foxp3–CD44hiCD73hiFR4hi phenotype CD4+ polyclonal T cells are
functionally anergic. (a) Sorted polyclonal naive, Teff/mem, anergic, and Treg cell CD4+
T cell subsets from Foxp3DTR donors stimulated with a combination of anti-CD3 and
CD28 for 8 or 96 h (as indicated) and then culture supernatants examined for secretion of
IL-2 by ELISA. (b, c) Pooled spleen and lymph node (inguinal, axillary, brachial,
cervical, mesenteric and pancreatic) CD4+ polyclonal T cell subsets stimulated with 1
µg/ml of PMA and 1µM ionomycin (PMA+Iono.) for 4 h or left unstimulated and then
stained for intracellular IL-2, IFN-γ, TNF, IL-17a, IL-10, and IL-21. Mean data are
representative of 2 independent experiments, n = 4 to 5 mice each experiment. Error bars
represent the SEM. One-way ANOVA (e) and Unpaired one-tailed Student’s t-Test (d,
g). * p < 0.05, **p < 0.01, *** p < 0.0001. Points denote individual mice.
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Figure 3. 4: Auto-reactive insulin-specific CD4+ polyclonal T cells are enriched in a
Foxp3–CD44hiCD73hiFR4hi anergic compartment. (a) InsB10-23:I-Ag7 and HEL:I-Ag7
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tetramer-binding CD4 polyclonal T cells (pulled-down and detected as previously
reported) in NOD and B6.g7 mice were stained for Foxp3 and CD44. (b) CD73 and FR4
expression on the Foxp3–CD44hi tetramer-binding CD4+ polyclonal T cells. (c) Percent
and number of Foxp3–CD44hiCD73hiFR4hi anergic CD4 polyclonal T cells for each
tetramer-binding specificity. Mean data shown are representative of 2 independent
experiment, n = 5 to 7 animals per experiment. Error bars represent the SEM. Unpaired
student’s t-test (c); * p < 0.05, ** p < 0.01. Points denote individual mice.
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Figure 3. 5: Tracking fetal antigen specific maternal cells during pregnancy. (a) Wildtype B6 females were bred to Act2W-transgenic syngeneic B6 male mice, and then
2W1S:I-Ab tetramer-binding T cells were tracked at various times during and after
gestation. (b) Representative flow cytometry plots showing CD4+ T cells from virgin or
d18 pregnant females (WT x WT and WT x Act2W) that were immobilized and stained
using a combination of PE and APC 2W1S–I-Ab tetramers for cells pooled from spleen
and lymph nodes (inguinal, axillary, brachial, cervical, mesenteric and pancreatic). (c)
Number of 2W1S:I-Ab tetramer-binding T cells at various time-points during pregnancy.
Filled circles indicate virgin mice. (d) Representative 2W1S:I-Ab tetramer-binding T cells
stained for CD44 and Foxp3. Mean data are representative of 3 to 4 independent
experiments, n = 3 to 6 mice each experiment. Error bars represent the SEM. One-way
ANOVA. **** p < 0.0001. Circles indicate individual mice.
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Figure 3. 6: Maternal polyclonal CD4+ T cells specific for fetal antigen accumulate
during gestation with an anergic phenotype. (a) Identification of anergic (CD73hiFR4hi)
and Teff/mem (CD73loFR4lo) cells within the Foxp3–CD44hi fraction of 2W1S:I-Ab
tetramer-binding CD4+ polyclonal T cells. (b, c) Number and percentage of 2W1S:I-Ab
tetramer-binding anergic and Teff/mem cells during pregnancy. (d) Representative Ki67
and Nrp1 staining for 2W1S:I-Ab tetramer-binding Teff/mem and anergic cells on day 18
of pregnancy (e) Percentage of 2W1S–I-Ab tetramer-binding anergic and Teff/mem cells
that express Ki67 during pregnancy. (f) Pregnant females on day 18 of gestation were
injected with 100 mg of 2W1S peptide for two hours. Tetramer enriched cells were
stained intracellularly for IL-2. Mean data are representative of 3 to 4 independent
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experiments, n = 3 to 6 mice each experiment. Error bars represent the SEM. One-way
ANOVA; * p < 0.05 **p < 0.01, *** p < 0.001, **** p < 0.0001 in (b, c, e). Unpaired
one-tailed Student t-Test (f). Circles indicate individual mice.
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Figure 3. 7: Anergic polyclonal CD4+ T cells are quiescent at steady state, yet show
signs of continuous Ag encounter. (a) Ki-67 expression on Foxp3–CD44lo naive (shaded
histograms), Foxp3–CD44hiCD73loFR4lo Teff/mem, Foxp3–CD44hiCD73hiFR4hi anergic,
and Foxp3+ Treg (all three open tracings, as indicated) polyclonal CD4 T cells from 8 to
11 week old B6 mice. The bar graph indicates the mean percentage of Ki-67 expressing
cells in each group. (b) Representative CD69, PD1, and CTLA4 expression, with bar
graphs representing the mean percent CD69+ and MFI for PD1 and CTLA4. Mean data
are representative of 2 independent experiments, n = 2 to 3 mice each experiment. Error
bars represent the SEM. One-way ANOVA; *p < 0.05, **p < 0.01, *** p < 0.001, **** p
< 0.0001.
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Figure 3. 8: Anergic polyclonal CD4+ T cells are quiescent at steady state, have Nur77
expression similar to Treg cells. CD4 T cell subsets analyzed for Nr4a1 gene activation,
CD5, and Neuropilin-1 in transgenic Nur77GFP reporter gene mice. Open tracings denote
indicated subsets, shaded histograms for naive subset as in 3-7. Bar graphs indicating the
MFI. Mean data are representative of 2 independent experiments, n = 2 to 3 mice each
experiment. Error bars represent the SEM. One-way ANOVA; **** p < 0.0001, non
significant (ns).
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Figure 3. 9: Polyclonal anergic cells express anergy factors. Gene expression data for
individual sample groups are shown as the fold change (log base 2) relative to the mean
of all samples, where red indicates up-regulation and blue indicates down-regulation of
transcripts.
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CHAPTER 4
Polyclonal Anergic CD4+ T cells Give Rise to Regulatory T (Treg) Cell Precursors

This chapter originally appeared as a part of:
Kalekar, L.A., Schmiel, S.E., Nandiwada, S.L., Lam, W.Y., Barsness, L.O., Zhang, N.,
Stritesky, G.L., Malhotra, D., Pauken, K.E., Linehan, J.L., et al. (2016). CD4+ T cell
anergy prevents autoimmunity and generates regulatory T cell precursors. Nat Immunol
17, 304–314.

Experiments shown in Fig. 4.1 performed by Wing Y. Lam.
Experiments shown in Fig. 4.8 performed by Shirdi E. Schmiel.
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4.1 INTRODUCTION
Regulatory T (Treg) cells are required for maintaining immune homeostasis and
preventing adverse immune responses throughout the life span of an individual. Foxp3 is
considered as the lineage-defining transcription factor of Treg cells (Fontenot et al., 2003;
Hori et al., 2003) as mutations or deletion of this transcription factor leads to impaired
generation of Treg cells and causes severe autoimmunity in humans and mice (Bennett et
al., 2001; Fontenot et al., 2003). We recently showed that Treg cells were also
indispensible for anergy induction and protection of mice from autoimmunity in a
transgenic model of arthritis (Martinez et al., 2012). Most Foxp3+ Treg cells originate in
the thymus and are called thymic Treg cells (tTregs), while some originate in the periphery
from conventional CD4+ T cells called peripheral (pTreg) cells (Stritesky et al., 2012)
(Abbas et al., 2013). The suppressive functions of the two Treg cell subsets complement
each other in preventing immunopathology in an individual (Haribhai et al., 2011).

