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Abstract
During chronic inflammation and tissue injuries, various danger-associated molecules
can be released and are able to potentiate inflammation and T cell responses. Among the
many possible danger signals, I focused on studying high concentrations of extracellular
ATP since it has been implicated in a variety of autoinflammatory diseases. ATP activates
the inflammasome in macrophages, stimulates dendritic cell (DC) maturation, and inhibits
regulatory T cell (Treg) function. However, how ATP regulates Toll-like receptor (TLR)
responses in intestinal epithelial cells (IECs), which represent the front line of enteric
defense, remains unclear. Therefore, I examined how ATP modulates TLR responses in IECs
and found that it enhanced the response of IECs to a TLR1/2 ligand Pam3 CSK4 primarily
through the P2X7 purinergic receptor, leading to increased DC maturation and antigenspecific T cell proliferation. Furthermore, intra-rectal delivery of ATP lowered the activation
threshold of epithelial cells to endogenous TLR ligands, making IECs more prone to immune
activation.
Since ATP is an important molecule that can potentiate inflammatory responses, the
second aim of the study was to investigate if Tregs, including Foxp3+ Tregs and IL-10
producing Tr1 cells, can regulate ATP induced inflammasome activation and IL-1β
production. I found that Tr1 cells inhibited the production of Il1b mRNA, inflammasomemediated activation of caspase-1, and secretion of mature IL-1, in an IL-10 dependent
manner. Surprisingly, Foxp3+ Tregs, despite the production of IL-10, failed to inhibit IL-1
production. The important role of IL-10 in regulating inflammasome activation was further
illustrated in the monosodium urate induced peritonitis model, where IL-10R-deficient mice
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had an increased influx of peritoneal neutrophils compared to wild type mice. Moreover, IL1β production from macrophages derived from Nlrp3A350V knock-in mice, which carry a
mutation found in cryopyrin associated periodic syndrome patients, was suppressed by Tr1
cells, but not Foxp3+ Tregs. Using an adoptive transfer model, I found Tr1 cells can protect
against weight loss in mice expressing a gain-of-function mutation in NLRP3.
Collectively, these data demonstrated the complex regulation of host response to
cellular stress signal ATP, and that IL-10 producing Tr1 cells may have unique therapeutic
effects in controlling ATP-mediated inflammasome activation via IL-10-mediated
suppression.
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Chapter 1: Introduction
Our bodies are constantly exposed to a variety of immune insults including
pathogenic microbes and cancerous cells. Accordingly, a high level of immune surveillance
and homeostatic mechanisms are in place to ensure appropriate responses to both beneficial
and pathogenic organisms. The innate branch of the immune system is critical for early
detection, containment and elimination of many pathogens, as well as maintaining tolerance
to commensal microbes. On the other hand, the adaptive immune system receives
instructions from the innate immunity to conduct appropriate effector responses depending
on the type of microbes and the severity of the infection. Equally important to the effector
mechanisms is the ability to regulate and/or shutdown the response when needed, which is
largely directed by a subset of specialized CD4+ T cells called regulatory T cells or Tregs.
One inevitable consequence of the immune response to pathogen is collateral damage
of self-tissue and the release of endogenous danger signals, which can potentiate
inflammation and, when not properly controlled, drive a variety of autoinflammatory
diseases. Thus, a better understanding of how the immune system exerts its regulation in the
context of tissue damage, and how this affects the complex crosstalk between the innate and
adaptive immune systems, is highly important.
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1.1.

The recognition of foreignness: from “self-non-self” theory to

“danger theory” and beyond.
1.1.1. Discovery of Toll-like receptors (TLRs)
In 1989, Charles Janeway proposed that the ability to distinguish between foreign
molecules found on pathogens and self-antigens relies largely on the ability to recognize
conserved molecular motifs (1). The corresponding receptors on the host are called pattern
recognition receptors (PRRs) (1). This “self-non-self” theory has provided a conceptual
framework for our current understanding of innate immune recognition, and it was confirmed
by the subsequent discoveries of Toll in Drosophila (2), and Toll-like receptors (TLRs) in
mammals (3). These are a family of germline-encoded invariant PRRs that are found either
on the cell surface or intracellularly in the endosomes (4). They are single-pass type I
membrane proteins containing an extracellular leucine-rich repeat domain that is critical for
recognizing conserved structural components, or pathogen associated molecular patterns
(PAMPs), such as lipoproteins, peptidylglycans, Gram-negative bacterial lipopolysaccharide
(LPS), viral double-stranded RNA, bacterial unmethylated DNA, and bacterial flagellin (5)
(Fig. 1.1).
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Figure 1.1 TLR ligation mediated MyD88-dependent and TRIF-dependent pathways.
Ligand binding initiates the dimerization of Toll-like receptors and the downstream signaling
cascade. The corresponding ligands for different TLRs are indicated in red. LPS:
lipopolysaccharide; ssDNA/RNA: single stranded DNA or RNA. Most TLRs, as indicated in
the figure, can signal through adaptor protein MyD88 via their intracellular TIR domains,
leading to the activation of NFκB and MAPK pathways, and the transcription of
proinflammatory cytokines/chemokines. TLR3 and TLR4 can signal through TRIFdependent pathway, resulting in the activation of IRF3 (interferon regulatory factor 3) and
the production of type I interferons (IFNs). TLR7/8/9 can also signal though MyD88, and in
addition to activating NFκB and AP-1, they can induce the production of type 1 IFNs
through activation of IRF7 (interferon regulatory factor 7).
Despite different ligand specificities due to their varying extracellular leucine-rich
repeat domains, TLRs all feature a high degree of homology in the cytoplasmic Toll/IL-1R
(TIR) domain that is important for the recruitment of downstream adaptor molecules,
namely, myeloid differentiation factor 88 (MyD88), TIR domain-containing adapter inducing
interferon β (TRIF), TRIF-related adaptor molecule (TRAM), and TIR domain-containing
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adapter protein (TIRAP) (6). These different adaptor proteins are important for mediating
distinct chemokine/cytokine inflammatory responses via the MyD88-denpendent pathway, or
type I interferon responses via the TRIF-dependent pathway (6). Most TLRs, with the
exception of TLR3, mediate signal transduction via the MyD88-dependent pathway, which is
analogous to IL-1 receptor signaling, resulting in activation of activator protein 1 (AP-1) and
nuclear factor kappa B (NFκB) (6, 7). TLR4 is unique in that it can utilize both MyD88dependent and TRIF-dependent pathways (8).
TLRs are primarily expressed on sentinel cells that include immune cells such as
macrophages, dendritic cells, and monocytes, as well as non-immune cells, such as
fibroblasts and epithelial cells. Upon recognition of these PAMPs, TLRs can alert the
immune system by causing cells to secrete inflammatory cytokines/chemokines, recruit
and/or activate phagocytic cells, and in some case prime the adaptive immune response (4, 5,
7, 9). Indeed, TLR activation is critical for the defense against a variety of microbial
infections, including viruses, such as, herpes simplex virus; gram positive bacteria, such as,
Streptococcus pneumoniae and Staphylococcus aureus; gram negative bacteria, such as,
Salmonella typhimurium, and Escherichia coli; fungi, such as, Candida albicans; and
protozoa, such as, Toxoplasma gondii (10). The important role of TLRs in host defense is
supported by several observations in TLR-deficient animals, where immune responses
against microbial compounds are severely compromised. For example, C3H/HeJ mice with a
loss-of-function TLR4 mutation resulting in impaired LPS responses are highly susceptible
to gram negative bacteria (11). TLR9-deficient mice suffer more severe disease compared to
wild type upon Streptococcus pneumoniae infection due to impaired uptake and killing of the
bacteria by macrophages (12). Deficiency in TLR5 can result in dysregulated microbiota,
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spontaneous colitis, and increase the susceptibility to colitis in various infection models (1317). Overall, these studies suggest a key role of TLR innate immune mediated protection
against a wide variety of pathogens and in immune homeostasis.
1.1.2. A regulatory role of TLR response
While the inflammatory role of TLRs is important for pathogen clearance and host
defense, there is a growing body of literature showing that the activation of TLRs can be
self-limiting and anti-inflammatory. The most well-known example is endotoxin tolerance,
which was described almost 70 years ago (18). After exposure to LPS, macrophages
demonstrate a decreased capacity to produce pro-inflammatory cytokines after stimulation
with TLR2, 3, 4, 5, and 7 agonists (18-20). This tolerogenic effect correlates with proteolytic
degradation of TLRs, and the activation of several TLR signaling inhibitors, such as MyD88
short (MyD88s), interleukin-1 receptor associated kinase-M (IRAK-M), suppressors of
cytokine signaling 1 (SOCS1), single immunoglobulin IL-1 receptor related molecule
(SIGIRR), and tumor necrosis factor alpha-induced protein 3 (A20) (7). Moreover, activation
of TLRs is essential for cell survival during the inflammatory response as well as tissue
repair following damage to the epithelium. For example, TLR5 activation leads to
suppression of apoptosis in murine intestinal epithelial cells via the expression of antiapoptotic survival proteins, such as cellular inhibitor of apoptosis 1/2 (cIAP1/2), and A20
(21). In addition, activation of TLR2 and TLR5 by heat-inactivated Staphylococcus aureus is
able to induce accelerated tissue repair in lung epithelium, characterized by increasing cell
survival and proliferation of the undamaged epithelial cells, operating mainly through
epidermal growth factor receptors (22). Within the gut, homeostasis of epithelial cells is
regulated by TLR recognition of commensal microbiota (23). For instance, IEC-specific
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deficiency of MyD88 results in spontaneous inflammation in the small intestine (24). On the
other hand, a series of studies have shown that exogenous administration of the TLR5 ligand
flagellin can protect mice against lethal γ-irradiation and chemical injury (25, 26), and ensure
efficient vaccine response against influenza A virus (27, 28).
Due to the apparently contradictory inflammatory and anti-inflammatory facets of
TLR stimulation, significant questions remain regarding how TLR responses vary under
different environmental settings and whether the response can be shifted from pathogenic to
protective in chronic inflammatory diseases.
1.1.3. The evolution of the “danger theory”
According to the “self-non-self” theory, any microorganisms should be perceived as
foreign and attacked by the host immune system. Yet, in sites such as the gastrointestinal
tract, where the body hosts trillions of commensal microorganisms, the immune system does
not undergo constant activation under homeostatic conditions despite continuous and copious
exposure to microbes. Therefore, this “self-non-self” theory does not explain all the aspects
of how the host immune system recognizes foreign matter. The recognition needs to be
context dependent, which led to the proposal of the “danger theory” by Polly Matzinger in
1994 (29). She proposed that an immune response is primarily triggered when the cell
perceives “danger signals” or “alarm signals” that are released by the body’s own cells rather
than in the recognition of foreign molecular structures. This theory helped to explain
scenarios like autograft rejection, where “self” graft (i.e. a patient’s own tissue) undergo
rejection because the body sees the surgical procedure and tissue damage as danger; and
tolerance to the fetus or commensal bacteria, where foreign matter is indeed tolerated (29).
Moreover, this theory provided a satisfactory explanation for why resting dendritic cells
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(DCs) can be activated by autologous necrotic cells that generate danger signals, but not by
apoptotic cells that do not produce damage signals (30, 31). However, this concept also
raises many concerns and questions: namely, how should “danger” signals be defined; what
are the molecular traits of these signals; and how does the body respond to damage caused by
the immune system itself.
With these questions in mind, more recent studies led to the identification of various
endogenous danger signals, such as uric acid (32, 33), high concentration of adenosine 3’triphosphate or ATP (34, 35), heat shock proteins (36), high mobility group box protein
1(HMGB1) (37), IL-1α (38), IL-33 (39), and degradation products of the extracellular matrix
(40, 41). With the advance of our knowledge in these endogenous danger signals, we are now
able to give a more defined description of these danger/damage associated molecular patterns
or DAMPs as molecular structures that are normally “invisible” to the immune system, but
released in the setting of cellular damage (42). DAMPs can either be recognized by PRRs or
other receptors, resulting in induction or potentiation of inflammation and adaptive immune
responses (42).
Depending on the cellular source of the damage signals, they can be divided into two
categories: primary and secondary signals (42, 43). Primary signals are available during
tissue damage and released directly from the damaged cells; secondary signals or feedback
molecules are endogenous molecules released from activated immune cells in response to
inflammation and are able to amplify or modulate the immune response in an autocrine or
paracrine manner (42, 43). Some molecules, such as ATP and IL-1α, can act as both primary
and secondary signals to amplify the immune response.
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1.1.4. High concentrations of extracellular ATP are a “damage signal”
Accumulating evidence suggests that ATP contributes to the pathogenesis of a variety
of inflammatory disorders, such as asthma, graft-versus-host disease and inflammatory bowel
disease, suggesting it is an endogenous danger signal that promotes inflammation (44-48).
Under physiological conditions, the extracellular ATP concentration is maintained at a very
low level (10-100nM) by ectonucleotidase that actively hydrolyze ATP into adenosine (49).
During cellular damage and inflammation, ATP can be immediately released into the
extracellular space, either from necrotic cell death or through an active transport process via
the activation of platelets and phagocytes, thereby attaining local concentrations in the
millimolar range (34). At these concentrations, ATP acts as an important danger signal by
activating low affinity receptors, such as the P2X7 ionotropic receptor, alerting immune cells
to the presence of tissue damage and mobilizing them to the site of injuries to fight pathogens
and clear cellular debris (50, 51).
The activation of P2X7 receptor can mediate a variety of inflammatory responses.
First, ATP alone has been shown to skew the maturation of dendritic cells by preferentially
up-regulating a subset of maturation markers while inhibiting TLR activation induced
cytokine production (52-54). These DCs are then capable of directing T cell differentiation
into Th1 or Th2 cell depending on other cytokine signals (52-54). Moreover, ATP is well
known for its role in activating the inflammasome complex together with TLRs and the
subsequent production of IL-1β and IL-18 in monocytes, macrophages, and DCs. This is
believed to occur following ATP engagement of P2X7 receptor, leading to potassium efflux
and the lowering of potassium concentration, thus facilitating the assembly of the
inflammasome complex and activation of caspase 1(55). The inflammasome pathway will be
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discussed in more detail later in chapter 1 and in chapter 4 and 5. In addition to being an
inflammasome activator by itself, autocrine secretion of ATP is critical for inflammasome
activation by crystalline structures, such as monosodium urate (MSU) and silica, via
pannexin-1 hemichannels and several other P2 purinergic receptors (55, 56).
Although the “danger theory” was first proposed to center around DCs as the primary
cells receptive to danger signals (57), accumulating evidence suggested that other cells,
including stromal cells, such as epithelial cells and fibroblasts (58-61), and other immune
cells, such as macrophages, eosinophils, and T cells, can also be a direct target (62-66). How
these cells are affected remains an active area of research. Secondly, the original aim of the
danger theory primarily focused on explaining the triggers of adaptive immune responses
(29, 57, 67, 68), but we now know that danger signals play a critical role in modulating
innate immune responses; examples include HMGB-1, which can directly trigger
inflammatory responses and tissue repair, and assembly of inflammasomes (68).
Furthermore, the danger hypothesis alone fails to explain some complex scenarios, such as
how our immune system tolerates commensal microorganisms. The danger hypothesis
presumes that we remain tolerant to commensal microbes because they fail to provoke
damage while the pathogenic microbes are usually invasive and cause tissue damage. We
now know that this tolerance is not due to passive non-recognition, but rather a highly active
and coordinated process that involves different regulatory immune cells and tightly
controlled TLR responses to promote barrier integrity and tissue regeneration (9, 69, 70). The
next question is how to incorporate both the “self-non-self” theory and the danger theory to
understand complex immune interactions in the gut and specifically ask whether danger
signals changes TLR responses in different cellular compartments and what are the
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downstream immune consequences. Furthermore, whether danger signals can render the
regulatory immune cells, such as regulatory T cells, tolerogenic DCs, and alternatively
activated macrophages, ineffective in suppressing inflammation; and if so, what are the
molecular mechanisms and consequences.

1.2.

The role of regulatory T cells in the control of the innate immune

responses
Regulatory T cells (Tregs) constitute an essential part of the central and peripheral
tolerance machinery that negatively regulates innate and adaptive immune responses. Within
the CD4+ T cell compartment, the best understood subsets of Tregs are Foxp3+ Tregs (71, 72)
and IL-10 producing type 1 regulatory (Tr1) cells (73) (Fig. 1.2).
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Figure 1.2 The suppressive mechanisms by two major subsets of regulatory T cells.
Foxp3+ Tregs are characterized by constitutive expression of CD25 and transcription factor
Foxp3. Tr1 cells can be distinguished by their characteristic cytokine secretion pattern with
high levels of IL-10, and intermediate to low amounts of IFNγ, TGFβ, and IL-21. In
addition, Tr1 cells can also be identified by co-expression of surface molecules CD49b and
LAG-3. Three transcription factors, cMAF, AHR, and Blimp-1 has been shown to regulate
IL-10 production in Tr1 cells, but it remains unknown if they are the bona fide transcription
factors for Tr1 cells. Tr1 cells can suppress the innate immune system via a variety of
mechanisms, including expression of surface inhibitory molecules (CTLA-4, LAP, ICOS,
PD-1, CD25, and CD226), ectoenzymes (CD39 and CD73), soluble inhibitory cytokines (IL10, TGFβ, IL-21, and IL-35), and effector enzymes (granzyme A, B, and perforin). As shown
in the figure, some of these are common mechanisms utilized by both subsets (LAG-3,
CTLA-4, and IL-10), while some are unique for Foxp3 Tregs (IL-35), or Tr1 cells (IFNγ, and
IL-21).

