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Abstract
Regulatory T cells are crucial for maintaining homeostasis in the body. These cells
come in many varieties and serve different roles based on their location, induction, and
protein repertoire. The transcription factor Foxp3, marks an especially important group of
regulatory T cells that can further be divided based on their classification as CD4+ or
CD8+ and their ability to produce other factors such as the anti-inflammatory cytokine
IL-10. Regulatory T cells are especially needed in the gut where the resident immune
cells are continually exposed to a variety of antigens from both pathogenic and nonpathogenic sources. A lack of regulation leads to uncontrolled inflammation and colitis.
The regulatory immune environment of the gut is enhanced following infection with the
intestinal parasite Heligmosomoides polygyrus (H. poly). In this thesis project I have
investigated four groups of regulatory T cells that reside in the gut and are enhanced
following infection with H. poly. Following infection and when exposed to the helminthinduced cytokines TGF-β and IL-2, Foxp3+CD8+ T cells are maintained in culture and
Foxp3 expression is increased by two-fold. These findings coupled with functional
assays suggest that these unique regulatory T cells are regulators of inflammation in the
gut following infection with H. poly. Likewise, when Foxp3+ T cells are divided into
Foxp3+IL-10+ and Foxp3+IL-10- T cells, TGF-β and IL-2 also have an effect on regulatory
cell maintenance. Foxp3+IL-10+ T cells, which are essential for preventing colitis, are
preferentially maintained. In functional assays, H. poly infection altered the ability of
Foxp3+IL-10+ T cells to inhibit proliferation. Molecular analysis of these Foxp3 subsets
continues to reveal differences that may reveal their specific roles during H. poly
infection. Finally, despite the strict requirement for gut homeostasis, I have shown that
IL-10 can be inhibited by T cells in the gut in a helminth-dependent manner. All of these
findings together show a very complex system of regulation that is reliant on T cells and
further modified by infection with H. poly. This system of regulators illustrates how the
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gut immune system can prevent inflammation even in the constant presence of antigen.
Having a better understanding of how these regulatory pathways work and are
enhanced following H. poly infection is vital in the development of treatments for IBD in
humans.
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H. polygyrus infection mediates regulatory T cell
function in the gut of mice

Chapter 1
Introduction

2

Regulatory T Cells

Regulatory T cell classification

Regulatory cells are a vital component of the immune system and are a key element in
addressing the questions of my thesis project. The term regulatory cell is non-specific
and can refer to numerous immune cells that are capable of influencing the immune
response in one or more ways. The mostly commonly studied regulation events are
direct contact inhibition of effector cell responses or the production of anti-inflammatory
cytokines. These processes of regulation can occur between two specific cell types or
be part of a chain of events in a regulatory pathway. Though macrophages, dendritic
cells, NK cells, and other immune cells can be referred to as regulatory, much of the
“regulatory cell” research is focused on T cells. T cells with suppressor function were
first identified in the 1970s in experiments showing that during an antigen response,
certain T cells were capable of inhibiting the response of others(Gershon, 1975). The
concept of regulatory T cells was not thoroughly explored until many years later.

T cells, themselves, can be further classified into a variety of regulatory cell sub-groups.
These classifications are made on the basis of cell surface markers, cytokine production,
and regulatory function.

The surface markers that have been used to classify regulatory T cell subsets include
CTLA4(Read, Malmström, & Powrie, 2000), GITR(M. Tone et al., 2003), and CD25.
CD25, also known as IL-2Rα, was the first marker used to classify Treg cells. CD25
normally marks an activated effector T cell but was also known to be expressed on the
surface of regulatory T cells(Sakaguchi, Sakaguchi, Asano, Itoh, & Toda, 1995).
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Because of its expression in multiple T cell types, a more specific type of marker, the
regulatory transcription factor Foxp3, is now more commonly used to identify these
particular regulatory T cells.

Regulatory T cells have been identified in both the CD8+ and CD4+ T cells subsets.
CD8+ regulatory T cells are much less studied as compared with CD4+ regulatory T cells,
but are no less significant in maintaining an immune balance(Filaci, Fenoglio, & Indiveri,
2011). CD8+ T cells have been shown to regulate a variety of immune cell responses.
Along with CD25, regulatory CD8+ T cells have also been shown to express markers
such as CD103, CD28, and Foxp3. Regulatory CD8+ T cells can inhibit inflammatory
immune responses including effector B and T cell function and the generation of proinflammatory cytokines such as IFN-γ(Pomié, Ménager-Marcq, & Van Meerwijk, 2008).
In several mouse models of autoimmune disease or immune disorder, including
systemic lupus erythematosus, multiple sclerosis, and type 1 diabetes, regulatory CD8+
T have been shown to be crucial for inhibiting inflammation and disease. It has also
been shown that CD8+ regulatory T cells are important for immune homeostasis in the
gut. While regulatory CD8+ T cells can be isolated from the Lp of healthy human
patients, no regulatory capacity is found in CD8+ T cells from the Lp of patients with
IBD(Brimnes et al., 2005). Our laboratory has shown that transfer of helminth-induced
CD8+ T cells from the Lp of mice provide protection from colitis in the IL-10KO mouse
model(Metwali et al., 2006). These studies suggested that CD8+ regulatory T cells in the
Lp are crucial for maintaining immune tolerance in the gut.

One particular type of CD8+ regulatory T cell, the Foxp3+CD8+ T cell, exists in mice and
humans in small numbers and is important in mediating immune regulation.
Foxp3+CD8+ regulatory T cells can be induced in the presence of TGF-β in vitro and in a
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mouse model of lupus, conferring protection from disease(Hahn, Singh, La Cava, &
Ebling, 2005). Most studies have not been able to specifically subscribe regulatory
function to only the regulatory CD8+ T cells that express Foxp3. Foxp3+CD8+ T cells are
believed to have some overlapping function with Foxp3+CD4+ T cells but the specific role
of these CD8+ regulatory T cells and how they mediate immune suppression is not well
understood(Pomié et al., 2008).

More specific classifications have been made for CD4+ regulatory T cells. CD4+ T cells
that don’t fall into the Treg classification include Tr1 and Th3 regulatory cells. Both of
these regulatory T cell subsets are induced in the periphery in response to an
inflammatory immune response and primarily function to mediate inflammation via the
production of anti-inflammatory cytokines. Tr1 cells are Foxp3-CD4+ T cells that produce
high levels of TGF-β and IL-10 following stimulation by IL-10(Roncarolo et al., 2006).
Th3 cells (also Foxp3-CD4+ T cells) produce TGF-β following induction with TGF-β and
other cytokines(Weiner, 2001). Neither Tr1 or Th3 cells are considered “Tregs.” Treg is
a term used to refer to Foxp3+CD4+ T cells, the most widely studied regulatory T cell
(Fig. 1.1).
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Figure 1.1

Fig. 1.1. Regulatory T cell classifications (adapted from Mills, 2004. Nat. Rev. Immun. 4:
841-855.)
Subsets of regulatory T cells including CD4+ T cells (Foxp3+ Tregs, Tr1 cells, Th3 cells)
and CD8+ T cells inhibit proliferation and cytokine production of effector cells.
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Though “Treg” refers to all Foxp3+CD4+ T cells, the group can be further divided into
natural Tregs (nTregs) or induced Tregs (iTregs, also known as adaptive Tregs). These
designations are used to describe where the Treg originated and it’s antigen specificity.
nTregs cells are generated by the thymus following high-affinity TCR stimulation and B7
costimulation. These nTregs are then released to the periphery where they have
specificity for self-antigens(Apostolou, Sarukhan, Klein, & Von Boehmer, 2002)(Jordan
et al., 2001). The aforementioned stimulations coupled with several other signals are
responsible for inducing the Foxp3 transcription factor in these cells and giving them
their suppressive capacity(Fontenot, Gavin, & Rudensky, 2003).

iTregs are induced in the periphery from Foxp3-CD25-CD4+ T cells and are not specific
for self antigens but can be stimulated via their TCR(W. Chen et al., 2003). In the
presence of TGF-β, these cells express Foxp3 and become regulatory cells. These
iTregs can be generated in both non-inflammatory and inflammatory environments. The
Helios transcription factor (Ikzf2) is differentially expressed between nTregs (Ikzf2+) and
iTregs (Ikzf2-) and is currently the most commonly used marker for distinguishing these
two subsets of Tregs, though it’s exclusivity to the nTreg subset has been questioned in
more recent studies(Akimova, Beier, Wang, Levine, & Hancock, 2011). Genetic screens
of the two subsets have identified several other genes that are differentially expressed
including il10, which is upregulated in iTregs(Sugimoto et al., 2006). Though nTregs are
the predominant Treg subset, iTregs are essential, especially in the gut. The constant
exposure to antigens along the digestive tract results in a toleragenic immune
environment that supports the generation of a population of iTregs(Mucida et al., 2007).
DCs and other APCs, specially conditioned in the gut immune environment, may be
instrumental in induction of these Tregs(Sun et al., 2007). Despite having overlapping
regulatory functions, models of colitis and chronic inflammation have shown that both
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nTregs and iTregs are required to inhibit an inflammatory immune response(Haribhai et
al., 2009)(Haribhai et al., 2011).

It should be noted that Foxp3+CD8+ regulatory T cells can also exist in both natural and
induced forms, with a similar reliance on TGF-β for induction in the periphery(Pomié et
al., 2008)(Filaci et al., 2011).

Foxp3 expression in regulatory T cells

As mentioned above, Foxp3 is an important marker of regulatory T cells. This
transcription factor can be expressed in both CD8+ and CD4+ T cells, though it
predominates in the CD4+ T cell population with approximately 97% of Foxp3+ T cells
expressing CD4(Fontenot et al., 2003). This important protein was originally discovered
in severe immune disorders in mice and humans(Hori, Nomura, & Sakaguchi, 2003).
IPEX syndrome refers to a lethal immune disorder in humans mapped to the foxp3
locus(Bennett et al., 2001). In male scurfy mice a mutation in the X-linked foxp3 gene
results in death at 16-25 days following high levels of CD4+ T cell proliferation, cytokine
production, and organ infiltration(Brunkow et al., 2001). Both full and conditional
knockouts of Foxp3 have been made in mice. In all cases, the protein has been shown
to be critical for preventing inflammatory autoimmune responses. In the absence or
partial depletion of Foxp3, regulatory T cell function in lost(Williams & Rudensky,
2007)(Wan & Flavell, 2007). In line with these observations, transfer of Foxp3+ T cells
into mice has proven to protect against inflammation and ameliorate disease in models
of colitis, arthritis, multiple sclerosis, and lupus, among others(Suri-Payer & Fritzsching,
2006).
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A hallmark in testing the regulatory capacity of Foxp3+CD4+ T cells in vitro has been the
proliferation inhibition assay. Indeed, Foxp3+CD4+ T cells have a strong ability to
regulate the proliferation of effector cells in culture. When mixed with effector cells in
vitro, Foxp3+CD4+ T cells, at ratios as low as 1:16, regulatory cell to effector cells, can
inhibit the proliferation of effector cells in cultures with a non-specific stimulation such as
αCD3. Originally, proliferation was measured used incorporation of tridiated Thymidine,
but the more common method now is to label the proliferating effector cell with the
membrane fluorochrome CFSE and measure fluorescence dilution via
flowcytometry(Murai et al., 2009). This experimental design is the basis for much of
work in this project.

Though much research is done on Foxp3-expressing T cells, the exact means by which
the expression of Foxp3 controls inflammation is not well known. More recent research
has shed some light on how Foxp3 may be regulated and how it may function to control
inflammatory immune responses. TGF-β has long been known to support the inhibition
of effector cell immune responses and was therefore, a likely candidate for a cytokine
mediating regulatory T cell induction (Kehrl et al., 1986). Experiments using αTGF-β
antibodies to block regulatory cell function showed that TGF-β was crucial for regulatory
T cells to block inflammation(Nakamura, Kitani, & Strober, 2001). In the absence of
continued TGF-β stimulation, Treg cells can lose the expression of Foxp3 along with
their suppressor function(Marie, Letterio, Gavin, & Rudensky, 2005). Signaling through
TGF-βR (when couple with TCR signaling) results in histone acetylation in a 5’ enhancer
region of the foxp3 gene locus, allowing NFAT and Smad3 transcription factors to bind
and promote foxp3 transcription(Y. Tone et al., 2008). TGF-β signaling may also
promote regulatory T cell function by inducing the transcription factor E2A, which is able
to bind the Foxp3 promoter region(Maruyama et al., 2011).
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CD25, IL-2Rα, is expressed by the majority of Foxp3+ T cells. Mice deficient in IL-2 or
CD25 experience severe autoimmune disease(Lan, Selmi, & Gershwin, 2008). Because
of these findings, originally IL-2 was thought to be essential for inducing Foxp3 along
with TGF-β(Davidson, DiPaolo, Andersson, & Shevach, 2007). Though the literature is
still conflicted about its necessity for Foxp3 induction, IL-2 is supported by most as a
factor essential for the maintenance of Foxp3 expression. In the absence of IL-2, a
TGF-β-induced Treg can lose its suppressive capacity. IL-2 prevents the loss of Foxp3
expression by maintaining the demethylated state of an important region of the Foxp3
locus(Q. Chen, Kim, Laurence, Punkosdy, & Shevach, 2011) (Figure 1.2).
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Figure 1.2

Figure 1.2 Signals affecting Foxp3 transcription (adapted from Huehn et. al., 2009. Nat.
Rev. Immun. 9: 83-89.)
A variety of receptor signals including stimulation through the TGF-βR and IL-2R
converge to induce Foxp3 transcription in regulatory cells.
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Function of Foxp3 within regulatory T cells

Once Foxp3 has been induced within a cell it can function in a variety of ways. Most
simply, Foxp3 binds in one or more promoter regions to induce the transcription of
several genes associated with Treg function including cd25 and ctla4(Wu et al., 2006).

It was once believed that the presence of a particular transcription factor was the
hallmark of a certain T cell phenotype: Tbet for Th1 cells, GATA3 for Th2 cells, and
RORγt for Th17 cells. Once differentiated into a certain phenotype, that transcription
factor would block the transcription of another, similarly to how Foxp3 can bind upstream
of the RORγt gene and prevent its transcription(Z. Chen et al., 2011). Current studies
show that these transcription factors are far more promiscuous than originally thought.
In fact, subpopulations of Foxp3+ regulatory T cells can and do express all of the
aforementioned transcription factors, making their role in establishing T cell phenotype
less clear(Campbell & Koch, 2011)(Z. Chen et al., 2011). These studies suggest that
the presence of “effector cell” transcription factors within Foxp3+ regulatory T cells is
necessary for these Tregs to control the immune response of that effector cell group. For
example, Tbet+Foxp3+ T cells are the predominant regulator of Th1-mediated
inflammation. The Tbet transcription factor imparts migratory and functional
characteristics to the Tregs that make that better able to control a Th1 immune
response(Koch et al., 2009).

Foxp3 can bind to other transcription factors inhibiting or altering their function. Foxp3
binds and sequesters transcription factors including RORγt. This prevents RORγt from
inducing the differentiation of Th17 cells by binding important promoter regions(Ziegler &
Buckner, 2009). In some cases, Foxp3 binds a second transcription factor forming a
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complex that now binds to a distinct promoter region that neither transcription factor
could bind on its own. This is the case with the Foxp3-IRF4 complex. IRF4 is a
transcription factor that helps regulate the differentiation of Th2 cells. In the absence of
Foxp3, IRF4 couples with GATA3 to induce the transcription of IL-4 and promote a Th2
immune response. When Foxp3 is present, more IRF4 is produced and the two
transcription factors couple and bind to the promoter region of ICOS, producing a
surface receptor that increases the regulatory capacity of Tregs(Zheng et al.,
2009)(Cretney et al., 2011)(Vocanson et al., 2010).

Clearly, the interaction of transcription factors is much more complex than once thought.
A variety of transcription factors, associated with a variety of functions both pro- and
anti-inflammatory, can be expressed within the same cell. The phenotype of the cell is
likely determined by the specific balance of these transcription factors within individual
cells. In agreement with this, Foxp3 can compete with other transcription factors for
binding sites within promoter and enhancer regions of genes such as Tbet and RORγt.
If the level of Foxp3 is important for pushing a cell toward a regulatory phenotype, one
would expect that low levels of Foxp3 diminished the suppressor function of Tregs. This
is, in fact, the case. Studies with attenuated levels of Foxp3 in Tregs have shown a
severe inhibition of the regulatory capacity of Foxp3+ T cells(Wan & Flavell, 2007).
Recent work how also shown that Foxp3-expressing T cells are not a terminally
differentiated population of regulatory cells. There is some discrepancy in the literature,
but many believe that under certain conditions, Foxp3+ T cells may lose the expression
of Foxp3 and subsequently their regulatory capacity. Once Foxp3 is lost, these cells
may upregulate pro-inflammatory markers and adopt an effector cell phenotype(Zhou,
Bailey-Bucktrout, Jeker, & Bluestone, 2009)(Hori, 2010).
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While a baseline level of regulation is inherent in all Foxp3+ T cells, the presence of
other factors can enhance the regulatory capacity of Foxp3-expressing T cells. There
exist a number of proteins that can be expressed within or on the surface of a Foxp3expressing T cell. One example is ICOS, a surface receptor that is induced by Foxp3
and then proceeds to enhance the regulatory capacity of Foxp3+ T cells. IL-10 which is
linked with ICOS expression is also important for the suppressor capacity of Tregs(Nie et
al., 2012). When IL-10 is conditionally knocked out in Foxp3+ T cells, colitis results,
implying that Foxp3 expression alone is not enough for these Tregs to be fully
functional(Rubtsov et al., 2008). Expression of other proteins provides a way to
separate Foxp3+ T cells into subgroups that may have different functions and roles in
regulating inflammation. Specifically, the expression of IL-10 and how it distinguishes a
separate population of Foxp3+ T cells is a major question addressed in my thesis.
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Pro-Inflammatory and Anti-Inflammatory Cytokines

The critical role that regulatory T cells playing in preventing unregulated inflammation is
clear. Another key component in regulating the immune system is maintaining a balance
in the production of pro-inflammatory and anti-inflammatory cytokines. The levels of
numerous cytokines are capable of skewing the immune response and either enhancing
or dampening inflammation.

Inflammatory immune responses are generally driven by Th1 or Th17 T cells. Both
types of response are initiated by CD4+ helper T cells in response to antigen recognition.

Th1 and IFN-γ

The Th1 immune response is primarily characterized by the production of the proinflammatory cytokine IFN-γ and the presence of the transcription factor Tbet in CD4+ T
cells. As with Foxp3-expressing T cells, the Th1 CD4+ T cell is not quite as easy to
define as it was once thought to be. CD4+ T cells expressing IFN-γ may also express a
variety of other proteins including those that are generally associated with other cells
phenotypes. Such proteins include the cytokines IL-10 and IL-17 and the transcription
factors GATA3, RORγt, and Foxp3(Koch et al., 2009)(Wohlfert & Grainger, 2011).

IFN-γ is one of the first cytokines produced in response to infection. NK and Th1 cells
are both major source of this pro-inflammatory cytokine. The production of IFN-γ results
in the priming and then activation of surrounding phagocytes such as macrophages.
IFN-γKO mice have shown that IFN-γ is crucial for the elimination of numerous and
diverse bacterial pathogens(Billiau & Matthys, 2009). When an inflammatory immune
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response is unnecessary, production of IFN-γ can be a driving force in the development
of disease in mouse models of multiple sclerosis, rheumatoid arthritis, and
diabetes(Cope, Le Friec, Cardone, & Kemper, 2011).

IL-12, produced by dendritic cells and macrophages, promotes the production of IFN-γ
by CD4+ T cells. Thus, the regulation of IL-12 also plays a role in the extent of the proinflammatory response mediated by IFN-γ. IL-10 can inhibit the pro-inflammatory IFN-γ
response indirectly via its inhibition of IL-12(Hsieh et al., 1993).