Although, Foxp3 is considered the master regulator of Treg cell function, several studies
have shown that the expression of Foxp3 alone is not sufficient for maintaining a stable
Treg cell lineage. Several Treg cell specific genes are expressed independently of Foxp3
expression (Gavin et al., 2007; Hill et al., 2007). In Foxp3gfpko mice, wherein the
expression of Foxp3 is interrupted by the insertion of green fluorescent protein, Foxp3–
GFP+ cells express several Treg cell signature genes (Lin et al., 2007). Instability of Foxp3
expression has also been shown to cause reversal of Treg cells to effector T cells capable
of causing autoimmunity (Tsuji et al., 2009; Zhou et al., 2009). These data suggest that
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other factors in addition to Foxp3 are required for the generation of a stable, functional
Treg cells.

A recent study showed that in addition to Foxp3 expression, a stable tTreg has a defined
epigenetic signature (tTreg-me). The tTreg-me consists of hypomethylated CpGs at four
Treg cell-related genes encoding Tnfrsf18, Ctla4, Ikzf4, as well as the Foxp3 conserved
non-coding DNA sequence 2 (CNS2). The expression of Foxp3 and the induction of
tTreg-me are independent and complementary events (Ohkura et al., 2012). TCR signaling
is required for tTreg-me induction, which in turn helps maintain the function and stability
of Treg cells. It’s been proposed that in the thymus, the strength of TCR signaling induces
Foxp3 expression, while the duration establishes nTreg-me (Ohkura et al., 2012; 2013).
As conversion of conventional CD4+ T cells to Treg cells is being used as therapy for
several autoimmune disorders, it is essential that we understand how stable Treg cells can
be generated from candidate cell types.

In this study, we describe a subset of Foxp3-CD44hiCD73hiFR4hi population that is
functionally anergic in healthy hosts. This anergic subset is enriched in self-antigen
specificities and is induced in response to self-antigen in a model of fetal tolerance.
Importantly, these anergic cells have an epigenetic signature similar to tTreg cells and
preferentially give rise to functional Treg cells in vivo. These findings give an insight on
Treg cells development in the periphery and provide a candidate cell type for stable,
functional Treg cell generation.
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4.2 RESULTS
Reversal of anergy during T cell lymphopenia
We sought evidence that anergy induction serves as a key checkpoint against the
development of autoimmunity. To explore this, we took advantage of T cell receptor
alpha deficient (Tcra–/–) hosts that are prone to immunopathology following the adoptive
transfer of self-antigen specific CD4+ T cells. We and others have previously reported
that naive GPI–I-Ag7–specific KRN CD4+ T cells cause arthritis following their adoptive
transfer to lymphopenic Tcra–/– GPI:I-Ag7–expressing B6G7F1 mice due to a failure of
anergy induction in the absence of Treg cells (Korganow et al., 1999; Martinez et al.,
2012; Matsumoto et al., 1999). Consistent with the notion that anergy to self-antigen also
fails to be maintained in lymphopenic hosts, purified anergic KRN CD4 T cells
adoptively transferred into secondary Tcra–/– recipients lost their expression of CD73 and
FR4 and subsequently caused the development of arthritis and wasting disease (Fig. 4.1).

Therefore, we tested whether highly purified GFP–CD44hiCD73hiFR4hi anergic
polyclonal CD4+ T cells from Foxp3DTR mice would also undergo anergy reversal and
cause immunopathology following their adoptive transfer to Tcra–/– lymphopenic hosts.
Reversal of anergy did occur in lymphopenic mice, as most anergic T cells downregulated CD73 and FR4 and underwent a clonal expansion consistent with a restoration
of proliferative responsiveness. Nevertheless, anergy reversal failed to elicit any evidence
of disease by day 21 (Fig. 4.2a-c). Interestingly, 20 ± 5% of the total donor-derived
CD4+ T cells developed a Treg cell phenotype when anergic donor T cells were used (Fig.
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4.3 a-c). In contrast, the adoptive transfer of either naive or Teff/mem polyclonal CD4+ T
cells failed to give rise to as many Treg cells in the Tcra–/– hosts (Fig. 4.3a-c). Thus,
polyclonal anergic cells could give rise to Treg cells at a high frequency and number than
naive and Teff-mem cells at least in lymphopenic mice.

We then asked if polyclonal anergic cells give rise to Treg cells in the absence of
lymphonia in normal, lymphoreplete hosts. We adoptively transferred congenically
marked naive and anergic CD4+ T cells, sort purified from a Foxp3GFP donor, into wild
type (WT) lymphoreplete hosts. Similar to lymphopenic hosts, the adoptive transfer of
purified anergic T cells into wild type B6 mice also led to a conversion of 9.5 ± 6.3% of
the cells to a Treg cell phenotype (Fig. 4.4a-c). Therefore, polyclonal anergic CD4+ T cells
appear uniquely capable of differentiating into Treg cells.

Deletion of anergy-derived Treg cells causes immunopathology
The resistance of the Tcra–/– hosts to immunopathology following the adoptive transfer of
polyclonal anergic CD4+ T cells led us to the hypothesis that newly differentiated Treg
cells inhibited the pathogenicity of other non-Treg cells following anergy reversal. To test
this, we used diphtheria toxin (DT) to selectively ablate any Foxp3-expressing T cells
that arise from purified anergic Foxp3DTR donor T cells during anergy reversal (Fig. 4.5
a). The majority of Tcra–/– mice that received both anergic T cells and DT developed a
severe wasting syndrome by day 21. This weight loss was not simply a result DT toxicity,
as mice receiving anergic cells from a Foxp3GFP mouse and given the same DT regimen
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(DT Control) showed no signs of disease (Fig. 4.5b). Selective Treg cell ablation during
anergy reversal also led to an increase in the number of total donor derived T cells and an
expansion of T-bet-expressing Teff-mem cells as compared to the no DT (PBS) treated
anergic group, consistent with a suppression of their clonal proliferation by anergyderived Treg cells in the absence of DT (Fig. 4.6c-d).

In order to establish whether the wasting disease observed in DT-treated recipients of
anergic Foxp3DTR polyclonal CD4+ T cells was associated with autoimmunity, we
examined mice for the presence of serum autoantibodies by western blot. Protein extracts
from various tissues of Rag1–/– animals were separated by PAGE and transferred to
nitrocellulose, and then incubated with serum from test mice. As expected, control sera
from Rag1–/–, Tcra–/–, and wild type B6 mice demonstrated no autoantibodies (Fig.
4.7a,d). Recipients of naïve polyclonal T cells also produced no autoantibodies by day 21
after adoptive transfer (Fig. 4.7b,d). However, sera obtained from DT-treated recipients
of anergic Foxp3DTR polyclonal CD4 T cells contained autoantibodies reactive to several
tissues, indicating the development of systemic autoimmunity (Fig. 5c,d). Thus, our
experiments have discovered that the anergic Foxp3–CD44hiCD73hiFR4hi polyclonal
CD4+ T cell population in healthy mice naturally contains T cells with potentially
dangerous TCRs, as well as conventional CD4+ T cells that can differentiate to protective
Treg cells.