1.2.1. Immune function of Foxp3+ Tregs
Foxp3+ Tregs were first identified based on the expression of CD25, a high affinity
IL-2 receptor (74), followed by the milestone discovery of Foxp3 being the lineage defining,
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master transcription factor that controls the function and stability of these cells (75, 76).
Foxp3+ Tregs can have either intra-thymic or extra-thymic origins, and both subsets require
continuous TCR signaling during induction and maintenance for their in vivo suppressive
function (77, 78). So far, there are no markers available to reliably distinguish between
thymic versus peripherally-derived cells and they likely employ similar molecular
mechanisms for their suppressive function (79). The importance of Foxp3 in directing the
development of suppressive Foxp3+ Tregs is illustrated by the phenotype of scurfy mice and
in patients with IPEX (immunedysregulation polyendocrinopathy, enteropathy, X-linked),
which have genetic mutations in FOXP3. Both humans and mice with FOXP3 mutations
have devastating multi-organ autoimmunity and allergy (80). In addition to the simple
expression of Foxp3 protein, epigenetic regulation of the FOXP3 locus is important for
maintaining the stability and lineage identity of the cells. Notably, under inflammatory
conditions, they can adapt and up-regulate transcription factors that are typically associated
with other T helper cell lineages (72).
While the role of Tregs as potent suppressor of the activation, proliferation and
differentiation of effector T cells is well characterized, their function in modulating innate
immune responses is less known. Several surface molecules have been proposed to play a
role in Treg-mediated suppression of innate immunity, including inhibitory surface
molecules cytotoxic T-lymphocyte antigen-1 (CTLA4), and lymphocyte activating gene-3
(LAG-3), as well as ecto-endonucleases CD39, and CD73 (77). CTLA-4 has been shown to
down-regulate the costimulatory molecules CD80 and CD86 on DCs by transendocytosis.
Accordingly, Treg-selective CTLA-4 knockout mice have increased susceptibility to several
T cell mediated autoimmune diseases (81). LAG-3 is another molecule used by Tregs to
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control the activation of antigen presenting cells (APCs). LAG-3 is homologous to CD4 but
binds to MHC II with higher affinity. Engagement of CD4 by LAG-3 results in inhibition of
DC maturation by down-regulation of costimulation molecules (82), and decreased T cell
activation and proliferation (83-85). The ATP degrading ectoenzymes, CD39 and CD73 are
highly expressed especially on murine Foxp3+ Tregs, enabling the rapid degradation of ATP
into adenosine, which can in turn suppress both the activation of DCs, and T cell
proliferation (86).
In addition to expression of inhibitory surface molecules, Foxp3+ Tregs also express
anti-inflammatory cytokines, such as IL-10, TGFβ, and IL-35 (87), although in order to
express these cytokines Tregs need to be in contact with other cells, such as conventional
CD4+ T cells, plasmacytoid DCs, or CD8+ T cells (88). IL-10 is a potent anti-inflammatory
cytokine that can act directly on T cells to inhibit IL-2 and IFNγ production, and on APCs to
suppress inflammatory cytokines and costimulatory molecules (89, 90). TGFβ can also exert
similar effects by inhibiting cytokine production and is known to be essential for immune
homeostasis (91). Finally, Tregs have also been shown to directly kill myeloid APCs via
secretion of perforin and granzyme A (92).
1.2.2. The biology of Tr1 cells
Tr1 cells are memory CD4+ T cells with an extra-thymic origin that lack expression
of Foxp3 (73). Upon activation, Tr1 cells exhibit a characteristic cytokine expression profile
with high amounts of IL-10, low or intermediate amounts of IFNγ, TGFβ, IL-21, and
minimal amounts of IL-2, IL-4 and IL-17 (73). Similar to Foxp3+ Tregs, TCR activation is
required for the suppressive function of Tr1 cells, but they can mediate bystander
suppression once activated via cytokine dependent mechanisms (93). Another feature of Tr1
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cells that resembles Foxp3+ Tregs is their poor proliferative capacity in vitro, in part due to
autocrine production of IL-10 that suppresses proliferation (94). However, addition of
exogenous IL-2 and IL-15 restore the proliferation and expansion of Tr1 cells in vitro,
allowing for further functional and mechanistic studies (95).
Unlike Foxp3+ Tregs, no lineage defining transcription factors have been identified
for Tr1 cells, although cMaf, AHR, and Blimp-1 have all been implicated in the production
of IL-10 in in vitro and in vivo differentiated Tr1 cells (73, 96, 97). The suppressive
mechanism of Tr1 cells is also distinct from Foxp3 + Tregs. Tr1 cells suppress adaptive
immune responses and activation of APCs largely through the production of
immunosuppressive cytokines, primarily IL-10, and in some cases TGFβ (94, 98-100). Other
mechanisms have been proposed for their inhibitory function of Tr1 cells in vitro, such as the
expression of inhibitory receptors that down-regulate T cell activation, namely, CTLA-4,
ICOS (inducible T cell costimulator), PD-1 (programmed death-1), LAP (latency-associated
peptide), ectoenzymes, CD39, and CD73, and effector molecules that mediate cytolysis,
namely, granzyme B (73). However, the relative contribution of these different effector
mechanisms for the overall suppressive function of Tr1 cells remains to be defined, and the
secretion of IL-10 remains a hallmark of Tr1 cell suppressive activity.
1.2.3. Foxp3+ Treg-based cellular therapy
Based on their suppressive function and antigen specific immunomodulatory ability,
Foxp3+ Tregs and Tr1 cells have become attractive therapeutic options for treating
autoimmune diseases, inflammatory diseases and other immune-mediated pathologies. The
hope is that therapy with these cells could minimize the use of global immunosuppressive
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regimens that have well-known associated risks of cancer and infection, and possibly
establish antigen-specific long-term tolerance.
The success of using Foxp3+ Tregs to restore immune tolerance and dampen effector
T cell responses has been shown in a variety of animal models, including inflammatory
bowel disease (101, 102), rheumatoid arthritis (103), type 1 diabetes (104), GVHD (105107), and allograft transplantation (108, 109).
Based on extensive pre-clinical data, clinical trials using Foxp3+ Tregs as cellular
therapy have been initiated. Because of the low frequency of Foxp3+ Tregs (2-5% of CD4+ T
cells in peripheral blood of adults), several strategies have been developed to boost Treg
numbers. For example, treatment with low doses of IL-2 can induce/expand Foxp3+ Tregs in
vivo, or they can be expanded or differentiated ex vivo prior to reinfusion (110). Due to
recent technical advances in selection of markers for purification, and expansion culture
conditions, the expansion of Tregs is the most common method adopted in the clinical setting
(111). Ongoing research is investigating how to consistently generate Tregs in multiple good
manufacturing practice-compatible facilities. In addition, there is need for research into how
to determine the safety and the stability of these cells when delivered into an inflammatory
setting.
Fortunately, results from the initial reports of phase I/II studies showed feasibility and
safety of Treg therapy in preventing the development of graft versus host disease (GVHD)
(112-114). Another recent report from Theil et al. showed that Tregs cell therapy maybe
beneficial for patients with ongoing GVHD (115): five patients with refractory chronic
GVHD received ex vivo expanded CD25hiCD127loFoxp3+ Tregs from a third party, resulting
in an increased frequency of circulating Tregs and decreased T cell activation (115).
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Importantly, two out of five patients showed clinical improvements and the other three
maintained stable disease with no other adverse immune reaction (115).
In addition, a recent study was conducted in pediatric patients with type 1 diabetes
(116), who received autologous expanded CD25hiCD127loFoxp3+ Tregs. Similar to the study
by Theil et al. (115), an increased frequency of Tregs was observed in the peripheral blood
after Treg transfer, and most patients responded to the therapy and showed increased
circulating C-peptide levels, reflecting increased beta-cell mass (116). Other ongoing clinical
trials, in particular, the ONE Study (www.onestudy.org), will evaluate the safety and
feasibility of various cell types, including Foxp3+ Tregs and Tr1 cells, in living-donor kidney
transplantation, which will give us more insights on how these cells can regulate acute
inflammation in solid organ transplantation.
1.2.4. Adoptive transfer of Tr1 cells in animal models
Since the discovery of Tr1 cells in severe combined immunodeficiency (SCID)
patients who successfully established split-chimerism following hematopoietic stem cell
transplant (HSCT) with HLA-mismatched donors (98), it has become clear that Tr1 cells
have the important ability to regulate immune homeostasis and maintain peripheral tolerance.
The first T cell transfer study using Tr1 cells as a cellular therapy was conducted in a murine
model of colitis (94). In that study, ovalbumin (OVA) specific Tr1 cells were generated by
repetitive stimulation of naï
ve CD4+ T cells obtained from DO11.10 transgenic mice, which
carries the T cell receptor transgene recognizing a specific epitope on OVA protein, in the
presence of high doses of IL-10. The resulting T cells had a Tr1 characteristic cytokine
profile with high amounts of IL-10 and low amounts of IL-2 and IL-4. These in vitro
generated OVA-specific Tr1 cells were then co-transferred with CD45RBhiCD4+ cells into

16

mice fed either normal diet or OVA-supplemented diet. The data showed a protective effect
of Tr1 against colitis only in OVA fed mice, suggesting that Tr1 cells can effectively dampen
naï
ve T cell induced intestinal inflammation and that in vivo antigen specific activation is
required for the suppressive capacity of these cells. Along the same line, Tr1 cells generated
in mixed lymphocyte reaction cultures against donor cells in the presence of IL-10 and TGFβ
protect mice against developing GVHD in a model of HLA-mismatched HSCT (117). In
addition, collagen-II specific Tr1 clones expanded in the presence of IL-10 reduce disease
activity in both acute and chronic antigen-induced arthritis (118). Furthermore, the potency
of antigen-specific Tr1 cells has been elegantly shown in a murine model of islet
transplantation, where antigen-specific Tr1 cells are better at protecting islet allograft
rejection than polyclonal Tr1 cells (119). Additional evidence for the suppressive capacity of
antigen-specific Tr1 cells is in celiac disease, a common disorder in the small intestine driven
by dysregulated T cell responses to a wheat gluten antigen, gliadin (120). Gliadin-specific
Tr1 clones can strongly inhibit APC maturation and activation of gliadin-specific T cell
responses through the production of IL-10 and TGFβ (121, 122).
More recently, other novel agents such as chemokines CXCL11 and CXCL12 (123,
124), and extracellular matrix component high molecular weight hyaluronan (125), have
been shown to redirect the polarization of Th1 cells into IL-10 producing Tr1 cells. Injection
of CXCL11-Ig fusion protein can rapidly suppress ongoing experimental autoimmune
encephalomyelitis (EAE) in an IL-10-dependent manner (123, 124); hyaluronan induced Tr1
cells can protect the mice from T cell transfer colitis (125). These data suggest therapeutic
agents may represent novel ways of inducing Tr1 cells in vivo.
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1.2.5. The use of Tr1 cells as therapy in human clinical trials
In addition to animal studies, data from human proof-of-principle phase I/II trials
with Tr1 cellular therapy showed promising results. The first reported Tr1 cell therapy was a
dose escalation study conducted in patients with refractory Crohn’s disease that failed
standard treatments (126). In the study, OVA-specific Tr1 cells were generated by
stimulating patient PBMCs with OVA in the presence of IL-2 and IL-4 to enrich for the
OVA-specific T cells. The resulting CD4+ T cells were then cloned and expanded with
feeder cells, followed by selecting OVA-specific Tr1 clones based on OVA-stimulated IL-10
production. Patients received a single injection of different dosage of OVA-Tr1 cells and
ingested an OVA-enriched diet to ensure appropriate migration and activation of Tr1 cells.
The infusion of Tr1 cells seemed safe and well tolerated in all patients, and 40% of patients
showed significant, but time-limited, clinical improvements correlating with antigen-specific
hyporesponsiveness. Another clinical trial was performed in patients undergoing
haploidentical HSCT therapy and aimed at evaluating if Tr1 cells can prevent GVHD (127).
In this study, Tr1 cells were generated by culturing donor T cells with recipient APC in a
mixed lymphocyte reaction in the presence of IL-10. Four out of twelve patients that
received Tr1 cells benefited from the treatment with long-term tolerance and high frequency
of circulating Tr1 cells in the absence of immunosuppression, while the remaining patients
failed to respond to Tr1 therapy and developed moderate acute GVHD.
Despite the promising results in terms of safety and potential efficacy of Tr1 cellular
therapy, there are obvious challenges to overcome. First, the methodology to efficiently
generate a pure population of Tr1 cells remains a major challenge (127). Second, developing
a better understanding of the mechanisms of action will allow refinement of protocols and
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strategies to minimize potential complications such as infection. Third, developing
biomarkers that can be used to select patients and track outcomes will be essential to guide
this highly personalized therapy.

1.3.

The role of stress signals in autoinflammatory diseases

1.3.1. How to define autoinflammatory disease
The term autoinflammation was first proposed in 1999 to distinguish from
autoimmunity after discovering the genetic basis for familiar Mediterranean fever (FMF) and
tumor necrosis factor receptor associated periodic syndrome (TRAPS)(128).
Autoinflammation describes self-directed chronic inflammatory responses and tissue damage
primarily driven by innate cells, such as neutrophils, macrophages, and monocytes, without a
clear association with HLA molecules or autoantibodies (129, 130). Although
autoinflammatory diseases originally described uncommon monogenic immune disorders,
such as FMF, TRAPS, and cryopyrin associated periodic disorders (CAPS), the spectrum of
these diseases is continuously expanding and now also includes some polygenic diseases
with underlining innate immune-driven pathogenesis, such as Crohn’s disease, gout,
pseudogout, degenerative disease (for example, osteoarthritis), and some neurological
diseases (129, 130).
The most common pathway that is perturbed in many monogenic and polygenic
autoinflammatory diseases is inflammasome activation, resulting in increased production of
IL-1β (131). Under homeostatic conditions, inflammasome activation in mature macrophages
requires two signals: signal 1 is provided by TLR ligation, leading to the transcription of proIL-1β, pro-IL-18, and NLRP3; signal 2 involves sensing of endogenous/exogenous danger
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signals by NLRP3, resulting in the assembly of the inflammasome complex and processing
pro-IL-1β, pro-IL-18 into their mature forms (Fig. 1.3).

Figure 1.3 Schematic of inflammasome activation.
Signal 1: LPS binding initiates TLR4 signaling and induces activation of NFκB and
transcription of pro-IL-1β, pro-IL-18, and NLRP3. Signal 2: High concentration of ATP
activates ionotropic P2X7 receptor, resulting in potassium efflux, and the oligomerization of
NLRP3, ASC and pro-caspase 1. Upon assembly of the NLRP3 inflammasome, pro-caspase
1 is brought together in close proximity to each other and can auto-cleave the neighboring
pro-caspase 1 into active caspase 1, which can process pro-IL-1β, pro-IL-18 into their mature
forms and released into extracellular space. Under certain circumstance, NLRP3-ASC
complex can also be directly secreted outside the cells.

In monogenic diseases, the increased production of IL-1β is often associated with
over-activation of the inflammasome pathway as a result of gain-of-function mutations in
inflammasome components (NLRP3 in CAPS), or loss-of-function mutations in negative
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regulators (IL-1ra in DIRA, or deficiency of the IL-1 receptor antagonist). In polygenic
diseases, this maybe due to the accumulation of DAMPs as a result of tissue damage that
stimulates inflammasome pathways, or dysregulated innate immunity, such as deficiency in
autophagy that indirectly activates inflammasome pathways (132). It is worth noting that
inflammasome activation has not only been implicated in autoinflammatory diseases, but
also affects neurodegenerative disease such as Alzheimer’s disease, metabolic disease such
as type 2 diabetes, and atherosclerosis (133), making it a widely perturbed pathway that
drives a vicious cycle of inflammation.
1.3.2. Cryopyrin associated periodic syndrome (CAPS)
Cryopyrin associated periodic syndrome is a systemic inflammatory disease that is
comprised of three forms ranging from mild to severe clinical presentations: familial cold
autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and chronic infantile
neurological cutaneous and articular syndrome (CINCA), also known as neonatal-onset
multisystem inflammatory disease (NOMID) (133). As described earlier, CAPS is primarily
driven by autosomal dominant mutations in NLRP3 that results in a lowered threshold of
activation and tendency to oligomerize spontaneously, leading to activation and increased
conversion of pro-IL-1β into its mature form (131). CAPS patients develop chronic systemic
inflammation characterized by peripheral blood and tissue neutrophilia, and increased
circulating C reactive protein (CRP), serum amyloid A (SAA), and erythrocyte
sedimentation rate (ESR) (133).
Despite the clear evidence for the molecular mechanism of disease, it has been
challenging to detect high levels of IL-1β and IL-18 in these subjects, presumably because
these cytokines bind to plasma proteins or cell membranes (134). Recently, two groups have
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independently shown that NLRP3 can aggregate in the form of specks, or large protein
complexes, with its adaptor protein ASC, and these specks can be directly released into the
extracellular space upon inflammasome activation and remain active outside the cell for a
prolonged period of time (135, 136). Indeed, extracellular ASC specks have been found at
elevated levels in the serum of CAPS patients, which may act as danger signals themselves to
amplify the conversion of pro-IL-1β (135, 136). Thus detection of these “specks” may be a
more reliable way of measuring inflammasome activity in the clinic once high affinity
antibodies are developed (135, 136).
The definitive proof that CAPS is an IL-1 driven disease is the striking and
immediate clinical response to IL-1 targeted therapies in these patients, which alleviates
virtually all the clinical symptoms (137-139). To date, three anti-IL-1 agents have been used
for the treatment of CAPS patients: anakinra, canakinumab, and relonacept. Anakinra is a
recombinant selective IL-1 receptor antagonist (IL-1RA) that targets both IL-1β and IL-1α
and was first reported to be markedly effective in treating CAPS patients. Despite great
clinical efficacy, one major limitation is the short half-life of anakinra, meaning that daily
injections are required, which can result in injection site reactions and poor compliance
(140). Canakinumab, is a human monoclonal antibody targeted against IL-1β; rilonacept,
also known as IL-1 Trap, is a dimeric protein consisting of the 2 ligand binding domains of
the IL-1 receptor linked by the Fc region of human IgG1 antibody (139). These two drugs are
equally effective and both received approval for the treatment of CAPS with the advantage of
a long-half life that require one injection every 2 months as compared to daily injection with
anakinra (139, 140). However, for managing short-term need of IL-1 blockade, such as
inflammatory flares, anakinra outweighs the other two drugs to avoid prolonged and
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unnecessary IL-1 blockade that may increase the risk for bacterial infection (139). Overall,
CAPS can be very well managed by these IL-1-targeted therapies. One area of active
research is to expand the indications of this treatment to other chronic inflammatory disease,
such as type 1 and type 2 diabetes, rheumatoid arthritis, inflammatory bowel disease, and
gouty flares in patients who are refractory to standard treatment (138, 139).
1.3.3. The role of the inflammasome in inflammatory bowel disease (IBD)
Inflammatory bowel disease, comprised of Crohn’s disease (CD) and ulcerative
colitis (UC), is a chronic incurable inflammatory disorder that affects the gastrointestinal
track in genetically susceptible individuals (69, 141, 142). Although the etiology of the
disease is unclear, the pathogenesis is heavily driven by inappropriate immune responses
directed against intestinal commensal bacteria (69, 143). While the disease primarily affects
the colonic mucosa in UC, in CD the inflammation can affect the entire gastrointestinal tract
and be transmural, leading to complications such as stricture, fistula and obstruction (69,
143). CD is frequently associated with inappropriate activity of Th1 and/or Th17 cells, and a
parallel dysfunction of regulatory T cells (144, 145). In addition, dysregulated innate
immune responses, such as autophagy, ER stress, and inflammasome, also have major roles
in the disease (70), and patients with CD have higher levels of pro-inflammatory cytokines in
the intestine, such as IL-1β (146). In fact, Crohn’s disease is the first polygenic
autoinflammatory disease with a genetically defined defect in innate immune pathways,
namely, NOD2, autophagy, ER stress, and inflammasome (130, 143). Among these,
dysregulated activation of inflammasome complex will be discussed in more detail here.
In humans, there is accumulating evidence showing a genetic association of NLRP3
to IBD in different ethnic groups, including individuals of European descent, and Chinese
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(147-150); however, some of these associating single nucleotide polymorphisms (SNPs)
were not replicated in larger cohort of UK population (151). In mouse models where colitis is
induced via chemical disruption of the epithelial barrier, namely dextran sodium sulfate
(DSS), deficiency in NLRP3 results in either protection (152, 153) or exacerbation (154-157)
of the disease, which maybe a reflection of different microbiota between different animal
facilities or the variation of immune activation depending on the dose of DSS.
Despite the conflicting data with NLRP3, there is compelling evidence supporting the
pathogenic role of the downstream proinflammatory cytokine IL-1β. IL-1β is a potent
modulator of both innate and adaptive immune responses. It can directly activate DCs and
macrophages, promote neutrophil migration and T cell activation and survival (158). In
addition, it is a key cytokine that drives the differentiation of “pathogenic” Th17 cells that
have been shown to exacerbate the disease in models of IBD and EAE (159-162).
Several clinical reports have shown high levels of IL-1β secretion in colonic lamina
propria mononuclear cells from patients with active IBD (163, 164). The production was
found to be restricted to the active lesion sites, rather than control biopsies in the same
patient, suggesting a role in driving local inflammation (165). The increased colonic IL-1β
production is also found in several animal models of colitis, including chemical induced
colitis, T cell transfer colitis, and spontaneous colitis developed in IL-10-deficient mice (166170). The elevated IL-1β production could be due to elevated production of danger signals as
a result of tissue damage, such as ATP (171), uric acid (172) or dysregulated pathways such
as autophagy (173) and NOD2 signaling (174). These data suggest that increased activation
of inflammasome maybe critical in driving the intestinal inflammation in IBD.
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Supporting this notion, mice lacking IL-10 have upregulated expression of caspase 1
and IL-1β and develop spontaneous colitis, and treatment with caspase 1 inhibitor inhibits
IL-17 production and reduces disease severity (170). In line with this finding, mice deficient
in IL-1 receptor 1 are protected in the model of CD45RBhiCD4+ T cell transfer of colitis
(169). Moreover, IL-1β blockade with anti-IL-1β antibody significantly decreases
granulocyte recruitment and accumulation of IL-17 produced in innate lymphoid cells in
Helicobactor hepaticus induced colitis in Rag2-/- mice (169).
In contrast to a clear pathogenic role of IL-1β in IBD, the role of IL-18 in the gut is
more controversial. On one hand, IL-18 deficient mice showed attenuated colitis induced by
DSS and 2,4,6-trinitrobenzene sulphonic acid (TNBS) (175-177); but on the other hand, IL18 is essential for barrier integrity as illustrated in NLRP3 deficient mice suffering more
severe disease upon DSS treatment due to a protective role of IL-18 and recombinant IL-18
reverses the disease severity (154).
Overall, given the important role of IL-1β in the pathogenesis of IBD, it would be
important to investigate the efficacy of IL-1 targeted therapy in the disease.