Th17 and IL-17

Members of the IL-12 family of proteins are often heterodimer proteins with two subunits.
IL-12p40 is a subunit of both IL-12, important in the production of IFN-γ, and IL-23,
important in the production of IL-17. This subunit’s presence in the IL-23 cytokine was
only recently discovered(Vignali & Kuchroo, 2012). Past experiments using IL-12p40
knockout mice to gauge the importance of Th1 cells in the development of immune
disorders were, therefore, flawed. In fact, several autoimmune disease models in mice,
originally thought to be mediated by a Th1 immune response such as experimental
autoimmune encephalomyelitis (EAE) and rheumatoid arthritis are actually mediated by
a Th17 immune response, or a combination of the two responses(Mai, Wang, & Yang,
2010). Thus IL-17 also contributes in a significant way to the development of
autoimmune disease or immune disorders.

A hot topic in recent years, it has been shown that a variety of cytokines can play a role
in the induction and maintenance of a Th17 immune response. The cytokines first
determined to play a role in Th17 induction, TGF-β and IL-6, are still believed to be
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crucial by most scientists. Along with these two cytokines, IL-23, IL-21, and IL-1β have
all been shown in various studies to be important for a Th17 response. The combination
of cytokines present during the induction of a Th17 response may determine the nature
of the Th17 cell that is induced. Indeed, the Th17 cell and its function are not
homogeneous as once thought. A variety of other cytokines can be differentially
produced by Th17 cells including IL-17A, IL-17F, IL-21, and IL-22(Spolski & Leonard,
2009).

While it is primarily thought that either IFN-γ or IL-17 dominates a pro-inflammatory
immune response, both cytokines can be present at the same time. In fact, individual
cells can co-express IFN-γ and IL-17 simultaneously. Studies have shown that Th17
cells, under Th1 polarizing conditions, can adopt some characteristics of Th1 cells as
well including expression of IFN-γ and Tbet(Shi et al., 2008).

Th2 and parasites

Alternative to the Th1 and Th17 pro-inflammatory immune responses exists the Th2
immune response. Before the discovery of the Th17 branch of helper T cell responses,
immune responses were characterized as Th1 or Th2. Th2 responses are generally
thought of non-phagocytic immune responses. While Th1 (and Th17) responses are
paired with APCs and strong innate immune responses, Th2 responses include the
production of antibodies and the involvement of cells such as mast cells and eosinophils.
Unlike, the pro-inflammatory immune disorders linked with Th1/Th17 response, Th2 are
primarily involved with allergies. A Th2 response, which is also mediated by CD4+
helper T cells, happens at the expense of a Th1 or Th17-mediated response. When a
Th2-mediated immune response is initiated, Th1 or Th17-associated cytokines such as
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IFN-γ and IL-17 are not produced in large quantities. Instead, Th2-associated cytokines
such as IL-4, IL-5, IL-9, and IL-13 are produced in abundance(Maggi, 1998). IL-10 is
also sometimes grouped with Th2 cytokines although its involvement in the immune
system is much more complex.

A Th2-mediated immune response is common following a parasitic infection such as that
with Heligmosomoides polygyrus (H. poly), as discussed below. During an infection with
an intestinal parasite such as H. poly, a Th2 response is initiated and the production of
cytokines such as IL-4 and IL-13 are increased. These cytokines are vital for the
clearance of H. poly(Else & Finkelman, 1998).

Anti-inflammatory cytokines: TGF-β and IL-10

Not all cytokines are pro-inflammatory in function. Several anti-inflammatory cytokines
exist and are important for the control of inflammatory response. Like effector and
regulatory T cells, pro-inflammatory and anti-inflammatory cytokines must be maintained
at certain levels to keep the immune system in balance.

TGF-β and IL-10 are both important anti-inflammatory cytokines. TGF-β is produced by
several immune cells including macrophages and T cells. As discussed earlier, TGF-β
production is a marker of regulatory capacity in Tr1 and Th3 CD4+ regulatory T cells.
These cells are activated in the presence of TGF-β to produce more TGF-β. Aside from
inducing Foxp3+ regulatory T cells through TGF-βR signaling, TGF-β can also inhibit
effector cell function by preventing the activation of lymphocytes and monocytes.
As with Th2 cytokines, infection with intestinal parasites such as H. poly induces the
production of TGF-β in the gut of mice. Specific antigens secreted by H. poly are being
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studied to determine exactly how they stimulate the production of TGF-β. The antiinflammatory effects on the immune system that result from H. poly infection are entirely
dependent on the presence of TGF-β(Ince et al., 2009)(Grainger et al., 2010).

IL-10 was originally discovered because of the role it plays in Th2 immune responses,
and was, for some time, classified solely as a Th2 cytokine(Fiorentino, Bond, &
Mosmann, 1989). Though produced during Th2-mediated immune responses, it is now
more commonly studied for its anti-inflammatory properties. IL-10 can be produced by
almost every immune cell though it is primarily produced by monocytes, B cells, and
regulatory T cells. IL-10 indirectly inhibits the Th1-mediated pro-inflammatory immune
response by inhibiting the production of IL-12 by dendritic cells. Without IL-12, IFN-γ
production is not stimulated. IL-10 also affects macrophages and inhibits the production
of TNF-α(Fiorentino, Zlotnik, Vieira, et al., 1991)(Fiorentino, Zlotnik, Mosmann, Howard,
& O’Garra, 1991).

The importance of IL-10 has been shown in the IL-10KO mouse(Kühn, Löhler, Rennick,
Rajewsky, & Müller, 1993). This mouse develops spontaneous colitis by about 8 weeks
of age as a result of an uncontrolled immune response to bacterial gut antigens.
Because inflammation and disease can be achieved with the transfer of IL-10KO CD4+ T
cells, T cells are known to be an especially important source of this anti-inflammatory
cytokine(Rennick, Fort, & Davidson, 1997). Recently, Rudensky’s group was able to
make a conditional knockout of IL-10 in mice using a Cre system. With the IL-10 gene
under the control of the Foxp3 promoter region, IL-10 was knocked out only in Foxp3+ T
cells. Though this is a very specific subset of T cells, the effect in the gut was similar to
that of a complete IL-10 knockout with respect to the development of colitis(Rubtsov et

19

al., 2008). Thus, IL-10 is very important for the maintenance of immune balance within
the gut. The critical source of this cytokine in the colon appears to be Foxp3+ T cells.

IL-2 and IL-2R

Another cytokine addressed in my project is IL-2. IL-2 was originally identified as a
growth factor for T cells(Morgan, Ruscetti, & Gallo, 1976). Further research showed that
T cells express the IL-2R and can stimulate themselves through autocrine
signaling(Leonard et al., n.d.)(Cantrell & Smith, 1983). Though IL-2 does promote the
survival and proliferation of activated effector cells, it is perhaps more important in the
maintenance of regulatory T cells.

As mentioned before, IL-2, in combination with TGF-β, is important for the function of
regulatory T cells, specifically those expressing Foxp3. Older studies concluded that IL2 was necessary for induction of Foxp3, while more recent investigations have
concluded that its main function is in the maintenance of Foxp3 expression once
expression is induced by TGF-β(Tran, 2012)(Davidson et al., 2007)(Q. Chen et al.,
2011).

IL-2R is composed of 3 subunits: IL-2Rα, IL-2Rβ, and IL-2Rγ. The IL-2Rγ subunit is
also known as the common gamma chain and is a part of the receptor for many
cytokines. The IL-2Rβ subunit is present in both IL-2 and IL-15 receptors(Minami, Kono,
Miyazaki, & Taniguchi, 1993). In agreement with the need for IL-2, most Foxp3+ T cells
also express CD25 (IL-2Rα), which would allow for enhanced responsiveness to this
cytokine. IL-2Rα has the highest affinity for IL-2 of the three subunits. Defects in IL-2
signaling result in detrimental immune disorders in mice.
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Figure 1.3
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Figure 1.3 Differentiation of T cells (adapted from Sakaguchi et. al. 2008 Cell 133(5);
775-787).
Progression of T cells from thymus to become effector cells or natural or induced
regulatory cells.
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Immune Regulation and Dysfunction in the Gut

Structure and function of the gut immune system

The gut is a distinctive area of the body with a uniquely tailored immune system. The
ileum and colon of the digestive tract are studied by our laboratory. These segments of
the intestine are composed of multiple cell layers. The outer layer, most distal to the
luminal space, is the muscle layer, responsible for pushing nutrients and waste along the
length of the digestive tract. Above the muscle layer is the lamina propria (Lp), an area
of loose connective tissue and a large population of important immune cells. Above the
Lp is the epithelial layer which consists of a single layer of epithelial cells forming a tight
barrier to the gut lumen. As a final layer of added barrier protection, the epithelial layer
is covered by a mucous layer that defends against the entry of pathogens(Pabst &
Rothkötter, 2006).

The epithelial layer, gut-associated lymphoid tissue (GALT), and the Lp all are critical for
maintaining gut immune homeostasis and therefore linked to some extent. However, the
immune cells found in the Lp space are the focus of our laboratory’s work and known to
be vital for preventing intestinal inflammation. The contents of this space include
numerous immune cells such as macorophages, dendritic cells, and T cells.

One characteristic of the gut immune system that distinguishes it from the immune
system in other parts of the body is the level of exposure to antigens. Because the gut is
open to the environment, a far greater number of bacteria pass through or reside in the
digestive tract. While bacteria in other parts of the body usually are a sign of a breach of
immune barriers and possible infection, the normal state of the gut is to have high levels
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of bacteria present. As you progress further through the stages of digestion and along
the digestive tract from mouth to anus, the variety and number of bacteria increase.
While the stomach contains some bacterial species at low concentrations, by the time
you reach the colon, the bacterial load is significantly higher and the bacterial species
present are also considerably different(Cerf-Bensussan & Gaboriau-Routhiau, 2010).
The shear magnitude of bacterial antigens present would be far too much for the
immune system to deal with were it to mount a response to all antigens encountered.
Though pathogenic organisms will be present in the digestive tract, the majority of the
bacteria present at a given time are non-pathogenic or commensal. Not only is it
impossible for the immune system to deal with all of these antigens produced by nonpathogenic bacteria, it would also be a waste of cell resources and lead to undesirable
inflammation.

Aside from the abundance of bacterial antigens present in the gut, there also exist a
variety of food particles that pass through the digestive tract. The gut immune system
must also function in the presence of these antigens without mounting an unnecessary
immune response to the food that we eat.

Because the gut is uniquely exposed to commensal and food antigens, an even greater
level of immune regulation is required. Under normal conditions, the gut responds to
luminal antigens in a restricted way. The normal process involves sampling of the
contents of the lumen space by dendritic cells residing in the Lp. Dendrite extensions
travel between epithelial cell tight junctions into the lumen of the gut while maintaining
the epithelial barrier. The dendrites then sample the lumen environment via non-specific
phagocytosis. A variety of antigens are presented to the adaptive immune cells in the
Lp(Rescigno et al., 2001). Only those antigens deemed pathogenic by the immune
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system result in an inflammatory response by the Lp-resident immune cells. Most
sampled antigens result in no such response.

Occasionally, an injury occurs that results in the degradation of the epithelial cell barrier
in the gut. A quick repair system is initiated that involves the migration of epithelial cells
to seal the wound and the production of anti-microbial factors(Izcue, Coombes, &
Powrie, 2009). Even with this quick response, antigens are presented to the immune
cells in the Lp at much greater concentrations than those obtained via sampling. Even in
the case of intestinal injury, a large inflammatory response is usually restricted with
immune cells remaining tolerant to the majority of the antigens presented.

The focus of our laboratory and my thesis project is on immune responses in the Lp
space. It is worth noting, however, the other systems for immune response and
regulation are present within the gut. The epithelial layer contains a single layer of
epithelial cells interspersed with a variety of immune cells including intraepithelial
lymphocytes (IELs) and APCs. Another source of immune cells are specialized areas of
the gut immune system known as the GALT. This term encompasses Peyer’s Patches
(in the small intestine) and mesenteric lymph nodes which contribute a variety of
immune cells to the gut(Pabst & Rothkötter, 2006).
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Figure 1.4

Figure 1.4 Sources of immune response in the gut (adapted from Bouma and Strober,
2003. Nat. Rev. Immun. 3: 521-533.)
Peyer’s patches, MLN, and Lp all contribute to the prevention of undesirable
inflammation in the gut.
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IBD and inflammation

Because the intestinal immune system is so tightly regulated, minor breakdowns in the
normal regulation and tolerance can be very detrimental. Inflammatory Bowel Disease
(IBD) is the result of this breakdown in intestinal immune regulation in humans.

IBD affects millions of people in the developed world. It describes both Crohn’s disease
and ulcerative colitis. Both of these diseases are characterized by a disregulation of the
immune response in the digestive tract. An excessive immune response results in
inflammation and ulcers along the length of the bowel. Though the diseases share this
similarity, they also differ in several ways. Crohn’s disease generally can afflict the
digestive tract at any point from the mouth to the anus though it most commonly occurs
in the small and large intestines. The inflammation and ulcers have a patchy distribution
through the gut. In contrast, ulcerative colitis is primarily localized to the colon and
rectum and the areas of inflammation and ulceration are more continuous, often
affecting the whole large intestine(Abraham & Cho, 2009).

IBD occurs when the body treats the non-pathogenic antigens in the gut as a threat.
The immune system initiates a response against the bacterial antigens in the gut that
would normally be tolerated in healthy individuals. The response to non-pathogenic
organisms in the gut causes the severe inflammation that is characteristics of IBD. The
reason for the breakdown in this tolerance to commensal bacteria and other nonpathogenic antigens is not completely understood. Like many immune disorders and
autoimmune diseases, the causes of IBD are thought to be a combination of genetic and
environmental factors.
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Some studies of IBD patient genes have identified gene polymorphisms that are more
likely in those that develop IBD as compared with healthy controls. Some of the genes
that have been linked to the development of IBD include the NOD2 gene, autophagy
genes, and genes for components of the Th17 immune pathway(Abraham & Cho, 2009).

Genetics alone doesn’t fully explain the occurrence of IBD. Environmental factors can
also play a role in the development of multiple immune disorders such as IBD. The
smoking of cigarettes has been linked to a higher risk of developing Crohn’s
disease(Rubin & Hanauer, 2000). Infections with certain pathogens such as
cytomegalovirus, E. coli, Chlamydia, and Epstein-Barr virus are also thought to increase
the risk of developing IBD(Lidar, Langevitz, & Shoenfeld, 2009). Clear linkages between
infection and development of disease have been hard to make, however(Mann & Saeed,
2012).

Perhaps one of the strongest observations supporting the role of environment in
developing IBD is the geographic distribution of the disease. Most cases of IBD are
found in North America and Europe with a higher occurrence in the northern areas of
these continents. People with different genetic backgrounds moving in to these areas
also increase their risk of developing the disease. The differences in hygienic practices
in these areas, as compared with other parts of the world was one of the bases for the
development of the hygiene hypothesis.

It is impossible to ignore the emergence of autoimmune diseases and immune disorders
in the developed world. Diseases such multiple sclerosis, lupus, and IBD were virtually
unheard of a hundred years ago and are still extremely rare in the developing world.
“The hygiene hypothesis” proposes that the emergence of immune disorders such as
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IBD is the result of increased hygienic practices in the industrialized world. Parasites
have evolved with humans for thousands of years and illicit certain anti-inflammatory
effects on the immune system to ensure their preservation. When new hygienic
practices remove these parasites abruptly, the immune system becomes over reactive,
resulting in undesirable inflammation and damage to the host’s own cells and
tissues(Elliott & Weinstock, 2009)(Elliott & Weinstock, 2012).

This emerging hypothesis has sparked some promising new treatment options for
patients with IBD. Current treatment for IBD involves a variety of anti-infammatory
medications including steroids. One therapy that has been somewhat successful in
controlling the inflammation associated with IBD is αTNF-α therapy. Patients with IBD
are treated with antibodies against TNF-α to block the inflammatory properties of this
cytokines in the body. As with any immuno-suppressive therapy, the side effects can
include an increased susceptibility to a variety of inections. The treatment works to a
varying degree depending on the patient, and those patients that do benefit from
treatment tend to only do so for a limited period of time(Pithadia & Jain, 2011).

In extreme cases of IBD, where other medication-based therapies have been
unsuccessful or have stopped being successful, a final course of action is to remove the
afflicted area of bowel. Clearly, major surgery and the removal of large portions of the
digestive tract come with great risk to the patient. IBD can be quite debilitating and most
therapies are only marginally effective.

Using the hygiene hypothesis as their reasoning, researchers have begun trials to use
parasite infection as an alternative treatment for patients with IBD. Specifically, the ova
stage of the pig whipworm Trichuris suis (TSO) has been given orally to patients in a 12
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or 24 week long treatment program. Though not yet approved for distribution in the
U.S., TSO has done exceptionally well in trials. In these trials, patients with Crohn’s
disease or ulcerative colitis taking TSO, experienced remission of IBD-related
inflammation of the gut(Robert W Summers, Elliott, Urban, Thompson, & Weinstock,
2005)(R W Summers, Elliott, Urban, Thompson, & Weinstock, 2005). And unlike αTNFα and other drug therapies, the side effects for TSO are virtually non-existent. The ova
mature from the larval stage to the adult worm before being expelled from their human
host. Because T. suis, is a pig-specific parasite, there is no risk of long-term
colonization and infection in humans, and all parasites are cleared from the body within
a few months. Thus, TSO has become a very attractive candidate for drug therapy for
IBD patients. As the clinical trials for TSO progress, scientists are trying to develop a
better understanding of how T. suis mediates this abrogation of inflammation.

Mouse models of IBD

Mouse models have been developed to study a colitis that mirrors IBD in humans.
Though several colitis models exist, there are two types models that predominate the
literature. One model is an injury-induced colitis using trinitrobenzene sulfonic acid
(TNBS). In this model a strong chemical treatment is given rectally to damage the colon
of mice. This damage breaks down the tight epithelial barrier in the intestine and allows
the penetration of luminal bacteria into the Lp of the gut where inflammatory reactions
are then induced(Dohi et al., 1999). Another model uses dextran sulfate sodium (DSS)
administered orally to induce intestinal injury and colitis(Ohkusa, 1985).

The model used by our laboratory corresponds to a more genetic-based development of
disease. As described before, knocking out IL-10, either systemically or within specific T
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cells populations, results in a spontaneous colitis in mice. The development of colitis in
the knockout model is spontaneous but not consistent. To regulate the development of
the colitis for the sake of timing experiments, the non-steroidal anti-inflammatory drug
(NSAID), Piroxicam, is orally administered to these mice at 5 weeks of age in their food
for two weeks. This treatment results in a population of mice that uniformly develop a
colitis comparable to IBD by about 7 weeks of age(Elliott et al., 2004). This mouse
model allows for the testing of a variety of IBD therapies including those based on
parasite infections.

Helminths and immune regulation

To study the effects of parasitic infection on colitis, our laboratory uses the IL-10KO
mouse model and the murine intestinal helminth Heligmosomoides polygyrus (H. poly).

As mentioned above, intestinal parasites have been around and evolving with humans
for thousands of years. Most people in the developing world (and less hygienic
populations of the developed world) are colonized with parasitic worms. These worms
or helminths can be further classified as flatworms or roundworms. Flatworms include
flukes and tapeworms which reside in different parts of the body such as the bilary
system, the respiratory tract, and the gut. Round worms include hookworms, pinworms,
and whipworms, most of which reside in the gut. During their evolution, helminths have
developed a very specific relationship with their hosts. This specificity does not allow for
much crossover from species to species. Helminths specific for animals are rarely able
to establish long-term infections in humans and vice versa.
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The ability of species-specific helminths to maintain long-term infections of their host and
evade the immune system is a special characteristic of these parasites. Helminths are
far more complex than most pathogenic organisms and have developed a variety of
evasion strategies over time, only some of which we are beginning to understand.
Recent studies of helminth genomes have revealed various factors and receptors with
some homology to those of their host. By sensing inflammatory factors produced by
their host, helminths are capable of masking themselves from an immune reaction and
even modifying the immune response to serve their needs.

As previously mentioned, intestinal helminth infection elicits as Th2 immune
response/environment in the gut and also results in the production of the antiinflammatory cytokines TGF-β and IL-10.

To study the effects of intestinal helminth infection in our IL-10KO model of IBD, our
laboratory needed to use a mouse-specific intestinal parasite. All of the work in this
thesis is based on comparing the immune response of uninfected mice to that of mice
infected with H. poly.