Anergy-derived Treg cells suppress autoimmunity
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To formally test the suppressive capacity of anergy-derived Treg cells, lymphopenic Tcra–
/–

B6G7F1 hosts were first reconstituted with purified syngeneic polyclonal CD4+ anergic

T cells for a period of 21 days and then were given a second adoptive transfer of KRN
CD4+ T cells to elicit autoimmune arthritis (Fig. 4.8a). Anergic T cells again gave rise to
Treg cells (Fig. 4.8b,c). Consistent with the generation of strong in vivo Treg cell activity,
reconstitution by anergy-derived Treg cells was associated with suppression of the KRN T
cell clonal expansion and protection from severe arthritis (Fig. 4.9a,b). In contrast to
anergic cells, mice reconstituted with Teff-mem cells developed severe arthritis in
association with higher KRN T cell numbers (Fig. 4.9a,b). Reconstitution of Tcra–/– hosts
by anergy-derived Treg cells also led to the up-regulation of CD73 and FR4 within the
KRN T cells, consistent with their induction of anergy (Fig. 4.10). Use of DT to
selectively ablate newly generated Treg cells during anergy reversal increased arthritis
(data not shown). Thus, anergy-derived Treg cells protected mice from arthritis and
induced unresponsiveness in pathogenic auto-reactive T cells.

By exploring a second model of TH17/TH1-dependent inflammatory bowel disease that is
induced by the adoptive transfer of naive polyclonal CD4+ T cells into lymphopenic mice
(Ahern et al., 2010; Powrie et al., 1993), we discovered that a co-transfer of anergic
polyclonal T cells together with the naive CD4+ T cell population allowed for the
differentiation of anergy-derived Treg cells (Fig. 4.11a,b), similar to the model of arthritis.
Anergy-derived Treg cells suppressed the clonal expansion of the naive donor T cell
progeny (Fig. 4.12a) Furthermore, co-transferred anergic T cells protected all host mice
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against the development of chronic wasting disease, colitis, and typhlitis, similar to a cotransfer of bona fide Treg cells. In contrast, all Tcra–/– mice receiving naive syngeneic
CD4+ T cells either alone or in combination with Teff-mem cells lost weight, and half of the
mice demonstrated histological evidence of both colitis and typhlitis (Fig. 4.12b,c).
Taken together, these results establish that anergy-derived Treg cells suppress CD4+ T
cell-mediated immunopathology, based on their ability to block auto-reactive T cell
clonal expansion, promote the induction of T cell anergy, and prevent the development of
autoimmune arthritis and inflammatory bowel disease.

Some anergic cells have unique tTreg-me that predicts a reduced threshold for
Foxp3+ Treg cell differentiation
Why are anergic CD4+ T cells predisposed to Treg cell differentiation? The function and
stability of tTreg cells is thought to depend on the expression of Foxp3 as well as the
induction of an ‘tTreg -like epigenome’ (tTreg-me)(Ohkura et al., 2012). This tTreg-me
consists of hypomethylated CpGs at Tnfrsf18 (the gene encoding GITR) exon 5, Ctla4
exon 2, Ikzf4 intron 1b, and Foxp3 intron 1. Cells that express the tTreg-me but lack the
expression of Foxp3 are proposed to be ‘potential Treg cells’ (Ohkura et al., 2013). To
examine whether tTreg-me signature gene demethylation is involved in the differentiation
of anergic T cells to Treg cells, bisulfite sequencing of purified naive, Teff-mem, anergic,
and Treg cell DNA was performed. At Tnfrsf18 exon 5, 17% of anergic T cell DNA clones
demethylated all four CpG positions in a pattern similar to the majority of Treg cells (Fig.
4.13a). The remainder of the Tnfrsf18 clones was heavily methylated similar to naive or
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Teff-mem cells. For the five CpG positions of Ctla4 exon 2, a total of 50% of the anergic T
cell clones demonstrated at least 3 demethylations, whereas ≥3 demethylations were
never observed in either naive or Teff-mem cells. In fact, 43% of the anergic cell clones
showed a unique partial demethylation pattern not seen in any other naive, Teff-mem, or Treg
cell group (Fig. 4.13b). At Ikzf4 intron 1b, a few clones (14%) were again fully
demethylated like Treg cells, with the remainder more similar to naive or Teff-mem cells
(Fig. 4.13c). Different from either naive or Teff-mem cells, 14 ± 12% (± S.D.) of anergic
clones were completely demethylated at all twelve CpG positions of Foxp3 intron 1
similar to Treg cells, contributing to a total of 18% of the anergic clones with at least 3
demethylated CpGs (Fig. 4.13d). Therefore, this unique anergic T cell gene
demethylation signature appears to reflect a predisposition to differentiate into a Treg cell
lineage

Anergy-derived Treg cells are epigenetically stable.
Several groups have reported that the tTreg-me, in particular the conserved non-coding
sequence 2 (CNS2) which is encoded by Foxp3 intron 1, is essential for stabilizing the
Treg cell lineage (Kim and Leonard, 2007; Ohkura et al., 2012; Polansky et al., 2008;
Zheng et al., 2010). We tested if anergy-derived Treg cells were epigenetically stable. We
performed bisulfite sequencing on Foxp3+ Treg cells and Foxp3– cells recovered 21 days
after the adoptive transfer of polyclonal anergic cells into Tcra–/– mice. Anergy-derived
Treg cells demonstrated the full tTreg-me demethylation signature (Fig. 4.14). Thus
anergy-derived Treg cells are a stable lineage.
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Polyclonal anergic cells have very few ex-Foxp3 cells.
One explanation for the cells with enriched tTreg-me signature seen in the polyclonal
anergic compartment is that most of the anergic cells are in fact “ex-Foxp3” cells. These
cells are described as having expressed Foxp3 at some point during their lifecycle but lost
the expression and Treg cell identity due to unstable expression. We made use of the
Foxp3-GFP-Cre x R26-YFP mice to test if polyclonal anergic cells were “ex-Foxp3”
cells (Zhou et al., 2009). In these reporter mice, Foxp3-GFP-Cre+ Treg cells excise the
loxP-flanked stop cassette to drive constitutive transcription of the gene encoding YFP
from the R26 promoter, which permanently marks the Foxp3+ T cells and their progeny.
Thus, YFP expression alone marks the ex-Foxp3 cells. We observed only a very low
frequency of ex-Foxp3 cells within the anergic CD4+ T cell compartment, based on this
Foxp3 promoter-driven fate mapping (Polansky et al., 2008) (Zhou et al., 2009) (Fig.
4.15a-c). Also, ex-Foxp3 cells were not exclusively found in the anergic compartment
(Fig. 4.15a-c). Take together, these data suggest that the unique anergic T cell gene
demethylation signature appears to reflect a predisposition to differentiate into a stable
Treg cell lineage, rather than a history of previous Treg cell lineage commitment and
subsequent loss of Foxp3 expression.
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4.3 DISCUSSION
Previous experiments have highlighted the importance of Foxp3+ Treg cells to the
induction and maintenance of anergy in vivo (Kline et al., 2008; Martinez et al., 2012;
Vanasek et al., 2006). The reversal of polyclonal CD4+ T cell anergy in Tcrα–/– hosts
shown here also supports the hypothesis that Treg cells are necessary to maintain selfreactive CD4+ T cells in an anergic state. Consistent with a role for Treg cells in anergy
maintenance, the adoptive transfer of highly purified Foxp3–CD44hiCD73hiFR4hi anergic
polyclonal CD4+ T cells to Tcrα–/– hosts led to their down-regulation of CD73 and FR4
and subsequent spontaneous clonal expansion. Not surprisingly, a sizable fraction of the
resulting expanded (and ‘anergy-reversed’) Teff-mem population took on a Th1 effector
phenotype and caused immunopathology in the absence of Treg cells. More remarkably,
we have now also shown that anergic polyclonal CD4+ T cells preferentially give rise to
Foxp3+ pTreg cells. These anergy-derived pTreg cells appear to be highly functional, based
on their capacity to block the development of CD4+ T cell-mediated colitis and
autoimmune arthritis, as well as on their ability to facilitate anergy induction in naive
CD4+ T cells responding to self-peptide MHC class II complexes.