1.4.

Synopsis of research questions
While it is clear that TLR activation can induce both inflammatory and anti-

inflammatory responses, the molecular switch that can determine the outcome remains
unclear. A better understanding of how tissue derived damage signals modulate the innate
immune responses can help us dissect the mechanism that drives chronic inflammation in a
variety of autoinflammatory diseases. Since danger signals are predominantly studied in
dendritic cells and macrophages, an outstanding question that merits investigation is how
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other cell types, especially stromal cells, respond to damage signals, and how this response
affects the crosstalk between innate and adaptive immunity.
Thus, my first research aim presented in chapter 3 was to investigate the role of
danger signals, in particular, high concentrations of extracellular ATP, in modulating
responses to TLR stimulation in epithelial cells. Due to the difficulty in culturing primary
IECs, I performed in vitro assays using an IEC cell line to study how ATP changes TLR
activation induced cytokine/chemokine responses. I also examined the purinergic receptors
responsible for the ATP response on IECs. To further explore the downstream immune
effects, I developed coculture assays using DCs treated with IEC conditioned media and
CD4+ T cells and asked if cytokines/chemokines or other soluble factors expressed by stress
exposure to IECs affect DC maturation, and if so, if these DCs have enhanced ability to
promote T cell proliferation to commensal antigens. To further validate the in vitro findings,
I delivered ATP intra-rectally to mice and asked if ATP administration altered TLR response
on IECs to endogenous TLR ligands produced by commensal bacteria.
Given the importance of cellular stress in potentiating inflammation, the second aim
of my research was to examine if Tregs can modulate immune responses to cellular stress
signals. Despite numerous studies showing the efficacy of Foxp3+ Tregs and Tr1 cells in the
models of autoimmunity and inflammatory diseases, their ability to regulate innate immune
responses upon encounter of a danger signal remained to be defined. Another outstanding
question was whether Foxp3+ Tregs versus Tr1 cells have a unique therapeutic advantage in
regulating stress responses. Therefore, with these questions in mind, I examined the ability of
Foxp3+ Tregs and Tr1 cells to modulate inflammasome activation, a key stress response
pathway involved in many inflammatory and metabolic diseases. I conducted in vitro assays
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to directly compare the suppressive ability of both Treg subsets to inflammasome activation
and sought to pinpoint the mechanism of regulation in chapter 4. The results were further
validated in chapter 5 using two mouse models, the monosodium urate induced peritonitis,
and a murine model of CAPS.
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Chapter 2: Materials and methods

2.1.

Animals
Foxp3GFP reporter (generation F11) (178), C3H/HeJ, Foxp3RFP, IL-10GFP reporter,

B6.PL-Thy1aCyJ, B6.129S2-Il10rb tm1Agt/J (referred to as Il10rb-/-), Nlrp3L351PNeoR/+, B6.CgTg (cre/ESR1)5Amc/J(referred to as CAG-Cre), BALB/c and C57Bl/6 mice were purchased
from Jackson laboratories(Bar Harbor, Maine, USA). Foxp3RFPIL-10GFP reporter mice were
generated by crossing Foxp3RFP reporter mice with IL-10GFP mice. Foxp3GFPThy1.1 reporter
mice were generated by crossing Foxp3GFP reporter mice with B6.PL-Thy1aCyJ mice.
Nlrp3A350V/+ CreT mice were generated by crossing Nlrp3A350VneoR/+ knock-in mice to CAGCre Tamoxifen inducible mice (this crossing was done at UCSD by Dr. Hal Hoffman and the
bones used in the study were shipped to us); Nlrp3L351P/+CreT mice were generated by
crossing Nlrp3L351PNeoR/+ knock-in mice to CAG-Cre mice, and the first generation from this
cross was used for the in vivo experiments (179). It is worth noting that it is an autosomal
dominant mutation and a singly copy of the NLRP3 transgene is sufficient to induce disease
(179). All mice were bred in-house except where noted and maintained under specific
pathogen-free conditions at the animal facility at the Jack Bell Research Center (in studies
described in Chapter 3) or Child and Family Research Institute (in studies described in
Chapter 4 and 5). The University of British Columbia (UBC) Animal Care and Use
Committee and the University of California San Diego Institutional Animal Care and Use
approved the experiments described in this study.
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2.2.

Cell Isolation, differentiation and culturing

2.2.1. IEC cell line-Mode-K cells
Mode-K cells are an immortalized mouse epithelial cell line that was kindly provided by
Dr. Karen Madsen (University of Alberta), and cultured from passages 20 – 30. The cells
were grown in HyQ DMEM/High glucose with 5% heat-inactivated FBS, nonessential amino
acids, penicillin, streptomycin (both at 100 µg/ml and from Sigma, St. Louis. MO), and
passaged three times weekly. For stimulation of cells, Mode-Ks were seeded at 2×105/ml in
24 well polystyrene plates and used for experiments after 24 hours when the cells were 70%
confluent.
2.2.2. HEK 293 T cells
HEK 293T cells were obtained from the American Type Culture Collection (ATCC,
Rockville, MD) and grown in HyQ DMEM/High Glucose with 10% heat-inactivated FBS,
penicillin, streptomycin, and nonessential amino acids. The cells were passaged three times
per week. For transfection experiments, the cells were seeded at 7×104/ml in antibiotic-free
media on a black 96-well plate and used for experiments after 24 hours.
2.2.3. Bone marrow-derived dendritic cells (BMDCs) and bone marrow-derived
macrophages (BMDMs)
Bone marrow dendritic cells were generated from C3H/HeJ, C57/Bl6, and
Nlrp3A350V/+ CreT mice, cultured using a protocol developed by Lutz et al. (180). Briefly,
bone marrow cells were flushed out of the femur and tibia, and cultured at a density of
2.5×105/ml in RPMI-1640 media containing mouse recombinant GM-CSF (eBioscience),
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10% heat-inactivated FBS, 10 mM HEPES (StemCell), 2 mM L-glutamine, 50 μM βmercaptoethanol (Sigma), penicillin and streptomycin. The cells were cultured in 100
mm2×20mm polystyrene dishes for 7 days with half of the media changed on day 3 and day
6. On day 7 the BMDCs in suspension were carefully lifted and washed once before use. The
adherent BMDMs were washed once with PBS, scraped off the plate, and resuspended in
media. Expression of the Nlrp3A350V transgene was induced by adding 4-hydroxytamoxifen
(0.4μg/ml, Sigma) 24 hours before experiment.
2.2.4. Isolation of total or different subsets of CD4+ T cells
CD4+ T cells from spleens and lymph nodes were isolated from C3H/HeJ, Foxp3GFP,
Foxp3RFPIL-10GFP reporter or C57/Bl6 mice using a mouse anti-CD4-negative selection kit
according to the manufacturer’s instructions (StemCell Technologies, Vancouver, BC,
Canada) and over 90% purity of CD4+ cells was obtained after each isolation.
To isolate CD25-CD4+ and CD25+CD4+ cells, the cells were labeled with CD25-PE
and anti-PE magnetic beads and passed over a magnetic column according to the
manufacturer’s instruction (Miltenyi Biotec).
To isolate Foxp3+ Tregs, CD44hiFoxp3- Tr1 and CD44int/lo Foxp3- naï
ve T cells, total
CD4+ cells were isolated by CD4 negative selection kit as above. The cells were then stained
with CD4-efluor450 and CD44-APC, and then sorted into Foxp3+ Tregs, CD44hiFoxp3- Tr1
cells, and CD44int/loFoxp3- naï
ve T cells on a BD FACSAria to >95% purity (Fig. 2.1).
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Figure 2.1 Sorting strategy and post sorting purity.
CD4+ T cells were isolated from spleens and lymph nodes of Foxp3GFP reporter mice by
magnetic bead separation. The cells were then stained for CD4 and CD44, followed by flow
cytometric sorting. (A) Gates were first set on total live cells, then CD4+ cells. CD4+ cells
were then separated into Foxp3+ Tregs, CD44int/loFoxp3- naive T conventional cells, and
CD44hiFoxp3- Tr1 cells. (B) Post sorting purity of Tregs, Tn, and Tr1 cells on the basis of
CD44 and Foxp3 expression. Representative of 6 experiments.
In BALB/c mice, magnetic sorted CD4 T cells were then stained for CD25, CD45Rb,
and CD44, and isolated into Tregs, Tr1 cells and naï
ve T cells on FACSAria (Fig. 2.2A). The
purity of the cells was also confirmed after 4 days of anti-CD3/28 monoclonal antibody
stimulation (Fig. 2.2B).
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Figure 2.2 Sorting strategy and post sorting purity after 4 days of polyclonal
stimulation for T cells isolated from BALB/c mice.
(A) The cells were first gated on live CD4 T cells and separated based on CD45Rb and
CD25 to sort out CD45RbloCD25+ Tregs, and CD25- T conventional cells (Tconv). Tconv
cells were then sorted into CD44hi Tr1 cells and CD44int/lo naï
ve T conventional cells. (B)
Post sorting purity of Tregs, Tn, and Tr1 cells on the basis of Foxp3 expression.
Representative of 3 experiments.
2.2.5. Isolation of CD11c+ DCs from the spleen
Splenic DCs were isolated from mouse spleens. Briefly, freshly isolated spleens were cut
into less than 1mm2 fragments and digest in spleen dissociation medium (StemCell) for 30
minutes at 37°C. The cells were then filtered and enriched for CD11c+ DCs using mouse
CD11c positive selection kit according to the manufacturer’s instructions (StemCell).
2.2.6. Isolation of CD90- antigen presenting cells from the spleen
Total splenocytes were collected and resuspended in 10ml of PBS and layered onto
4ml of Lymphoprep (StemCell). The cells were spun for 15 minutes at 1800rpm with no
break. The plasma-Lymphoprep interphase was then collected and followed by CD90
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positive selection (StemCell). The CD90 depleted fraction was used as antigen presenting
cells for the suppression assay as described later in 2.3.7.
2.2.7. Isolation of colonic epithelial cells and lamina propria mononuclear cells
(LPMCs)
Colons were cut longitudinally and washed 3 times with ice-cold PBS/0.1% bovine
serum albumin (BSA). The tissue was then transferred in PBS /10% FCS/0.15%
dithiothreitol (DTT), followed by shaking at 37°C for 20 minutes. After incubation, the tube
was vortexed vigorously, and the supernatant was discarded (to further remove mucus and
feces). The tissue fragments were incubated in PBS containing 1.3mM EDTA on a rocker for
50 minutes at 37°C; the epithelial cells in the supernatant were filtered through 100μm nylon
mesh filters, spun down and resuspend in TriZol for RNA extraction. The remaining pieces
of tissue were then incubated in pre-warmed RPMI/10% FCS/15mM HEPES and cut into
1mm pieces followed by three 20 minute digestions with 0.2mg/ml type VIII collagenase
(Sigma) in a 37°C shaker incubator as described in (178). After each period, the digested
tissue pieces were votexed vigorously and the supernatant filtered through 100μm nylon
mesh filters. The three fractions collected were pooled and kept on ice until gradient
separation. The LP cells were then spun down and resuspended in Percoll 30 (30% Percoll
100 in PBS/0.1% BSA), layered on 45%-70% Percoll gradient (Amershan Bioscience,
Upplsa, Sweden), and centrifuged at 1800 rpm for 20 minutes with no brake or acceleration.
The LPMCs were collected from the 40% to 75% interface and washed twice with
PBS/0.1%BSA prior to subsequent assays.
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2.3.

Stimulation and treatment of cells

2.3.1. Stimulation of Mode-K cells and treatment of Mode-K supernatants
Mode-K cells were stimulated with freshly prepared solutions of ATP, UTP (Uridine 5-́
triphosphate), or BzATP (3’-Benzoylbenzoyl adenosine 5-́triphosphate) (all from Sigma) for
20 minutes followed by 100 ng/ml Pam3 CSK4 (PAM; InvivoGen, San Diego, CA). In some
experiments cells were incubated with KN-62 (Sigma) for 30 minutes prior to addition of
ATP. Supernatants were collected after 24 hours of stimulation and analyzed for KC and IL6 by ELISA (Duo-set, R&D, Minneapolis, MN for KC and OptEIA, BD Biosciences, San
Jose, CA, for IL-6) according to the manufacturers’ instructions. Results are expressed as
fold increase in cytokine concentration compared to PAM alone in each experiment. Total
mRNA was isolated after 1 or 6 hours of Mode-K stimulation based on the peak of induction,
and mRNA for TGFβ, TSLP, aldh1a2 and IL-15 were quantified with RT-PCR as described
below.
For DC experiments, supernatants from Mode-K cells stimulated as above were
incubated with 20 U/ml apyrase (Sigma) for 30 minutes at 37°C to neutralize any residual
ATP. ATP concentrations in Mode-K supernatants before and after apyrase treatment were
measured using a luminescent ATP assay kit (SUNY, Buffalo, NY) according to the
manufacturer’s instructions.
2.3.2. Transfection of HEK 293 T cells
HEK 293T cells were maintained in antibiotic free media 24 hours before
transfection. The cells were then transfected using Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instruction with the following conditions, per well: pEGFP-N1
(Clontech) 1 ng, pEF6-hTLR2 or pEF6-hTLR5 5 ng, and salmon-sperm DNA to total 100
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ng. The TLR5 construct was a gift from Alan Aderem (University of Washington) and the
TLR2 construct was generated as described previously (181). The transfection efficiency was
determined by percentage of GFP+ cells as observed by fluorescence microscopy or by flow
cytometry.
2.3.3. BMDC conditioning and activation
BMDCs were incubated for 24 hours with medium alone or conditioned cell
supernatants, with or without 15 ng/ml of PAM. After 24 hours, cells were harvested for
FACS analysis using the following antibodies: CD80-PE, MHC class II, and CD11c-APC.
Cell viability was confirmed using 7-AAD (7-amino-actinomycin D). To measure the
cytokine responses in BMDCs, total RNA was isolated after conditioning with Mode-K
supernatants for 24 hours. In some experiments, DCs were pulsed with E. coli H18 flagellin
(FliC) (182) in the presence of differentially treated Mode-K supernatants for 24 hours prior
to coculture with T cells isolated from FliC immunized C3H/HeJ mice (refer to 2.3.4 for the
immunization of FliC).
2.3.4. BMDC and T cell coculture experiments
To expand flagellin-specific T cells, we injected 10 μg of FliC intraperitoneally into
C3H/HeJ mice, followed by two booster immunizations with 1 µg of FliC at two-week
intervals. CD4+ splenocytes were isolated from these immunized mice and stained with
CFSE prior to coculture. C3H/HeJ BMDCs were pulsed with or without 10 μg/ml of FliC for
24 hours in the presence of different conditioned supernatants as described. DCs were then
washed and cultured with isolated T cells at a ratio of 1:5 (DC/T cell) in a 96-well round
bottom plate. The proliferation of T cells was analyzed after 3 days by flow cytometry.

35

2.3.5. Polyclonal stimulation and differentiation of CD4 T cells
After sorting, Foxp3+ Tregs, CD44hi Foxp3- Tr1 cells, and CD44int/lo Foxp3- naï
ve T cells
were plated at 1X106/ml and stimulated with immobilized anti-CD3 (10μg/ml), soluble antiCD28 (2μg/ml), and rhIL-2 (200 unit/ml). For some experiments, IL-27 (50ng/ml,
eBioscience) was added to the CD44int/lo Foxp3- naï
ve T cells to generate IL-27 differentiated
Tr1 cells. To differentiate Th1 cells, 10ng/ml of IL-12 (eBioscience) were added to the
CD44int/lo Foxp3- naï
ve T cells. On day 3, the cells were lifted and re-plated at 1X106/ml
when cytokines and media were replenished, and supernatants were harvested for
experiments on day 4 or 5.
2.3.6. T cell and BMDM cocultures
For co-cultures, pre-activated CD4 Tregs, Tr1 or Tn cells (according to 2.3.5) or their
conditioned media were added to BMDM for 30 minutes or 16 hours, respectively, at the
ratio or concentration indicated in the figure legends. In some cases, 10μg/ml of IL-10
blocking antibody (JES5-2A5, eBioscience) or isotype control (IgG1κ, eBRG1, eBiscience)
were added 30 minutes before adding T cells. The cultures were then stimulated with LPS
(10ng/ml) for 5 hours, with addition of ATP (5mM) for the final 1 hour. Supernatants were
collected for analysis by ELISA and cells were lysed for analysis of mRNA or protein
expression by Western blot as described below.
2.3.7. T cell suppression assay
CD25-CD4+ T responder cells were isolated according to 2.2.4, labeled with cell
proliferation dye eFluor670 (eBioscience) and cultured alone or with the indicated ratio of
Tregs or Tr1 cells in the presence of irradiated CD90 depleted splenocytes (as per 2.2.6) as
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antigen presenting cells and 1μg/ml of anti-CD3. Proliferation was analyzed by flow
cytometry after 3 days.

2.4.