H. poly is administered to mice orally in it’s larval stage. The life cycle of this helminth
begins in the ova stage. H. poly ova is secreted in the feces of mice. After several days
the eggs hatch and take on their first larval stage. After one molting step, the larvae are
in an infective form and are orally injected by a new host. The larvae burrow into the
submucosa of the duodenum where the mature via further molting. The adult worm
emerges about a week later and resides in the lumen of the gut while attached to the
epithelial layer. In the lumen, male and female worms feed on host nutrients and mate.
The complete life cycle takes about 15 days(Monroy & Enriquez, 1992) (Figure 1.5).
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Figure 1.5

Figure 1.5 Infection with Heligmosomoides polygyrus (adapted from Bancroft et. al.,
2012 Trends in Parisit. 28(3): 93-98).
Infection with H. poly in the gut and the results.
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H. poly has been studied by a number of labs and has been shown to affect the immune
system in numerous disease models in mice including diabetes, multiple sclerosis,
rheumatoid arthritis, and colitis(Elliott & Weinstock, 2012).

Previous work published by our laboratory has shown that H. poly infection in mice is
capable of drastically changing the immune environment in the gut and abrogating or
preventing inflammation in the IL-10KO model of colitis. Our lab continues to study the
specific ways in which H. poly infection ameliorates intestinal inflammation. Rather than
one specific effect, H. poly appears to mediate several anti-inflammatory benefits in its
host. H. poly can induce a regulatory population of CD8+ T cells in the gut Lp that
prevent colitis in the IL-10KO mouse model. Besides increasing Th2 and antiinflammatory cytokines, infection also decreases the levels of the pro-inflammatory
cytokines IFN-γ and IL-17, which are elevated in the colitis model. More recently, our
laboratory has investigated the role that infection has on regulatory T cells that express
Foxp3. Both CD8+ and CD4+ T cells have increased levels of Foxp3 expression
following H. poly infection(Setiawan et al., 2007)(Elliott et al., 2008)(Metwali et al., 2006).

Because of the complexity of these organisms, a variety of antigens are present during
infection. A recent push has been made to characterize the excretory/secretory
products of intestinal parasites, especially H. poly. It is thought that a better
understanding of these products will result in the development of more specific drug
therapies for patients with IBD. Rather than the whole parasite, people can be treated
with only the product(s) that is eliciting the desired anti-inflammatory effects(Grainger et
al., 2010)(Moreno et al., 2011).
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Chapter 2
TGF-β and IL-2 enhance Foxp3+CD8+ regulatory T cells from the gut of H.
poly-infected mice.
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Chapter 2 Abstract
Foxp3+CD8+ T cells are lesser-known regulatory T cells. CD8+ T cells from an H. polyinfected mouse have been shown by our laboratory to regulate gut inflammation in the
IL-10KO mouse model of colitis. Infection with H. poly results in a Th2-mediated
immune response and induction of Th2 cytokines along with the anti-inflammatory
cytokines TGF-β and IL-10 in the gut. Other laboratory members have shown that
Foxp3+CD8+ T cells can inhibit proliferation of effector cells, in vivo. The purpose of this
project was to study the characteristics and function of these regulatory Foxp3+CD8+ T
cells when exposed to TGF-β and IL-2. The combination of these cytokines increased
the number of Foxp3-expressing CD8+ T cells in culture by approximately two-fold as
compared to unstimulated Lp CD8+ T cells. These effects were specific to cells from H.
poly-infected mice and also specific to the Lp. TGF-β and IL-2 stimulation do not induce
Foxp3 expression in CD8+ T cells, but stimulation can maintain Foxp3 expression that is
lost during 48h cultures. TGF-β and IL-2 stimulation also increases relative levels of
Foxp3 expression within cells by approximately two-fold. Foxp3+CD8+ are able to
regulate the proliferation of effector cells following TGF-β and IL-2 stimulation.
Maintenance of these Foxp3+CD8+ regulatory T cells and increased levels of Foxp3 may
lead to enhanced regulation in the gut. The experiments presented in this chapter
investigate a more novel CD8+ regulator of inflammation in the gut and show how the
cytokine environment induced during infection with H. poly may also contribute to the
overall anti-inflammatory environment following infection. These Foxp3+CD8+ regulatory
T cells and the helminth-induced cytokine TGF-β along with IL-2 may cooperate to
support the strict immune balance in the gut.
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Chapter 2 Results
Previous work by the laboratory showed that CD8+ T cells in the Lp of the terminal ileum
are regulatory and important in H. poly-mediated inhibition of inflammation. The transfer
of CD8+ T cells from H. poly-infected mice into uninfected recipients was able to prevent
the inflammation caused by co-transferred IL-10KO CD4+ T cells(Metwali et al., 2006).
Other studies have also suggested that Lp CD8+ T cells can act as regulatory cells. Like
CD4+ T cells, CD8+ T cells in the gut can express Foxp3(Filaci et al., 2011). Because of
the novelty of CD8+ regulatory T cells and their importance in the regulation of colitis, we
investigated the presence and function of CD8+Foxp3+ regulatory T cells in the gut
following H. poly infection.

To identify and study regulatory CD8+ T cells in the gut, I used a reporter mouse that
makes a Foxp3-eGFP fusion protein. While intracellular staining and FACS analysis can
identify Foxp3-expressing cells in wild type (WT) mice, using reporter mice allows for
both identification and recovery of regulatory T cells in their viable state, permitting in
vitro and in vivo experimentation. I used this Foxp3-eGFP reporter mouse to identify
and isolate Foxp3-expressing CD8+ Lp T cells from H. poly-infected and uninfected
reported mice. These cells were then used for functional assays. Infection with a
complex organism such as the helminth H. poly affects the immune system in a variety
of ways. I hypothesized that H. poly infection in mice limits inflammation by enhancing
the regulatory capacity and/or number of intestinal Foxp3+CD8+ T cells.

Along with abrogating inflammation, H. poly infection induces cytokines that may affect
immune cells and regulatory pathways in the gut. The change in the cytokine
environment of the gut during H. poly infection may influence regulatory T cell function
and growth. I initially looked at the effect of a select group of cytokines on the growth
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and stability of Foxp3-expressing CD8+ Lp T cells in vitro. I tested multiple H. polyinduced cytokines including TGF-β, IL-2, IL-4, IL-10, and IL-6 in 24h cultures with
unfractionated Lp cells from the terminal ileum of Foxp3-eGFP reporter mice, with or
without H. poly infection. Following culture, these cells were analyzed using
flowcytometry to detect eGFP+ (Foxp3+) cells.

Experiments using Lp cells from H. poly-infected mice showed that the relative number
of CD8+ T cells expressing Foxp3 was 2-fold greater in the cultures containing rTGF-β
and rIL-2, compared to cell cultures that didn’t receive these cytokines (Figure 2.1A).
These experiments indicated that TGF-β in conjunction with IL-2 is important for
expression of Foxp3 in CD8+ T cells. These findings are comparable to those in the
literature that show an increase in Foxp3-expressing CD4+ T cells following culture with
rTGF-β alone or rTGF-β with rIL-2. The requirement for IL-2 may be unique to CD8+ T
cells as studies by others have shown that rTGF-β alone can affect Foxp3 expression in
CD4+ T cells(Q. Chen et al., 2011).

Also in these experiments, some cell culture samples received stimulation with
αCD3/CD28 mAbs to maximize activation of Foxp3-expressing CD8+ T cells.
Stimulating the Lp cells with soluble αCD3/CD28 mAbs had an even greater positive
effect on the number of Foxp3-expressing CD8+ T cells than culture only receiving rTGFβ and rIL-2. While αCD3/CD28 mAbs stimulation affected the numbers of Foxp3+CD8+
T cells in cultures with Lp cells from either infected or uninfected mice, the effect of
rTGF-β and rIL-2 on Foxp3+CD8+ T cell expression was unique to Lp cells from H. polyinfected mice (Figure 2.1B). Thus, while Foxp3-expressing CD8+ T cells in the Lp can be
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affected by a strong non-specific stimulation, these cells only are rendered responsive to
TGF-β and IL-2 stimulation following infection with H. poly.
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Figure 2.1
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Figure 2.1 rTGF-β and rIL-2 co-stimulation increases the number of Foxp3-expressing
CD8+ T cells in culture in a helminth-dependent manner.
Lp cells were isolated from the terminal ileum of infected (A) and uninfected (B) Foxp3eGFP reporter mice and cultured for 24h in medium only, medium with TGF-β (5 ng/ml)
and IL-2 (10 ng/ml), or medium with αCD3/CD28 mAbs. Cells were then collected and
stained with fluorescent mAbs for Thy1.2 and CD8 and analyzed using FACS. Data are
presented as the percentage of total CD8+ T cells that are Foxp3+. (A) Mean results of 5
separate experiments ± SE. * P =0.002 and ** P = 0.0012. (B) Representative figure of
several trials.
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The gut immune environment is distinct from most other immune compartments because
it is constantly being exposed to a variety of foreign antigens. This constant antigenic
exposure requires tighter regulation to avoid unwanted inflammation. As a result, it is
likely that there are regulatory pathways that are unique to the gut. I determined if the
effect of TGF-β and IL-2 co-stimulation on Foxp3 expression in Lp CD8+ T cells was
specific to the intestines. I investigated the effect of TGF-β and IL-2 co-stimulation on
CD8+ T cells in the spleen (Sp) and mesenteric lymph nodes (MLN) of H. poly-infected
mice. It was found that rTGF-β and rIL-2 co-stimulation did not enhance Foxp3
expression in CD8+ T cells from the Sp and MLN of H. poly-infected mice (Figure 2.2A).
Therefore the Foxp3-expressing CD8+ T cells in the Lp are distinct in their response to
TGF-β and IL-2 co-stimulation.

It has been shown in numerous studies that TGF-β induces and sustains Foxp3
expression in CD4+ T cells from the Sp. I, therefore, wanted to test CD4+ T cells from
the Lp and Sp of H. poly-infected mice following TGF-β and IL-2 co-stimulation. In both
of these immune compartments, there was an increase in the percentage of Foxp3expressing CD4+ T cells following this co-stimulation (Figure 2.2B). This finding is in
agreement with the literature and shows that the effect of TGF-β and IL-2 co-stimulation
of cells from H. poly-infected mice is not immune compartment specific for CD4+ T cells.
Conversely, the co-stimulation effect may be specific to the Lp for CD8+ T cells.
Foxp3+CD8+ T cells may represent a unique regulatory cell in the Lp that is further
enhanced by H. poly infection.
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Figure 2.2 rTGF-β and rIL-2 increase relative number of Foxp3-expressing CD8+ T cells
in Lp cell cultures but not Sp cell cultures.
Lp, Sp, or MLN cells were isolated from H. poly-infected Foxp3-eGFP reporter mice and
cultured for 24h in medium alone, with rTGF-β and rIL-2, or with αCD3/CD28 mAb, as
described previously. (A) Percentage of Foxp3-expressing CD8+ T cells (of total CD8+ T
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cells) in the MLN and Sp of wormed mice. To differeniate the effects on CD4+ and CD8+
T cells, Sp and Lp cells were collected after 24h culture with rTGF-β and rIL-2 and
stained with fluorescent antibodies for Thy1.2 and CD8 or Thy1.2 and CD4 and analyzed
with FACS. (B) Comparison of Foxp3 expression in CD8+ T cells or CD4+ T cells from
the Lp or Sp of wormed mice with and without cytokine stimulation. Results are means
of 3 or more trials ± SE, * P<0.05.
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The Foxp3-eGFP reporter mouse produces a fluorescent fusion protein. The nature of
this reporter allows us to identify Foxp3-expressing cells as well as the amount of Foxp3
being expressed. Because the production of eGFP is directly linked to the expression of
Foxp3, a quantitative analysis of Foxp3 levels within individual cells is possible. By
analyzing cells for the presence of Foxp3 via flowcytometry, we also were able to
quantify the relative levels of Foxp3 within cells from an H. poly-infected reporter mouse.

Along with increasing the percentage of CD8+ T cells expressing Foxp3, rTGF-β and rIL2 or αCD3/CD28 mAbs stimulation increased the relative levels of Foxp3 in these cells
as shown by mean fluorescence intensity (MFI) analysis (Figure 2.3). Again,
αCD3/CD28 mAbs stimulation had a more dramatic effect than rTGF-β and rIL-2 costimulation. Because αCD3/CD28 mAbs represents a non-specific T cell stimulation, the
effects of rTGF-β and rIL-2 co-stimulation may be more physiologically relevant.
Flavell’s group found that in CD4+ Tregs, higher levels of Foxp3 expression correlate
with increased regulatory capacity by these cells(Wan & Flavell, 2007). This suggests
that TGF-β and IL-2 strengthen the regulatory function of Lp Foxp3+CD8+ T cells.
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Figure 2.3
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Figure 2.3 rTGF-β and rIL-2 or αCD3/CD28 mAb increase relative levels of Foxp3
expression in Lp CD8+ T cells in culture.
Lp cells from H. poly-infected Foxp3-eGFP reporter mice were isolated, cultured for 24h
with or without rTGF-β and rIL-2 or αCD3/CD28 mAbs, and stained for CD8 expression
using fluorescent mAb. Foxp3 expression was measured by endogenous eGFP
expression. eGFP mean fluorescence intensity (MFI) levels were calculated for CD8+ T
cells with each stimulation condition using FACS analysis. Results are presented as
average MFI from three experiments with indicated SE. * P = 0.0065, ** P = 0.0035.
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TGF-β and IL-2 co-stimulation may affect Foxp3 expression in cultured cells in several
ways: by inducing expression of Foxp3 in Foxp3-CD8+ T cells, by preventing conversion
of Foxp3+CD8+ T cells into Foxp3-CD8+ T cells, and/or by increasing the levels of Foxp3
in Foxp3+CD8+ T cells. I had previously shown that TGF-β and IL-2 could increase the
levels of Foxp3 expression within CD8+ T cells. The means by which TGF-β and IL-2
increased the number of CD8+ T cells expressing Foxp3 in the Lp needed to be
examined further.

To test the ability of TGF-β and IL-2 to induce Foxp3 in CD8+ T cells, Foxp3-CD8+ T cells
from H. poly-infected mice were sorted via FACS and cultured with rTGF-β and rIL-2 costimulation for 48h as in previous experiments. After culture, cells were analyzed by
flowcytometry for the presence of Foxp3-expressing CD8+ T cells. These experiments
were based on others found in the literature for induction of Foxp3 in CD4+Sp cells. In
48h cultures of Foxp3- Lp cells, rTGF-β and rIL-2 did not induce Foxp3 expression in
CD8+ T cells (Figure 2.4A). To determine the effect of TGF-β and IL-2 on the
maintenance of Foxp3 expression, Foxp3+ T cells from the Lp were cultured with or
without rTGF-β and rIL-2 co-stimulation. These cells then were analyzed after 24h in
culture to determine the percentage of cells that were still expressing Foxp3. The
percentage of Foxp3+ T cells dropped following 24h culture. This may have to do with a
variety of factors including the culture conditions or the plasticity of the Foxp3 lineage.
While cells experience a decrease in Foxp3 expression in culture with medium alone, in
the presence of rTGF-β and rIL-2, the percentage of Foxp3+ Lp T cells drops to a lesser
degree, supporting TGF-β and IL-2 as maintenance factors for Foxp3+CD8+ T cells
(Figure 2.4B). TGF-β and IL-2 appear to exert an effect on the maintenance of Foxp3expressing CD8+ Lp T cells as well as on relative levels of the regulatory transcription

45

factor. Infection with H. poly leads to an increased population of Foxp3+CD8+ T cells in
the Lp and renders them more sensitive to rTGF-β and rIL-2 stimulation. This is
especially relevant due to the increase in TGF-β production in vivo following H. poly
infection.
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Figure 2.4
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Figure 2.4 rTGF-β and rIL-2 maintain but do not induce Foxp3 expression in Lp CD8+ T
cells.
Lp cells from H. poly-infected Foxp3-eGFP reporter mice were isolated as before and
sorted by FACS into Foxp3+CD8+ and Foxp3- cells. Cells were cultured in medium only
or with rTGF-β and rIL-2 for 24h. Cells were then analyzed using FACS to determine (A)
if any Foxp3-CD8+ cells were induced to express Foxp3 after 24h and (B) what
percentage of Foxp3+CD8+ cells still expressed Foxp3 after 24h with or without rTGF-β
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and rIL-2 and. Cells are gated with corresponding percentages of Foxp3+CD8+ cells
shown in all flowcytometry plots. Data shows representative FACS plots of 3 trials.
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There was an increase in the percentage of Foxp3-expressing CD8+ Lp T cells and the
level of Foxp3 expression in cells following rTGF-β and rIL-2 co-stimulation. I
hypothesized that these observations would translate to increased regulatory capacity by
these Foxp3+CD8+Lp T cells. I therefore wanted to test the function of Lp Foxp3+CD8+ T
cells from H. poly-infected mice in culture following co-stimulation with rTGF-β and rIL-2.
A commonly used assay to determine the strength of regulatory cells is proliferation
inhibition, where regulatory cells are used to prevent the proliferation of effector cells in
culture. Other members of the laboratory had shown that Foxp3+CD8+ T cells from H.
poly-infected mice were capable of inhibiting the proliferation of effector Sp T cells in
culture. To test how TGF-β and IL-2 might enhance this regulation, we used rTGF-β and
rIL-2 stimulated Foxp3+CD8+ Lp T cells to inhibit the proliferation of effector T cells
isolated from the Sp. Sp T cells are known to proliferate readily following stimulation.
This proliferation can be shown as a series of CFSE peaks on a flowcytometry histogram
plot. Multiple peaks with lower CFSE fluorescence intensity are characteristic of
proliferating cells, while a single, high fluorescence intensity peak means that no
proliferation has taken place. A preliminary experiment showed that Foxp3+CD8+ T cells
isolated from the Lp of H. poly-infected mice and pre-stimulated with rTGF-β and rIL-2
were able to inhibit the proliferation of CFSE-labeled Sp T cells. rTGF-β and rIL-2 prestimulated CD8+ Lp T cells that did not express Foxp3 did not inhibit this proliferation
(Figure 2.5B). My goal was to repeat this experiment and to contrast those results with
experiments lacking rTGF-β and rIL-2 pre-stimulation of Lp cells. This experiment was
difficult to repeat, however. Foxp3+CD8+ T cells make up a very small percentage of the
Lp cells isolated. Culturing only 5 x 103 cells each of regulator and effector cells provided
inconsistent proliferation and inhibition from experiment to experiment. Thus, the initial
observation was not easily confirmed, and I decided to modify the experimental design
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to work with larger cell numbers by indirectly testing the regulatory capacity (or lack
thereof) of cells depleted of the Foxp3+ T cell subset. This new design allowed the use
of a greater number of cells and more consistent and reliable results.
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Figure 2.5
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Figure 2.5 rTGF-β and rIL-2 pre-stimulated Lp Foxp3+CD8+ T cells inhibit effector Sp T
cell proliferation.
(A) Experimental design for proliferation inhibition assay used to determine the
regulatory effect of rTGF-β and rIL-2 pre-stimulated Foxp3+CD8+Lp T cells on the
proliferation of Sp T effector cells. Sp cells were isolated from H. poly-infected Foxp3eGFP reporter mice and separated into Sp T and APC cells using a magnetic column.
The membranes of Sp T cells were labeled with the fluorescent dye CFSE. APC cells
were irradiated to prevent proliferation. Lp cells were isolated from the same H. polyinfected Foxp3 reporter mice. Unfractionated Lp cells were pre-stimulated in culture for
24h with rTGF-β and rIL-2. Cells were then sorted into Foxp3+CD8+ and Foxp3-CD8+ T
cells. (B) Samples were cultured in a round-bottom 96-well plate for 48h in the presence
of soluble αCD3/CD28 mAbs. Conditions were as follows with 5 x 103 of each cell type:
(a) Sp T cells, (b) Sp T and APC cells, (c) Sp T, APC, and Foxp3+CD8+Lp T cells, and
(d) Sp T, APC, and Foxp3-CD8+Lp T cells. Graphs are flowcytometry histogram plots
from one experiment.
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In my alternate approach to determine the proliferation inhibition capacity of
Foxp3+CD8+Lp T cells, indirect analysis of these regulatory cells was done. I measured
the absence of proliferation regulation when Lp cells from H. poly-infected mice were
depleted of regulatory Foxp3+ T cells (Figure 2.6). Proliferation inhibition assays again
were set up using CFSE-labeled Sp T cells. To these cells, I added unfractionated Lp
cells or Lp cells depleted of Foxp3+ T cells by FACS. The unfractionated Lp cells
contained, among numerous immune cell subsets, the Foxp+CD8+ T cells of interest. If
these Foxp+CD8+ T cells are important for regulating proliferation, I hypothesized that
removing them should result in much higher levels of Sp T cell proliferation. No
inhibition of Sp T cell proliferation was observed in cultures with Foxp3-depleted Lp cells.
Upon flowcytometry analysis, these cultures showed several, lower fluorescence
intensity CFSE peaks. Such peaks correspond to proliferating Sp T cells, with most cells
undergoing at least three divisions. Less proliferation was observed in cultures with
unfractionated Lp cells. Unfractionated Lp cells, pre-stimulated with rTGF-β and rIL-2
resulted in slightly more proliferation inhibition than those without prestimulation, though
the difference was not drastic.