Like aging, immune homeostasis in autoimmune diseases such as rheumatoid arthritis can
appear abnormal because of an increased susceptibility of naive CD4+ T cells to undergo
apoptosis in the face of accelerated DNA damage (Koetz et al., 2000; Shao et al., 2010).
Although T cell homeostatic proliferation acts to prevent frank lymphopenia and sustain
TCR diversity in this setting (Goronzy et al., 2013; Min et al., 2004; Moses et al., 2003),
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some studies suggest that when Treg cell activity is limiting, lymphopenia-induced
proliferation selects for CD4+ T cells having auto-reactive TCR specificities (Khoruts and
Fraser, 2005; Winstead et al., 2008). The ability of anergic polyclonal CD4+ T cells to
undergo anergy reversal and cause wasting disease and autoantibody production in Tcrα–
/–

hosts predicts that this anergic T cell compartment contains those auto-reactive TCR

specificities that undergo preferential lymphopenia-induced proliferation in the absence
of Treg cells. Thus, our findings may offer insight into the increasing prevalence of certain
autoimmune diseases with age or in the setting of premature immunosenescence
(Goronzy et al., 2013).

It remains unclear why anergic KRN TCR-transgenic CD4+ T cells failed to generate Treg
cells after anergy reversal. Other TCR-transgenic CD4+ T cell lines (TCR-HA, DO11.10,
OT-II) differentiate to CD25+Foxp3+ Treg cells following treatment of mice with antiDEC-205 targeted peptide antigen––an activation regimen known to also induce anergy
(Hawiger et al., 2001; Kretschmer et al., 2005; Schallenberg et al., 2010). In these
experiments, CD62lintCD69hiCD25+Foxp3– intermediates capable of fully differentiating
to CD25+Foxp3+ Treg cells in response to exogenous IL-2 were also generated. KRN T
cells made anergic after 6 days in wild-type B6G7F1 hosts generally do not express either
CD25 or Foxp3 (data not shown). A polyclonal CD62LintCD69hiCD25+Foxp3– mature
CD4+ T cell compartment has also been identified that contains Treg cell precursors 46.
Although Foxp3–Nrp1+CD44hiCD73hiFR4hi anergic CD4+ T cells described here do not
express CD25 (data not shown), it is conceivable that these two Treg cell progenitor
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populations are related and that anergy induction and subsequent CD25 expression are
key to the peripheral differentiation of stable Foxp3+ Treg cells.

In light of the requirement for TCR signaling to maintain Treg cell function and survival,
we now speculate that the inherent self-peptide MHC class II reactivity of anergic
polyclonal CD4+ T cells makes them an ideal progenitor population for the terminal
differentiation of Foxp3+ pTreg cells. In the thymus, the duration of TCR signaling also
appears to govern the development of an tTreg-me epigenetic signature in Treg cells
(Ohkura et al., 2013). Consistent with chronic and repeated TCR engagement in the
periphery, a fraction of anergic T cells was found here to have at least one fully
demethylated gene allele at each of the Treg cell-related genes, similar to bona fide Foxp3+
Treg cells. It remains unknown whether any single anergic T cell has uniform CpG
demethylation simultaneously at all four tTreg-me signature genes. Regardless, the
incomplete pattern of CpG methylation frequently observed at Ctla4 exon 5 in anergic T
cells is entirely unique, and predicts that the majority of anergic T cells have at least
partial demethylations of CpGs at multiple Treg cell signature genes. It is also currently
unknown whether or how chronic TCR engagement by a self-peptide MHC class II
ligand in the periphery leads to a hypomethylated tTreg-me epigenetic signature in anergic
T cells. Finally, it remains to be established whether the pattern of tTreg-me methylation
in a single anergic T cell dictates lineage selection (e.g., Treg vs. Teff-mem) following
anergy reversal in lymphopenic hosts. Nonetheless, these data do provide new insight
into pTreg cell generation and highlight the role of anergy induction in this process.
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4.4 FIGURES