Sample analysis

2.4.1. RNA isolation and Quantitative Reverse-transcription Polymerase Chain
Reaction (RT-PCR)
In chapter 3, RNA was isolated using Trizol (Invitrogen, Carlsbad, USA). RNA was
quantified and 500-1000 ng from each sample was treated with DNase I, followed by
reverse-transcription using RevertAid H-minus first strand cDNA synthesis kit. The cDNA
was then quantified by real-time PCR using SYBR green based detection on an Opticon
thermal cycler. Each reaction was performed in duplicate. The mRNA levels of β-actin for
each sample were used for normalization and the fold induction for each cytokine compared
to unstimulated control was calculated based on the 2–ΔΔCt method. All reagents, except as
noted, were obtained from Fermentas (Burlington, ON, Canada).
In chapter 4, RNA was isolated from T cells or BMDMs using E.N.Z.A Total RNA
isolation kit according to manufacturer’s instruction (OMEGA bio-tek, Norcross, GA, USA),
and followed by reverse transcription using qscript cDNA synthesis kit (Quanta Biosciences,
Gaithersburg, MD, USA). RT-PCR was performed on an Applied Biosysem 7500 Fast RealTime PCR System. Data were normalized to 18s rRNA using the 2 -ddCt method. All primers
are listed in table 2.1.
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Table 2.1 List of primers
Gene
Forward primer (5’-3’)
Name
18S
CAAGACGGACCAGAGCGAAA
Aldh1a2 CATGGTATCCTCCGCAATG
Actb
TATCGCTGCGCTGGTCGTCG
Ahr
AGCCGGTGCAGAAAACAGTA
Maf
AGGATGGCTTCAGAACTGGC
Il1b
TGTAATGAAAGACGGCACACC
Il6
CCTCTCTGCAAGAGACTTCCAT
CCA
Il10
CAGAGCCACATGCTCCTAGA
Il12a
CTGTGCCTTGGTAGCATCTATG
Il12b
GGAAGCACGGCAGCAGAATA
Il15
Il23a
Prdm1
Tgfb1
Tslp

ACATCCATCTCGTGCTACTTGT
TCCCTACTAGGACTCAGCCAAC
CTGTACAAGCTGCCCCCAAG
GGTGGACCGCAACAACGCCAT
AGGCTACCCTGAAACTGAG

Reverse primer (5’-3’)
GGCGGGTCATGGGAATAAC
GCGCATTTAAGGCATTGTAAC
TGCTCTGGGCCTCGTCACCC
CCAGGCGGTCTAACTCTGTG
GGTCTCCACCGGTTCCTTTT
TCTTCTTTGGGTATTGCTTGG
AGCCTCCGACTTGTGAAGTGGT
TGTCCAGCTGGTCCTTTGTT
GCAGAGTCTCGCCATTATGATTC
AACTTGAGGGAGAAGTAGGAATG
G
GCCTCTGTTTTAGGGAGACCT
GAACTCAGGCTGGGCATCT
TAAGGATGCCTCGGCTTGAA
GGGGTTCGGGCACTGCTTCC
GGAGATTGCATGAAGGAATACC

2.4.2. Western Blotting for caspase 1 and pro-IL-1β
Macrophages were lysed in Laemmli buffer and proteins were denatured and
separated on either 12% or 15% SDS-PAGE for analysis of IL-1 or Caspase-1, respectively.
Separated proteins were transferred and probed with antibodies against IL-1(R&D
Systems), Caspase-1 (Santa Cruz Biotechnology) and -Actin (Cell Signaling). Proteins were
detected by HRP conjugated donkey anti-goat (Santa Cruz Biotechnology) or goat-anti-rabbit
IgG (Dako), followed by SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) on CL-X Posure Films (Thermo Scientific) according to the manufacturer’s
instructions.
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2.4.3. Flow cytometry
The detailed information of the antibodies is listed in Table 2.2. Dead cells were excluded
using Fixable Viability Dye (FVD) efluor780 (eBioscience) or 7-AAD. For intracellular
cytokine staining, the cells were stimulated with 50 ng/mL phorbol myristate acetate
(Calbiochem, Mississauga, ON) and 1 μg/mL ionomycin (Sigma Aldrich) for 5 hours, with
the addition of 10 μg/mL brefeldin A (Sigma Aldrich) for the last 4 hours. Intracellular
staining was performed using Foxp3 staining buffer set (eBioscience). Flow cytometry was
performed on FACSCalibur (BD), FACSCanto (BD), LSR II (BD) or Fortessa (BD), and
analysis was performed on Flowjo vX0.7(Treestar).
Table 2.2 List of FACS antibodies used in the study
Name of the
Clone
Fluorochrome
antibody
CD4
RM4-5
FITC, PE, PerCPcy5.5, PE-Cy7,
APC, APC-Cy7,
eFluor450, Brilliant
Violet 605
CD11b
M1/70
PE
CD11c
N418
PE-Cy7, APC
CD25
PC61.5
APC
CD39
24DMS1
PE
CD44
IM7
APC
CD45Rb
A16
PE
CD49b
HMa2
APC, PE
CD73
TY/11.8
PE
CD80
16-10-A1
APC, PE
CD90.1(Thy1.1)
HIS51
PE
CD90.2(Thy1.2)
53-2.1
PerCP, eFluor450
CTLA-4
UC10-4F10-11
APC
F4/80
BM8
PE-Cy7
Foxp3
FJK-16S
FITC, PE, APC
Gr1
Rb6-8C5
FITC, APC
Helios
22F6
PE, FITC
IFNγ
XMG1.2
PE-Cy7
IL-17
eBio17B7
FITC

Supplier
BD, eBioscience,
Biolegend

BD
eBioscience
eBioscience
eBioscience
eBioscience
BD
Biolegend
eBioscience
eBioscience
eBioscience
eBioscience
BD
eBioscience
eBioscience
eBioscience
BD
eBioscience
eBioscience
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LAG3
LAP
Name of the
antibody
MHC-II(I-Ak)
PD-1
TIM-3
Nrp1

C9B7W
TW7-16B4
Clone

PerCP
PerCP
Fluorochrome

Biolegend
eBioscience
Supplier

10-3-6
J43
8B.2C12
BAF566

FITC
PE, APC
PE, APC
Biotin

Santa Cruz
eBioscience
eBioscience
R&D systems

2.4.4. ELISA
KC Duo-set ELISA(R&D, Minneapolis), IL-6 OptELISA (BD Biosciences), IL-1β
ELISA (Biolegend), IL-10 ELISA (eBioscience) and IFNγ ELISA (eBioscience) were
performed following manufacturer’s instructions.

2.5.

In vivo experiments

2.5.1. Intra-rectal delivery of ATP
Six- to eight-week-old mice were used for the experiments in Chapter 3, section
3.2.6. 100 µL volumes were administered by inserting 4cm of intramedic polyethylene
tubing (BD Biosciences) into the rectum to isofluorane-anesthetised mice as described
previously (59). ATPγS enemas contained 100 µL of 10 mM ATPγS in 50mM Tris-HCl, pH
7.4, adjusted to 1 ml with PBS. Animals were euthanized after 18 hours and colons
(excluding cecum) and MLNs collected. Colonic epithelial cells and lamina propria cells
were collected as described in 2.2.7. Isolated IECs were put into TriZol followed by RNA
analysis. Isolated LPMC and lymphocytes from MLNs were stained for 7-AAD, CD11c-PECy7, CD80-APC, and MHC II (I-Ak)-FITC followed by FACS analysis.
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2.5.2. Adoptive transfer of T cells and injection of IL-10 in MSU induced peritonitis
Eight- to twelve-week-old mice were used for these experiments. Tregs, Tn, and Tr1
cells were isolated as described in 2.2.4. 1 million cells or 400ug/ml of IL-10 were injected
into the peritoneal cavity for 16 hours prior to the injection of 100ug of Monosodium urate
(MSU, invivogen). Peritoneal lavage was performed after 5 hours with 5 ml of PBS. The
cells collected were analyzed by flow cytometry.
2.5.3. Adoptive transfer of T cells in tamoxifen treated Nlrp3L351P/+CreT mice
Three million Tr1 cells were injected intravenously into NLRP3L351P/+CreT or
NLRP3L351P/+WT mice at the same time or 24 hours before the induction of disease.
Tamoxifen was dissolved in vehicle consisting of 9:1 Sunflower seed oil from Helianthus
annus (Sigma) and anhydrous ethanol to a final concentration of 20mg/ml. To induce the
expression of Cre recombinase, 2.5ul per gram of tamoxifen (Calbiochem) per gram body
weight was injected daily for 4 consecutive days, and the mice were monitored daily for
activity and weights. After 24 hours of tamoxifen injection, about 50μl of blood was
collected from saphenous vein. When the mice were euthanized, blood were collected by
cardiac puncture and placed into a tube containing 20μl of heparin sodium salt solution
(Sigma). The serum was collected for cytokine analysis using Th1/2/17 CBA kit (BD
Bioscience) or IL-1β, and KC mouse flex set (BD Bioscience). The blood cells were treated
2ml of ammonium chloride solution (Stemcell) to lyse the red blood cells, and followed by
flow analysis. Spleens were collected and the cells were harvested. The cells were either
stained and analyzed by flow cytometry immediately, or stimulated with PMA and
ionomycin for 1 hour with brefeldin A added for an additional 4 hours before flow analysis.
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Mouse skin, liver, and colon biopsies were preserved in formalin, embedded in paraffin
sections and stained with hematoxylin and eosin (H&E) staining for histological analysis.

2.6.

Statistical analysis
Statistical analyses were performed in GraphPad Prism6. For multiple comparisons,

groups were analyzed by one-way ANOVA followed by Tukey’s Multiple Comparison Test.
For non-parametric data, groups were analyzed by the Mann Whitney’s test. Other tests are
mentioned in the figure legends. Significance was set at P less than 0.05. Results are
expressed as mean ±SEM or as mentioned.
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Chapter 3: ATP conditions intestinal epithelial cells to an
inflammatory state that promotes components of DC maturation.

3.1.

Introduction
Intestinal epithelial cells (IECs) coordinate the dynamic interactions between luminal

microbes and local immune cells and represent the front line of enteric defense (69). In
addition to acting as a physical barrier to prevent passage of luminal contents, IECs are
crucial for maintaining intestinal homeostasis by sampling the luminal microenvironment,
integrating signals received from pattern recognition receptors and local immune cells, and
secreting factors that regulate adaptive immunity by priming intestinal dendritic cells (183).
Under steady state conditions, IECs maintain a hyporesponsive state to commensal flora by
secreting factors such as thymic stromal lymphopoietin (TSLP), TGFβ, and retinoic acid
(RA), which together facilitate the development of tolerogenic DCs and regulatory T cells
(184, 185). During enteric infection, however, TLR-mediated activation of IECs can initiate
robust inflammatory responses. How IECs discriminate between TLR ligands presented by
invasive pathogens versus commensal microbes remains largely unknown (186).
One way that IECs may respond to pathogens is by recognizing specific danger
signals like extracellular ATP (67, 187). Importantly, low expression of CD39 that results in
defective ATP degradation is associated with increased risk for Crohn’s disease (45).
Consistent with this finding, CD39 deficient mice have increased susceptibility to DSSinduced colitis (45). The association of ATP and enhanced inflammation in the gut has also
lead to the recent identification of commensal bacteria that actively produce ATP in the
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lumen (188, 189), providing another important source of ATP in addition to epithelial
injuries as a result of inflammation (190). In the context of IBD where patients have weaker
intestinal barrier function and bacterial leakage across the mucus layer, intestinal epithelial
cells represent the important first responder to cellular stress and microbial ligands.
Therefore it is essential to understand how ATP regulates inflammatory responses to TLR
activation in IECs.
Previous work in our laboratory showed that ATP regulates the inflammatory
response to flagellin-TLR5 ligation in human IECs and that rectal administration of ATP
enhanced flagellin-mediated inflammation during DSS colitis (59). In this study, we extend
our findings to murine IECs and utilize an in vitro co-culture model with supernatants from
IECs and bone marrow derived dendritic cells (BMDCs) to test how stressed IECs regulate
DC maturation. Furthermore, we explored in vivo whether colorectal administration of ATP
alone, in the absence of DSS colitis, is able to modulate how IECs respond to commensal
microbes. We hypothesized that simultaneous exposure to ATP and TLR ligands would
modulate how IECs respond to TLRs and thus affect DC maturation and ultimately
determine how T cells respond to commensal antigens.

3.2.

Results

3.2.1. ATP modulates the production of cytokines and chemokines by TLR1/2activated IECs.
We previously showed that ATP alters TLR5 signaling in Caco-2 human IECs, and
sought to determine whether this phenomenon applied to murine IECs as well. Since Mode-
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K IECs do not express TLR4 and respond minimally to TLR5 ligand, we stimulated the cells
with TLR1/2 agonist Pam3CSK4 (PAM) together with different concentrations of ATP. We
focused on pro-inflammatory mediators and measured secretion of the neutrophil
chemoattractant KC (Cxcl1) and IL-6 by ELISA, both of which have been previously
reported to be secreted at high levels by Mode-K cells upon TLR stimulation (191). As
shown in figure 3.1A, 1 mM ATP significantly augmented TLR1/2 activation-induced
production of KC (from 29.9 ng/ml ±1.41 to 73.3 ng/ml ±2.67), while ATP alone did not
induce KC expression. A similar increase in IL-6 production was observed with ATP at a
lower concentration (from 156.4 pg/ml ±20.04 to 259.2 pg/ml ±9.49, Fig. 3.1B).
Furthermore, the ATP-induced KC secretion was completely blocked by treatment with
apyrase, which degrades ATP into ADP and AMP (from 73.3ng/ml ±2.67 to 32.3 ng/ml ±
1.97, Fig. 3.1A), indicating this effect requires ATP and not its hydrolytic products.
Since IECs are known to produce tolerogenic factors that maintain immune tolerance
to commensal microbes in the intestinal tract (184, 185), we also asked whether ATP
modulated the expression of anti-inflammatory mediators. We thus measured mRNA
expression of Tgfb1, Tslp, and Aldh1a2 (encodes for retinaldehyde dehydrogenase 2), a ratelimiting enzyme in the synthesis of retinoic acid. ATP increased TLR1/2-mediated
expression of mRNA encoding for each of these proteins (Fig. 3.1 C, D, and E). Since TGFβ
and retinoic acid can promote Th1 and Th17 response in a proinflammatory milieu (192,
193), such as in the presence of large amounts of IL-6 or IL-15, they may act to reduce
tolerance in the presence of cellular injuries.
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Figure 3.1 ATP enhances the cytokine/chemokine production in intestinal epithelial
cells.
Mode-K cells were pre-treated with ATP at the indicated concentrations with/without
apyrase for 20 minutes followed by 100 ng/mL Pam3CSK4 (PAM) for 24 hours (A, B) or 6
hours (C, D, E). KC (A) and IL-6 (B) concentrations in supernatants were measured by
ELISA and results are expressed as fold changes compare to PAM alone in each individual
experiment (to correct for variations in absolute cytokine amounts between experiments).
Tgfb1, Tslp, and Aldh1a2 mRNA (C, D, E) are expressed as the fold change compared to
PAM alone in each experiment. The results are compiled from at least three separate
experiments. *p < 0.05, **p < 0.01, *** p<0.001 as shown.

3.2.2. ATP acts primarily through the P2X7 receptor on IECs.
Because most of the biological effects of extracellular ATP are mediated through P2
purinergic receptors (194), we explored which P2 receptors mediated the pro-inflammatory
effect on the IECs. To study this, we first tested two different ATP analogues, UTP (uridine
5-́triphosphate) and BzATP (2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate), both of
which have preferential binding to different P2 receptors. As shown in figure 3.2A, BzATP,
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a preferential P2X7 receptor agonist (195), potently enhanced KC production (BzATP 3.4 ±
0.51 fold compared to ATP 3.1 ±0.57 fold). In contrast, UTP, which is a relatively selective
P2Y receptor agonist, only minimally increased KC production (Fig 3.2A, 1.36 ±1.58 fold).
In keeping with these results, KN-62, a non-competitive antagonist for P2X7, completely
blocked the enhancement of KC secretion by ATP (Fig. 3.2B). These data indicate that the
effects of ATP on IECs are largely mediated through the P2X7 receptor and not P2Y
receptors.
Since the P2X7 receptor is known for the important downstream effect of
inflammasome activation and IL-1β processing (196), we then asked whether paracrine
release of IL-1β is responsible for the inflammatory effect of ATP in Mode-K cells, as has
been reported in T84 human IECs (197). We did not detect any production of IL-1β by
Mode-K cells at the protein level as a result of ATP and PAM treatment (data not shown).
Moreover, when we treated Mode-K cells with IL-1ra in concentrations sufficient to block
IL-1 receptor signaling (Fig. 3.2C), we did not inhibit KC production by Mode-Ks (Fig.
3.2D), suggesting that neither extracellular IL-1 nor IL-1β is responsible for the reported
Mode-K phenotype that we observed.
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Figure 3.2 The inflammatory effect of ATP is mediated primarily through the P2X7
receptor and the effect is independent of IL-1.
Mode-K cells were pre-incubated with KN-62 (K) for 30 minutes, followed by ATP, UTP or
BzATP for 20 minutes and PAM. Supernatants were collected after 24 hours of stimulation
and KC concentration was measured by ELISA and expressed as fold of increase to PAM
treated cells (A, B). (A) BzATP mimics ATP in enhancing KC production. (B) KN-62
inhibits enhanced KC production by ATP. (C) Dose-response study of inhibition of IL-1
(10ng/ml) signaling by IL-1RA in Mode-K cells (D) Failure of IL-RA at effective
concentrations to inhibit the stimulation of KC production by ATP in Mode-K cells (C, D).
The results are compiled from three separate experiments. *** p<0.001 compared to IL-1α
treated Mode-K cells or as shown (one-way ANOVA followed by Tukey’s Multiple
Comparison Test).

3.2.3. Supernatants from ATP+PAM treated IECs enhance expression of CD80 on
DCs.
In order to define the immunological consequence of stressed IECs on DC
maturation, we exposed BMDCs to supernatants from IECs that were treated with PAM in
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the absence or presence of ATP for 24 hours, then analyzed expression of CD80 and MHC II
on CD11c+ cells by flow cytometry.
Because the ATP+PAM treated IEC supernatants contained residual ATP and PAM
after overnight culture, we neutralized the remaining ATP with the ATP degrading enzyme
apyrase. After the treatment, the concentrations of ATP were reduced from 1 mM ATP and
100 μM ATP to 1.5±1.1 μM and 0.9±0.3 μM, respectively (Fig. 3.3).

Figure 3.3 Apyrase effectively neutralizes residual ATP in IEC supernatants.
Mode-K cells were stimulated with/without 100 µM or 1 mM ATP for 24 hours.
Supernatants were then incubated with 20 U/ml of apyrase for 30 minutes at 37°C. The
concentration of ATP was quantified with a luminescent ATP assay. The result was averaged
based on three separate experiments. *** p<0.001.
Next, we determined the residual TLR1/2-stimulatory activity in ATP+PAM treated
IEC supernatants using an IL-8 release bioassay in TLR1/2-transfected HEK-293T cells. The
TLR1/2 agonist activity present in the conditioned supernatants was equivalent to 15 ± 5
ng/ml of PAM (Fig. 3.4). Therefore, when we stimulated BMDCs, we added 15 ng/ml of
PAM to each control supernatant if there was no PAM in it. DCs treated with PAM alone in
the absence of IEC supernatants served as our matured DC control.