53

Figure 2.6
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Figure 2.6 Proliferation inhibition by unfractionated versus Foxp3-depleted Lp cells with
and without rTGF-β and rIL-2 stimulation.
Lp cells were isolated as before from H. poly-infected Foxp3-eGFP reporter mice. Cells
were cultured with or without rTGF-β and rIL-2 stimulation for 24h. Some unfractionated
cells were set aside and the rest were sorted into Foxp3+ and Foxp3- groups.
Unfractionated or sorted populations (5 x 104 cells) were cultured for 48h with irradiated
APCs (1 x 104 cells), CFSE-labeled Sp T cells (1 x 104 cells), and αCD3/CD28 mAbs in
96 well, round-bottom plates. Cells were then analyzed by FACS for Sp T cell
proliferation as measured by CFSE intensity. FACS plots of Sp T cell proliferation,
representative of 2 experiments. Bar graph show percentages of 100 for histogram
peaks 1, 2, and 3 for a representative of 2 trials.
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Little is known about Foxp3+CD8+ regulatory T cells. I have shown here that stimulation
with the H. poly-induced cytokine TGF-β along with IL-2 may enhance these regulatory T
cells in the gut. Following ex vivo stimulation of these cells, Foxp3+CD8+ T cells
numbers are twice as high as those of Foxp3+CD8+ T cells not receiving cytokine
stimulation. These differences likely result from the ability of TGF-β and IL-2 to maintain
cells expressing Foxp3. These cytokines can also increase the relative levels of Foxp3
within CD8+ T cells. All of these things together may contribute to the regulatory
capacity of Foxp3+CD8+ T cells following infection with H. poly. These experiments
illustrate the regulatory effects of H. poly on a less-well-studied regulatory T cell.
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Chapter 3
Regulation of T cell-produced IL-10 by IL10- T cells.
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Chapter 3 Abstract
IL-10 is an important anti-inflammatory cytokine that is required to prevent uncontrolled
inflammation in the gut. Though critical for inhibiting colitis, too much IL-10 can prevent
the clearance of pathogens. Little work has been done to determine how IL-10
production may be inhibited. In this project, a population of IL-10- T cells in the Sp and
Lp of H. poly-infected mice was shown to inhibit the production of IL-10 by T cells.
These IL-10- T cells do not decrease the number or expression level of IL-10 in T cells.
These regulatory cells do not sequester or consume IL-10 in culture. These experiments
show that IL-10- T cells inhibit IL-10 production after transcription and before secretion.
Further experiments to characterize IL-10- T cells were incomplete but suggested that
inhibition by IL-10- T cells cannot be specifically attributed to CD4+ or CD8+ T cells. The
regulatory capacity of IL-10- T cells may be a result of infection with H. poly. These
experiments identified a unique regulatory cell that is affected by H. poly infection and
may be important for controlling the levels of the critical anti-inflammatory cytokine IL-10.
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Chapter 3 Results
Chapter 3 focuses on how infection with the intestinal parasite H. poly affects the
production of the important anti-inflammatory cytokine IL-10. IL-10 can inhibit proinflammatory T cell responses both directly and indirectly. IL-10 is known to be essential
for the prevention of intestinal inflammation in mice. The IL-10KO mouse develops a
spontaneous colitis that is used to model human IBD(Kühn et al., 1993). Using an IL-10eGFP reporter mouse(Kamanaka et al., 2006), I was able to isolate cells from the Sp or
Lp and study their production of IL-10 ex vivo.

As for most cytokines, the ability to moderate the levels of IL-10 is crucial for maintaining
a healthy immune balance. Too much or too little IL-10 can be dangerous. Due to the
gut’s constant exposure to antigens, many of which are non-pathogenic, a more antiinflammatory environment with higher levels of IL-10 production is important to maintain
desired immune balance. While most studies of IL-10 regulation focus on the induction
of this cytokine, the inhibition of IL-10 deserves consideration in the maintenance of gut
homeostasis. By using a reporter mouse for IL-10, I was able to isolate the gut Lp T
cells that do and do not express IL-10. The production of this cytokine could then be
analyzed in the culture of these specific T cell subsets. I wanted to determine if infection
with H. poly modified the effect on IL-10 production in the aforementioned cultures,
potentially illustrating another means of immune regulation by H. poly.

I began by measuring the production of IL-10 from cultured cells from the IL-10-eGFP
reporter mouse. Because our laboratory focuses on the effects of H. poly infection on
the immune system, I began by characterizing these reporter mice following the
standard, two-week infection with H. poly. Lp (ileum and colon) and Sp cells were
isolated from the reporter mice, and these unfractionated cells were pre-stimulated in
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culture with soluble αCD3 mAb for 24h. This pre-stimulation ensured that all cells that
could be induced to produce IL-10, were. Pre-stimulating and then allowing the cells to
“coast” in culture with no additional stimulation was used for all experiments presented in
this chapter. Continued stimulation in culture was not desirable because it could have
changed the phenotype of some of the cells present. The pre-stimulated Sp or Lp cells
were sorted into IL-10+ T cells or IL-10- T cells. IL10+ T cells were cultured alone or in
combination with IL-10- T cells. For both the Lp and Sp samples, IL-10+ T cells alone
made large quantities of IL-10 as measured by ELISA, while IL-10- T cells produced very
low levels of IL-10. This finding validated the reporter and showed that large quantities
of IL-10 (hundreds of picograms) could be produced by relatively small numbers of T
cells (1.5 x 104 per well). We also recreated physiological conditions by combining the
sorted IL-10+ and IL-10- T cells in culture at a 1:3 ratio. This ratio roughly represents the
percentages of these cells found in the Sp and Lp of the reporter mice (data not shown).
In these combined cultures, IL-10 levels were significantly smaller than those from
cultures of IL-10+ T cells alone. This reduction in IL-10 production was seen in both the
Sp and the Lp of the ileum and colon (Figure 3.1). This suggested that the IL-10- T cells
were inhibiting the production of IL-10.
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Figure 3.1
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IL-10- T cells

Figure 3.1 IL-10- T cells decrease production of IL-10 by IL-10+ T cells in co-culture.
(A) Sp or Lp cells were isolated as usual and pre-activated for 24h with αCD3 mAb.
Cells were then sorted into IL-10+ T cells and IL-10- T cells using fluorescently labeled
αThy1.2 mAb and cultured alone or in combination (1:3 ratio, respectively) for 48h. IL10+ T cells were used at 1.5 x 104 cells per well and IL-10- T cells were used at 4.5 x 104
cells per well. Supernatants were collected and assayed for IL-10 production by ELISA.
(B) Sp cell data shown as the mean of 3 experiments with standard error, *p = 0.0348.
Lp cell data for (C) ileum and (D) colon shown as mean of two experiments with
standard error, ** p = 0.0410.
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Because we saw similar decreases in IL-10 levels in the culture of cells from the Sp and
Lp and because the Sp provided much greater numbers of cells to work with, I began
investigating this potential inhibition phenotype using Sp cells. I hypothesized that IL-10T cells were inhibiting the production of IL-10 by IL-10+ T cells, but this decrease in IL-10
could occur for reasons other than a direct inhibition of the cytokine. I first wanted to rule
out the possibility that IL-10- cells were simply contributing to a decrease in the number
of IL-10+ T cells in culture. Fewer IL-10+ T cells could lead to less production of IL-10.

Pkh26, a dye that incorporates itself into the cell membrane, was used to label prestimulated, sorted IL-10+ T cells from the Sp. These cells were then cultured under
standard conditions for the inhibition assay (IL-10+ T cells alone or IL-10+ T cells
combined with IL-10- T cells). I also included co-cultures with IL-10- non-T cells as a
control to show that any observed inhibition was specific to IL-10- T cells. After the 48h
incubation, cells were analyzed using flowcytometry. The labeled IL-10+ T cells were
both eGFP+ and pkh26+ at 0h. Pkh26 decreases in fluorescence intensity as labeled
cells divide, but will mark cells for greater than 48h in culture. Thus, I could determine
the absolute numbers of pkh26+ cells after culture, and whether or not they had retained
the eGFP expression indicative of IL-10 production. A similar number of pkh26+ cells
remained in samples from all culture conditions after 48h culture. IL-10 (eGFP)
expression decreased significantly over time in culture, resulting in a large percentage of
cells that were pkh26+ but no longer eGFP+. This decrease was independent of other
cell subsets (IL-10- T or IL-10- non-T cells) in culture as the levels of eGFP expression
were comparable in all cultures with IL-10+ T cells (Figure 3.2). I found that the
production of IL-10 by IL-10+ T cells decreases following 48h culture, and IL-10- T cells
do not appear to decrease the absolute number or percentage of cells expressing IL-10
in these cultures. These results suggest that IL-10 isn’t affected by IL-10- T cells at the
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level of expression and that the regulation of IL-10 production occurs further downstream
in the IL-10 transcription and translation pathway.
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Figure 3.2 IL-10- T cells do not decrease IL-10+ T cell numbers or their IL-10 expression
in culture.
Sp cells were pre-stimulated in culture with αCD3 mAb for 24h, then labeled with
fluorescent αThy1.2 mAb, and sorted into IL-10+ T cells by FACS. Cells were then
labeled with the fluorescent cell marker pkh26 and cultured alone or with IL-10- T cells or
IL-10- non-T cells at ratios of 1.5 x 104 to 4.5 x 104 cells, respectively, for 48h. Cells were
collected and analyzed by flowcytometry to determine IL-10 expression in the pkh26labeled cells. Representative FACS plots of several trials. Plots show total pkh26+ cells
with eGFP+ cells gated and displayed as a percentage of total pkh26+ cells.
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As determined in the previous experiment, IL-10- T cells regulate the production of IL-10
at a point downstream of gene transcription. Another explanation for decreased IL-10
levels could be post-translational regulation of IL-10. It is possible that IL-10 protein is
produced and secreted by IL-10+ T cells but sequestered or consumed by IL-10- T cells
in culture. If this were the case, IL-10 would not be detectable by our ELISAs and would
have limited or no anti-inflammatory function in culture. T cells express the IL-10
receptor, which could be used by IL-10- T cells to sequester or take up secreted IL-10.
Other surface markers and receptors could play a role as well. To determine if IL-10- T
cells were capable of binding and/or consuming IL-10, I used recombinant IL-10 (rIL-10)
in cultures with IL-10- cells to determine how these cells affected cytokine levels. A loss
of rIL-10 in cultures of these cells would imply post-translational regulation of IL-10 by IL10- T cells. IL-10- T cells were sorted from pre-stimulated Sp cells as before and
cultured with 1ng/ml of rIL-10 for 48h to mirror our aforementioned inhibition cultures. IL10 ELISAs were then performed to detect the amount of rIL-10 that remained in culture.
Analysis of these supernatants showed little to no loss of the original 1ng/ml levels of rIL10 in cultures containing IL-10- T cells (Figure 3.3). We also analyzed T cell subsets
which we would be investigating further in subsequent experiments. The same retention
of rIL-10 was true for cultures with IL-10- T cells subsets: IL-10-CD4+ or IL-10-CD4- T
cells. Inhibition assays using IL-10+ and IL-10- T cell co-cultures showed approximately
0.5ng/ml less IL-10 after 48h but this level of IL-10 reduction was not seen in
experiments with rIL-10 and IL-10- T cells. Thus, the loss of IL-10 in co-culture
experiments cannot be explained by consumption of the cytokine by IL-10- T cells.
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Figure 3.3
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Figure 3.3 Sp IL-10- T cells do not sequester or consume IL-10 in culture.
Subsets of Sp cells (IL-10-CD4+ T cells, IL-10-CD4-(CD8+) T cells, or IL-10- T cells) were
preactivated with αCD3 mAb, sorted, and cultured at 4.5 x 104 cells per well for 48h in
the presence of 1ng/ml rIL-10. Supernatants were collected and assayed for IL-10 by
ELISA to determine consumption. Data is represented as the fraction of the initial 1
ng/ml with 1 corresponding to 100% of the original IL-10. Mean of three trials with SE
shown.
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Based on previous experiments, it was determined that decreases in the production of
IL-10 by IL-10-expressing T cells could not be attributed to pre-transcription or postsecretion steps in the IL-10 induction pathway. We wanted to better understand the IL10- T cells capable of IL-10 inhibition by further characterizing their function. When
studying the regulatory capacity of various cell types, it is common to determine the cell
ratios needed for any observed inhibition. IL-10- cells were sorted into IL-10- T cells and
IL-10- non-T cells (as a control) and cultured with IL-10+ T cells, as before, at a ratio of
3:1, respectively, and at ratios of 1:1 and 0.5:1 to determine the optimum ratio for
decreasing IL-10 levels in culture. While some decrease in IL-10 levels was observed in
cultures with IL-10- non-T cells, the most significant decrease was seen in cultures with
IL-10- T cells. This decrease was no longer observed at ratios less than 1:1 (Figure
3.4A,B). Thus, IL-10- T cells have a unique capacity to regulate IL-10 production by T
cells in vitro and do so best at ratios resembling their physiological concentrations in
vivo.

Because IL-10- T cells include numerous subsets of T cells, we wanted to better classify
the subset responsible for the observed IL-10 inhibition. To do this, IL-10- T cells were
further divided into IL-10-CD4+ T cells or IL-10-CD4- T cells (assumed to be primarily IL10-CD8+ T cells) and cultured with IL-10+ T cells (3:1, respectively) as usual for 48h.
Supernatants analyzed by ELISA showed a slight decrease in IL-10 levels in cultures
receiving IL-10-CD4- T cells as compared with IL-10+ T cells cultured alone. In contrast,
cultures given IL-10-CD4+ T cells had IL-10 levels higher than that of IL-10+ T cells alone
(Figure 3.4C). Thus, decreased levels of IL-10 in culture are likely not attributable to IL10-CD4+ T cells but could not definitively be ascribed to IL-10-CD4- T cells either.
Because neither T cell subset seemed capable of producing the same inhibition seen by
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unfractionated IL-10- T cells, it is possible that these two T cell subsets cooperate
together to result in the inhibition of IL-10 production by T cells.
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Figure 3.4
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Figure 3.4 IL-10- T cells inhibit best when used at physiological ratios and left
unfractionated.
Sp cells were isolated from H. poly-infected IL-10-eGFP reporter mice as usual and preactivated for 24h with αCD3 mAb. Cells were then sorted into IL-10+ T cells, IL-10- T
cells, or IL-10- non-T cells using fluorescently labeled αThy1.2 mAb. Cells were cultured
alone or in combination at varying ratios (1:3, 1:1, or 1:0.5 IL-10+ T cells to IL-10- cells)
for an additional 48h. IL-10+ T cells were used at 1.5 x 104 cells per well. Supernatants
were collected and assayed for IL-10 production by ELISA. (A) IL-10+ T cells cultured
with IL-10- T cells. Averages of three experiments with SEM, * p<0.05 (B) IL-10+ T cells
cultured with IL-10- non-T cells. Data are averages of three trials with SEM. (C) IL-10+ T
cells from the Sp were isolated and pre-activated with αCD3 mAb as before. Cells were
cultured with sorted IL-10-CD4+ T cells or IL-10-CD8+ T cells for 48h. Supernatants were
collected and assayed for IL-10 production by ELISA. Data from one experiment shown
with standard deviation.
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A near complete inhibition of IL-10 production was seen when culturing IL-10+ T cells
with IL-10- T cells isolated from an H. poly-infected reporter mouse. The inhibition of IL10 production seen in these cultures may be attributable to H. poly infection and it’s
effect on one or both of these T cell subsets in the Sp. Therefore, I investigated how
using cells from an uninfected mouse would influence the regulation of IL-10 production
previously observed. I isolated IL-10- and IL-10+ T cells from the Sp of infected and
uninfected reporter mice. Standard cultures of IL-10- T cells with IL-10+ T cells from
either infected or uninfected mice were set up. At the same time, cross cultures with IL10- T cells from infected mice with IL-10+ T cells from uninfected mice or vice versa were
set up. Based on ELISAs for IL-10, I found that IL-10- T cells from an uninfected mouse
were not capable of inhibiting IL-10 production to the same extent as IL-10- T cells from
an infected mouse. This observation was true regardless of whether IL-10+ T cells were
from uninfected or infected mice. More specifically, no inhibition was seen with IL-10+ T
cells from an infected mouse while limited inhibition was seen with IL-10+ T cells from an
uninfected mouse. On the other hand, IL-10- T cells from an infected mouse were
capable of inhibiting IL-10 production from IL-10+ T cells from either infected or
uninfected mice (Figure 3.5). This indicated that IL-10- T cells are better at regulating IL10 production following infection with H. poly and indicates that these cells may change
phenotype or upregulate certain proteins in response to helminth infection.

It should be noted that the experiments looking at which subset of IL-10- T cells was
responsible for IL-10 inhibition and whether this regulation was H. poly-dependent were
not completed because the regulatory phenotype we had seen in these mice for months
was inexplicably lost. I attempted to rescue the phenotype by altering a variety of culture
conditions including cell number, stimulation, and duration of culture. I also rebred the
homozygote breeders for the colony and tried the experiments using the double reporter
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(Foxp3-mRFP, IL-10-eGFP) mice. Unfortunately, I was unable to repeat the original
inhibition experiments. Rather than continuing to troubleshoot this project, I shifted
focus onto the experiments in Chapter 4. If this project were to continue, I would obtain
the IL-10 reporter mice from an outside facility or acquire another type of IL-10 reporter
mouse(Bouabe, 2012) to see if the results could be repeated using these new mice.