Figure 4. 1: KRN CD4 T cells cause arthritis in lymphopenic Tcra–/– mice following
anergy reversal. CD73hiFR4hi KRN transgenic CD4+ T cells made anergic by adoptive
transfer into WT B6G7F1 hosts for 6 days were subsequently recovered by flow
cytometric cell sorting and transferred (104) into either WT or Tcra–/– B6G7F1 hosts. (a)
CD73 and FR4 expression on donor KRN cells recovered from the WT and Tcra–/– hosts
15 days later. (b) Percent change in the body weight of WT and Tcra–/– mice receiving
anergic KRN T cells. (c) Arthritis Clinical Index score for WT and Tcra–/– mice receiving
anergic KRN T cells. Data shown are representative of 2 independent experiments, n = 2
to 3 animals per experiment. Error bars represent the SEM. Unpaired student’s t-test (b)
or Mann-Whitney U-test (c) at day 15. **** p < 0.0001
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Figure 4. 2: Anergy reversal in polyclonal CD4+ anergic cells during lymphopenia.
Sorted naïve, Teff/mem, anergic, and Treg Foxp3DTR polyclonal CD4 T cells were
transferred (105) into syngeneic lymphopenic TCRa-/- B6 mice and analyzed 21 d later.
(a) Weights of mice over time, relative to start. (b) Number of donor-derived spleen and
LN CD4+ T cells recovered on day 21. (c) Donor-derived CD4+ T cell expression of
CD73 and FR4. Mean data shown are representative of 3 independent experiments, with
n = 2 to 3 mice per group. Error bars represent the SEM. One-way ANOVA; *** p <
0.001, non-significant (ns).
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Figure 4. 3: Reversal of anergy in polyclonal CD4+ T cells gives rise to Foxp3+ Treg
cells. Sorted naive, Teff/mem, anergic, and Treg cell Foxp3DTR polyclonal CD4+ T cells
were transferred (105) into syngeneic lymphopenic Tcra–/– B6 mice and analyzed 21 d
later. Donor-derived CD4+ T cell expression of (a) CD44 and Foxp3 on day 21. Percent
(b) and number (c) of Foxp3+ Treg cells among total donor CD4+ T cells on day 21. Mean
data shown are representative of 3 independent experiments with n = 2 to 3 mice per
group. Error bars represent the SEM. One-way ANOVA; ** p < 0.01, **** p < 0.0001,
non-significant (ns). Points denote individual mice.
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Figure 4. 4: Polyclonal anergic cells give rise to Treg cells in lymphoreplete mice.
Sorted naive and anergic Foxp3DTR polyclonal CD4+ T cells were transferred (5 x 105)
into syngeneic lymphoreplete B6 mice and analyzed 30 d later. (a) Representative flow
cytometry staining and (b) Percentage and (c) number of Foxp3+ Treg cells among donor
derived CD4+ T cells on day 30. Mean data shown are representative of 2 independent
experiments, with n = 2 to 3 mice per group. Error bars represent the SEM. Unpaired
one-tailed Student t-Test; * p < 0.05. Points denote individual mice
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Figure 4. 5: Depletion of Treg cells derived from anergic cells leads to wasting disease in
lymphopenic mice. (a) Experimental set up. Sorted naive or anergic syngeneic Foxp3DTR
polyclonal CD4+ T cells were transferred (105) into syngeneic lymphopenic Tcra–/– hosts
and treated with either PBS or diphtheria toxin (DT), as indicated. Mice were monitored
for weight loss and the experiment stopped if ~20% weight loss was observed. (b)
Change in body weight of Tcra–/– mice receiving anergic T cells from Foxp3GFP mice and
then treated with DT as a toxicity control (‘DT Control’), or else anergic or naive T cells
from Foxp3DTR mice adoptively transferred in the presence or absence of DT. Mean data
shown are representative of 3 independent experiments, with n = 2 to 3 mice per group.
Error bars represent the SEM. One-way ANOVA; **** p < 0.0001
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Figure 4. 6: Depletion of Treg cells derived from anergic cells leads to expansion of Tbet+ Th1 cells. Sorted naïve or anergic syngeneic Foxp3DTR polyclonal CD4 T cells were
transferred (105) into syngeneic lymphopenic TCRa-/- hosts and treated with either PBS
or diphtheria toxin (DT), as indicated. (a) Total donor-derived CD4+ T cells recovered on
day 21. (b) Day 21 spleen and LN cells from adoptive transfer mice treated with DT (or
PBS control) were stimulated with 1 µg/ml of PMA and 1µM ionomycin for 4 h and then
examined for intracellular T-bet and IFN-g levels in donor-derived naive and anergic
CD4+ T cells. (d) Number and percentage of T-bet+ cells among total donor CD4+ T cells
on day 21. Mean data shown are representative of 3 independent experiments, with n = 4
to 7 mice per group in total. Error bars represent the SEM. One-way ANOVA; * p < 0.05,
** p < 0.01, non significant (ns). Points denote individual mice.
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Figure 4. 7: Reversal of anergy in CD4+ polyclonal T cells results in autoantibody when
newly generated Treg cells are ablated. Lymphopenic Tcra–/– mice were given an adoptive
transfer (105) of either naive or anergic syngeneic Foxp3DTR polyclonal CD4+ T cells,
followed by every other day treatment with diphtheria toxin (DT). Sera were recovered
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from mice 21 days later and used to probe various tissue extracts (as indicted). (a) Sera
taken from Rag–/– (top), Tcra–/– (middle), and WT B6 (bottom) mice were assayed as a
negative control for autoantibody generation. (b) Sera obtained from three separate
adoptive transfer recipients of naive T cells or (c) anergic T cells. Arrowheads indicate
self antigen binding by serum antibodies that are uniquely present with recipients of
anergic CD4+ T cells. (d) Detectable serum antibody reactivity to tissue antigen(s) is
indicated in red. m = marker, He = heart, Ki = kidney, Pa = pancreas, Li = liver, Lu =
lung, Gu = gut, Sa = salivary gland. Summary data are shown in figure 5e. Note that an
irrelevant 60 Kd background band (most prominent in lung extracts) was demonstrated in
all blots even in the absence of serum antibody (not shown), and this band is disregarded
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Figure 4. 8: Number and percentage of Treg cells recovered in a model of arthritis from
polyclonal anergic cells. (a) Experimental design for the KRN model of arthritis.
Representative histograms (b) the number and percentage of Treg cells recovered on day
33 of reconstitution (c). 3 independent experiments. 1-3 mice per group. Error bars
represent the SEM. One-Way ANOVA (c); * p < 0.05, *** p < 0.001, ns (nonsignificant). Points denote individual mice.
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Figure 4. 9: Treg cells generated from anergic CD4+ polyclonal T cells prevent arthritis.
(a-c) Lymphopenic Tcra–/– B6G7F1 mice were reconstituted with 1.5 x 106 sorted
syngeneic Teff/mem, anergic, or Treg cell CD4+ polyclonal T cells from a Foxp3DTR
mouse for a period of 21 d. On day 21, 104 naive KRN transgenic CD4+ T cells were
transferred into these mice (as well as into control WT and Tcra–/– B6G7F1 hosts) and
then recipients were monitored over 12 d for arthritis development as described 9, with
the (a) number of KRN cells recovered, and (b) clinical arthritis index score on day 12
after KRN cell transfer as indicated. Mean data shown are representative of 3
independent experiments, with n = 2 to 3 mice per group. Error bars represent the SEM.
Cells pooled from spleen and lymph nodes (inguinal, axillary, brachial, cervical,
mesenteric and pancreatic). One-way ANOVA; * p < 0.05, **** p < 0.0001, nonsignificant (ns). Points denote individual mice.
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Figure 4. 10: Anergic cell derived Treg cells induce an anergic phenotype in autoreactive KRN T cells. Lymphopenic Tcra–/– B6G7F1 mice were reconstituted with 1.5 x
106 sorted syngeneic Teff/mem, anergic, or Treg cell CD4+ polyclonal T cells from a
Foxp3DTR mouse for a period of 21 d. On day 21, 104 naive KRN transgenic CD4+ T cells
were transferred into these mice (as well as into control WT and Tcra–/– B6G7F1 hosts).
Representative CD73 and FR4 expression on KRN T cells on day 33 is shown here.
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Figure 4. 11: Number and percentage of Treg cells recovered in a model of colitis from
polyclonal anergic cells. (a). Experimental design. (b) Percentage and number of Treg
cells recovered on week 8. 2 independent experiments. 2 mice per group. Mean data
shown. Error bars represent the SEM. One-Way ANOVA (c); * p < 0.05, ** p < 0.001,
*** p < 0.0001, ns (non-significant). Points denote individual mice.
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Figure 4. 12: Treg cells generated from anergic CD4+ polyclonal T cells prevent colitis in
mice. A total of 2 x 105 congenic–marked naive polyclonal CD4+ T cells were adoptively
transferred into Tcra–/– B6 mice either alone or in combination with 4 x 105 Teff/mem,
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anergic, or Treg cell CD4+ polyclonal cells sorted from Foxp3GFP mice, and then recipients
were monitored over 8 weeks for weight loss. (a) Number of donor naive cells recovered
at the end of week 8. (b) Change in body weight of Tcra–/– B6 mice receiving naive cells
alone, or naive plus Teff/mem, anergic or Treg cells. (c) Representative H&E staining of
the colon (all panels same magnification, 200mm). Mean data shown are representative
of 2 independent experiments, with n = 2 to 3 mice per group. Error bars represent the
SEM. (a) Cells pooled from spleen and lymph nodes (inguinal, axillary, brachial,
cervical, mesenteric and pancreatic). One-way ANOVA; ** p < 0.01, *** p < 0.001, nonsignificant (ns). Points denote individual mice.
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Figure 4. 13: Polyclonal anergic CD4+ T cells demonstrate unique gene methylations.
Sorted naive, Teff/mem, anergic, and Treg cell populations were examined for CpG
methylation status using bisulfite sequencing. Average methylation for each CpG probed
is shown in the top row, followed by rows representing sequencing reactions of
individual amplicons. Methylation patterns shown are for (a) Tnfrsf18 (GITR) exon 5, (b)
Ctla4 exon 2, (c) Ikzf4 (Eos) intron 1b, and (d) Foxp3 intron 1. Data are pooled from 3
independent sequencing experiments, utilizing T cell subsets sorted from a total of 6
males and 6 females.
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Figure 4. 14: Treg cells derived from polyclonal anergic cells are epigenetically stable.
Foxp3+ Treg cells sorted on day 21 after transfer of polyclonal anergic cells (105) into
syngeneic lymphopenic Tcra–/– B6 mice were examined for CpG methylation status using
bisulfite sequencing. (a) Tnfrsf18 exon 5, (b) Ctla4 exon 2, (c) Ikzf4 intron 1b, and (d)
Foxp3 intron 1. Data are pooled from 2 independent sequencing experiments.
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Figure 4. 15: exFoxp3 cells make up a very small fraction of anergic cells. (a) CD4+ T
cells from the spleen and all lymph nodes of Foxp3-Cre-GFP x R26-YFP were gated on
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CD44 and Foxp3GFP, then the naive and Treg cells are gated on YFP. (b) Foxp3–CD44hi
anergic and Teff-mem cells were analyzed for exFoxp3 cells by YFP expression. (c) Percent
and number of exFoxp3 cells in naive, Teff-mem and anergic cells is shown. Mean data
shown. Error bars represent the SEM. One-Way ANOVA (c); * p < 0.05, ** p < 0.01,
*** p < 0.0001, ns (non-significant). Points denote individual mice.
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CHAPTER 5
Neuropilin-1+ Polyclonal Anergic CD4+ T Cells are Enriched in pTreg Cell Precursors