49

y = 7.8649x0.719
R² = 0.94593
400

IL-8 (pg/ml)

350
300
250
200
150
100
50
0
0.1

1

10

100

1000

[PAM ng/ml]

Figure 3.4 Bioassay for residual TLR1/2 agonist activity in conditioned IEC
supernatants.
HEK-293T cells were transfected with TLR2 and pEGFP as a transfection control. After 48
hours, conditioned Mode-K supernatant was added in parallel with different concentrations
of Pam3CSK4 as standards. After 24 hours, supernatant was analyzed for IL-8 secretion.
Based on the calculation, the level of TLR2 agonist activity in conditioned Mode-K
supernatants was equal to 15 ±5 ng/ml, corresponding to approximately 48 pg/ml of IL-8.
The result was averaged based on two separate experiments.
As shown in figures 3.5 A and 3.5 B, ATP+PAM treated IEC supernatants enhanced
CD80 expression compared to supernatants from untreated IECs or IECs treated with either
PAM or ATP alone. Only simultaneous ATP+PAM treated IEC supernatants were able to
induce a significant increase of CD80, as opposed to single stimulus-treated IECs. In contrast
to CD80, we did not observe any effect on the expression of class II MHC molecules (Fig.
3.5 B and 3.5 C).
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Figure 3.5 ATP treated IECs enhance BMDC CD80 expression.
Mode-K cells were stimulated with following: ATP (A) 1 mM, Pam3CSK4 (P) 100 ng/ml, or
both (A+P) for 24h. IEC supernatants were collected and placed on BMDCs for 24 h.
Apyrase was added to ATP-treated Mode-K supernatants to remove residual ATP. To match
for the PAM concentration in the ATP+PAM treated IEC supernatants, 15 ng/ml of PAM
was added onto the BMDCs which were treated with IEC supernatants that do not contain
PAM. DCs were surface stained for MHCII (I-Ak) and CD80 and mean fluorescence
intensity (MFI) calculated. (A) Representative CD80 and MHC II histogram from one of 4
experiments. (B) ATP+PAM treated IEC supernatants induced significantly higher CD80
expression than all other supernatants (***p<0.001 compared to all other groups). (C)
ATP+PAM treated IEC supernatants did not induce MHC II expression. NS=not significant.
Data expressed as mean ±SEM from 4 independent experiments normalized to the MFI of
PAM matured DCs in regular media in each experiment. Statistical analysis was performed
using one-way analysis of variance and Dunnett’s post-test.
To exclude the possibility that ATP metabolites (such as AMP or adenosine) stimulate
CD80 expression, we compared DCs stimulated with apyrase-degraded ATP to unstimulated
DCs in the presence or absence of PAM and did not find any significant induction (Fig. 3.6).
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Overall, these data suggest that conditioned media from stressed IECs cause a robust upregulation of CD80 expression on BMDCs.

Figure 3.6 ATP degradation products do not induce CD80 expression in BMDCs.
ATP solution was treated with apyrase for 30minutes before putting onto BMDCs in the
presence of different supernatants as shown. DCs were conditioned for 24 hours and
analyzed for CD80 expression by flow cytometry. The result was averaged based on three
separate experiments.

We next measured CD80 expression in response to the UTP or BzATP stimulated
Mode-K cell supernatants. We observed a similar effect of BzATP to ATP but not UTP in
modulating CD80 expression on BMDCs (Fig. 3.7A), while KN-62 completely blocked the
downstream effect of ATP on BMDC CD80 expression (Fig. 3.7B). Furthermore, IL-1RA
did not inhibit CD80 induction on BMDCs by stressed IEC supernatants (Fig. 3.7C),
confirming the effect is independent of extracellular IL-1.
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Figure 3.7 The ability of ATP treated Mode-K cells to induce CD80 on BMDC depends
primarily on the P2X7 receptor and is independent of IL-1β secretion.
(A-C) Stimulated Mode-K supernatants were treated with apyrase and put onto DCs. CD80
MFI was calculated as described previously. Data expressed as mean ±SEM from 3
independent experiments. * p<0.05, ** p<0.01, ***p<0.001. NS=not significant (one-way
ANOVA followed by Tukey’s Multiple Comparison Test). (A) Mode-K cells were
stimulated with different concentrations of ATP, UTP or BzATP for 20 minutes followed by
PAM. (B) Mode-K cells were pre-incubated with/without KN-62 (K) for 30 minutes,
followed by ATP for 20 minutes and PAM. (C) Different concentrations of IL-1RA were
added to the supernatants prior to putting onto DCs.

We next tested the effects of stressed IEC supernatants on other DC populations. We
found that ATP/Pam stressed Mode-K cells enhanced CD80 expression on C57Bl/6 BMDCs
(data not shown), which are not deficient in TLR4 signaling. We found a similar trend in
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CD80 expression in C3H/HeJ splenic DCs (Fig. 3.8A), and C3H/HeJ BMDCs derived in the
presence of retinoic acid (Fig. 3.8B), the latter of which are reported to exhibit tolerogenic
properties resembling ex vivo intestinal DCs (198).
In summary, these data suggest that multiple subsets of DCs can upregulate their
CD80 expression upon exposure to soluble factors released by stressed epithelial cells, and
that this effect depends on P2X7 receptor expression on IECs but is independent of IL-1β.

A

B

Figure 3.8 Increase CD80 expression was observed for splenic DC and retinoic acid
treated BMDCs.
Mode-K cells were stimulated with the following: ATP (A) 1 mM, Pam3CSK4 (P) 100 ng/ml,
or both (A+P) for 24h. IEC supernatants were collected, neutralized with apyrase and placed
on BMDCs for 24 hour. To match for PAM concentration in the ATP+PAM treated IEC
supernatants, 15 ng/ml of PAM was added onto the BMDCs that were treated with IEC
supernatants that did not contain PAM. DCs were surface stained for CD11c and CD80, and
mean fluorescence intensity (MFI) of CD80 were calculated. (A) IEC stress increase CD80
expression on splenic DCs from C3H mice. (B) 1µM retinoic acid was added onto BMDCs
on day 3 during in a 7-day differentiation process. Data expressed as mean ±SEM from 3
independent experiments normalized to the MFI of PAM matured DCs in regular media in
each experiment.*p<0.05, **p<0.01, ***p<0.001. (one-way ANOVA followed by Tukey’s
Multiple Comparison Test)
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3.2.4. Stressed IEC supernatants promote production of pro-inflammatory cytokines
from DCs.
To further characterize how stressed IECs affect DCs, we examined cytokine
production from these cells. To measure the cytokines released exclusively from the DCs, we
analyzed the mRNA expression after conditioning with IEC supernatants and found that
IECs exposed to PAM and ATP had a significant increase in the mRNA expression of Il12a,
Il12b, Il6, Il23a, and Tgfb1, but not Il10 or Il15, compared to controls (Fig. 3.9). Similar to
what we observed in Mode-K cells, there was also increased expression of Aldh1a2 in DCs
(Fig. 3.9F), suggesting a likely increase in retinoic acid production. Such a cytokine
environment would be predicted to favor the expansion of Th1 and Th17 cells.
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Figure 3.9 ATP+PAM treated IEC supernatants modulate BMDC cytokine production.
Supernatants from Mode-K cells treated with 1 mM ATP (A), 100 ng/ml Pam (P), or both
(A+P) were removed, treated with apyrase and mixed with BMDCs. BMDC RNA was
isolated at 24 hours, reverse-transcribed and quantified with real-time PCR. Data are
expressed as means ±SEM from 5 independent experiments normalized to the PAM treated
DCs in each experiment. X-axis labeled as different treatments on Mode-K cells. * p<0.05,
** p<0.01, ***p<0.001. NS=not significant.
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3.2.5. ATP + PAM treated IEC supernatants support flagellin-specific T cell
proliferation and expansion of Th1/17 cells.
We next assessed the ability of BMDCs exposed to stressed-IEC supernatants to
stimulate a recall T-cell response to the model intestinal antigen, flagellin. First, to generate
memory T cells that react to flagellin, we immunized C3H/HeJ mice with the E. coli H18
flagellin (FliC) and isolated CD4+ T cells from the spleen. C3H/HeJ BMDCs were incubated
with FliC in the presence of different conditioned supernatants overnight prior to co-culture
with these CD4+ T cells. As shown in figure 3.10C, DCs conditioned with supernatants from
IECs exposed to ATP and PAM stimulated a significant increase in FliC-specific T cell
proliferation compared to conditions without ATP. As predicted from the cytokine
production profile from DCs, ATP + PAM IEC supernatant-treated DCs supported the
expansion of IFNγ+ CD4+ T cells (Fig. 3.10A and D), and IL-17+ CD4+ T cells (Fig. 3.10B
and E) compared to conditions without ATP. Using a fixable viability dye, we confirmed that
all the supernatants induce similar levels of cell death therefore excluding the possibility that
this is simply due to selective cell survival (data not shown). These data support our
hypothesis that exposure of IECs to both ATP and PAM drives the proliferation of
proinflammatory T cells and facilitates the expansion of Th1 and Th17 cells.
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Figure 3.10 ATP+PAM treated IEC supernatants increase T cell recall response to
flagellin.
(A-E) BMDCs were pulsed with or without E. coli flagellin (FliC) 10 μg/ml for 24 hours in
media alone, untreated Mode-K supernatants, or ATP and/or Pam-treated Mode-K
supernatants. The DCs were then washed and cocultured with CFSE stained splenic CD4 + T
cells isolated from FliC-immunized C3H mice. DCs and T cells were cocultured for 72 hrs
and the proliferation and intracellular cytokine production were analyzed for the CD4+ T
cells. (A, B) Representative FACS plots for flagellin or no flagellin pulsed DCs in different
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supernatants (C) The percentage of proliferated FliC-specific T cells were calculated by
subtracting proliferating T cells (CFSE -) in FliC treated versus untreated DCs in the same
Mode-K conditioned supernatants. From that, the value was normalized to the unstimulated
IEC supernatant to account for experimental variance. Results expressed as mean±SEM
from five independent experiments. (D, E) The percentage of IFNγ or IL-17 producing T
cells was calculated by subtracting proliferating cytokine producing T cells (CFSE-IFNγ+, or
CFSE -IL-17+) in FliC treated versus untreated DCs. From that, the value was normalized to
the unstimulated DCs to account for experimental variance. Results expressed as mean±
SEM from three independent experiments. * p < 0.05, ** p < 0.01, *** p <0.001. (one-way
ANOVA followed by Tukey’s Multiple Comparison Test)

To determine whether stressed IEC-conditioned DCs would affect primary responses
in naï
ve T cells, we performed a mixed lymphocyte reaction, incubating conditioned
C3H/HeJ DCs with splenic T cells from Foxp3GFP reporter mice. We found that DCs
conditioned with ATP+PAM-treated IEC supernatants increased T cell proliferation with a
greater percentage of proliferating cells producing IFNγ (Fig. 3.11). We did not observe any
significant modulation in the percentage of total Foxp3+CD4+ T cells (Fig. 3.11C and F).
Together, these results suggest that stressed IECs can condition DCs to enhance both primary
and memory T cell responses.
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Figure 3.11 ATP+PAM treated IEC supernatants enhance polyclonal T cell
proliferation.
Mode-K cells were stimulated with the following: ATP (A) 1 mM, Pam3CSK4 (P) 100 ng/ml,
or both (A+P) for 24h. IEC supernatants were collected, neutralized with apyrase and placed
on BMDCs for 24 h. C3H/HeJ BMDCs were conditioned in media alone, PAM, or different
Mode-K supernatants with matching concentrations of PAM in each supernatants. The DCs
were then washed and cocultured with APC proliferation dye stained splenic CD4 + T cells
isolated from a Foxp3GFP(C57/Bl6) reporter mouse. DCs and T cells were cocultured for 72
hrs and analyzed for T cell proliferation and intracellular cytokine production. (A, B, C)
Representative FACS plots from one of the three experiments. (D, E, F) Averaged data from
three experiments. *p<0.05, NS= not significant. (one-way ANOVA followed by Tukey’s
Multiple Comparison Test)
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3.2.6. Colorectal injection of ATP enhances proinflammatory cytokine production by
IECs and the maturation of DCs in vivo.
To investigate whether ATP alters the IEC responses to endogenous TLR ligands
presented by commensal microbes, we injected ATPγS, a non-hydrolysable form of ATP
intra-rectally, and harvested colons 18 h later. We found that ATPγS was able to significantly
increase the expression of Cxcl1 and Il6 mRNA in IECs (Fig. 3.12 A and B). To identify
whether this treatment induced CD80 expression in intestinal DCs, we analyzed the CD11c +
DC population in lamina propria (LP-DC) and mesenteric lymph nodes (MLN-DC). We
found a trend towards an increased CD80 in LP-DCs after 18 hours (Fig. 3.12C) and MLNDCs after 48 hours (Fig 3.12D), although the difference was not statistically significant.
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Figure 3.12 Colorectal administration of ATPγS increases IEC cytokine production and
DC maturation.
Mice were given either ATPγS or PBS enemas, and euthanized 18 h later. The epithelial cells
were isolated from the mouse colon, and RNA was extracted from each sample and analyzed
by RT-qPCR. (A) IL-6, (B) KC(cxcl1). Error bars represent standard deviation. *p<0.05,
**p<0.005 (t-test). (C) Lamina propria DCs were isolated and the expression of CD80 was
analyzed on 7-AAD-CD11c+ population, and expressed as fold increase to normalize the
difference between experiments. Error bars represent standard deviation. p=0.1209 (t-test)
(D) Mice were given enemas daily for 2 days, and euthanized on day 3. Mesenteric lymph
nodes were collected and cells analyzed by flow cytometry. The expression of CD80 was
analyzed on 7-AAD-CD11c+ population and expressed as fold increase compared to one PBS
treated mouse. Error bars represent standard deviation. p=0.1399 (t-test).

3.3.

Discussion
There is increasing appreciation that stressed cells can release danger signals to alert

the immune system and shape the downstream immune response (50, 67, 187). As an
important extracellular signal of stress and injuries, ATP on its own can direct the maturation
of DCs and facilitate the differentiation of naive T cells (171, 199, 200), while little is known
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about its effect on IECs. Our previous published work suggests that the ability of epithelial
cells to sense ATP is one way that IECs can distinguish between homeostatic and dangerous
conditions. In this work, we sought to prove that ATP not only affects IEC chemokine
production, but also switches them from being tolerogenic to being proinflammatory. Herein,
we demonstrated that ATP and TLR1/2 stimulation together promote an inflammatory
response in IECs, leading to secretion of soluble factors that increased expression of CD80
and transcripts of pro-inflammatory cytokines by DCs. The resulting DCs cause an enhanced
stimulation of IFNand IL-17-expressing CD4+ T cells specific for the important intestinal
antigen flagellin. Furthermore, we showed that ATP enemas can lead to increased IL-6 and
KC production in colonic IECs in the absence of exogenous TLR stimulation, suggesting that
ATP is able to change how IECs respond to endogenous TLR ligands. Together our data
support the notion that sensing extracellular ATP is one mechanism IECs use to turn on
proinflammatory responses (Fig. 3.13).
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Figure 3.13 Proposed model for the effect of IEC stress on intestinal immunity.
Left: normal mucosa. Unstressed IECs respond weakly to TLR ligands from intestinal
bacteria (shown in lumen) and secrete basal KC (to recruit neutrophils). The IECs also
condition DCs via factors such as TSLP and TGFβ to produce tolerance and regulatory T
cells. Right: acutely injured mucosa. High concentrations of extracellular ATP in concert
with TLR ligands induce increase KC, IL-6, TGFβ and TSLP. This leads to increased DC
maturation and increased IL-12, IL-23, IL-6, and TGF β, and promotes Th1 and Th17
polarization. Increased RA production in the presence of IL-15 further enhances the Th1 and
Th17 responses.
The increased cytokine/chemokine production in Mode-K IECs upon TLR1/2 ligation
is similar to what we have observed in Caco-2 cells with TLR5 stimulation (59) and the
effect was largely mediated by the P2X7 receptor. This suggests that the ATP effect does not
depend on specific TLR stimulation and it is likely to be a more universal effect. Future
studies are warranted to test whether ATP has a similar effect on augmenting other TLR
responses in Mode-K cells and primary intestinal epithelial cells. We selected Pam3CSK4 for
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these experiments because Mode-K cells, derived from C3H/HeJ mice, lack functional TLR4
and show minimal responses to TLR5. The involvement of the P2X7 receptor on IECs is not
surprising as it has been implicated in a variety of chronic inflammatory diseases, where
P2X7 activation is tightly linked to inflammasome assembly and IL-1β production (46-48,
200, 201). In contrast to these studies, we did not observe any IL-1β production by Mode-K
IECs and blocking IL-1 receptor signaling by IL-1RA did not inhibit the enhanced cytokine
production by IECs, suggesting this effect is unlikely to be mediated through paracrine
release of either IL-1 or IL-1β. Most recently, the P2X7 receptor has been found to
positively regulate MyD88 dependent NFκB activation (202), which offers a possible
mechanistic explanation for the heightened TLR response in IECs. However, it should be
noted that the specificity for BzATP and KN-62 for P2X7 is not perfect, and other P2X
receptors (particularly P2X4) may also be affected by these compounds. While there are no
specific P2X4 agonists or antagonists available, we reported that P2X4 and P2X7 can both
augment TLR5 signaling in Caco-2 cells, suggesting that both receptors could be operational
here as well (59). In order to confirm the involvement of P2X7 receptor in regulating ATP
response, future studies can be conducted to look at whether intra-rectal delivery of ATP fail
to regulate cytokine/chemokine response in P2X7 receptor knockout mice (available from
Jackson Laboratory, stock number 005576).
To investigate the biological relevance of the ATP effect on IECs, we characterized
the phenotypic changes of BMDCs conditioned with IEC supernatants. We showed that only
when Mode-K cells were treated with a TLR2 ligand plus ATP were they able to induce a
robust increase in CD80 on BMDCs. In contrast, we did not observe any induction of MHC
II, likely because the GM-CSF that is present in the culture media stimulates maximum
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expression of MHC II (203). This is supported by our observation that IFNγ treated BMDCs
expressed similar levels of MHCII (data not shown).
Further analysis of the BMDCs conditioned with TLR1/2 ligand and ATP stressedIEC supernatants showed a large increase in both Th1 and Th17 polarizing cytokine
transcripts, namely Il12a, Il12b, IL23a, Il6, Tgfb1. This finding further supports our
conclusion that the phenotypic change is not due to a direct effect of ATP on DCs since ATP
stimulation of DCs is reported to inhibit IL-12 production (52). In contrast, when DCs are
cultured with healthy IEC supernatants, they demonstrated decreased expression of IL-12
and IL-23 and increased IL-10 (184, 185). One limitation of the study is that we did not
measure the cytokine production from these DCs at the protein level since the Mode-K cell
supernatants used to condition the DCs may already contain some of these cytokines at
various amounts. Therefore, we only analyzed the transcripts of various cytokines by qPCR
to exclusively measure the mRNA expression from DCs. However, the results from our DCT cell cocultures suggested that these DCs have the ability to facilitate the expansion of
Th1/Th17 responses, indicating that the DCs can make the Th1/17 polarizing cytokines in
vitro.
The increase in aldh1a2 expression in stressed IEC-conditioned DCs compared to the
controls was somewhat surprising since RA is generally believed to promote tolerance rather
than inflammation. Depaolo et al. have recently shown that retinoic acid can further enhance
Th1/17 development in the presence of IL-15 via DC dependent mechanisms (192). Notably,
IL-15 expression is increased in inflamed mucosa of IBD patients (204-206) and it is able to
induce IFNγ and TNFα production in lamina propria T cells isolated from IBD patients but
not in healthy controls (205, 206). In our co-culture system, we confirmed IL-15 transcript
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expression both by Mode-K cells (data not shown) and BMDCs as shown by previous studies
(207, 208). The level of IL-15, however, was not significantly altered by PAM and/or ATP.
The lack of induction may be due to the nature of the stimuli as IL-15 is not known to be
induced by PAM but rather to CpG, LPS and IFNγ (208, 209). Together with the enhanced
costimulatory molecule CD80 expression, the increase in Th1 and Th17 polarizing cytokine
production suggests a more mature phenotype of these DCs as a result of epithelial cell
stress.
In light of the phenotypic changes on BMDCs resulting from epithelial cells stress,
we hypothesized that these DCs would have increased capacity to activate T cells. We tested
this hypothesis using our model antigen flagellin since anti-flagellin responses have
important implications in the pathogenesis of inflammatory bowel disease (210-212). In
addition to its well-characterized role in TLR5 activation, flagellin has been identified as a
dominant antigen in patients with Crohn’s disease (CD) (210, 213, 214), with about half of
patients producing serum antibodies against flagellin (213, 214). The increased flagellin
antibodies in these patients suggest activation of flagellin-specific T cells. Supporting
evidence from a murine model has shown that a flagellin-specific CD4+ T cell clone can
induce colitis when adoptively transferred into immune deficient mice (215). The antigenic
properties of flagellin have been further explored in TLR5-/- mice, and we have shown that
flagellin enemas exacerbate DSS induced colitis independent of TLR5 (216). To examine
whether this anti-flagellin response is subject to regulation in the context of cellular damage,
we tested whether ATP stimulation of IECs can modulate anti-flagellin responses. Our data
suggest that, in the context of cellular stress such as ATP, TLR stimulation of IECs lead to
further enhancement of inflammation, resulting in enhanced flagellin presentation by DCs as
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shown by increased CD4+ T cell proliferation. Furthermore, this enhanced T cell
proliferation was also observed in a mixed lymphocyte reaction with naive CD4 + T cells, an
effect, which could be due to the increased production of IL-6 and IL-12 by the DCs. It is
worth noting that we have not tested other foreign antigens in the coculture system, such as
influenza, tetanus or ovalbumin, which would reflect primary responses instead of reactivation of endogenously primed T cells as in the case of flagellin response. Future
experiments are warranted to examine how epithelial cells modulate primary T cell responses
in the context of cellular stress.
Our in vitro findings also indicated that ATP stimulated IECs can facilitate the
activation of Th1 and Th17 cells where aberrant Th1/17 responses have shown to be
pathogenic in IBD (217, 218). The increased Th17 response was consistent with observations
by Atarashi et al. (171), who showed that colonic administration of ATP exacerbated colitis
in a T cell transfer model and that this was mediated through increased Th17 polarization and
activation of a distinct subset of lamina propria DCs expressing CD11c lowCD70high. Increased
Th1 and Th17 responses have also been reported in CD39 null mice, which lack efficient
ATP degradation (219, 220). Despite seeing an increased percentage of Th1 and Th17 cells,
we failed to observe any significant population of Foxp3+ cells in the proliferated cells due to
the low sensitivity of the flagellin specific antigen response in this non-transgenic system. To
further investigate this question we used an MLR system with responder Foxp3-eGFP T
cells, and found that the proportion of Foxp3+ regulatory T cells did not change in the
presence of stressed IEC supernatant. These data suggest that that ATP causes a skewing
towards proinflammatory cells without a concomitant increase in regulatory cells.
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In our in vivo model, we found that ATPS increased production of IL-6 and KC
mRNA from primary IECs, confirming the in vitro data. We also found a trend towards
increased expression of CD80 expression in the lamina propria DCs and mesenteric lymph
node DCs. The inconsistent ability of ATP alone to induce a significant increase in CD80
might be due to the insufficient diffusion of ATP across the mucosal barrier when the mice
are not colitic, or not enough TLR ligand under the non-inflamed state to reach the epithelial
cells to initiate a strong IEC response as seen in an in vitro system. Indeed, we found that IL6 was more highly upregulated than KC, consistent with our in vitro data showing IL-6
expression is facilitated at lower concentrations of ATP than KC. Despite that, our results
suggest that ATP alone is able to modulate how IECs respond to endogenous TLR ligands,
which may in turn affect DC maturation. Our finding is consistent with previous reports on
CD39 knockout mice, suggesting deficiency in ATP degradation exacerbates DSS induced
colitis (45).
In conclusion, our studies provide evidence that cellular stress signals are able to
activate epithelial cells, leading to enhanced DC activation and intensified T cell responses.
Since IBD is driven partly by over reactive T cell responses to commensal antigens (183,
221), and heightened Th1/17 responses are pathogenic in Crohn’s disease (141, 215), our
results constitute a significant advance in understanding how the chronic cycle of intestinal
inflammation in IBD is maintained.
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Chapter 4: Tr1 cells, but not Foxp3+ Tregs suppress
inflammasome activation via an IL-10 dependent mechanism