Despite the loss of the phenotype, numerous experiments supported the existence of an
IL-10- T cell that was able to inhibit IL-10 production. This concept is important because
it illustrates the need for multi-level regulation to maintain the immune system in an
appropriate balance.
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Figure 3.5
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Figure 3.5 Sp IL-10- T cell inhibits IL-10 production following H. poly infection.
Sp cells were isolated from H. poly-infected or uninfected IL-10-eGFP reporter mice as
before and pre-activated for 24h with αCD3 mAb. Cells were then sorted into IL-10+ T
cells and IL-10- T cells using fluorescently labeled αThy1.2 mAb. Cells were cultured
alone or in the combinations listed (1:3 ratio, respectively) for an additional 48h. IL-10+
T cells were used at 1.5 x 104 cells per well. The following combinations are shown: IL10+ T cells from infected mice (dark blue) alone, with IL-10- T cells from infected mice, or
with IL-10- T cells from uninfected mice; IL-10+ T cells from uninfected mice (green)
alone, with IL-10- T cells from infected mice, or with IL-10- T cells from uninfected mice.
IL-10- T cells (purple) were also cultured alone as controls with 4.5 x 104 cells per well.
Supernatants were collected and assayed for IL-10 production by ELISA. Data from one
experiment shown with standard deviation. I = infected, U = uninfected.
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Much more is know about how IL-10 induction than inhibition. In these experiments, I
have shown that IL-10- T cells in the Sp and Lp are capable of inhibiting IL-10 production
by T cells. This inhibition occurs at a point in the IL-10 production pathway that is after
transcription and before translation. Characterization experiments were inconclusive but
suggested that CD4+IL-10- and CD8+IL-10- T cells my both be important for this
inhibition. I also showed that H. poly infection likely results in enhanced regulation of IL10 by these IL-10- T cells. These experiments show how an important anti-inflammatory
cytokine may be regulated and another means by which H. poly infection modifies the
immune response.
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Chapter 4
IL-10 marks distinct Foxp3 subsets in the gut of mice.
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Chapter 4 Abstract
Foxp3+ T cells can be subdivided into several populations of regulatory T cells with
distinct functions. Using a double reporter mouse for Foxp3 and the anti-inflammatory
cytokine IL-10, two Foxp3 subsets were distinguished: Foxp3+IL-10+ and Foxp3+IL-10- T
cells. Interestingly, Foxp3+IL-10+ predominate in the colon where a lack of IL-10
expression in Foxp3+ T cells leads to colitis. Both subsets were tested for regulatory
capacity in proliferation inhibition and inflammatory cytokine inhibition assays. In
uninfected mice, Foxp3+IL-10+ and Foxp3+IL-10- T cells performed equally well in
inhibiting proliferation and pro-inflammatory cytokine production in culture. Inhibition
was comparable in samples from H. poly-infected mice with the exception of Foxp3+IL10+ T cells, which similarly inhibited cytokine production but not proliferation. These
results illustrated redundancy in some regulatory functions between the Foxp3 subsets
but suggested that differences could occur and that H. poly infection does modify the
regulatory environment in the gut. Foxp3+IL-10+ and Foxp3+IL-10- T cell RNA was tested
in a PCR array that identified several possible inflammatory markers that differ between
the two subsets. One marker, a homing receptor called CCR2, was found primarily in
Foxp3+IL-10+ T cells but levels were unaffected following H. poly infection. A more
thorough RNA screen will determine additional differences between these regulatory T
cells that may result in distinct functions. Differences between regulatory T cells from H.
poly-infected and uninfected mice will provide insight into how helminth infection
modifies existing regulatory circuits to promote an anti-inflammatory environment in the
gut.
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Chapter 4 Results
While originally thought of as a single subset of T cells, Foxp3+ T cells are now known to
express numerous, different cell surface markers/receptors and transcription factors and
to produce a variety of cytokines(Liu et al., 2011)(Lochner et al., 2008). Thus, they are
quite a heterogeneous population of cells. Though the group as a whole is known to be
regulatory, the phenotypic differences amongst Foxp3+ T cells likely lead to differences
in function. Because of IL-10’s known contribution to immune regulation, I was
interested in differentiating the expression and function of Foxp3+IL-10+ and Foxp3+IL10- T cells in mice. Our laboratory obtained Foxp3-mRFP and IL-10-eGFP reporter mice
and bred them to produce double reporter mice(Kamanaka et al., 2006). Using these
reporter mice, I was able to sort out the aforementioned Foxp3 subsets and analyze
them in several functional assays.

Using the double reporter mice, I isolated cells from the Sp, ileum Lp, and colon Lp and
analyzed the cells using flowcytometry. Cells from H. poly-infected or uninfected mice
were analyzed. While both Foxp3 subsets were present in all samples studied, the
percentages of each subset were variable depending on the immune compartment the
cells were isolated from. As a proportion of the entire lymphocyte population, the Sp,
ileum Lp, and colon Lp all contain similar percentages of Foxp3+IL-10- T cells. The
percentages of Foxp3+IL10+ T cells were quite different, however. In the Sp, very few
Foxp3+IL-10+ T cells are present. Almost all Foxp3+ T cells in the Sp lack IL-10. The
ileum Lp has about a 1:1 ratio of IL-10+:IL-10- subsets, and the colon Lp has the greatest
proportion of Foxp3+IL-10+ T cells with a ratio of 2:1, Foxp3+IL-10+ to Foxp3+IL10-T cells
(Figure 4.1). Because the colon is an area of tight immune regulation and requires IL-10
to prevent inflammation, it is likely that increased numbers of Foxp3+IL-10+ T cells play
an important and perhaps distinct rule in immune regulation. Infection with H. poly
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increased the percentages of both Foxp3 subsets (compared with uninfected samples)
but only slightly, suggesting that H. poly doesn’t have a substantial effect on the
numbers of either Foxp3 subset. It is possible, however, that H. poly infection affects the
function of these regulatory T cells.
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Figure 4.1
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Figure 4.1 The Foxp3+IL-10+ subset predominates in the colon Lp in H. poly-infected and
uninfected mice.
Sp, ileum Lp, or colon Lp cells were isolated as usual from FoxP3-mRFP, IL-10-eGFP
double reporter mice. Cells were analyzed by FACS at 0h for percentage of FoxP3+IL10- cells (blue gate) and FoxP3+IL-10+ cells (purple gate). (A) H. poly infected mice. (B)
Uninfected mice. Percentages shown are of total lymphocytes analyzed. FACS plots
are representative of three trials. Y-axis corresponds to FoxP3-mRFP and X-axis
corresponds to IL-10-eGFP.
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A variety of cytokines have been shown to be important in the induction, maintenance,
and/or function of Foxp3+ T cells(Davidson et al., 2007). It is likely that different Foxp3
subsets respond differently to certain cytokines. Testing the response of Foxp3+IL-10+ or
Foxp3+IL-10-T cells to various cytokine stimulations is one way to distinguish differences
between these subsets. I had previously shown in Chapter 2 that TGF-β and IL-2 costimulation had effects on the maintenance of Foxp3 expression in Lp T cells from H.
poly-infected mice. I also wanted to test the effects of these two cytokines on the
maintenance and/or induction of Foxp3+IL-10+ and Foxp3+IL-10- T cells. I therefore
cultured Foxp3+IL-10+ or Foxp3+IL-10-T cells from the colon Lp with or without rTGF-β
and rIL-2 co-stimulation and determined the percentage that continued to express Foxp3
and/or IL-10 after culture. Both Foxp3 subsets decreased in number during the 48h
culture, but Foxp3+IL-10+ T cells were lost in larger numbers. This observation implied
that Foxp3+IL-10+ T cells are more transient or less stable over time in culture. When
Foxp3+IL-10+ T cells were cultured with rTGF-β and rIL-2, their percentages decreased
to a lesser extent than those cultured without stimulation (Figure 4.2). rTGF-β and rIL-2
also maintained Foxp3+IL-10- T cell numbers but to a lesser degree. Therefore, TGF-β
and IL-2 act to maintain Foxp3+ T cells and preferentially preserve a more transient
subset that express IL-10 as well.

81

Figure 4.2
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Figure 4.2 rTGF-β and rIL-2 maintain Foxp3+IL-10+ cells from H.poly-infected mice in
vitro.
Lp cells were isolated as before from H. poly-infected Foxp3-mRFP/IL-10-eGFP reporter
mice. Unfractionated cells were sorted into Foxp3+IL-10- cells, which were then cultured
with or without rTGF-β (5ng/ml) and rIL-2 (10ng/ml) co-stimulation for 24 or 48h. After
culture, cells were analyzed by flowcytometry to determine the percentage that
maintained expression of Foxp3 and IL-10. Results shown as flowcytometry plots
representative of three trials.
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Two distinct Foxp3 subsets could suggest two phenotypically different regulatory T cell
populations. These regulatory T cells subsets may differ in the strength of their
regulatory capacity or in the means by which they regulate an immune response. I
wanted to test if the presence or absence of the anti-inflammatory cytokine IL-10 in
Foxp3+ T cells marked two functionally distinct regulatory T cell subsets. Proliferation
inhibition assays were set up using Foxp3+IL-10+ or Foxp3+IL10- colon Lp T cells to
suppress the proliferation of effector T cells in culture. For these experiments, I used
effector T cells from the Sp, stimulated with αCD3/CD28 mAbs. To measure the
proliferation of these Sp T cells, I labeled them with the membrane-staining fluorochrome
CFSE and cultured them for 48h. To these cultures were added Foxp3+IL-10+ or
Foxp3+IL-10- T cells from the colon Lp of H. poly-infected mice. Cultures also contained
soluble αCD3/CD28 mAbs and irradiated Sp APCs. During this culture, Sp T cells, if
proliferating, would undergo one or more rounds of division producing cells with less and
less fluorescence intensity due to a dilution of the CFSE in their membrane. Conversely,
a non-proliferating, or inhibited, Sp T cell would retain its initial level of CFSE
fluorescence throughout the experiment. These experiments used a 1:1 ratio of
regulatory cells to effector cells (1 x 105 cells each). Foxp3+IL-10- T cells from an H.
poly-infected mouse inhibited the proliferation of CFSE-labeled Sp T cells. Similar
cultures with Foxp3+IL-10+ T cells from infected mice did not show this inhibition of
proliferation. In H. poly-infected mice, proliferation inhibition is restricted to Foxp3+IL-10T cells (Figure 4.3). The results obtained in similar experiments using uninfected
reporter mice were different. When Foxp3+ Lp T cells were isolated from uninfected
mice, both subsets were capable of inhibiting proliferation at a ratio of 1:1. Thus, while
Lp Foxp3+IL-10- T cells from infected or uninfected mice can inhibit proliferation of Sp T
cells, Foxp3+IL-10+ T cells only inhibit proliferation when they originate in uninfected
mice. Infection with H. poly reduces the proliferation inhibition capacity of Foxp3+IL-10+

83

T cells from the colon Lp. This difference in proliferation inhibition capacity might show a
difference in regulatory phenotype after helminth infection. The Foxp3+IL-10+ cells may
lose their regulatory capacity following infection with H. poly, or these cells may have a
modified regulatory phenotype characterized by a function distinct from the inhibition of
effector cell proliferation. The later prediction may be relevant because it has been
shown that IL-10 expression in Foxp3+ T cells is needed to prevent colitis in mice(Murai
et al., 2009). Though the type of experiment presented here is a standard and widely
accepted means of testing for regulatory capacity of T cells, it is possible that this in vitro
assay is not the best model for physiological regulation. Also, the ability to regulate
proliferation may not be the predominate means by which Foxp3+ T cells, especially
Foxp3+IL-10+ T cells, regulate inflammation in the gut.
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Figure 4.3
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Figure 4.3 Foxp3+IL-10- Lp T cells from H. poly-infected mice inhibit effector cell
proliferation.
(A) Experimental design for proliferation inhibition assay used to determine the
regulatory capacity of Foxp3+IL-10+ or Foxp3+IL-10- Lp T cells on effector Sp T cells. Sp
cells were isolated from H. poly-infected Foxp3-mRFP, IL-10-EGFP double reporter mice
and separated into Sp T and APC cells using a T cell separation kit. Foxp3- SpT cells
were obtained via FACS and labeled with the fluorescent membrane marker CFSE.
Remaining Sp cells containing APC cells were irradiated to prevent their proliferation.
Ileum Lp and colon Lp cells were isolated from the same reporter mice. Cells were then
sorted into Foxp3+IL-10+ or Foxp3+IL-10- cells and cultured in the presence of the CFSElabeled SpT cells and irradiated APCs with αCD3/CD28 mAbs. Samples were cultured
for 48h under the following conditions: 1 x 104 of each cell type: Sp T cells; Sp T and
APC cells; Sp T, APC, and Foxp3+IL-10+; or Sp T, APC, and Foxp3+IL-10- Lp cells.
Foxp3+ cells were from the ileum or colon Lp. After culture, cells were collected and
analyzed by flycotometry to determine the amount of Sp T cell proliferation that had
occurred as measured by CFSE fluorescence. Graphs are representative flowcytometry
histogram plots from three separate experiments. Gated area and corresponding
percentage represent Sp T cells that did not undergo any proliferation. The remaining
peaks represent cells that divided, with less CFSE fluorescence corresponding to more
divisions.
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While proliferation inhibition is the hallmark for studying regulatory capacity of T cells,
other means of regulation also exist, and Foxp3+ T cells likely have a variety of functions
that can contribute to immune regulation. Regulatory T cells can also alter the production
of cytokines by effector cells. The major inflammatory cytokines associated with Th1
and Th17 immune responses are IFN-γ and IL-17, respectively. I tested the
supernatants from cultures of unfractionated Sp cells for the production of these proinflammatory cytokines in the presence or absence of Foxp3+IL-10+ or Foxp3+IL-10- colon
Lp T cells. Sp cells, when cultured alone with soluble αCD3/CD28 mAbs, produced high
levels of IFN-γ. ELISAs showed about a 50% inhibition in the production of IFN-γ when
Sp cells were cultured with Foxp3+IL-10+ or Foxp3+IL-10- Lp T cells (Figure 4.4). This
was true for Foxp3 cells isolated from H. poly-infected or uninfected mice. Thus, Foxp3+
T cells are capable of inhibiting the production of a pro-inflammatory cytokine, but do so
regardless of whether they also express IL-10. This cytokine inhibition is also unaffected
by H. poly infection. The cytokine inhibition observed in these experiments may be a
more universal function of Foxp3+ T cells that is not variable based on the immune
environment or the Foxp3 subset that the T cells belong to. ELISAs for IL-17 did not
show definitive regulation of this cytokine by either Foxp3 subset. Later experiments
that tested IL-17 production by Lp effector cells did show regulation by Foxp3+ T cells.
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Figure 4.4
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Figure 4.4 Foxp3+IL-10+ or Foxp3+IL-10- Lp T cells inhibit IFN-γ production by effector
cells.
Sp cells were isolated from Foxp3-mRFP, IL-10-eGFP double reporter mice and left
unfractionated. Lp cells were isolated from the same reporter mice. Lp cells were then
sorted into Foxp3+IL-10+, Foxp3+IL-10-, Foxp3-IL-10+ or Foxp3-IL-10- T cells and cultured
in the presence of the unfractionated Sp cells with αCD3/CD28 mAbs for 48h in a roundbottom 96-well plate. Conditions were as follows: 5 x 104 Sp cells alone or with 1 x 104
Foxp3+IL-10+, Foxp3+IL-10-, Foxp3-IL-10+ or Foxp3-IL-10- Lp T cells. After 48h,
supernatants were collected and analyzed for IFN-γ or IL-17 by ELISA. Graphs show
averages of 3 trials with SEM. *, ** P< 0.05.
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The use of effector Sp cells allowed me to measure the ability of Foxp3+ T cells from the
colon Lp to inhibit both proliferation and pro-inflammatory cytokine production. Because
Sp effector cells would not come in direct contact with Lp Foxp3+ T cells in the mouse, I
sought to develop a more physiologically relevant assay to test the regulatory capacity of
the Foxp3+ T cell subsets. I adapted the cytokine inhibition assay to use only cells
present in the Lp of our reporter mice. To test for cytokine inhibition as it might occur in
the Lp, I compared cytokine production by unfractionated Lp with cytokine production by
Foxp3-depleted Lp cells. In this way I could indirectly how Foxp3 subsets affected the
production of the pro-inflammatory cytokine IFN-γ in the gut. Baseline levels of IFN-γ
production were established for unfractionated Lp lymphocytes. In comparison, levels of
IFN-γ production were greatly increased after the removal of Foxp3+IL-10+ or Foxp3+IL10- T cells from the Lp lymphocyte population. Removal of all Foxp3-expressing cells
(both Foxp3+IL-10+ and Foxp3+IL-10- T cells) produced the greatest increase in IFN-γ
production, implying an additive regulatory effect (Figure 4.5A). A similar trend was
seen in assays for IL-17 inhibition, with increased IL-17 production detected following the
removal of either or both Foxp3 subsets. While the cytokine inhibition assays using Sp
effector cells were inconclusive for IL-17, these assays, focused on Lp effector cells,
showed that Foxp3+ T cells are likely important for regulating IL-17 as well as IFN-γ. To
further confirm the importance of Foxp3+ Lp T cells, I performed “add-back” experiments
where some samples received the Foxp3+ T cells that had been sorted away. If the
Foxp3+ T cells are important for regulating cytokine production in the Lp, adding them
back should have restored the baseline levels of cytokine found in unfractionated
samples. As predicted, adding back either Foxp3 subset or all Foxp3+ T cells reduced
IFN-γ production to levels at or below those in the unfractionated culture samples.
These findings are in agreement with the data from the previous cytokine inhibition
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assays using Sp cells and shows that both Foxp3 subsets act as regulators of proinflammatory cytokine production.
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Figure 4.5
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Figure 4.5 Foxp3+IL-10+ or Foxp3+IL-10- Lp T cells inhibit production of pro-inflammatory
cytokines by Lp effector cells.
Lp were isolated as before from the colon of Foxp3-mRFP, IL-10-eGFP double reporter
mice. Cells were sorted to remove one of the following populations: Foxp3+IL-10+,
Foxp3+IL-10-, or all Foxp3 T cells. The cells remaining after the sort were cultured in
plates at 5 x 104 cells per well for 48h. Unfractionated Lp cells were also cultured under
the same conditions as a control. Following culture, supernatants were collected and
analyzed by ELISA for IFN-γ and IL-17. Graphs show mean cytokine production from 3
trials with SEM. * p<0.02, ** p<0.05
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After performing several functional assays, I decided to study the differences between
Foxp3+IL-10+ and Foxp3+IL-10-T cells at the molecular level. Molecular distinctions may
offer insight into any regulatory functions we have yet to study and the differences
between these functions in two Foxp3 subsets and following infection with H. poly. A
variety of inflammatory markers may be relevant for our understanding of Foxp3+IL-10+
and Foxp3+IL-10- T cell function. I used a real-time PCR array specific for 80 different
transcripts involved in inflammatory pathways. In this screen, I tested the RNA from
Foxp3+IL-10+ or Foxp3+IL-10- colon Lp T cells from H. poly-infected or uninfected mice.
Lp cells were isolated and pre-stimulated with αCD3/CD28 mAbs for 4h. This prestimulation was used to make sure regulatory cells were in an active state. These Lp
cells were then sorted into Foxp3+IL-10+ or Foxp3+IL-10- T cells and RNA was isolated
from each subset. As Foxp3+ T cells only make up a small percentage of the Lp
lymphocytes, the number of cells collected from each experiment was in the range of 1 x
105 to 2 x 105 cells. Several experiments were done to collect enough RNA to pool
before transcribing cDNA. Before pooling the RNA from several experiments, the quality
of RNA was tested using the Bioanalyzer to ensure degradation was minimal. After
collecting the real-time PCR data, online software provided by Qiagen was used to
compare transcript numbers between Foxp3+IL-10+ and Foxp3+IL-10- Lp T cells. The
initial screen of samples from H. poly-infected mice showed several transcripts that had
a greater than 4-fold difference in expression between the Foxp3 subsets. The genes,
shown in Figure 4.6, included those for chemokines, chemokine receptors, proinflammatory cell surface proteins, and one internal marker of inflammation. I attempted
a similar screen using RNA from uninfected mice but the results were inconclusive
because of limited transcripts detected by the real-time analysis. This could be due to
the small cell numbers and limited RNA quantity. Because of the time and expense
involved in repeating the experiment, I decided to investigate some of the transcripts
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indicated in our H. poly-infected screen. One protein, CCR2, was of particular interest to
me because it has been linked in the literature to Foxp3 and regulatory function in T
cells(Hoelzinger et al., 2010). Because of its location on the cell surface, CCR2 was
more readily tested for via fluorescent antibodies and flowcytometry than some of the
internal proteins highlighted in the screen.
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Figure 4.6
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Figure 4.6 Real-time PCR array data comparing CD4+Foxp3+IL-10+ and CD4+Foxp3+IL10- colon Lp T cells from H. poly-infected mice.
Colon Lp cells from H. poly-infected Foxp3-mRFP, IL-10-eGFP double reporter mice
were isolated as before. Unfractionated Lp cells were cultured with αCD3/CD28 mAbs
for 4h. Cells were then collected and stained with a fluorescent mAb to CD4. Cells were
sorted into CD4+FoxP3+IL-10+ and CD4+FoxP3+IL-10- T cell subsets and RNA was
extracted. RNA quality was analyzed and 4 or 5 samples of sufficient quantity and
quality were combined for each subset. Combined RNA was concentrated, DNase
treated, and used to produce cDNA for the real-time PCR arrays for various
inflammatory markers. Shown is a table of gene transcripts with a 4-fold or greater
change in expression level: CD4+FoxP3+IL-10- cells are analyzed as the control group
CD4+FoxP3+IL-10+ cells. Data represents one pooled analysis from 4 combined
experiments. Red numbers are up-regulated in CD4+FoxP3+IL-10+ cells while blue
numbers are up-regulated in CD4+FoxP3+IL-10- cells (down-regulated in CD4+FoxP3+IL10+ cells).
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CCR2 is a chemokine receptor that plays a role in inflammation by recruiting effector
cells. This chemokine is also important for the recruitment and function of Foxp3+ T
cells, however. The absence of CCR2 results in reduced regulatory function of Foxp3expressing T cells. It is possible that differences in this receptor indicate differences in
both recruitment and function of the two Foxp3 subsets. The expression of CCR2 may
also be different following infection with H. poly. I used a fluorescent mAb against CCR2
and flowcytometry analysis to validate the differences in transcripts found in the real-time
PCR array screen. I began by isolating colon Lp cells from H. poly-infected reporter
mice. Flowcytometry analysis confirmed that there was a difference in expression of
CCR2 between Foxp3+IL-10+ and Foxp3+IL-10- Lp T cells. While few of the Foxp3+IL-10T cells had surface CCR2, about half of the Foxp3+IL-10+ T cells were positive for this
receptor. These differences could mean that Foxp3+IL-10+ T cells are better able to
home to or be retained at areas of inflammation. Higher CCR2 in Foxp3+IL-10+ T cells
might also indicate enhanced functionality as CCR2 has been shown to be important in
the regulatory capacity of Foxp3 cells. While differences were seen between Foxp3+IL10+ and Foxp3+IL-10- T cells, there were no differences in percentages when comparing
H. poly-infected to uninfected samples. Thus, CCR2 expression and any particular
function it may impart is not modified following H. poly infection.
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Figure 4.11
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Figure 4.7 CCR2 is primarily expressed on Foxp3+IL-10+ T cells in uninfected and H.
poly-infected mice.
Sp and colon Lp cells were isolated as usual from uninfected or H. poly-infected Foxp3mRFP, IL-10-eGFP double reporter mice. Cells were stained with an APC-labeled
fluorescent mAb to CCR2 and analyzed with flowcytometry. All mRFP+ (Foxp3+) cells
are gated in the first plot. Percentages shown are total percent of FoxP3+ cells from the
lymphocyte gate for uninfected and infected mice (plots are similar and only one is
shown). The cells gated are then shown in plots with eGFP-IL-10 expression and APCCCR2 expression. Left plots show cells from uninfected mice. Right plots show cells
from H. poly-infected mice. Data for (A) Sp and (B) colon Lp are shown. Cells are
pooled from 2-3 mice per experiment. Data is representative of two trials.
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Expression of IL-10, or lack thereof, distinguishing two separate Foxp3 subsets in the
gut. Because of the predominance of Foxp3+IL-10+ T cells in the colon Lp and the
requirement of these cells to prevent colitis, I wanted to characterize the functional
differences between Foxp3+IL-10+ and Foxp3+IL-10- Lp T cells. Both subsets can be
maintained by TGF-β and IL-2 though Foxp3+IL-10+ T cells are less stable and
maintained to a greater extent by TGF-β and IL-2. Both Foxp3 subsets similarly inhibit
effector cell proliferation and effector cell production of the inflammatory cytokines IFN-γ
and IL-17. However, Foxp3+IL-10+ T cells from an H. poly-infected mouse lose their
ability to regulate effector cell proliferation. RNA analysis of inflammatory markers
showed that several proteins differed between the two Foxp3 subsets in H. poly-infected
mice. Further studies to analyze the differences between these two subsets may show
how Foxp3+IL-10+ T cells are a functionally unique Foxp3 subset and why they are so
critical in the gut.
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Chapter 5
Discussion
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The immune system in the gut is specialized to deal with constant exposure to antigens.
Therefore, the regulatory circuits that exist in this area are especially important for the
prevention of inflammation. In my thesis project, I have studied two key proteins that are
essential for these regulatory circuits to operate efficiently. Foxp3 and IL-10 can be
expressed singly or together in regulatory T cells in the gut. The function of cells that
are marked by one or both of these proteins was the focus of the experiments presented
here. Our laboratory has shown that infection with H. poly abrogates inflammation in a
mouse model of colitis. I had the opportunity to not only study T cells expressing Foxp3
and/or IL-10 but to study these regulatory cells after having been exposed to infection
with an intestinal parasite. In this way, I hoped to better characterize subsets of
regulatory cells and also to determine how the regulatory capacity of these cells was
altered or enhanced in infection, potentially helping to explain why infection with
intestinal parasites is a promising treatment option for patients with IBD. In the
experiments in Chapters 2-4, I was able to investigate how these groups of regulatory
cells function, how they are affected by H. poly infection, and how they may be
especially important in the gut.