This chapter originally appeared as a part of:
Kalekar, L.A., Schmiel, S.E., Nandiwada, S.L., Lam, W.Y., Barsness, L.O., Zhang, N.,
Stritesky, G.L., Malhotra, D., Pauken, K.E., Linehan, J.L., et al. (2016). CD4+ T cell
anergy prevents autoimmunity and generates regulatory T cell precursors. Nat Immunol
17, 304–314.
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5.1 INTRODUCTION
Neuropilin-1 (Nrp1) is a transmembrane glycoprotein expressed on the surface of many
cells including Treg cells, dendritic cells (DCs), NKT cells, neurons and endothelial cells
(Delgoffe et al., 2013) (Milpied et al., 2011; Soker et al., 1998; Weiss et al., 2012; Yadav
et al., 2012). It was earlier shown to be associated with axonal guidance in the developing
nervous system (Kawakami et al., 1996). It is a co-receptor for the type III semaphorins
(Kolodkin et al., 1997). Nrp1 can also promote angiogenesis by binding to vascular
endothelial growth factor (VEGF) (Soker et al., 1998).

Nrp1 has been shown to distinguish between tTreg cells and pTreg cells (Weiss et al., 2012;
Yadav et al., 2012). However, this result has been controversial as activated Treg cells,
which could include both tTreg cells and pTreg cells and iTreg cells generated from naive
CD4+ T cells could also express Nrp1 (Schliesser et al., 2013; Szurek et al., 2015).
Nonetheless, a recent study reported on the importance of Nrp1 expression on Treg cells
(Delgoffe and Vignali, 2014). The stability of the Treg cell lineage is maintained by the
Neuropilin-1:Semaphorin-4a axis (Delgoffe et al., 2013).

The majority of mouse Treg cells express high levels of Nrp1 and this contributes to their
function and stability (Bruder et al., 2004; Hansen et al., 2012). Treg cells were capable of
suppressing in a contact-dependent suppression assays when Nrp1 was blocked in vitro.
However, Treg cells lost the ability to suppress across a permeable trans-well, where
suppression is mediated by IL-10 and IL-35 when Nrp1 was blocked (Collison et al.,
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2009). Nrp1L/LFoxp3Cre mice showed no signs of autoimmunity and remained healthy
after one year age, indicating that Treg cells could maintain immune homeostasis in the
absence of Nrp1. However, when injected with transplantable tumors (B16, EL4, MC38),
tumor growth was substantially reduced. While tumor clearance was also observed in
most cases (Chaudhary et al., 2014; Hansen et al., 2012), no autoimmunity or
inflammatory lesions were observed. Therefore, Nrp1-deficient Treg cells lost stability and
suppressive capacity in the tumor microenvironment, while maintaining stability in the
periphery, likely due to destabilizing factors that were confined to the tumor
microenvironment.

Antibody mediated blocking of Nrp1 or Sema4a were also found to limit tumor growth
(Delgoffe et al., 2013). Nrp1-deficient Treg cells maintained Foxp3 expression, but
showed decrease in other critical Treg cell markers, such as a ICOS, IL-10 and CD73.
Further mechanistic analysis showed that Nrp1:Sema4a ligation leads to the recruitment
of PTEN, which limits Akt activity, leading to increased nuclear translocation of Foxo1
and Foxo3a, thereby stabilizing Foxp3 expression. This leads to an enhancement of
quiescence and survival factors (Klf2, Bcl2) and effector molecules (IL-10, CD73), while
limiting lineage-defining transcription factors (T-bet, IRF4, Rorγt) and effector molecules
(IFN-γ) (Delgoffe et al., 2013). This suggests that Treg stability can occur independently
of Foxp3 expression.
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More than half of the anergic CD4+ T cells described in previous chapters express Nrp1.
Since anergic cells don’t express Foxp3 but harbor cells with tTreg-me (tTreg-me+) and the
fact that Nrp1 could induce the Treg cell lineage related genes independent of Foxp3, we
asked if Nrp1 expression on anergic cells is predictive of Treg cell precursors. Herein, we
report that Nrp1+ anergic cells give rise to a higher frequency of Treg cells. This correlates
with the higher frequency of tTreg-me+ clones in Nrp1+ fraction of anergic cells.
Conversely, the Nrp1– anergic cells cause immunopathology in lymphopenic mice and
some preferentially differentiate into IL-17a producing cells. This distinction of anergic
cells based on Nrp1 expression is thus predictive of Treg cell precursors and potentially
pathogenic T cells.

5.2 RESULTS
Treg cell progenitors exist within the Nrp1+ anergic cells
More than 60% of Foxp3–CD44hiCD73hiFR4hi anergic polyclonal CD4+ T cells expressed
Nrp1 at steady state, and Nrp1 expression increased on fetal antigen-specific anergic T
cells as pregnancy progresses. Given that Nrp1 is highly expressed on tTreg cells and its
expression promotes Treg cell stability by inhibiting de-differentiation programs (Bruder
et al., 2004; Delgoffe et al., 2013; Yadav et al., 2012), we asked whether its expression
on certain anergic T cells predicts a greater capacity to differentiate to the Treg cell
lineage. Adoptive transfer of purified Nrp1+ anergic T cells to lymphopenic Tcra–/– mice
led to a reduced overall T cell clonal expansion after anergy reversal, when compared to
Nrp1– anergic cell transfer (Fig. 5.1a,b). An increased frequency and number of Treg cells
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was recovered from mice receiving Nrp1+ anergic cells than Nrp1– cells (Fig. 5.1c,d).
Thus, Nrp1+ anergic cells are an ideal source of Treg cells.