4.1.

Introduction
Both Foxp3+ Tregs and Tr1 cells are extensively studied in models of autoimmunity,

metabolic diseases and infectious diseases for their ability to negatively regulate adaptive
immune responses by interfering with the activation of antigen presenting cells and other T
cells (73, 96, 119, 144, 222-225). In addition to their ability to control adaptive immune
responses, they are also known in regulating innate immunity primarily on APCs. Foxp3+
Tregs and Tr1 cells are known to down-regulate APC maturation and antigen presentation by
inhibiting CD80/86 expression in a CTLA-4 and/or LAG-3 dependent manner (73, 87). In
addition, Tr1 cells and Foxp3+ Tregs can kill myeloid APCs by expressing CD226 and
granzyme B (90, 226), or granzyme A, B and perforin, respectively (87, 92). However, the
relative ability of Tregs or Tr1 cells to control inflammasome activation, an important part of
the innate immune response during tissue injury, is largely unknown.
Inflammasomes are multi-protein complexes activated in response to danger signals.
Upon activation, the complex enables the cleavage and maturation of key pro-inflammatory
proteins, IL-1β and IL-18, initiates pyroptosis, and provides a link between innate and
adaptive immunity (227, 228). Unregulated inflammasome activation can lead to a variety of
immune-cell driven pathologies. For example, gain-of-function mutations in the NLRP3
inflammasome that lower its activation threshold result in inappropriate IL-1β production
and cryopyrin-associated periodic syndromes (229, 230). In addition, hyper-activity of the
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NLRP3 inflammasome underlies inflammation in many common chronic diseases, including
type 2 diabetes, neurodegenerative diseases, and inflammatory bowel disease (231-234).
Notably, many of these common chronic inflammatory diseases are also associated
with changes in immunoregulatory cells, leading us to hypothesize that Foxp3+ Tregs and/or
Tr1 cells could have a role in modulating inflammasome activity. Several lines of indirect
evidence support the possibility that Foxp3+ Tregs and or Tr1 cells may regulate
inflammasome activation and IL-1β production via production of IL-10. First, type
1interferons inhibit IL-1β production in a mouse model of EAE by stimulating autocrine
production of IL-10 from macrophages (235). Second, mice that lack IL-10 have a
significantly elevated inflammasome activation and IL-1β production, resulting in severe
colitis in some animal facilities (170), or antigen-induced arthritis (236). Based on these
studies, we aim to investigate the ability of Foxp3+ Tregs and Tr1 cells to regulate
inflammasome activity and report the first evidence for a unique role for Tr1 cells in
controlling this pathway.

4.2.

Results

4.2.1. CD44hiFoxp3- T cells are enriched in Tr1 cell precursors.
A major limitation to the study of Tr1 cells has been the lack of an efficient system to
isolate and/or differentiate these cells. Current methods to differentiate Tr1 cells in vitro
involve TCR stimulation in the presence of cytokines such as IL-10, IL-27, IL-6, or IL-12
(94, 237-239), or with co-stimulation of CD46 or ICOS-L, or with tolerogenic DCs (73,
237). These methods, however, are inefficient, resulting in relatively small (i.e. <30%)
proportions of IL-10-producing cells, which often co-produce high levels of IFN-γ.

71

Recent evidence suggests that exposure of effector memory T cells to high molecular
weight hyaluronan, the ligand for CD44, can also induce IL-10 (125). We therefore
speculated that expression of CD44 might identify cells that are poised to differentiate into
Tr1 cells. To investigate the ability of CD44hi cells to differentiate into Tr1 cells,
CD44hiFoxp3- T cells (hereafter Tr1), CD44int/loFoxp3- naï
ve T cells (Tn), and Foxp3+ Tregs
(Tregs), were sorted from spleens and lymph nodes of Foxp3RFPIl10GFP reporter mice (Fig.
2.1). Sorted cells were activated with anti-CD3/28 mAbs and IL-2, but in the absence of any
polarizing cytokines, and the fold expansion, expression of IL-10 and Foxp3 were analyzed
on day 4. CD44hiFoxp3- cells expand similarly compared to Foxp3+ Tregs, and both grew
significantly slower than CD44int/loFoxp3- naï
ve T conventional cells (Fig. 4.1A). Whereas
neither Tregs nor naï
ve T cells contained a significant proportion of IL-10+ cells, more than
80% of cells in the putative Tr1 cell population were IL-10+ (Fig. 4.1B). In accordance with
previous observations (237), Tn cells stimulated with IL-27 contained only ~ 30% IL-10+
cells, of which ~37% were IFN-γ (Fig. 4.1C), and only cultures of Tregs expressed Foxp3
(Fig. 4.1B). Time course experiments showed that the induction of IL-10 in CD44hiFoxp3- T
cells occurred as early as day 1 and peaked after 4 days of stimulation (Fig. 4.1D). Due to the
poor detection of IL-10 by intracellular cytokine staining (data not shown), we validated the
accuracy of reporter expression by ELISA. High expression of IL-10 in Tr1 cell cultures was
confirmed by measuring IL-10 in supernatants after 4 days of stimulation (Fig. 4.1E). To
confirm these finds were not specific for C57Bl/6 mice, we sorted CD4 + T cells from
BALB/c mice into Tregs (CD25+CD45Rblo), Tn (CD25-CD44int/lo), and Tr1 (CD25-CD44hi).
Similar to data from C57Bl/6 mice (Fig. 2.2A), the CD25-CD44hi Tr1 cells produce large
amounts of IL-10 (Fig. 4.1F) while remaining largely Foxp3 negative (Fig. 2.2B).
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Since Tr1 cells are characterized by an overall profile of cytokine production, the
capacity of activated CD44hiFoxp3- T cells to make cytokines in addition to IL-10 was
examined. Consistent with the definition of Tr1 cells, activated CD44hiFoxp3- T cells
produced significantly less IFN- than Th1 cells (Fig. 4.1G) or Tr1 cells differentiated with
IL-27 (Fig. 4.1C), and did not produce amounts of IL-2, IL-4, IL-17, TNF-α, or IL-6 that
were significantly different compared to Tregs or Tn cells (Fig. 4.1H). Although we did not
detect any significant TGFβ protein by ELISA, they did, however, express similar levels of
Tgfb1 mRNA compared to Tregs (Fig. 4.1I). CD44hiFoxp3- T cells also suppressed the
proliferation of CD4+ T cells, albeit less potently than Foxp3+ Tregs (Fig. 4.1J).
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Figure 4.1 CD44hiFoxp3-CD4+ T cells rapidly differentiate into Tr1 cells in vitro.
(A,B) CD4+Foxp3+ Tregs (Tregs), CD4+CD44lo/intFoxp3- naï
ve conventional T cells (Tn), or
+
hi
CD4 CD44 Foxp3 cells T cells (Tr1) were sorted from Foxp3RFPIL10GFP reporter mice and
stimulated with CD3/CD28 mAbs and IL-2 for 4 days. (A) Fold expansion of cells over 4
days of stimulation (n=6, *p<0.05, **p<0.01). (B) Histograms show representative
expression of Foxp3 and IL-10 gated on FVD-CD4+ lymphocytes (n=3). (C) Tn cells were
stimulated with anti-CD3/28 ±50ng/ml of IL-27 for 4 days. The expression of IL-10 and
IFNγ and IL-17 were analyzed by flow cytometry on FVD -CD4+ cells. Representative FACS
plots of 3 independent experiments. (D) Expression of IL-10 in Tr1 cells was analyzed daily,
shown are representative histograms, n=3. (E, F) Amounts of IL-10 in B/6 (E) or BALB/c
(F) T cell supernatants were measured by ELISA (mean ±SEM, ** p<0.001). (E) n=7, (F)
n=3. (G) Expression of IL-17 and IFN-γ were determined in Tregs, Tn, Tr1 cells, or Th1
cells, which were Tn cells cultured in the presence of IL-12. Plots are representative of n=5.
(H) After culturing for 4 days, T cell subsets were washed and cultured without additional
stimulation or IL-2 for 24 hours. Amounts of secreted cytokines were analyzed by cytokine
bead array (mean ±SEM, n=5, * p<0.05, ** p<0.01, **** p<0.0001, two way ANOVA
followed by Tukey’s Test comparing different T cell cytokine expression within each
cytokine). (I) Expression of Tgfb1 mRNA was measured after 4 days of stimulation (mean ±
SEM, n=4). (J) The suppressive capacity of Tregs and Tr1 cells was tested by measuring the
proliferation of CD4+CD25- T cells absence or presence of different ratios of Tregs or Tr1
cells. The proliferation of CD4+CD25- T cells was induced by coculture with irradiated APC
in the presence of soluble anti-CD3. Shown is the average percent suppression calculated on
the basis of division index (mean ±SEM, n=3, *p<0.05).
4.2.2. Tr1 cells derived from CD44hiFoxp3- T cells express characteristic cell surface
markers and transcription factors.
We next sought to determine whether Tr1 cells differentiated from CD44 hiFoxp3- T
cells express Tr1 cell-associated surface markers (240) and/or transcription factors.
Compared to Tn or Foxp3+ Tregs, a significantly higher proportion of Tr1 cells expressed
LAG-3 and/or CD49b, from both B/6 mice (Fig. 4.2A) and BALB/c mice (Fig. 4.2B). as well
as multiple additional Tr1-associated markers including CD39 and ICOS (Fig. 4.2C),
although some of these markers become significantly higher after overnight resting (73).
Since IL-10 has also been implicated in T cell exhaustion (241, 242), we examined the
expression of PD-1 and TIM-3 and found that Tr1 cells derived from CD44hiFoxp3- T cells
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expressed high levels of both markers (Figs. 4.2C). Compared to Foxp3+ Tregs, however,
they did not express high levels of LAP, CD73, or Helios (Fig. 4.2C).
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Figure 4.2 Tr1 cells are phenotypically distinct from Foxp3 + Tregs and Tn cells.
(A) Expression of CD49b and LAG-3 was measured in T cell subsets after 4 days of
activation. Shown are representative contour plots and the average percentage of
CD49b+LAG-3+ T cells or the average MFI from 3-4 independent experiments (mean ±
SEM, *** p<0.001, **** p<0.0001). (B) Expression of CD49b and LAG-3 in T cell subsets
sorted from BALB/c mice (mean ±SEM n=3, *p<0.05). (C) Other Treg-associated
molecules were measured in T cell subsets either after 4 days of activation (Day 4) or 4 day
activation followed by 1 day resting in culture media alone (Day 5). Cells were gated on
FVD-CD4+ lymphocytes. Shown are representative contour plots and the average percentage
of CD49b+LAG-3+ T cells or the average MFI from 3-4 independent experiments (mean ±
SEM, n=3-4, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).

We also analyzed the expression of Tr1-associated transcription factors after 4 days
of activation, and found that, in comparison to Tn, they had significantly higher expression
of Maf, and Prdm1 (gene for Blimp-1), and a trend towards increased Ahr (Fig. 4.3). In
comparison to Foxp3+ Tregs, only expression of Maf was significantly higher in Tr1 cells.
Interestingly, high expression of these transcription factors was already present in ex vivo
CD44hiFoxp3- cells (Fig. 4.3), supporting the hypothesis that CD44hiFoxp3- cells contain Tr1
cell precursors that are programmed to up-regulate IL-10 without the requirement for
exposure to polarizing cytokines. Collectively these data show that CD44hiFoxp3- T cells
isolated from un-manipulated mice are poised to rapidly differentiate into Tr1 cells,
representing a new and efficient way to obtain large numbers of these cells for further study.
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Figure 4.3 Tr1 cells have distinct transcription factor profile.
mRNA from T cells were isolated after 4 days of activation or immediately after sorting, and
reversed transcribed. The mRNA expression of the indicated genes from Treg, Tn and Tr1
cells was analyzed by qPCR. Results were normalized to 18s, and expressed as fold increase
to Tn. Error bars represent SEM, n=3-6, * p<0.05, ** p<0.01, ***p<0.001
4.2.3. Tr1 cells, but not Foxp3+ Tregs, suppress inflammasome activation in
macrophages via soluble factors.
To compare the ability of Tr1 versus Foxp3+ Tregs to suppress the inflammasome, T
cells and macrophages were co-cultured overnight, then stimulated with LPS for 4 hours
followed by ATP for 1 hour. The viability of the macrophages was not decreased in the
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presence of T cells (Fig. 4.4A). Surprisingly, we found that the production of mature IL-1β
was significantly suppressed by Tr1 cells but not by Tregs (Figs. 4.4B, C), in a dose
dependent manner (Fig. 4.4D). Similarly, we found that IL-27-differentiated Tr1 cells
inhibited IL-1β release (Fig. 4.4E), suggesting that Tr1 cells derived from both sources are
able to suppress the production of IL-1β. On the other hand, co-culture of macrophages with
Tn cells resulted in a significant increase in inflammasome activation. Since neither LPS nor
ATP alone was sufficient for the production of IL-1β in the presence of T cells (Fig. 4.4B),
Tn cells do not produce factors, such as TNFα, that can bypass the requirement for either
LPS or ATP. The requirement for caspase-1 in IL-1βrelease was confirmed by the absence
of IL-1β secretion in the presence of the caspase 1 inhibitor YVAD-FMK (Fig. 4.4B).
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Figure 4.4 Tr1 cells but not Foxp3+ Tregs suppress IL-1β production from
macrophages.
(A) Tr1 or Tn cells were stimulated with anti-CD3/CD28 for 5 days and cultured with
BMDM for 30 minutes. The cells were stimulated with or without LPS for 4 hours, followed
by ATP for another hour. Adherent cells were collected, stained with fixable viability dye
(FVD) and analyzed by flow cytometry for viability. The percentage on the graph indicates
viable cells, representative of n=2. (B, C) After 5 days of activation, T cell subsets were cocultured with BMDM at a ratio of 5:1 (200,000 T cells: 40,000 macrophages), with or
without YVAD. LPS was added for 4 hours, followed by ATP for 1 hour, then supernatants
were collected and amounts of IL-1β measured by ELISA. (B) Shows representative data and
(C) shows the average percent suppression, mean ±SEM (n=6, ** p<0.01). (D) Tr1 or Tn
cells were stimulated with anti-CD3/CD28 for 5 days and cultured with BMDM for 30
minutes at different ratios as indicated. The cells were stimulated with LPS for 4 hours,
followed by ATP for another hour. IL-1β was measured by ELISA. Shown is the mean
percent suppression±SEM (n=3). (E) Tn cells were stimulated ±IL-27 for 4 days then
cocultured with BMDM for 30 minutes. The cells were then stimulated with LPS and/or ATP
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and the production of IL-1β was measured by ELISA. Shown in the mean±SEM, n=3,
***p<0.001, ****p<0.0001.