In the experiments presented in Chapters 2-4, I studied four different types of regulatory
T cell: Foxp3+CD8+, IL-10-, Foxp3+IL-10+, and Foxp3+IL-10-. These groups of regulatory
cells are only some of the regulatory cell populations that exist in mice and humans. All
of these populations represent regulatory cells that are less well-studied and may
provide new insights into all of the complicated regulatory systems that are in place to
inhibit undesirable inflammation in the gut. Each of the regulatory T cell groups likely
contributes something unique and essential to maintaining homeostasis.
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In Chapter 2, I investigated a group of Foxp3+CD8+ T cells that reside in the ileum Lp of
mice. Most investigations of regulatory cells have focused on Foxp3-expressing CD4+ T
cells (Tregs) and their contribution to immune regulation. My work expands on the
current understanding of CD8+ T cells as regulators, specifically investigating those that
express Foxp3. Our laboratory and others have shown that CD8+ T cells can regulate
inflammatory immune responses in the gut (Metwali et al., 2006)(Fleissner, Hansen,
Geffers, Buer, & Westendorf, 2010). By focusing on Foxp3+CD8+ T cells, I attempted to
better understand a specific type of regulatory CD8+ T cell. The experiments detailed in
Chapter 2 support literature showing that regulatory CD8+ T cells are important players
in preventing undesirable inflammation(Filaci et al., 2011).

When studying the function of these CD8+ regulatory T cells, I looked at a hallmark of
effector cell response to antigens. In general, proliferation inhibition assays require
ratios of anywhere from 1:1 to 1:8 regulatory cells to effector cells to achieve significant
proliferation inhibition. My experiments required special consideration of the number of
regulatory Foxp3+CD8+ T cells. Because these cells are present at such small numbers
throughout the body including the gut Lp, the standard proliferation inhibition assays
described in the literature needed to be modified to use far fewer regulatory cells and
effector cells. I was able to alter the assay to use as few as 1 x 105 effector cells as
indicators of proliferation inhibition. Assays often test for the requirement of contact
dependence for proliferation. Sp Foxp3+CD4+ T cells regulate through direct contact
with effector cells(Romagnani, 2006). I was unable to include this type of experiment due
to the limited population of Foxp3+CD8+ T cells I was working with. Were the project to
move forward, these assays would provide important details about the means by which
Foxp3+CD8+ T cells inhibit proliferation. If contact dependence is not required for the
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function of Foxp3+CD8+ T cells, it would illustrate a difference between Foxp3+CD8+ and
Foxp3+CD4+ T cells.

Assigning Foxp3+ T cells to either CD8+ or CD4+ groups does not adequately
differentiate the regulatory cells. More recent research has shown that Foxp3+ T cells
are not homogenous but, in fact, a diverse group of regulatory subsets with a variety of
proteins expressed in addition to Foxp3. Some Foxp3+ T cells can express the genes
for pro-inflammatory markers such as IFN-γ and IL-17. Studies have shown these cells
to be less regulatory than those Foxp3+ T cells that are not expressing these genes(Z.
Chen et al., 2011). Other markers that are expressed by some Foxp3+ T cells include a
variety of transcription factors like Tbet, GATA3, RORγt, and IRF4. The roles that Foxp3
plays within the cell and the variety of other proteins that it interacts with paint a very
complex picture of Foxp3.
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Figure 5.1 Signaling and transcription factors in regulatory cell function.
Some of the many proteins involved in determining the phenotype and level of regulation
present in Foxp3+ regulatory T cells. Only some of the ways that Foxp3 plays a role in
the cell are shown for clarities sake.
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In the experiments presented in Chapter 4, I studied IL-10 whose expression can be
found in some but not all T cells that express Foxp3. Though I did not differentiate
between CD4+ and CD8+ T cells in most of the experiments in Chapter 4, most Foxp3+ T
cells are CD4+ and this is especially true for the group of Foxp3+IL-10+ T cells.

When comparing these Foxp3+IL-10+ and Foxp3+IL-10- T cells, I looked at their ability to
inhibit proliferation as well as IFN-γ and IL-17 production. In uninfected mice, both
populations appeared to equally inhibit proliferation and cytokine production by effector
cells. This showed that although these subsets may be different, they are also quite
similar and may have some redundant roles in protecting the gut from undesirable
inflammation.

In Chapter 3, I studied a unique regulatory T cell that was capable of inhibiting an antiinflammatory cytokine, IL-10. Usually when anti-inflammatory cytokines are
investigated, experiments are focused on how they are induced. The inhibition of antiinflammatory cytokines like IL-10 is not often investigated. Inhibition of anti-inflammatory
cytokines prevents the immune system from being unresponsive to pathogenic antigens.
In fact, too much IL-10 has been shown to prevent the elimination of certain pathogens.
Even in the gut where high levels of IL-10 are needed to prevent colitis, too much IL-10
could prevent a necessary inflammatory immune reaction and leave the host susceptible
to disease. The results from Chapter 3 show another example of how proteins have an
optimum level in the establishment of immune tolerance. Though I hadn’t originally
expected to find a population of T cells that inhibit IL-10, a population of these inhibitory
cells would be important for preventing the gut from not mounting the appropriate
response to pathogenic organisms.
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Knowing that IL-10 could be inhibited by T cells lead to addressing how this may take
place. As there are numerous steps in the transcription, translation, and secretion of a
protein such as IL-10, there are numerous points at which regulation can occur. I began
by looking at the stage of transcription. Because we were using an IL-10-eGFP reporter
mouse, we could use eGFP expression to gauge whether IL-10 expression was also
occurring. Using pkh26 as a secondary marker for IL-10-expressing T cells, we saw that
IL-10 expression did not decrease in culture as a result of IL-10- T cells.

There are several examples in the literature of cells inhibiting the effect of a cytokine by
sequestering or consuming the cytokine after it has bound to a corresponding cell
surface receptor. Looking further upstream of transcription at secretion, we found that
IL-10- T cells were not just sequestering or taking up IL-10 in the culture.

It should be mentioned that because IL-10 and eGFP are not linked as a fusion protein
reporter, it is possible that they are alternatively modified and translated following
transcription. Though eGFP translation is not altered in the different experimental
samples, we cannot definitively say the same for IL-10. Based on this assay, inhibition
of IL-10 likely occurs at a point after transcription and before secretion.

The focus of these experiments was at the cell level rather than the molecular level.
Once we had determined that the IL-10- T cells were not just eliminating IL-10+ T cells
from culture or sequestering the IL-10 that was being produced, I focused on
characterizing the IL-10- T cells that were inhibiting IL-10 production. Had these
experiments proceeded, the specific stages in the IL-10 induction pathway could be
further studied at the molecular level to determine how exactly IL-10- T cells work to
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inhibit IL-10. Western blots, phosphorylation assays, and RNA analysis could all be
used to investigate this.

When trying to determine the IL-10- T cells subset responsible for the regulation of IL-10,
I found that neither CD4+ nor CD4- T cells were capable of producing the same degree of
IL-10 inhibition as unfractionated T cells in culture. In fact, cultures with CD4+IL-10- T
cells actually produced more IL-10 than IL-10+ T cells alone. These results are only
illustrative of two experiments and it is possible that had these experiments been
repeated one or more times, different results would have been observed. This was the
point in the project where the regulation phenotype was lost, however, and these
additional experiments could not be done. If the results were truly indicative of what was
happening in culture with these IL-10- T cell subsets, an explanation is warranted. It is
possible that the cells were damaged during the sort or that the fluorescent mAb used to
stain for CD4+ was having a negative effect on regulation. This explanation seems
unlikely due to the cells remaining functional following staining with the αThy1.2 mAb in
previous experiments. Another explanation is that the CD4+ and CD4- T cells are
cooperating to inhibit IL-10 production by IL-10+ T cells. One subset could be
conditioning the other or both subsets may be required to simultaneously affect the IL10+ T cells in culture. In agreement with this, the phenotype of cells is often determined
by more than one stimulation event. The initial step in continuing this experiment would
be to do an add-back experiment that recombined the fractionated CD4+ and CD4- T cell
populations to see if the inhibition of IL-10 was then comparable to that of unfractionated
IL-10- T cells.

Regulatory T cells exist in a variety of forms. In Chapter 3, I identified a T cell that was
capable of regulating IL-10 production by other T cells. Unfortunately, I was not able to
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fully characterize these IL-10- T cells. By virtue of their lack of IL-10 production these
regulatory T cells are likely not Th3 or Tr1 regulatory cells. We did not test for Foxp3
expression in the cell. As described in Chapter 4, Foxp3+ T cells can be subdivided into
two groups: those that produce IL-10 and those that do not. The Sp and the Lp both
contain populations of Foxp3+IL-10- T cells. The Lp also contains a population of
Foxp3+IL-10+ T cells. These Foxp3+IL-10+ T cells also exist in the Sp but at much lower
numbers. As these cells are the primary expresser of IL-10 in the gut, it is possible that
the IL-10- T cells could regulate Foxp3-IL-10+ or Foxp3+IL-10+ T cells. This could also
vary from the Sp to the Lp and would be another question to investigate when comparing
IL-10 regulation in the Sp versus the Lp.

It is clear that infection with H. poly dramatically alters the immune environment in the
gut and is capable of inhibiting strong inflammatory responses. The ways in which it
does so are likely numerous, and here, I investigated the affect of H. poly infection on
the groups of regulatory T cells that our lab had been investigating. All of the regulatory
cells showed some function, be it proliferation inhibition or cytokine inhibition. I was able
to study the direct changes that infection had on these regulatory cells by isolating them
from infected mice and studying their regulatory function in vitro. I looked at how
changes to the cytokine environment following H. poly infection affected these regulatory
T cells. Clearly, the direct effects of infection and the indirect effects of infection are
blurred together and probably not easily differentiable. But the experiments presented in
this thesis help to fill in the bigger picture of what, exactly, H. poly is doing.

I investigated Foxp3+CD8+ T cells and their function as a means of identifying regulatory
circuits that are unique to the gut and enhanced in the anti-inflammatory environment
resulting after infection with the intestinal helminth H. poly. Infection is known to
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ameliorate inflammatory immune responses in the gut and also to enhance the
regulatory capacity of T cells. Foxp3+CD8+ T cell numbers are increased following
infection with H. poly. In Chapter 4, I also saw slight increases in the numbers and
percentages of Foxp3+IL-10+ and Foxp3+IL-10- T cells after infection. In most studies of
regulatory capacity in T cells, especially proliferation inhibition assays, a certain number
of regulatory cells are needed to suppress effector cells. Because larger ratios of
regulatory cells to effector cells generally lead to more inhibition, increasing the number
of Foxp3+ T cells that are present in the Lp may enhance the regulation of proinflammatory immune responses, but this is likely not the whole story. Because
regulatory T cells numbers are not increased drastically, H. poly infection may have
important effects on the cells that are already expressing Foxp3 at the time of infection.
In support of this, studies from our laboratory in which T cells were transferred to a colitic
mouse showed that an equal number of T cells from an infected mouse are better able
to treat inflammation than cells from an uninfected mouse.

How H. poly infection may be enhancing the regulatory capacity of Foxp3+ T cells is a
much more complex issue to address. Inducing other anti-inflammatory factors within the
cell would be a plausible way to enhance regulatory T cell function. For example,
Foxp3+ T cells that also express ICOS, induced in the presence of IL-10, are known to
be better regulators of effector cells. Conversely, the expression of some factors such
as IL-17 decreases the suppressor function of Tregs. The importance of these
secondary markers is addressed in the introduction and touched upon in Chapter 4.
Identifying these secondary markers in Foxp3+ T cells is an important future direction for
this project. Profiling the differences that may exist within the Foxp3+CD8+ T cell
population may prove useful in identifying how these cells regulate inflammation
following H. poly infection.
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The experiments done in Chapter 2 were carried out before the literature began to look
at regulatory T cell subsets, distinguished by the presence or absence of other receptors
and/or cytokines. As was done in Chapter 4, Foxp3+CD8+ T cells could be divided into
subsets to further characterize their functions. Though small numbers of Foxp3+CD8+ T
cells would make studying the functions of CD8+ regulatory T cell subsets difficult, use of
other reporter mice would make identifying these subsets of Foxp3+CD8+ T cells
relatively simple. If subsets do exist in the Lp, the expression of secondary markers such
as IL-10 or ICOS should be compared in mice with and without H. poly infection. It is
possible that H. poly infection not only increases the number of Foxp3-expressing CD8+
T cells but also the expression of other proteins within these cells that contribute to
regulatory cell function.

In another experiment to characterize Foxp3+CD8+ T cells, analyses of gene transcripts
for inflammation-associated proteins could also be performed as described in Chapter 4
by isolating mRNA and doing real-time PCR assays for specific inflammatory protein
transcripts. Real-time analysis would also be a means by which to validate the levels of
Foxp3 protein seen during flowcytometry analysis of samples from H. poly-infected and
uninfected mice.

We know from numerous past studies by our laboratory and others that H. poly infection
can abrogate intestinal inflammation. While some factors, such as intestinal cytokine
levels, are substantially different between H. poly-infected and uninfected mice, the
numbers of Foxp3+IL-10+ and Foxp3+IL-10- T cells do not increase dramatically. Trends
show slight elevations in both types of Foxp3+ T cell but neither increase is substantial.
While these slight increases in Foxp3+ T cells may have an effect on the immune
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regulation occurring in the gut, it is likely that H. poly infection affects these cells
independently of their numbers. As previously described, these effects may come from
changes in the expression of other regulatory proteins or from increased levels or
function of Foxp3 itself. In my experiments, there was a difference in proliferation
inhibition capacity by Foxp3+IL-10+ T cells following H. poly infection. Though one might
have expected infection to increase the ability of Foxp3+IL-10+ T cells to inhibit
proliferation, I found the opposite. Decreased ability to inhibit proliferation does not
necessarily correspond with decreased regulatory capacity. It is possible that
proliferation inhibition is a steady state function of all Foxp3+ T cells and that H. poly
infection triggers more specialized regulatory circuits that function independently of
controlling proliferation.

To expand on the research our laboratory has done on immune regulation by
Foxp3+CD8+ T cells in the gut of H. poly-infected mice, I looked at how the altered
immune environment of the gut following H. poly infection may affect the regulation by
Foxp3+CD8+ T cells. Initial experiments tested a variety of cytokines that are known be
anti-inflammatory and/or induced by H. poly infection.

One reason I selected TGF-β for the initial cytokine screen is because it is upregulated
following infection with H. poly. Thus the effects that it has on regulatory cells from an
infected animal are especially relevant. A recent paper published by Grainger et al.
showed the ability of Heligmosomoides polygyrus excretory-secretory antigen (HES) to
stimulate signaling through TGF-βR and subsequently, the induction of Foxp3
expression in CD4+ T cells(Grainger et al., 2010). The exact H. poly-produced proteins
responsible for this Foxp3 induction are unknown as of yet. The large variety of
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products excreted or secreted by H. poly may explain why infection has more than one
effect on the immune system in the gut.

The experiments presented in Chapter 2 focused on the effects of rTGF-β and rIL-2 costimulation on Foxp3+CD8+ T cells from H. poly-infected mice. Initial experiments
demonstrated that the effect of cytokine co-stimulation on the number of CD8+ T cells
expressing Foxp3 was only seen in samples from these H. poly-infected mice. These
observations suggested that the cells were in some way more receptive to stimulation by
rTGF-β and rIL-2 following infection. The exact means by which TGF-β signaling effects
Foxp3 expression in regulatory cells is unknown. Signaling through the TGF-βR is
indirectly responsible for Foxp3 expression, possibly through the upregulation of the
transcription factor E2A which can bind to the foxp3 promoter region(Maruyama et al.,
2011). The studies that have been done on the TGF-β-mediated induction of Foxp3
have been done in Foxp3+CD4+ Tregs, primarily from the spleen. It is possible that
signaling through the TGF-βR on CD8+ T cells in the gut produces a similar or different
outcome. H. poly infection may result in an increase in TGF-βR expression on CD8+ T
cells or may initiate other signaling cascades that enhance the effects of TGF-β signaling
on Foxp3 expression and/or maintenance. This could explain why Foxp3+CD8+ T cells
from infected mice are more responsive to rTGF-β and rIL-2 co-stimulation. Checking
the levels of TGF-βR on Foxp3+CD8+ T cells from mice with or without H. poly infection
via fluorescent antibodies and flowcytometry analysis would be a simple experiment to
illustrate a way in which H. poly infection might alter these regulatory cells.