Nrp1+ anergic compartment is enriched in cells with tTreg-me.
Since Nrp1+ anergic cells gave rise to a higher number and frequency of Treg cells, we
tested if the Nrp1+ fraction of anergic cells was enriched in cells with tTreg-me. Bisulfite
sequencing showed that Nrp1+ anergic T cells were more demethylated at the tTreg-me
genes (Fig. 5.2a-d). Complete Foxp3 intron 1 demethylation was observed in 4 ± 7% of
Nrp1+ clones, and this contributed to the total of 27% of the clones that demethylated at
least 3 CpGs. Although the sample n-value is too low to detect small differences between
the sorted populations, this number of fully demethylated Foxp3 genes in Nrp1+ anergic
T cells was not significantly different from the bulk population (p = 0.15, unpaired onetail t-test). Nrp1 expression on anergic T cells also predicted Ctla4 exon 2
hypomethlyation with 32% of Nrp1+ clones demethylated at ≥3 CpGs. In contrast, Nrp1–
anergic clones never demonstrated ≥3 demethylations at either Foxp3 or Ctla4. These
data suggest that Nrp1+ anergic cells are enriched in Treg cell precursors

Nrp1– anergic cells cause wasting disease in mice.
Selective ablation of anergy-derived Treg cells led to wasting disease and
immunopathology in mice (Fig. 4.5-7). Since majority of the Treg cell precursors
belonged in the Nrp1+ fraction of anergic cells, we asked if Nrp1– anergic cells were the
source of Teff-mem cells that cause immunopathology in mice. We sort purified Nrp1+ and
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Nrp1– anergic cells from a Foxp3GFP donor mouse and adoptively transferred them into
Tcra–/– mice. About six weeks after the transfer, the mice receiving Nrp1– anergic cells
started losing weight, which was more pronounced at week eight after cell transfer (Fig.
5.3a). Nrp1– anergic cells gave rise to few Treg cells but significantly higher number and
frequency of IL-17a producing cells when compared to Nrp1+ cells (Fig. 5.4b-d). No
difference was observed in T-bet+ IFNγ producing cells (data not shown). These data
suggest that Nrp1– anergic cells harbor potentially pathogenic auto-reactive T cells.

5.3 DISCUSSION
In this study, we have further characterized polyclonal anergic CD4+ T cells based on
neuropilin-1 expression. Our results show that Nrp1+ anergic cells are enriched in the Treg
cells precursors. The expression of PD1, CTLA4, CD69 was high on the Nrp1+ fraction
of anergic cells (data not shown). In addition, the Nrp1+ anergic cells also made less IL-2,
IFN-γ and TNF than the Nrp1– anergic cells (data not shown). Finally, the Nrp1+ fraction
had higher Nur77 expression (data not shown). Collectively, these data suggest that
Nrp1+ anergic cells are “more unresponsive” and have perhaps encountered their cognate
antigen more persistently than the Nrp1– fraction. This is consistent with the higher
frequency of tTreg-me+ cells seen in the Nrp1+ anergic compartment, as the duration of
antigen encounter is postulated to induce the Treg cell epigenetic signature (Ohkura et al.,
2013).
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Nrp1 has been implicated in immunological synapse formation (Sarris et al., 2008). Nrp1
expression on Treg cells enhances the duration of their interactions with dendritic cells
(DCs) resulting in higher sensitivity to small amounts of antigen. However, it is unclear
how the T cell receptor repertoire informs the expression of Nrp1 (Sarris et al., 2008).
Nonetheless, we speculate that similar to Treg cells, Nrp1 expression on anergic cells
leads to longer interactions with DCs and suppression of immune responses in the
absence of inflammation.

Neuropilin-1 has been shown to directly induce the expression of CD73 in Treg cells
(Delgoffe et al., 2013). Analysis of fetal antigen specific anergic cells suggests that Nrp1
is expressed after the anergic phenotype (CD73hiFR4hi) is induced, since only half of the
fetal antigen specific anergic cells expressed Nrp1 at day 10 of gestation (data not
shown). Nrp1 expression did increase on anergic cells as the pregnancy progressed, with
about 80-90% anergic cells becoming Nrp1+ by day 18 of gestation. This incremental
expression of Nrp1 could suggest the degree of unresponsiveness in the anergic cells or
predict a transition to Treg cell precursors, as discussed above. It is unclear if Nrp1
expression is essential for induction and/or the maintenance of the anergic phenotype.
Since T cell unresponsiveness is a hindrance in cancers and both Nrp1 and CD73 have
been implicated as potential therapeutic targets (Beavis et al., 2012; Chaudhary et al.,
2014; Jin et al., 2010; Latil et al., 2000), the relationship between these two molecules
warrants further investigation.
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Nrp1– polyclonal anergic cells showed a preferential TH17 response and caused wasting
disease in lymphopenic mice. In a previous study, CD4+ T cells lacking Nrp1 showed
increased severity of disease in a mouse model of experimental autoimmune encephalitis
(EAE). Similar to our observation, Nrp1– CD4+ T cells in this study were skewed towards
a TH17 lineage (Solomon et al., 2011). In Treg cells, lack of Nrp1 inhibits nuclear
localization of Foxo1/3a, this leads to loss of Foxp3 expression and up-regulation of
transcription factors such as RORγt. The skewing of Nrp1– polyclonal anergic CD4+ T
cells to TH17 lineage would suggest that a similar genetic program governs lineage
selection in anergic cells.

In summary, our results show that Nrp1 expression on anergic cells predicts their degree
of unresponsiveness and potential to become Treg cells. The mechanisms governing the
expression of Nrp1 and its importance for anergy induction and maintenance will be the
subject of future studies.
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Figure 5. 1: Anergic cells expressing neuropilin-1 are enriched in Treg cell precursors.
(a) Sorted Nrp1+ and Nrp1– anergic cells from Foxp3GFP polyclonal CD4+ T cells were
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transferred (105) into syngeneic lymphopenic Tcra–/– B6 mice and analyzed 21 d later. (b)
Total CD4+ T cells recovered and (c) Representative flow cytometry plots for Foxp3+ and
Neuropilin-1 expression in cells recovered on day 21 is shown from pooled spleen and
lymph nodes cells (inguinal, axillary, brachial, cervical, mesenteric and pancreatic). (c)
The percentage and number of Foxp3+ Treg cells on day 21 after Nrp1+ and Nrp1–
polyclonal anergic cell transfer. Mean data shown are representative of 3 independent
experiments, with n = 2 to 3 mice per group. Error bars represent the SEM. Student’s ttest (f, h). ** p < 0.01, *** p < 0.001. Points denote individual mice.
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Figure 5. 2: Nrp1+ anergic cells are enriched in cells with tTreg-me. Sorted Neuropilin-1
positive (Nrp1+) and negative (Nrp1–) anergic populations were examined for CpG
methylation status using bisulfite sequencing. Average methylation for each CpG probed
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is shown in the top row followed by rows representing successful sequencing reactions of
individual amplicons (pooled from n = 3 individual sequencing experiments, using sorted
T cell subsets from 6 mice). Methylation patterns shown are for (a) Tnfrsf18 exon 5, (b)
Ctla4 exon 2, (c) Ikzf4 intron 1b, and (d) Foxp3 intron 1.
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Figure 5. 3: Nrp1– anergic cells causes wasting disease in mice. Nrp1+ and Nrp1– donor
polyclonal anergic cells were sort purified from Foxp3GFP reporter mice and transferred
(105) into Tcra–/– recipients. (a) Change in body weight of Tcra–/– mice receiving Nrp1+
or Nrp1– anergic T cells over 8 weeks. (b) Representative flow cytometry staining of
donor derived cells isolated on day 60 for Foxp3 and Neuropilin-1 is shown. (c) Number
and frequency of Foxp3+ Treg cells derived from donor cells as indicated on day 60. (d).
Day 60 spleen and LN cells from adoptive transfer mice were stimulated with 1 µg/ml of
PMA and 1µM ionomycin for 4 h and then examined for intracellular IL17-a. Number
and frequency of IL-17a producing donor-derived CD4+ T cells is shown. Error bars
represent the SEM. Student’s t-test (c, d). * p < 0.05, ** p < 0.01. Points denote
individual mice.
100