Since Tr1 cells act primarily via cytokine-mediated suppression, we asked if
suppression of IL-1β secretion was mediated by soluble factors. Indeed, addition of media
conditioned by the T cell subsets recapitulated the effect of cell co-cultures: Tr1 cellconditioned media potently suppressed IL-1β; Tregs had little effect; and Tn cells enhanced
IL-1β (Fig. 4.5A, B). Notably, addition of rIL-10 had a similar suppressive effect (Fig. 4.5B),
suggesting that the Tr1 cell mediated suppression may be IL-10 dependent. As seen with the
co-cultures, the suppressive effect by Tr1 cell conditioned media was dose dependent (Fig.
4.5C). On the other hand, despite containing ~26 ng/ml of rIL-10 (Fig. 4.1D) which should
result in ~80% suppression (Fig. 4.5D), conditioned media from Tregs failed to inhibit IL-1β
production. Therefore Tr1 cells, but not Foxp3+ Tregs, suppress IL-1β production via a cell
contact-independent mechanism.
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Figure 4.5 Tr1 cells suppress IL-1β production via contact independent mechanisms.
T cells were activated as described in figure 4.4. (A, B) Macrophages were incubated with
supernatants from stimulated Tregs, Tn or Tr1 cells (TregS, TnS and Tr1S, respectively) at
1:1 ratio of conditioned to non-conditioned media, or rIL-10 (100ng/ml), then stimulated as
indicated. (A) Shows representative data and (B) shows the average percent suppression,
mean ±SEM (n=8, * p<0.05, ****p<0.0001). BMDM were cultured with T cell supernatants
at the indicated dilution (C), or with the indicated amount of IL-10 (D). The cells were then
stimulated with LPS+ATP and the supernatants were collected and analyzed by ELISA for
IL-1β production. (C, D) Results were shown as the mean percent suppression ±SEM (n=34). *p<0.05 determined with multiple t-tests using the Sidak-Bonferroni method.
4.2.4. Tr1 cells suppress IL-1β production from macrophages with an NLRP3 gain-offunction mutation.
To ask if Tr1 cells could also control inflammasome activation in diseases caused by
hyper-activation of this pathway, we used macrophages from tamoxifen inducible
Nlrp3A350V/+ knock-in mice (Nlrp3A350V/+ CreT, here referred to as MWS CreT), which carry a
mutation corresponding to human cryopyrin associated periodic syndrome patients (179).
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MWS CreT macrophages were cultured in 4-hydroxytamoxifen (4HT) to induce the
expression of mutant NLRP3. As expected, these macrophages no longer required ATP
stimulation for the production of mature IL-1β (Figs. 4.6A,B), confirming constitutive
activity of caspase 1. Consistent with our observations in wild type macrophages, Tr1 cells,
but not Foxp3+ Tregs, potently suppressed IL-1β production in MWS CreT macrophages,
regardless of whether they were stimulated with LPS alone or with LPS and ATP (Fig. 4.6
A,B). A similar suppressive effect was observed with Tr1-conditioned media or recombinant
IL-10 (Fig. 4.6 C,D). These data support the notion that Tr1 cells and IL-10 could be
important for controlling the pathological release of IL-1β that occurs in autoinflammatory
disease such as CAPS.
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Figure 4.6 Tr1 cells and their conditioned media suppress IL-1β production from
BMDM carrying NLRP3 gain-of-function mutations.
(A-D) BMDM from NLRP3 MWS CreT mice or wild type mice were treated with 4-HT for
24 hours before, co-culturing with T cells. Shown are representative plot (A, mean±SD),
averaged data (B, n=3, mean±SEM) and data from cocultures using conditioned media or
rIL-10 (C, representative data, mean±SD; D, averaged data from n=3, mean±SEM).
Averaged data are shown as secreted IL-1β expressed in relation to those from BMDM
stimulated with LPS and ATP, but in the absence of T cells or T cell conditioned media
(**p<0.01, *** p<0.001, **** p<0.0001).

4.2.5. Tr1 cells suppress Il1b transcription and caspase 1 activation via an IL-10Rdependent mechanism.
We next explored the mechanism by which Tr1 cells regulate the production of IL1β, a process known to be tightly-regulated by a two-step activation process (227, 228). The
first step involves cytokine- or Toll-like receptor-mediated activation of NF-B, leading to
transcription and translation of pro-IL-1β. The second step requires inflammasome
activation, then caspase-1 cleavage and activation, followed by caspase-1-mediated
proteolytic activation of IL-1β. For these experiments we used media conditioned by T cells
so that mRNA and protein signals were exclusively derived from macrophages. Exposure of
macrophages to media conditioned by Tr1 cells, or to recombinant IL-10, inhibited the
production of Il1b mRNA, which could be due to decreased transcription or a decrease in
mRNA stability (Fig. 4.7A). Tr1 cell-mediated inhibition of pro-IL-1β protein expression
was demonstrated by Western blotting (Fig. 4.7B). In addition to decreased transcripts of
Il1b, Tr1 cell conditioned media also directly inhibited the generation of mature, cleaved
caspase 1, without affecting the amount of pro-caspase 1 (Fig. 4.7C). Thus, soluble factors
released by Tr1 cells affect both steps required for mature IL-1β production.
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Figure 4.7 Tr1 cells inhibit the production of I11b mRNA and activation of caspase 1.
BMDM were stimulated in the absence or presence of media conditioned by Treg, Tn, or Tr1
cells, or with rIL-10. (A) Expression of Il1b mRNA in BMDM shown as fold increase
compared to stimulation with LPS but without T cell conditioned media. Mean ±SEM, n=3
(p<0.05). Lysates from BMDM were analyzed by Western blotting to detect (B) pro-IL-1β
and (C) pro-caspase 1 (short exposure), pro- and mature caspase 1 (long exposure), and βactin (loading control). Blots are representative of n=3.

We next investigated if the suppressive effects of Tr1 cells on IL-1β production were
mediated by IL-10. We first tested the effects of Tr1 cells on macrophages derived from
Il10rb-deficient mice and found that, in comparison to wild type macrophages, these cells
were completely resistant to the suppressive effects of Tr1 cells (Fig. 4.8A,B), or their
conditioned media (Fig. 4.8C,D). Moreover, antibody-mediated neutralization of IL-10 also
reversed the suppressive effect of Tr1 cells (Fig. 4.8E,F). Tr1 cells also failed to reduce the
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concentrations of Il1b mRNA (Fig. 4.9A) or cleavage of caspase 1 (Fig. 4.9B) in Il10rbdeficient macrophages. Thus IL-10 is necessary for Tr1 mediated suppression of mature IL1β production.
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Figure 4.8 The suppression of IL-1β production by Tr1 cells is mediated by IL-10R
signaling.
BMDM from WT or Il10rb-/- mice were co-cultured with T cells (A, B, E, F) or T cell
conditioned media (C-D) in the presence of media alone, anti-IL-10 blocking antibody, or
isotype antibody as indicated. (A-F) After stimulation with LPS and ATP, amounts of IL-1
in supernatants were measured by ELISA. Shown are representative data (A, C, E, mean±
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SD) averaged data (B, D, F, mean±SEM) normalized to BMDM stimulated with LPS and
ATP (*p<0.05, multiple t-test corrected for multiple comparisons using Sidak-Bonferroni
method). (E) shows a representative experiment, (F) shows the average amount of IL-1β
secreted by BMDM cultured with Tr1 cells in the absence or presence of α-IL-10 mAbs, or
an isotype mAbs; results are normalized to fold increase to LPS+ATP and expressed as
mean±SEM of n=3, *p<0.05.

Figure 4.9 The suppression of Il1b transcription and caspase 1 activation is dependent
on IL-10R signaling.
BMDM from WT or Il10rb-/- mice were co-cultured with T cell conditioned media and
stimulated as indicated. (A) Average amounts of Il1b mRNA were determined by qPCR.
(n=2, *p<0.05, multiple t-test corrected for multiple comparisons using Sidak-Bonferroni
method). (B) Expression of pro-caspase 1 (top, short exposure), pro-caspase 1 and mature
caspase 1 (bottom, long exposure) was measured by Western blotting, representative of n=3.

4.3.

Discussion
Clinical trials with Tr1 cells or Foxp3+ Tregs are being actively pursued in the hope

that these cell-based therapies will offer durable and specific treatments for a variety of
immune mediated diseases such as graft-versus-host disease, transplant rejection, and
inflammatory bowel disease. Activation of the inflammasome contributes to the pathology in
all of these diseases, yet the ability of Tr1 cells or Foxp3 + Tregs to control this process is
unknown. Here, we found that Tr1 cells, but not Foxp3+ Tregs, suppress IL-1β production by
negatively regulating both production of Il1b mRNA and activation of caspase-1.
Furthermore, the suppression is largely IL-10 dependent as the effect is abrogated in IL-10R
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deficient macrophages. Importantly, Tr1 cells suppressed IL-1β production caused by a
clinically-relevant gain-of-function mutation in NLRP3, suggesting that Tr1 cells may have
unique therapeutic advantages that are not shared by Foxp3+ Tregs.
A major limitation for studying Tr1 cells has been the lack of an efficient system to
generate relatively homogeneous populations of cells for study. Here we report a major
advance and show that in vitro activation of CD4+CD44hiFoxp3- T cells from unmanipulated
mice, without addition of any polarizing cytokines, results in a population of cells that is
>80% positive for IL-10, has the expected profile of cytokine production (IL-10hiIFN-loIL-2IL-4-), and expresses all of the major Tr1 cell associated cell surface markers and
transcription factors, including CD49b, LAG-3, cMaf, Blimp1 and AHR (73). These cells
also express higher levels of Tr1 surface markers CD39, ICOS, CTLA-4, and PD-1 (73)
compared to naï
ve T cells either after 4 days of activation or after resting when the transient
upregulation of some of these markers go down again in Tn (73). However, we failed to
detect expression of LAP or TGFβ protein, which is different from Tr1 cells generated by
repeated antigen stimulation or nasal anti-CD3 monoclonal antibody administration (243,
244).
Since CD44 is a marker for T cell memory, in a laboratory-raised mouse CD44expressing cells carry distinct characteristics compared to true antigen experienced memory
T cells that also express high levels of CD44 (245), including more rapid and cytokinedriven in vivo proliferation independent of antigen stimulation. The emergence of these cells
does not seem to rely on commensal bacterial antigens as germ-free mice also carry a similar
frequency of CD44hiFoxp3- cells in their CD4+ T cell compartment (245). However, the
function of these cells remains largely unknown. Our in vitro data indicated that these cells

90

carry a distinct cytokine expression pattern and are poised to mount immunomodulatory
rather than immunostimulatory responses. We have also investigated the potential utility of
CD44 as a marker for human Tr1 cells and found that human peripheral blood CD4+ T cells
uniformly express high levels of CD44 (data not shown), and therefore CD44 is not suitable
for purifying Tr1 cells in humans.
Recently, three studies have shown that IL-10 signaling in myeloid cells is important
for intestinal homeostasis as myeloid cell-selective IL-10 receptor knockout mice have
increased susceptibility to colitis and intestinal pathology (246-248). On the other hand, the
expression of IL-10R in T cells is dispensable these models (246-248). Consistent with the
dominant role of IL-10 in Tr1 mediated suppression, we found that Tr1 cell-mediated
inhibition of Il1b mRNA production and caspase 1 activation is completely dependent on IL10R signaling, as macrophages from Il10rb-deficient mice were resistant to Tr1 cellmediated inhibition of inflammasome activation. This was confirmed by Li. et al., who
showed the similar results in macrophages from lamina propria and suggested that the
inability of macrophages to sense IL-10 results in increased intestinal inflammation that is
largely driven by IL-1β and Th17 cells (248).
Our finding of the decreased Il1b mRNA production by IL-10 is consistent with some
data in human monocytes, murine peritoneal derived macrophages or macrophage cell lines
(89, 249, 250), but not others (236, 251, 252). This discrepancy may be attributed to various
factors including the stability of IL-10, time of delivery, and different regulatory mechanisms
in monocytes and macrophages. Although in our in vitro system recombinant IL-10 is as
potent as Tr1 cells and their conditioned media, we propose that Tr1 cells may possess better

91

suppressive function than exogenous IL-10 in vivo due to their ability to deliver IL-10
continuously at the site of inflammation.
Recently, two studies found that mice lacking IL-10 have significantly elevated
inflammasome activation and IL-1β production, resulting in severe colitis (236) or antigeninduced arthritis (170). However, IL-10 knockout mice have increased production of
inflammatory cytokines resulting in tissue damage, which could contribute to inflammasome
activation as much as the lack of macrophage exposure to IL-10. Our data complements
these two studies by showing that IL-10 and Tr1-cell conditioned media can directly regulate
caspase 1 activation in vitro, and that this effect is completely dependent on IL-10R
signaling. In contrast to the effects of Tr1 cells, which are mediated by soluble factors, a
previous study found that memory T cells suppressed the inflammasome via a contactdependent mechanism, with indirect evidence for a possible role of TNF family ligands
(253). Therefore the ability of different T cells to produce IL-10, and/or express inhibitory
cell surface molecules, may be harnessed therapeutically to dampen inflammation.
One important question remaining is why did Foxp3+ Tregs fail to suppress the
inflammasome. The role of IL-10 in Foxp3+ Treg-mediated suppression is controversial, with
a wealth of literature arguing for or against a role for this cytokine in different in vitro assays
and disease settings (87). Findings from mice with a specific deletion of Il10 in Foxp3+ Tregs
suggest that these discrepancies are likely due to an essential role of IL-10 in Foxp3+ Tregmediated control of tolerance at mucosal surfaces, but not for autoimmunity (254). In our
system, although Foxp3+ Tregs produced significantly more IL-10 than Tn cells (average of
26.1 ±6.3 versus 1.7 ±0.05 ng/ml), this amount was on average 10 fold lower than the
amount produced by Tr1 cells. Notably, as little as 6 ng/ml of rIL-10 efficiently suppressed
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the inflammasome, so lack of sufficient IL-10 production by Foxp3+ Tregs is likely not the
explanation for why these cells cannot prevent activation of this pathway. Further
investigation into the mechanistic basis for why Foxp3+ Tregs do not control inflammasome
activation is warranted.
In summary, our in vitro data strongly suggest a superior function of Tr1 cells in
regulating inflammasome activation and the production of IL-1β, expanding our current
understanding of their mechanisms of suppression and providing important justification for
pursuing the use of these cells as cellular therapy for autoinflammatory diseases.
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Chapter 5: Use of Tr1 cells as a cellular therapy for
autoinflammatory diseases

5.1.

Introduction
Tr1 cells are potent immune modulators that can actively suppress effector T cell

responses in an antigen-specific manner via the secretion of IL-10 (73). The use of Tr1 cells
as prophylactic treatment has been demonstrated in a variety of experimental disease models,
including T cell transfer colitis (94), celiac disease (255), GVHD post HSCT (117), and islet
transplantation (119). More recently, in murine models of acute and chronic collageninduced arthritis, adoptive transfer of Tr1 cells can both prevent and cure the disease (118).
Furthermore, initial clinical trials with human Tr1 cells indicated the feasibility and safety in
treating patients with IBD (126) and HSCT (127). Based on these promising data, one area of
interest is to expand the application of Tr1 cellular therapy to treat more immune-mediated
diseases. Based on our in vitro data, we focused on examining two disease models where
increased activation of inflammasomes drives the pathophysiology: namely, gout and CAPS.
Gout is common polygenic autoinflammatory disease with a molecular basis similar
to monogenic autoinflammatory diseases (130). It can manifest as acute inflammatory
arthritis flares or chronic inflammation that cause bone erosions and damage of joint
structure (256). A gout attack is initiated by deposition of monosodium urate (MSU) crystals
in the joint that triggers activation of the inflammasome, resulting in the release of IL-1β and
chemokines, and the infiltration of inflammatory monocytes and neutrophils (33, 257). This
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causes acute and extremely painful joint swelling, characteristically in the first
metatarsophalangeal joint in the foot, but frequently other locations as well.
Activation of the NLRP3 inflammasome plays a key role in delivering
proinflammatory signals and driving the pathogenesis of gout: MSU crystals do not trigger
IL-1β production in peritoneal macrophages that lack NLRP3, ASC or caspase 1(33). On the
other hand, the response to MSU seems unaffected in various TLR deficient mice, suggesting
there is not a specific TLR responsible for the production of IL-1β upon MSU treatment
(258). This maybe due to a compensatory role of different TLRs or TLR activation may be
dispensable for MSU induced inflammation (258). In contrast, surface binding (259),
phagocytosis of MSU (260) and autocrine ATP production (55) are all required for MSUmediated responses. The involvement of IL-1β in the pathogenesis of gout is best illustrated
in patients who received IL-1 targeted therapy, which showed promising clinical
improvements in an open-label study (261, 262). One concern with this treatment is the side
effects of IL-1 blockade that may increase the risk for serious bacterial infection in a nonlife-threatening disease.
Another disease model that is ideal for testing how Tr1 cells regulate NLRP3
inflammasome-mediated disease is CAPS (described in 1.3.2). Several groups have created
transgenic mouse models harboring different gain-of-function mutations found in CAPS
patients (258). Macrophages carrying these mutations, namely, Nlrp3A350V (263), Nlrp3L351P
(263), Nlrp3R258W (264) and Nlrp3D301N (265), showed increased spontaneous inflammasome
activation in vitro and only require TLR activation to stimulate the production of IL-1β (as
we showed in Chapter 4). Interestingly, these mutations can cause a spectrum of disease
ranging from mild to severe, closely resembling the clinical features in human diseases
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(263). Notably, for unclear reasons, the mutation corresponding to the most severe human
disease (NOMID) causes only a mild disease in mice, while the mildest mutation in humans
(FCAS) causes a severe and rapid fatal inflammation in mice (263).
In addition to the potent activating effects on innate immune cells, dysregulated
inflammasome activation also affects the adaptive immune system. For example, IL-1β
promotes Th17 polarization, and these cells can also drive the pathogenesis of multiple
autoinflammatory diseases (264, 266). In the light of our discovery of the superior ability of
CD44hiFoxp3- Tr1 cells to inhibit IL-1β secretion, and based on a wealth of literature on their
suppressive function in dampening the activation of effector T cells, I asked if these newly
identified endogenous polyclonal Tr1 cells are capable of suppressing inflammasome
activation in vivo. I therefore established two mouse models of inflammasome activation:
MSU-induced peritonitis and systemic inflammation in mice carrying gain-of-function
mutations of NLRP3 (corresponding to FCAS in humans). Below I describe the results of
adoptively transferring Tr1 cells on disease pathogenesis.