Experiments in Chapter 4 also showed that TGF-β and IL-2 preferentially preserved a
population of FoxP3+IL-10+ T cells from the colon Lp. Because these cells are crucial for
maintaining immune regulation in the gut, they may need to be more tightly regulated
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and may be more susceptible to stimulus for their survival. In agreement with this, I
have found that these cells disappear faster in culture than their Foxp3+IL-10- counter
parts. Other members of the lab have shown that FoxP3+IL-10+ T cells cannot expand
like Foxp3+IL-10- T cells following in vivo transfer (data not yet published). It would be
important to test these cells as well for expression of TGF-βR and if that expression is
affected by H. poly infection.

Future studies, including the planned RNA profiling assays, also might highlight other
signaling pathways that are enhanced or newly activated following H. poly infection.
These experiments with rTGF-β and rIL-2 stimulation, in conjunction with the
experiments I’ve already done, could highlight another means by which H. poly can
affect the immune system and skew it towards anti-inflammatory responses. While the
effect of H. poly infection on the cytokine environment and the regulation of inflammation
has been shown by others, the ability of H. poly to directly and indirectly (via TGF-β and
IL-2) affect Foxp3+CD8+ T cells (and Foxp3+IL-10+ and Foxp+IL-10- T cells) is novel.

Aside from increasing the number of Foxp3+CD8+ T cells in culture, rTGF-β and rIL-2
were found to have other effects on these regulatory cells from the gut. I also
investigated how these cytokines may enhance the regulatory capacity of Foxp3+CD8+ T
cells. Protein levels of Foxp3 can vary from T cell to T cell. Decreasing the levels of
Foxp3 expressed within T cells results in diminished regulatory capacity. Recent work
has suggested that the role of Foxp3 in cells is more dynamic than once thought and at
low levels Foxp3 may have a much different effect on the cell than it does at higher
levels. By increasing the number of Foxp3 transcription factors within the cell, the cell
likely shifts to a more regulatory phenotype. rTGF-β and rIL-2 co-stimulation increase
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the levels of Foxp3 within CD8+ T cells in the gut of H. poly-infected mice and may
enhance the regulatory capacity of Foxp3+CD8+ T cells.

The ability of TGF-β and IL-2 to induce Foxp3 expression in CD8+ T cells or CD4+ T cells
was not observed in my experiments. Similarly, these cytokine did not stimulate
switching from Foxp3+IL-10+ to Foxp3+IL-10- or vice versa. Literature has supported
TGF-β and IL-2 as maintenance factors as have the experiments I have presented here.
In other studies, TGF-β alone or with IL-2 has been shown to induce Foxp3 expression,
however. The discrepancy here may be due to origin of the cell population. With my
experiments, I used Lp cells from the ileum and colon and most other studies worked
with Sp cells. Though these cytokines do not induce Foxp3 expression in culture, they
may play a role in the in vivo induction of regulatory T cells. Other secreted host factors
along with direct cell-to-cell contact may also contribute to this induction and should be
studied in the future. It is also possible that the experimental design and setup was not
conducive to seeing the induction. The process of isolating Lp cells is much more
intensive and leaves the resulting cells more fragile. Future experiments shouldn’t rule
out the ability of TGF-β and IL-2 to induce regulatory cells in the gut.

The necessity for IL-2 stimulation also needs to be deciphered. While studies in CD4+
Tregs are inconclusive, it appears that IL-2 is not necessary for TGF-β-mediated
induction of Foxp3, but rather it’s maintenance. Our studies have focused on the
maintenance of Foxp3 expression in CD8+ T cells. If IL-2 is indeed necessary for Foxp3
maintenance, it may function similarly in our assays. It has been shown that CD8+ T
cells concurrently express Foxp3 and CD25 (IL-2Rα) as do CD4+ T cells(Adams et al.,
2011). Alternatively, IL-2 signaling through CD25 may serve a unique function in CD8+ T
cells.
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In general, infection with H. poly is thought to promote an anti-inflammatory response
with the upregulation of anti-inflammatory cytokines including IL-10. The fact that IL-10T cells can inhibit IL-10 production by T cells in my experiments (Chapter 3) seems to be
at odds with these general characteristics of infection. There are a number of reasons
that, following H. poly infection, IL-10- T cells inhibit rather than induce production of IL10. It is known that H. poly infection induces IL-10 production, but IL-10 can come from
a variety of immune cells such as B cells, NK cells, dendritic cells, and macrophages. It
is possible that only T cell-produced IL-10 is regulated during H. poly infection and that
other sources of this anti-inflammatory cytokine produce greater quantities following
infection. While I saw non-T cells expressing IL-10 in flowcytometry analysis, I did not
further characterize the cell types or the quantities they produced relative to T cells. If
the project were continued, this kind of analysis would need to be done.
It is also possible that a set level of IL-10 in the environment determines whether IL-10- T
cells are needed to regulate further IL-10 production. When IL-10 levels are low these
IL-10- T cells may be quiescent, but at higher levels of IL-10 the cells may adopt a
regulatory phenotype. This possibility could be tested by setting up inhibition
experiments as before but supplementing the pre-stimulation culture with rIL-10 along
with αCD3. If IL-10 can induce a regulatory phenotype at high levels, I would expect to
see less IL-10 (more inhibition) from these cultures.

The interaction between IL-10- T cells and IL-10+ T cells may be more dynamic than
presented here and may involve other reactions with the variety of immune cells that are
resident in the Sp and the Lp.
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Studying these unique regulatory cells is especially interesting in the gut where immune
reactions are all the more regulated. Regulatory CD8+ T cells might be especially
important in the gut because defects in these cells have been identified in human
patients with IBD(Brimnes et al., 2005). The Foxp3+CD8+ that I worked with were only
affected by TGF-β and IL-2 stimulation when they came from the gut Lp.

When investigating the differences between the two Foxp3 subsets, I hypothesized that I
would see a special regulatory characteristic or function in the Foxp3+IL-10+ T cells
because of their importance in preventing colitis. The need for these cells in the colon
but not in other immune compartments suggests that they have a special function there,
in an immune compartment that is exposed to such high levels of antigen. Many have
suggested that exposure to bacteria may be the force driving the induction of Foxp3+IL10+ T cells. In line with this thought, as you progress from the stomach to the colon, the
numbers and species of bacteria increase as do the percentages of Foxp3+ T cells that
express IL-10.

The gut is also an area that is thought to promote the iTreg population of induced
regulatory T cells. No clear studies have been done to address how expression of IL-10
in Foxp3+ T cells may reside with nTreg or iTreg populations, but it may be that inducing
a regulatory T cell also results in the upregulation of IL-10.

Though it has been known for a while that IL-10 is required to prevent spontaneous
colitis in mice, the reason behind this is still not completely understood. To add more
complexity to this observation, the IL-10 must come from a specific cell. While other
cells in the Lp of the colon are capable of producing IL-10, a systemic knockout of IL-10
is comparable in phenotype to a Foxp3-specific IL-10 knockout. It is possible that IL-10
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production itself is the root of Foxp3+IL-10+ T cell regulatory capacity. Indeed, these
cells are thought to be the primary source of IL-10 in the gut. IL-10 is known to directly
and indirectly (via suppression of IFN-γ) affect the pro-inflammatory T cell response. It is
also possible that the role of IL-10-expressing Foxp3+ T cells is more complex. IL-10
may enhance the function of Foxp3-expressing T cells or mark cells that are
simultaneously expressing other regulatory factors. I hoped first to determine how
Foxp3+IL-10+ and Foxp3+IL-10- T cells differed and eventually how these differences
were linked to IL-10 expression to provide a clearer picture of why IL-10 is so crucial.

IL-10 is known to be necessary for regulation of inflammation in the gut and has been
shown specifically to be crucial in Foxp3+ T cells. Thus, this Foxp3+IL-10+ T cell is very
important in the gut where it is the predominant Foxp3+ T cell. Interestingly, Foxp3+IL10+ T cells are found in very low numbers in other immune compartments such at the
MLN and the Sp. The possibility that these cells may have a unique regulatory function
for the maintenance of the immune system in the gut is of great interest to our laboratory
and why I have focused my work in Chapter 4 on differentiating Foxp3+IL-10+ and
Foxp3+IL-10- T cells in the Lp

It should be noted that many of the experiments in Chapter 3 were done with Sp and not
Lp cells. Aside from the initial inhibition experiments, all other experiments focused on
IL-10-producing and regulating T cells from the Sp. Though our laboratory primarily
focuses on the immune environment of the gut, we began these studies in the Sp.
Because fewer T cells can be isolated from the Lp than the Sp, the Sp provided a
greater number of cells to work with when setting up experiments. Because we saw a
similar inhibition of IL-10 in cultures with Sp or Lp cells, I chose to use Sp for the initial
characterization of this IL-10 inhibition. Had this project progressed further, I had hoped
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to replicate all experiments in the Lp and to compare and contrast the inhibition seen in
the Lp samples with that seen in Sp samples. Infection with H. poly was a requirement
for IL-10- T cells from the Sp to act as potent regulators of IL-10 production by T cells.
As IL-10- T cells from the Lp of infected mice were also capable of inhibiting IL-10
production by T cells, it is likely that a similar finding would be made in experiments
using Lp T cells. Because I was unable to rescue the inhibition phenotype at this point,
further experiments in the Lp could not be completed but would be a crucial addition this
portion of my project.

Though much research on H. poly investigates local immune responses in the gut, these
experiments suggest that infection has an effect elsewhere in the body: the Sp. It is
possible that the regulation of IL-10 production by T cells occurs at a systemic level
following H. poly infection. Other immune compartments such as the MLN would need
to be tested to determine if this was the case. In agreement with a systemic effect, other
experiments have shown that H. poly infection in the duodenum of the gut can affect the
immune response in other distal locations like those in model of multiple sclerosis and
rheumatoid arthritis.

As stated before, the tight immune balance in the gut is critical for preventing colitis in
humans and is altered in the laboratory’s IL-10KO model of colitis in mice. T cells
expressing Foxp3 are vital players in maintaining this balance. Effector cells present in
the Lp need to be able to respond to pathogenic organisms to prevent disease. The gut
is unique in that it also is exposed to a variety of non-pathogenic antigens which do not
require an inflammatory immune response. The presence of a several unique groups of
regulatory T cells may be a means by which the gut immune system maintains stricter
control over inflammation while still allowing for response to pathogens. H. poly can
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affect the number of regulatory T cells, the levels of Foxp3 protein, the responsiveness
to TGF-β and IL-2 stimulation, and the overall function of these regulatory cells.
Foxp3+CD8+, Foxp3+IL-10+, and IL-10- T cells may be important for a gut-specific
modulation of inflammation that is enhanced following infection with H. poly. Knowing
more about these regulatory and how they work can lead to advances in helminth-based
treatment for IBD.
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Chapter 6
Materials and Methods
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Mice
Wild type C57BL/6 mice at 5-6 weeks of age were obtained from Jackson Laboritories.
All other mice were bred and genotyped in house. The Foxp3-eGFP reporter mouse
was obtained on a mixed C57BL/6,129/SvJ background from A.Y. Rudensky. Mixed
background mice and later F6 mice backcrossed onto a C57 background were used in
experiments. Flavell provided Foxp3-mRFP and IL-10-eGFP mice. Mice were obtained
as single reporters on a C57BL/6 background and bred in house to make double
reporter mice. Mice were used at homozygotes/hemizygotes for Foxp3 and
heterozygotes for IL-10.

Helminth infection
All helminth infections for mice followed the same standard protocol for worming
established by the lab. Mice at 5-6 weeks of age were orally injected with ~125 larvae
from the murine intestinal helminth H. polygyrus. Infection was allowed to progress for 2
weeks at which point colonization was firmly established in the duodenum. At 2 weeks,
mice were sacrificed and organs and tissues were harvested.

Lamina propria isolation
Seven to eight week-old infected mice and age-matched uninfected mice were
sacrificed, and ~10 cm of the terminal ileum was removed from each mouse. The tissue
was dissected longitudinally and washed to remove fecal matter. The tissue was then
cut into small (2-3 mm) sections and incubated in HBSS with EDTA and DTT for 20
minutes at 37°C in a shaking water bath to dissociate epithelial cells and mucous. This
wash step was repeated twice with fresh medium. Cells were then incubated in the
same conditions with a collagenase solution to dissociate Lp cells from muscle tissue.
Lp cells were purified using a glass wool column followed by a percoll gradient. Purified
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cells were subsequently used for cell culture or FACS analysis. These purified cells are
composed of ~20% T cells (2:1 CD4:CD8) along with B cells, macrophages and dendritic
cells.
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Figure 6.1
125 H.poly larvae
cytokines

2 weeks
terminal ileum
5-6 weeks

Lamina propria cells

24-48hr culture

epithelium
Lp
muscle

Figure 6.1 Infection, Lp isolation, and Culture Diagram
Diagram showing the timeline and an outline of the procedure for infecting mice with H.
poly and then isolating and culturing Lp cells.
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Spleen and mesenteric lymph node isolation
Using the same 7-8 week-old mice as used in the Lp isolation, the Sp and 1-2 MLN were
removed from each infected or uninfected mouse. Tissue was homogenized in RPMI
and filtered through sterile gauze. Water was added to lyse red blood cells followed by
culture medium. Cells were washed and resupspended in medium for culture.

Cell Culture
Culture conditions for Lp, Sp, and/or MLN cells were as follows unless otherwise noted
in the paper: Cells were cultured at 5.0 x 105 cells per well in a 96 well plate at 37°C for
24hrs in LGM (RPMI supplemented with 10% FBS, L-glutamine, pen-strep, sodium
pyruvate, essential and nonessential amino acids, 1M Hepes, and 2-mecaptoethanol).
Cytokines or stimulatory factors were used at the following concentrations: IL-2 and IL10 at 10ng/ml, IL-4, IL-6, and TGF-β at 5ng/ml, soluble αCD3 at 33.25 ng/ml, and
αCD28 at 50 ng/ml. When adherent αCD3 was used, it was used at 133 µg/ml and
incubated for at least 5 hours in the appropriate wells. Wells were then washed twice
before cells were added for culture.

FACS Analysis
Lp, Sp, or MLN cells were obtained as previously described at 0 hours or from 24 or 48
hour cultures. Cells were incubated with Fc block (0.5µl per 5.0 x 105 cells) for 15-30
minutes at room temperature. Cells were then washed in 2% FBS in RPMI,
resuspended in medium, and incubated with the appropriate fluorescent antibodies
(0.25-1.0µl) for 30 minutes at room temperature in the dark. Cells were then analyzed
with flowcytometry.
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ELISA
The IFN-γ and IL-17 ELISAs were done per manufacturer’s protocol using monoclonal
capture antibodies and monoclonal biotinylated detection antibodies from R & D
Systems.

Pkh26 staining
Cells were sorted into an eGFP+ population using FACS. Cells were then labeled with
pkh26 per the manufacturers protocol. After labeling, cells were analyzed by
flowcytometry for pkh26 and eGFP fluorescence. Pkh26 was obtained from Sigma.
Sp T cell isolation
Whole Sp cells were isolated as above. Cells were then separated with an EasySep kit
using the manufacturers instructions.

PCR Array
Lp cells were isolated as described, cultured for 4h with αCD3/CD28 stimulation, stained
with fluorescent αCD mAb, and then sorted in CD4+Foxp3+IL-10+ or CD4+Foxp3+IL-10cells with FACS. RNA was isolated following the protocol for the Zymogen Mini-Prep
RNA Isolation Kit. Several samples were collected and analyzed with the Bioanalyzer
per manufacturer’s instructions for quantity and quality. 400ng of RNA was pooled and
concentrated using the Zymogen RNA Clean-Up Kit following the provided protocol.
RNA was DNase treated and converted to cDNA using the Qiagen First Strand DNA
Synthesis Kit and accompanying instructions. cDNA was then used in the Inflammation
and Autoimmune PCR Array Kit by Qiagen following their instructions. Samples were
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analyzed on an ABI 7300 real-time machine. Data were analyzed online with Qiagen
software.

Statistical Analysis
Where provided for cytokine analysis, means are shown and error bars are given as the
standard error of the mean (SEM) for multiple experimental trials. Where significance is
shown, p values were determined using the Student T Test. Flowcytometry data is
presented as representative figures of multiple trials.

125

References

126

Abraham, C., & Cho, J. H. (2009). Inflammatory bowel disease. The New England journal of
medicine, 361(21), 2066–78.
Adams, B., Dubois, A., Delbauve, S., Debock, I., Lhommé, F., Goldman, M., & Flamand, V.
(2011). Expansion of regulatory CD8+ CD25+ T cells after neonatal alloimmunization.
Clinical and experimental immunology, 163(3), 354–61.
Akimova, T., Beier, U. H., Wang, L., Levine, M. H., & Hancock, W. W. (2011). Helios expression
is a marker of T cell activation and proliferation. PloS one, 6(8), e24226.
Apostolou, I., Sarukhan, A., Klein, L., & Von Boehmer, H. (2002). Origin of regulatory T cells with
known specificity for antigen. Nature immunology, 3(8), 756–63.
Bennett, C. L., Christie, J., Ramsdell, F., Brunkow, M. E., Ferguson, P. J., Whitesell, L., Kelly, T.
E., et al. (2001). The immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome (IPEX) is caused by mutations of FOXP3. Nature genetics, 27(1), 20–1.
Billiau, A., & Matthys, P. (2009). Interferon-gamma: a historical perspective. Cytokine & growth
factor reviews, 20(2), 97–113.
Bouabe, H. (2012). Cytokine reporter mice: the special case of IL-10. Scandinavian journal of
immunology, 75(6), 553–67.
Brimnes, J., Allez, M., Dotan, I., Shao, L., Nakazawa, A., & Mayer, L. (2005). Defects in CD8+
regulatory T cells in the lamina propria of patients with inflammatory bowel disease. Journal
of immunology (Baltimore, Md.#: 1950), 174(9), 5814–22.
Brunkow, M. E., Jeffery, E. W., Hjerrild, K. A., Paeper, B., Clark, L. B., Yasayko, S. A., Wilkinson,
J. E., et al. (2001). Disruption of a new forkhead/winged-helix protein, scurfin, results in the
fatal lymphoproliferative disorder of the scurfy mouse. Nature genetics, 27(1), 68–73.
Campbell, D. J., & Koch, M. A. (2011). Phenotypical and functional specialization of FOXP3+
regulatory T cells. Nature reviews. Immunology, 11(2), 119–30.
Cantrell, D. A., & Smith, K. A. (1983). Transient expression of interleukin 2 receptors.
Consequences for T cell growth. The Journal of experimental medicine, 158(6), 1895–911.
Cerf-Bensussan, N., & Gaboriau-Routhiau, V. (2010). The immune system and the gut
microbiota: friends or foes? Nature reviews. Immunology, 10(10), 735–44.
Chen, Q., Kim, Y. C., Laurence, A., Punkosdy, G. A., & Shevach, E. M. (2011). IL-2 controls the
stability of Foxp3 expression in TGF-beta-induced Foxp3+ T cells in vivo. Journal of
immunology (Baltimore, Md.#: 1950), 186(11), 6329–37.
Chen, W., Jin, W., Hardegen, N., Lei, K.-J., Li, L., Marinos, N., McGrady, G., et al. (2003).
Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory T cells by
TGF-beta induction of transcription factor Foxp3. The Journal of experimental medicine,
198(12), 1875–86.
Chen, Z., Lin, F., Gao, Y., Li, Z., Zhang, J., Xing, Y., Deng, Z., et al. (2011). FOXP3 and RORγt:
transcriptional regulation of Treg and Th17. International immunopharmacology, 11(5), 536–
42.