CHAPTER 6
Concluding Remarks
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Anergy, a state of long-term functional unresponsiveness, is a peripheral tolerance
mechanism that has been studied extensively. However, it has been unclear if anergy is
induced in self-reactive T cells that escape negative selection in the thymus at a steady
state, mainly due to a lack of identifying markers to track anergic cells. It’s also been
unclear why the immune system would maintain unresponsive T cells long-term. This
thesis work made use of two markers – CD73 and FR4 to track self-antigen specific
polyclonal anergic cells in intact mice. The results show that self-antigen specific T cells
are maintained in a CD73hiFR4hi unresponsive state. Morever, anergy is not a permanent
state and anergy reversal can give rise to suppressive Treg cells and potentially pathogenic
Teff-mem cells. The conversion to Treg cell or Teff-mem cell is at least partially dependent on
the epigenetic changes that occur at specific loci in anergic cells. Finally, Nrp1
expression on anergic cells is predictive of cells that are more likely to have the tTreg-me
and serve as precursors for pTreg cells (Fig. 6.1).

Using the model of fetal tolerance described in chapter 2, we are currently testing the role
of Nrp1 in the induction and maintenance of anergy as well as Treg cell conversion. I
neutralized Nrp1 with an antibody and found a reduction in both fetal-antigen specific
anergic cells in addition to Treg cells when compared to pregnant mice given isotype
antibody (data not shown). However, the timing (early/late gestation) of neutralization
seems to be important to affect the anergic phenotype or pregnancy. These preliminary
data have led us to speculate that Nrp1 is perhaps important for the induction of anergy
and/or the tTreg-me but dispensable for the maintenance of anergic state.
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CD73 and FR4 were not observed to be co-expressed on any polyclonal CD8 T cells
(data not shown), even though anergy can be induced in this lineage (Schietinger et al.,
2012). Our results do not discount the potential role that anergy may play in natural CD8
T cell tolerance, as the molecular mechanisms of anergy induction and maintenance may
be quite different. In fact, CD8 T cells that have undergone anergy reversal in
lymphopenic mice demonstrate a ‘memory’ of their previous inactivated state that
guarantees an eventual return to anergy even in the absence of tolerogenic peptide MHC
class I complex (Schietinger et al., 2012).

During normal aging mice accumulate PD-1hi memory-phenotype (CD44hi) CD4+ T cells
that have defects in cytokine production and proliferation (Shimatani et al., 2009).
Similar to these PD-1hi memory T cells, polyclonal anergic CD4+ T cells accumulate in
older mice with increased expression of PD-1, CD69, Bcl6, Cxcr5, and Spp1 (data not
shown). Osteopontin (the gene product of Spp1) can bind to Bcl6 and promote the
differentiation of CXCR5+ T follicular helper (TFH) and T follicular regulatory (TFR) cells
(Leavenworth et al., 2015). The Bcl6 up-regulation that occurs during chronic TCR
stimulation and anergy induction may be key to the differentiation of TFH cells versus
Foxp3+ TFR cells, once anergy reverses.

CD73 is an ecto-enzyme that can be induced in conventional CD4+ T cells by TGF-β
(Regateiro et al., 2011). It is normally co-expressed with another ecto-enzyme, CD39.
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The two enzymes work in concert to convert extracellular ATP, which may be released
during cell death or inflammation, to adenosine. Although the exact mechanism is
unclear, it is thought that CD39 converts ATP to AMP, which is then converted to
adenosine by CD73 (Ohtsuka et al., 2010; Sitkovsky et al., 2008). Adenosine has been
shown to suppress T cell effector functions (Clayton et al., 2011; Sun et al., 2010). It will
be interesting to test if the CD73 expression on anergic cells described in this thesis is
induced by TGF-β or if the cells have any suppressive capacity.

mTOR inhibition by rapamycin induces anergy in T cells (Kuo et al., 1992). It was
previously shown that mTOR inhibition is essential for the expression of Foxp3, the
lineage defining transcription factor of Treg cells (Delgoffe et al., 2009; Haxhinasto et al.,
2008; Sauer et al., 2008). However, mTOR activity is required for the proliferation of Treg
cells. In fact, it has been suggested that alternate activation and inhibition of mTOR is
needed for optimum Treg cell function and stabilization (Procaccini et al., 2010).
Polyclonal anergic cells appeared to be an intermediate for Treg cells in our study. The
requirement for mTOR inhibition for both anergy induction and Foxp3 expression could
explain the intermediate phenotype we observed. How or if mTOR regulates the tTreg-me
in anergic cells remains to be examined.

“Infectious tolerance” is described as a process during which tolerant state is passed on
from group of lymphocytes to the other. It has been suggested that infectious tolerance
exists to continuously stop immune responses directed towards self, that is, make self104

antigen specific T cells tolerant. These tolerant T cells could then reprogram, survey the
immune system and “pass on” their tolerant state to other populations. This creates selfmaintaining tolerance (Kendal and Waldmann, 2010). We had previously shown that Treg
cells are important for inducing anergy (Martinez et al., 2012), here we find that anergic
cells in turn alter their genetic program to become Treg cells. Thus, the results described in
this study support a model for in vivo infectious tolerance, with anergic cells representing
an intermediate reprogramming stage.

Anergy can be beneficial or detrimental depending on the context of the disease. Inducing
anergy in T cells could inform therapies for several autoimmune diseases including
diabetes, Rheumatoid arthritis (RA), multiple sclerosis (MS) or inflammatory bowel
disease (IBD). On the other hand, anergy reversal in T cells specific for antigens from
cancerous cells, while maintaining tolerance in self-tissue damaging T cells is a better
approach for cancer treatment. Thus, findings from my research have implications for
designing better therapies for cancer and autoimmunity, with less off-target effects.
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Figure 6. 1: The Role of Anergy in pTreg Generation – A Model. Self-antigen specific
CD4+ T cells that escape into the periphery become anergic and express CD73 and FR4.
The duration of antigen encounter (perhaps) induces tTreg-me in some of the anergic cells.
These anergic cells then become precursors for pTreg cells. Upon conversion to a stable
Treg cell, anergy-derived Treg cells join the pTreg cell pool.
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