127

Cope, A., Le Friec, G., Cardone, J., & Kemper, C. (2011). The Th1 life cycle: molecular control of
IFN-γ to IL-10 switching. Trends in immunology, 32(6), 278–86.
Cretney, E., Xin, A., Shi, W., Minnich, M., Masson, F., Miasari, M., Belz, G. T., et al. (2011). The
transcription factors Blimp-1 and IRF4 jointly control the differentiation and function of
effector regulatory T cells. Nature immunology, 12(4), 304–11.
Davidson, T. S., DiPaolo, R. J., Andersson, J., & Shevach, E. M. (2007). Cutting Edge: IL-2 is
essential for TGF-beta-mediated induction of Foxp3+ T regulatory cells. Journal of
immunology (Baltimore, Md.#: 1950), 178(7), 4022–6.
Dohi, T., Fujihashi, K., Rennert, P. D., Iwatani, K., Kiyono, H., & McGhee, J. R. (1999). Hapteninduced colitis is associated with colonic patch hypertrophy and T helper cell 2-type
responses. The Journal of experimental medicine, 189(8), 1169–80.
Elliott, D. E., Metwali, A., Leung, J., Setiawan, T., Blum, A. M., Ince, M. N., Bazzone, L. E., et al.
(2008). Colonization with Heligmosomoides polygyrus suppresses mucosal IL-17
production. Journal of immunology (Baltimore, Md.#: 1950), 181(4), 2414–9.
Elliott, D. E., Setiawan, T., Metwali, A., Blum, A., Urban, J. F., & Weinstock, J. V. (2004).
Heligmosomoides polygyrus inhibits established colitis in IL-10-deficient mice. European
journal of immunology, 34(10), 2690–8.
Elliott, D. E., & Weinstock, J. V. (2009). Helminthic therapy: using worms to treat immunemediated disease. Advances in experimental medicine and biology, 666, 157–66.
Elliott, D. E., & Weinstock, J. V. (2012). Helminth-host immunological interactions: prevention and
control of immune-mediated diseases. Annals of the New York Academy of Sciences, 1247,
83–96.
Else, K. J., & Finkelman, F. D. (1998). Intestinal nematode parasites, cytokines and effector
mechanisms. International journal for parasitology, 28(8), 1145–58.
Filaci, G., Fenoglio, D., & Indiveri, F. (2011). CD8(+) T regulatory/suppressor cells and their
relationships with autoreactivity and autoimmunity. Autoimmunity, 44(1), 51–7.
Fiorentino, D. F., Bond, M. W., & Mosmann, T. R. (1989). Two types of mouse T helper cell. IV.
Th2 clones secrete a factor that inhibits cytokine production by Th1 clones. The Journal of
experimental medicine, 170(6), 2081–95.
Fiorentino, D. F., Zlotnik, A., Mosmann, T. R., Howard, M., & O’Garra, A. (1991). IL-10 inhibits
cytokine production by activated macrophages. Journal of immunology (Baltimore, Md.#:
1950), 147(11), 3815–22.
Fiorentino, D. F., Zlotnik, A., Vieira, P., Mosmann, T. R., Howard, M., Moore, K. W., & O’Garra, A.
(1991). IL-10 acts on the antigen-presenting cell to inhibit cytokine production by Th1 cells.
Journal of immunology (Baltimore, Md.#: 1950), 146(10), 3444–51.
Fleissner, D., Hansen, W., Geffers, R., Buer, J., & Westendorf, A. M. (2010). Local induction of
immunosuppressive CD8+ T cells in the gut-associated lymphoid tissues. PloS one, 5(10),
e15373.

128

Fontenot, J. D., Gavin, M. A., & Rudensky, A. Y. (2003). Foxp3 programs the development and
function of CD4+CD25+ regulatory T cells. Nature immunology, 4(4), 330–6.
Gershon, R. K. (1975). A disquisition on suppressor T cells. Transplantation reviews, 26, 170–85.
Grainger, J. R., Smith, K. A., Hewitson, J. P., McSorley, H. J., Harcus, Y., Filbey, K. J., Finney, C.
A. M., et al. (2010). Helminth secretions induce de novo T cell Foxp3 expression and
regulatory function through the TGF-β pathway. The Journal of experimental medicine,
207(11), 2331–41.
Hahn, B. H., Singh, R. P., La Cava, A., & Ebling, F. M. (2005). Tolerogenic treatment of lupus
mice with consensus peptide induces Foxp3-expressing, apoptosis-resistant, TGFbetasecreting CD8+ T cell suppressors. Journal of immunology (Baltimore, Md.#: 1950), 175(11),
7728–37.
Haribhai, D., Lin, W., Edwards, B., Ziegelbauer, J., Salzman, N. H., Carlson, M. R., Li, S.-H., et al.
(2009). A central role for induced regulatory T cells in tolerance induction in experimental
colitis. Journal of immunology (Baltimore, Md.#: 1950), 182(6), 3461–8.
Haribhai, D., Williams, J. B., Jia, S., Nickerson, D., Schmitt, E. G., Edwards, B., Ziegelbauer, J.,
et al. (2011). A requisite role for induced regulatory T cells in tolerance based on expanding
antigen receptor diversity. Immunity, 35(1), 109–22.
Hoelzinger, D. B., Smith, S. E., Mirza, N., Dominguez, A. L., Manrique, S. Z., & Lustgarten, J.
(2010). Blockade of CCL1 inhibits T regulatory cell suppressive function enhancing tumor
immunity without affecting T effector responses. Journal of immunology (Baltimore, Md.#:
1950), 184(12), 6833–42.
Hori, S. (2010). Developmental plasticity of Foxp3+ regulatory T cells. Current opinion in
immunology, 22(5), 575–82.
Hori, S., Nomura, T., & Sakaguchi, S. (2003). Control of regulatory T cell development by the
transcription factor Foxp3. Science (New York, N.Y.), 299(5609), 1057–61.
Hsieh, C. S., Macatonia, S. E., Tripp, C. S., Wolf, S. F., O’Garra, A., & Murphy, K. M. (1993).
Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced
macrophages. Science (New York, N.Y.), 260(5107), 547–9.
Ince, M. N., Elliott, D. E., Setiawan, T., Metwali, A., Blum, A., Chen, H., Urban, J. F., et al. (2009).
Role of T cell TGF-beta signaling in intestinal cytokine responses and helminthic immune
modulation. European journal of immunology, 39(7), 1870–8.
Izcue, A., Coombes, J. L., & Powrie, F. (2009). Regulatory lymphocytes and intestinal
inflammation. Annual review of immunology, 27, 313–38.
Jordan, M. S., Boesteanu, A., Reed, A. J., Petrone, A. L., Holenbeck, A. E., Lerman, M. A., Naji,
A., et al. (2001). Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist
self-peptide. Nature immunology, 2(4), 301–6.
Kamanaka, M., Kim, S. T., Wan, Y. Y., Sutterwala, F. S., Lara-Tejero, M., Galán, J. E., Harhaj, E.,
et al. (2006). Expression of interleukin-10 in intestinal lymphocytes detected by an
interleukin-10 reporter knockin tiger mouse. Immunity, 25(6), 941–52.

129

Kehrl, J. H., Wakefield, L. M., Roberts, A. B., Jakowlew, S., Alvarez-Mon, M., Derynck, R., Sporn,
M. B., et al. (1986). Production of transforming growth factor beta by human T lymphocytes
and its potential role in the regulation of T cell growth. The Journal of experimental
medicine, 163(5), 1037–50.
Koch, M. a, Tucker-Heard, G., Perdue, N. R., Killebrew, J. R., Urdahl, K. B., & Campbell, D. J.
(2009). The transcription factor T-bet controls regulatory T cell homeostasis and function
during type 1 inflammation. Nature immunology, 10(6), 595–602.
Kühn, R., Löhler, J., Rennick, D., Rajewsky, K., & Müller, W. (1993). Interleukin-10-deficient mice
develop chronic enterocolitis. Cell, 75(2), 263–74.
Lan, R. Y., Selmi, C., & Gershwin, M. E. (2008). The regulatory, inflammatory, and T cell
programming roles of interleukin-2 (IL-2). Journal of autoimmunity, 31(1), 7–12.
Leonard, W. J., Depper, J. M., Crabtree, G. R., Rudikoff, S., Pumphrey, J., Robb, R. J., Krönke,
M., et al. (n.d.). Molecular cloning and expression of cDNAs for the human interleukin-2
receptor. Nature, 311(5987), 626–31.
Lidar, M., Langevitz, P., & Shoenfeld, Y. (2009). The role of infection in inflammatory bowel
disease: initiation, exacerbation and protection. The Israel Medical Association journal#:
IMAJ, 11(9), 558–63.
Liu, Y., Zhu, T., Cai, G., Qin, Y., Wang, W., Tang, G., Zhao, D., et al. (2011). Elevated circulating
CD4+ ICOS+ Foxp3+ T cells contribute to overproduction of IL-10 and are correlated with
disease severity in patients with systemic lupus erythematosus. Lupus, 20(6), 620–7.
Lochner, M., Peduto, L., Cherrier, M., Sawa, S., Langa, F., Varona, R., Riethmacher, D., et al.
(2008). In vivo equilibrium of proinflammatory IL-17+ and regulatory IL-10+ Foxp3+
RORgamma t+ T cells. The Journal of experimental medicine, 205(6), 1381–93.
Maggi, E. (1998). The TH1/TH2 paradigm in allergy. Immunotechnology#: an international journal
of immunological engineering, 3(4), 233–44.
Mai, J., Wang, H., & Yang, X.-F. (2010). Th 17 cells interplay with Foxp3+ Tregs in regulation of
inflammation and autoimmunity. Frontiers in bioscience#: a journal and virtual library, 15,
986–1006.
Mann, E. A., & Saeed, S. A. (2012). Gastrointestinal infection as a trigger for inflammatory bowel
disease. Current opinion in gastroenterology, 28(1), 24–9.
Marie, J. C., Letterio, J. J., Gavin, M., & Rudensky, A. Y. (2005). TGF-beta1 maintains
suppressor function and Foxp3 expression in CD4+CD25+ regulatory T cells. The Journal of
experimental medicine, 201(7), 1061–7.
Maruyama, T., Li, J., Vaque, J. P., Konkel, J. E., Wang, W., Zhang, B., Zhang, P., et al. (2011).
Control of the differentiation of regulatory T cells and T(H)17 cells by the DNA-binding
inhibitor Id3. Nature immunology, 12(1), 86–95.
Metwali, A., Setiawan, T., Blum, A. M., Urban, J., Elliott, D. E., Hang, L., & Weinstock, J. V.
(2006). Induction of CD8+ regulatory T cells in the intestine by Heligmosomoides polygyrus
infection. American journal of physiology. Gastrointestinal and liver physiology, 291(2),
G253–9.

130

Minami, Y., Kono, T., Miyazaki, T., & Taniguchi, T. (1993). The IL-2 receptor complex: its
structure, function, and target genes. Annual review of immunology, 11, 245–68.
Monroy, F. G., & Enriquez, F. J. (1992). Heligmosomoides polygyrus: a model for chronic
gastrointestinal helminthiasis. Parasitology today (Personal ed.), 8(2), 49–54.
Moreno, Y., Gros, P.-P., Tam, M., Segura, M., Valanparambil, R., Geary, T. G., & Stevenson, M.
M. (2011). Proteomic analysis of excretory-secretory products of Heligmosomoides
polygyrus assessed with next-generation sequencing transcriptomic information. PLoS
neglected tropical diseases, 5(10), e1370.
Morgan, D. A., Ruscetti, F. W., & Gallo, R. (1976). Selective in vitro growth of T lymphocytes from
normal human bone marrows. Science (New York, N.Y.), 193(4257), 1007–8.
Mucida, D., Park, Y., Kim, G., Turovskaya, O., Scott, I., Kronenberg, M., & Cheroutre, H. (2007).
Reciprocal TH17 and regulatory T cell differentiation mediated by retinoic acid. Science
(New York, N.Y.), 317(5835), 256–60.
Murai, M., Turovskaya, O., Kim, G., Madan, R., Karp, C. L., Cheroutre, H., & Kronenberg, M.
(2009). Interleukin 10 acts on regulatory T cells to maintain expression of the transcription
factor Foxp3 and suppressive function in mice with colitis. Nature immunology, 10(11),
1178–84.
Nakamura, K., Kitani, A., & Strober, W. (2001). Cell contact-dependent immunosuppression by
CD4(+)CD25(+) regulatory T cells is mediated by cell surface-bound transforming growth
factor beta. The Journal of experimental medicine, 194(5), 629–44.
Nie, X., Cai, G., Zhang, W., Wang, H., Wu, B., Li, Q., & Shen, Q. (2012). Lipopolysaccharide
mediated mast cells induce IL-10 producing regulatory T cells through the ICOSL/ICOS
axis. Clinical immunology (Orlando, Fla.), 142(3), 269–79.
Ohkusa, T. (1985). [Production of experimental ulcerative colitis in hamsters by dextran sulfate
sodium and changes in intestinal microflora]. Nihon Shokakibyo Gakkai zasshi = The
Japanese journal of gastro-enterology, 82(5), 1327–36.
Pabst, R., & Rothkötter, H. J. (2006). Structure and function of the gut mucosal immune system.
Advances in experimental medicine and biology, 579, 1–14.
Pithadia, A. B., & Jain, S. (2011). Treatment of inflammatory bowel disease (IBD).
Pharmacological reports#: PR, 63(3), 629–42.
Pomié, C., Ménager-Marcq, I., & Van Meerwijk, J. P. M. (2008). Murine CD8+ regulatory T
lymphocytes: the new era. Human immunology, 69(11), 708–14.
Read, S., Malmström, V., & Powrie, F. (2000). Cytotoxic T lymphocyte-associated antigen 4 plays
an essential role in the function of CD25(+)CD4(+) regulatory cells that control intestinal
inflammation. The Journal of experimental medicine, 192(2), 295–302.
Rennick, D. M., Fort, M. M., & Davidson, N. J. (1997). Studies with IL-10-/- mice: an overview.
Journal of leukocyte biology, 61(4), 389–96.

131

Rescigno, M., Urbano, M., Valzasina, B., Francolini, M., Rotta, G., Bonasio, R., Granucci, F., et
al. (2001). Dendritic cells express tight junction proteins and penetrate gut epithelial
monolayers to sample bacteria. Nature immunology, 2(4), 361–7.
Romagnani, S. (2006). Regulation of the T cell response. Clinical and experimental allergy#:
journal of the British Society for Allergy and Clinical Immunology, 36(11), 1357–66.
Roncarolo, M. G., Gregori, S., Battaglia, M., Bacchetta, R., Fleischhauer, K., & Levings, M. K.
(2006). Interleukin-10-secreting type 1 regulatory T cells in rodents and humans.
Immunological reviews, 212, 28–50.
Rubin, D. T., & Hanauer, S. B. (2000). Smoking and inflammatory bowel disease. European
journal of gastroenterology & hepatology, 12(8), 855–62.
Rubtsov, Y. P., Rasmussen, J. P., Chi, E. Y., Fontenot, J., Castelli, L., Ye, X., Treuting, P., et al.
(2008). Regulatory T cell-derived interleukin-10 limits inflammation at environmental
interfaces. Immunity, 28(4), 546–58.
Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., & Toda, M. (1995). Immunologic self-tolerance
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown
of a single mechanism of self-tolerance causes various autoimmune diseases. Journal of
immunology (Baltimore, Md.#: 1950), 155(3), 1151–64.
Setiawan, T., Metwali, A., Blum, A. M., Ince, M. N., Urban, J. F., Elliott, D. E., & Weinstock, J. V.
(2007). Heligmosomoides polygyrus promotes regulatory T-cell cytokine production in the
murine normal distal intestine. Infection and immunity, 75(9), 4655–63.
Shi, G., Cox, C. A., Vistica, B. P., Tan, C., Wawrousek, E. F., & Gery, I. (2008). Phenotype
switching by inflammation-inducing polarized Th17 cells, but not by Th1 cells. Journal of
immunology (Baltimore, Md.#: 1950), 181(10), 7205–13.
Spolski, R., & Leonard, W. J. (2009). Cytokine mediators of Th17 function. European journal of
immunology, 39(3), 658–61.
Sugimoto, N., Oida, T., Hirota, K., Nakamura, K., Nomura, T., Uchiyama, T., & Sakaguchi, S.
(2006). Foxp3-dependent and -independent molecules specific for CD25+CD4+ natural
regulatory T cells revealed by DNA microarray analysis. International immunology, 18(8),
1197–209.
Summers, R W, Elliott, D. E., Urban, J. F., Thompson, R., & Weinstock, J. V. (2005). Trichuris
suis therapy in Crohn’s disease. Gut, 54(1), 87–90.
Summers, Robert W, Elliott, D. E., Urban, J. F., Thompson, R. A., & Weinstock, J. V. (2005).
Trichuris suis therapy for active ulcerative colitis: a randomized controlled trial.
Gastroenterology, 128(4), 825–32.
Sun, C.-M., Hall, J. A., Blank, R. B., Bouladoux, N., Oukka, M., Mora, J. R., & Belkaid, Y. (2007).
Small intestine lamina propria dendritic cells promote de novo generation of Foxp3 T reg
cells via retinoic acid. The Journal of experimental medicine, 204(8), 1775–85.
Suri-Payer, E., & Fritzsching, B. (2006). Regulatory T cells in experimental autoimmune disease.
Springer seminars in immunopathology, 28(1), 3–16.

132

Tone, M., Tone, Y., Adams, E., Yates, S. F., Frewin, M. R., Cobbold, S. P., & Waldmann, H.
(2003). Mouse glucocorticoid-induced tumor necrosis factor receptor ligand is costimulatory
for T cells. Proceedings of the National Academy of Sciences of the United States of
America, 100(25), 15059–64.
Tone, Y., Furuuchi, K., Kojima, Y., Tykocinski, M. L., Greene, M. I., & Tone, M. (2008). Smad3
and NFAT cooperate to induce Foxp3 expression through its enhancer. Nature immunology,
9(2), 194–202.
Tran, D. Q. (2012). TGF-β: the sword, the wand, and the shield of FOXP3(+) regulatory T cells.
Journal of molecular cell biology, 4(1), 29–37.
Vignali, D. A. A., & Kuchroo, V. K. (2012). IL-12 family cytokines: immunological playmakers.
Nature immunology, 13(8), 722–8.
Vocanson, M., Rozieres, A., Hennino, A., Poyet, G., Gaillard, V., Renaudineau, S., Achachi, A., et
al. (2010). Inducible costimulator (ICOS) is a marker for highly suppressive antigen-specific
T cells sharing features of TH17/TH1 and regulatory T cells. The Journal of allergy and
clinical immunology, 126(2), 280–9, 289.e1–7.
Wan, Y. Y., & Flavell, R. A. (2007). Regulatory T-cell functions are subverted and converted
owing to attenuated Foxp3 expression. Nature, 445(7129), 766–70.
Weiner, H. L. (2001). Oral tolerance: immune mechanisms and the generation of Th3-type TGFbeta-secreting regulatory cells. Microbes and infection / Institut Pasteur, 3(11), 947–54.
Williams, L. M., & Rudensky, A. Y. (2007). Maintenance of the Foxp3-dependent developmental
program in mature regulatory T cells requires continued expression of Foxp3. Nature
immunology, 8(3), 277–84.
Wohlfert, E., & Grainger, J. (2011). GATA3 controls Foxp3+ regulatory T cell fate during
inflammation in mice. The Journal of clinical …, 121(11), 4503–4515.
Wu, Y., Borde, M., Heissmeyer, V., Feuerer, M., Lapan, A. D., Stroud, J. C., Bates, D. L., et al.
(2006). FOXP3 controls regulatory T cell function through cooperation with NFAT. Cell,
126(2), 375–87.
Zheng, Y., Chaudhry, A., Kas, A., deRoos, P., Kim, J. M., Chu, T.-T., Corcoran, L., et al. (2009).
Regulatory T-cell suppressor program co-opts transcription factor IRF4 to control T(H)2
responses. Nature, 458(7236), 351–6.
Zhou, X., Bailey-Bucktrout, S., Jeker, L. T., & Bluestone, J. A. (2009). Plasticity of CD4(+)
FoxP3(+) T cells. Current opinion in immunology, 21(3), 281–5.
Ziegler, S. F., & Buckner, J. H. (2009). FOXP3 and the regulation of Treg/Th17 differentiation.
Microbes and infection / Institut Pasteur, 11(5), 594–8.

133