5.2

Results

5.2.1. Monosodium urate (MSU) induces peritonitis resulting in increased neutrophil
infiltration.
The mouse model of MSU induced peritonitis has been developed to study
inflammation in gout. In this model, intraperitoneal injection of MSU leads to the activation
of the NLRP3 inflammasome in peritoneal macrophages, resulting in production of IL-1β
and subsequently chemokines that recruit neutrophils into the peritoneal cavity (33). The
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infiltration of neutrophils is dependent on the inflammasome and IL-1β, as it does not occur
in mice deficient for NLRP3, ASC, caspase 1 or IL-1R1 (33).
For these experiments, the amount of MSU required to induce a robust inflammatory
response in the peritoneum was first determined by injecting 500, 250, 100, 20, 4, or 0 μg of
MSU in mice. It was found that 100μg of MSU crystals is the lowest dose able to elicit a
robust and reproducible inflammatory response as shown by increased infiltrating Gr1+F4/80neutrophils in the peritoneal lavage fluid (Fig. 5.1). Despite this response, IL-1β, IL-10 and
KC were unexpectedly below the detection limit by ELISA, even after concentrating the
peritoneal lavage fluid (data not shown), possibly as a result of degradation by neutrophil
proteases.
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Figure 5.1 Monosodium urate crystals can induce neutrophil infiltration in a dose
dependent manner.
Peritoneal lavage fluid was collected 5 hours after MSU injection. The cells were washed
once, stained with FVD and antibodies to CD4, Gr1, F4/80 and CD11b and analyzed by flow
cytometry. (A) Representative gating strategy of Gr1+F4/80- neutrophils with the numbers
indicating cell frequency in the gate. (B) Quantification of peritoneal neutrophil numbers
(n=3 or 4 per group). Error bar represents standard deviation, pooled from three independent
experiments.
5.2.2. IL-10R signaling regulates inflammasome activation in vivo.
Since IL-10 is critical in controlling inflammasome activation and production of IL1β in vitro, we asked if IL-10 could protect mice from peritoneal inflammation in vivo
following MSU injection. The expression of IL-10 was analyzed in endogenous CD4+ T cells
in the peritoneum without MSU treatment, and it was found that both Foxp3+ Tregs and
CD44hiFoxp3- Tr1 cells, but not Tn, express high levels of IL-10 ex vivo (Figs. 5.2 A, B). It
was also noted that there was an increased percentage of CD44hiFoxp3- Tr1 cells in the
peritoneum (about 57% Fig. 5.2A) compared to Tr1 cells isolated from spleens and lymph
nodes (about 9.4%, Figs. 2.1). Next, 400ng of IL-10 or PBS was injected into the peritoneal
cavity of wild type mice prior to the injection of MSU. Recombinant IL-10 did not inhibit
neutrophil accumulation in the peritoneum (Fig. 5.2C). We then compared wild type to
Il10rb-deficient mice in their inflammatory response after MSU injection. In wild type mice,
injection of MSU resulted in a rapid increase in the absolute number of Gr1+CD11b+ F4/80neutrophils in the peritoneal lavage fluid (Fig. 5.2 D, E). As expected, Il10rb-/- mice were
impaired in controlling this inflammasome-mediated response and had a significant increase
in the number of infiltrating neutrophils (Fig. 5.2 D, E). Thus, IL-10R signaling has a critical
role for regulating inflammasome activation and IL-1β production in vivo.
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Figure 5.2 IL-10 receptor knockout mice have increased peritoneal inflammation upon
monosodium urate injection.
(A, B) Peritoneal lavage was collected from Foxp3RFPIl10GFP reporter mice and analyzed by
flow cytometry. Percent of Foxp3+ Tregs, CD44hiFoxp3- Tr1 cells, and CD44int/loFoxp3- Tn
were shown on the far left plot, and the frequencies of IL-10-GFP+ are indicated in the
corresponding representative plots as shown on the right. (A) Representative FACS plots, (B)
averaged frequency of IL-10-GFP+ cells in each population. (n=4, **p<0.01, ***p<0.001).
(C) Mice were injected with 400ng of IL-10 for 16 hours before the injection of 100μg MSU.
Peritoneal fluid was collected 5 hours after MSU injection and the cells were analyzed by
flow cytometry. The graph shows the number of Gr1 +F4/80- neutrophils, and error bars
represent standard deviation. (D, E) Gr1+F4/80- Neutrophils recovered from peritoneal
lavage of wild type or IL-10R KO mice 5 hours after injection of MSU or PBS vehicle. (D)
Representative FACS plots. (E) Neutrophil numbers. Error bar represents standard deviation
(**p<0.01, students’ t-test)
5.2.3. Tr1 cells transfer does not protect against MSU induced peritonitis.
Next, we sought to determine if Tr1 cells are able to inhibit MSU induced neutrophil
migration in vivo. Foxp3+ Tregs, CD44lo/intFoxp3- Tn, and CD44hiFoxp3- Tr1 cells were
isolated from Thy1.1-Foxp3GFP reporter mice, and stimulated with anti-CD3/28 for 4 days as
described in 2.3.5. One million Treg, Tn, or Tr1 cells were injected into Thy1.2 recipients, 16
hours prior to the injection of MSU. Despite of the presence of injected T cells (Fig. 5.3A),
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we failed to detect any difference between the mice injected with T cells or with PBS vehicle
alone (Fig. 5.3B). We then tried injecting Tr1 cells or 400ng of rIL-10 at the same time as the
MSU injection and also failed to detect any suppression by Tr1 cells or IL-10 (Fig. 5.3C).
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Figure 5.3 Neither Tr1 cells nor rIL-10 prevent peritonitis induced by MSU.
Foxp3 Tregs, Tn and Tr1 cells were sorted from Thy1.1-Foxp3GFP reporter mice and
stimulated for 4 days with polyclonal TCR stimulation in the presence of IL-2. One million
cells were then transferred into Thy1.2 mice 16 hours before (A, B) or the same time as (C)
MSU injection. (A) Representative FACS plots of total live cells (left), and non-T cells
(right). (B, C) Top shows the schematic of the injections; bottom shows the number of
Gr1+F4/80- neutrophils.
5.2.4. Cre-ER inducible Nlrp3L351P mice develop severe systemic inflammation upon
tamoxifen induction.
Since mice carrying mutations with Nlrp3L351P develop severe systemic neutrophilic
inflammation that results in neonatal or perinatal death, Nlrp3L351PNeoR/+ knock-in mice were
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crossed to CAG-Cre mice to generate Nlrp3L351P/+CreT, a tamoxifen inducible knock-in
strain (263, 267). Injection of tamoxifen induced rapid weight loss and poor survival in
Nlrp3L351P/+-CreT mice but not Nlrp3L351P/+-WT mice (Fig. 5.4A, B). Of note, Nlrp3L351P/+CreT mice treated with vehicle alone without tamoxifen did not develop weight loss in the
course of the experiment (data not shown). End-point serum cytokine analysis revealed
variably increased IL-6, and KC, but no difference in IL-1β, TNFα, IFNγ or IL-10 (Fig.
5.4D). Despite normal numbers of macrophages and CD4+ T cells in the spleen, there was
significantly increased Gr1+F4/80- neutrophil infiltration in NLRP3L351P/+-CreT mice
compared to Nlrp3L351P/+-WT mice (Fig. 5.4C), which resembles the tissue neutrophilia
observed in CAPS patients. Furthermore, NLRP3L351P/+-CreT mice developed acute liver
inflammation as indicated by venous thrombosis, liver infarction, and inflammatory cell
infiltration that primarily consist of neutrophils, while other sites, like colon and skin were
not affected (Fig. 5.5).
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Figure 5.4 Tamoxifen injection leads to rapid neutrophil mediated inflammation in
NLRP3L351P/+-CreT mice.
Tamoxifen was injected IP daily for four consecutive days and the mice were weighed daily.
(A) Percent weight change and (B) percent survival were indicated in Nlrp3L351P/+-WT (WT,
solid circle) and Nlrp3L351P/+-CreT (Cre, empty square) mice. (C) At the end point of the
experiment, spleens were harvested and the number of CD4 + T cells, F4/80+ macrophages,
and Gr1+ neutrophils was analyzed by flow cytometry. The FACS plots on the left indicate
gating strategy; live cells were analyzed for the expression of Thy1.2 (all mice express
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Thy1.2 congenic marker) and CD4, then Thy1.2-CD4- cells were analyzed for expression of
F4/80 and Gr1. The numbers in the plots indicate frequencies with associated population.
Right panel is the quantification of cell numbers, and each dot represent one mouse. (A, B,
C) * p<0.05, **p<0.01, multiple t-tests corrected for multiple comparisons using HolmSidak method. (D) Serum cytokines were measured at the end point of the experiment. (A, B,
C, D) Error bar presents standard deviation.

Figure 5.5 Tamoxifen treated Nlrp3L351P/+-CreT mice develop hepatic inflammation.
H&E-stained tissue sections from liver, skin and colon from Nlrp3L351P/+-WT and
Nlrp3L351P/+-CreT mice (magnification, ×10). Sections are representative of at least 3 mice
per group.
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5.2.5. Adoptive transfer of Tr1 cells 24 hours prior to tamoxifen treatment does not
prevent systemic inflammation in Nlrp3L351P/+CreT mice.
In order to determine if Tr1 cells are protective in preventing systemic inflammation
in the Nlrp3L351P/+-CreT mice, 3 million Tr1 cells were injected intravenously 24 hours prior
to tamoxifen. The cells were well tolerated in both wild type and Nlrp3L351P/+-CreT mice
without causing any weight loss within the first 24 hours, and no adverse effects were
observed in wild type mice 4 days after the injection (Fig. 5.6A). In the Nlrp3L351P/+-CreT
mice, the ones that received Tr1 cells were marginally protected on day 2 (PBS: 7.71%±0.044 versus Tr1 cells: -4.51%±0.020) and day 3 (PBS: -9.97%±0.047 versus Tr1
cells: -6.06%±0.014); however, the protective effect was gone on day 4 (PBS: -13.4%±0.043
versus Tr1 cells: -12.2%±0.023) (Fig. 5.6A).
Serum cytokines were measured 24 hours and 72 hours after tamoxifen injection (Fig.
5.6B, C). At both time points, IL-6 was found to be elevated in Nlrp3L351P/+-CreT mice
compared to wild type mice, but there was no effect of injecting Tr1 cells when compared to
PBS treated mice. On the other hand, there was a trend towards decreased KC in
Nlrp3L351P/+-CreT mice treated with Tr1 cells.
We then sought to determine if the injection of Tr1 cells resulted in elevated
circulating IL-10 and found minimally increased serum IL-10 two days after injection of Tr1
cells (Fig. 5.6B). No significant amounts of IL-10 were detected after 4 days (data not
shown). It is worth noting that the Nlrp3L351P/+-CreT mouse with the highest amounts of
circulating IL-10 at day 2 also had the least weight loss in the group.
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Figure 5.6 Adoptive transfer of Tr1 cells prior to tamoxifen induction does not
eliminate weight loss and inflammatory cytokine production in Nlrp3L351P/+-CreT mice.
Nlrp3L351P/+-WT (WT) mice and Nlrp3L351P/+-CreT (Cre) mice were injected IV with either
PBS or 3 million Tr1 cells pre-stimulated with polyclonal stimulation for 4 days. After 24
hours of T cell injection, the mice were treated with tamoxifen daily for 3 days as indicated
in (A). (A) Injection scheme (top), and percent weight change (bottom). Serum cytokines
measured 2 (B) or 4 days (C) post T cell transfer by cytokine bead array. (A-C) Error bar
represents standard deviation.
Due to the minimal clinical protection of Tr1 cells in Nlrp3L351P/+-CreT mice, we
then asked if they engrafted properly in a competitive environment in the presence of
endogenous T cells. Thy1.1+ Tr1 cells were transferred into Nlrp3L351P/+-CreT (Thy1.2) or
wild type (Thy1.2) hosts 24 hours before tamoxifen treatment, and the proportion of Thy1.1
and Thy1.2 CD4+ T cells in the spleen and blood were analyzed 4 days after T cell injection.
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It was found that the transferred Thy1.1+ Tr1 cells constituted a significant proportion of the
CD4+ T cells in the spleen (26.7%±0.53, Fig. 5.7A,B) and blood (46.2%±9.93, Fig. 5.7E, F),
which is also reflected in absolute numbers (Fig. 5.7D). Consistent with the minimal
protection in weight loss, the transfer of Tr1 cells did not cause any decrease in neutrophil
frequency (Fig. 5.7A, C) or absolute number (Fig. 5.7D) in the spleen, or in the blood (Fig.
5.7E, G), indicating that Tr1 cells failed to down-regulate neutrophilic inflammation.
Histological analysis on liver biopsies revealed similar hepatic inflammation in Nlrp3L351P/+CreT mice with or without Tr1 cells transfer (Fig. 5.8), and no abnormalities were observed
in skin or colon sections in all the mice.
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Figure 5.7 Engraftment of Tr1 cells in Nlrp3L351P/+-CreT mice.
Thy1.1+Thy1.2+ Tr1 cells were adoptively transferred into Nlrp3L351P/+-CreT (Thy1.2+) or
wild type mice 24 hours before tamoxifen treatment as described in figure 5.5. The mice
were euthanized 4 days after Tr1 cell transfer; cells from the spleens (A-D) and blood (E-G)
were harvested and analyzed by flow cytometry. (A) Representative FACS plots from an
Nlrp3L351P/+-CreT mouse treated with Tr1 cells. Live cells were gated based on Thy1.2 and
CD4 (left). Right: Thy1.2+CD4+ T cells were then separated based on Thy1.1 into host CD4+
T cells (Thy1.1-) and donor T cells (Thy1.1+). Bottom: Thy1.2-CD4- cells (non-T cells) were
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analyzed based on F4/80 and Gr1. (B) Percentages of donor Thy1.1+ and host Thy1.1- cells
in CD4+ cells. (C) Percentages of neutrophils (Gr1+ cells) and macrophages (F4/80+ cells) in
Thy1.2-CD4- cells (denoted as non-T cells). (D) Numbers of Thy1.1+, Thy1.1- CD4+ T cells,
neutrophils (Gr1+), and macrophages (F4/80+) in the spleen. (E) Representative FACS plots
on blood cells with the same gating strategy as A, except no distinct F4/80+ macrophage
population was found or analyzed. (F) Percentages of donor (Thy1.1+) and host T cells
(Thy1.1-) in CD4+ T cells. (G) Percentage of Gr1+ neutrophils in non-T cells. (B, C, D, F, G)
Error bars represent standard deviation.

Figure 5.8 Liver inflammation in Nlrp3L351P/+-CreT mice with and without adoptive
transfer of Tr1 cells.
H&E-stained liver, skin and colon sections (magnification, ×10) of Nlrp3L351P/+-CreT (Cre)
or wild type (WT) mice treated with tamoxifen for 3 days with PBS or Tr1 cells as indicated
in the schematic in figure 5.6A. Representative of at least 3 mice per group.

Based on their superior ability to suppress inflammasome activation induced IL-1β in
vitro as shown in Chapter 4, we were surprised to find minimal protection of these cells in
vivo. Therefore, we asked if the transferred Tr1 cells maintained the characteristic Tr1
cytokine profile in vivo or shifted to produce more proinflammatory cytokines in the
presence of systemic inflammation. To investigate this question, total splenocytes were
isolated at the end point of the experiment and stimulated with PMA and ionomycin 5 hours
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before FACS analysis. Similar to observations in vitro, 5-20% of Tr1 cells produced IFNγ
(Fig. 5.9A, B); less then 1% were positive for IL-17 (data not shown); and they did not upregulate Foxp3 expression in vivo (Fig. 5.9A, B). Furthermore, injection of Tr1 cells did not
alter the production of IFNγ in host CD4+ T cells (Fig. 5.9A, C), however, there was a trend
towards a decreased frequency of Foxp3+ Tregs in the spleen (Fig. 5.9A, C). Therefore, these
data suggest that adoptive transfer of Tr1 cells 24 hours prior to tamoxifen injection does not
fully prevent systemic inflammation in Nlrp3L351P/+-CreT mice and Tr1 cells did not
upregulate IFNγ or IL-17 upon adoptive transfer.

Figure 5.9 Expression of IFNγ and Foxp3 in donor and host CD4+ T cells in the spleen.
Thy1.1+ Thy1.2+ Tr1 cells were adoptively transferred into Nlrp3L351P/+-CreT (Thy1.2+) or
wild type mice (Thy1.2+) and treated with tamoxifen for 3 days. On day 4, the mice were
euthanized, and the splenocytes were stimulated with PMA and ionomycin for 5 hours with
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brefeldin A added in the last 4 hours. The cells were staining for FVD, Thy1.1, Thy1.2,
IFNγ, Foxp3, and IL-17 and followed by FACS analysis. (A) Representative FACS plots
from an Nlrp3L351P/+-CreT mouse treated with Tr1 cells. Live CD4+ cells were gated on
Thy1.2 and Thy1.1 (left). Thy1.1+CD4+ and Thy1.1-CD4+ T cells were then separated based
on Foxp3 and IFNγ. Percentages of Foxp3+IFNγ- and Foxp3-IFNγ+ cells from donor
Thy1.1+CD4+ cells (B) and host Thy1.1-CD4+ cells (C).
5.2.6. Adoptive transfer of Tr1 cells at the same time as tamoxifen induction is more
effective at reducing systemic inflammation in Nlrp3L351P/+CreT mice.
Next, we asked if Tr1 cells would be more effective if injected at the time when the
inflammation is induced as the Tr1 cells may be more activated in vivo when there is already
inflammation at the time of engraftment. To investigate this, Thy1.1+ Tr1 cells were
adoptively transferred into Nlrp3L351P/+-CreT (Thy1.2) or wild type (Thy1.2) hosts
immediately following tamoxifen injection and the treatment showed a trend towards less
weight loss compared to Nlrp3L351P/+-CreT mice at all the time points (Fig. 5.10A).
Furthermore, transfer of Tr1 cells decreased serum KC levels significantly, and there was a
trend towards decreased IL-6 levels (Fig. 5.10B). Similar to previous observation, injected
Tr1 cells repopulated the lymphoid compartment efficiently and constituted about 30% of
CD4+ cells in the spleen (Fig. 5.10C) and about 50% of CD4+ cells in the blood (Fig. 5.10D).
Overall, these results suggested that injection of Tr1 cells at the time of disease induction
might provide better protection against systemic inflammation in Nlrp3L351P/+-CreT mice
compared to if injected prior to disease induction.
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Figure 5.10 Injection of Tr1 cells at the time of tamoxifen injection partially protect the
mice from systemic inflammation.
Nlrp3L351P/+-WT (WT) mice and Nlrp3L351P/+-CreT (Cre) mice were injected IV with either
PBS or 3 million Tr1 cells, followed by tamoxifen IP injection immediately as indicated in
(A). (A) Injection scheme (top), and percent weight change (bottom). (B) Serum cytokines 4
days after T cell transfer as by cytokine bead array. Percentages of donor Thy1.1+ and host
Thy1.2+ cells in CD4+ cells from the spleen (C) and blood (D) on day 4. (A-D) Error bar
represents standard deviation.

5.3.

Discussion
The therapeutic potential of Tr1 cells has been explored in various disease models

(73), and in humans, with two proof-of-principle trials in patients who received a
hematopoietic stem cell transplant (127), or had Crohn’s disease (126). However, it is
unclear if Tr1 cells can regulate inflammasome-driven disease in vivo. Here, we explored the
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possibility of using Tr1 cells in treating autoinflammatory disorders specifically looking at
MSU induced peritonitis, and a mouse model of CAPS. Although we did not find any
protective effect of CD44hiFoxp3- Tr1 cells in MSU-induced peritonitis, we were able to
show that IL-10 receptor signaling is critical in regulating MSU induced inflammation in
vivo. Furthermore, adoptive transfer of Tr1 cells appears to be protective in preventing
systemic inflammation in a murine model of CAPS if administered at the right time.
IL-10 is a potent anti-inflammatory cytokine that regulates the activation of various
immune cells involved in innate and adaptive immunity. Importantly, we found that both
Foxp3+ Tregs and Tr1 cells can produce high levels of IL-10 in the peritoneum; the
endogenous IL-10 can suppress local inflammation induced by MSU as illustrated in
increased neutrophil infiltration in IL-10R-/- mice. However, administration of recombinant
IL-10, either at the same time or prior to MSU injection, failed to prevent inflammation,
which could be explained by its short half-life and low bioefficacy (268). It is likely that
novel delivery methods will be required to improve its efficacy. The same challenge of IL-10
administration was seen in clinical trials with IBD patients, where IL-10 had minimal
efficacy and high variability depending the patient cohort (269). Several factors need to be
taken into consideration, including the current delivery method either with daily
subcutaneous injections or intravenous injections that results in low intestinal IL-10
concentration, and the fact that IL-10 fails to suppress all of the inflammatory cytokines in
patients with chronic and active disease (269). Tr1 cells may be able to overcome these
shortfalls and provide a better option in delivering site-specific and antigen-specific
suppression through locally concentrated secretion of IL-10 as well as other suppressive
mechanisms.
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Although IL-10 is required for suppressing MSU-induced peritoneal inflammation,
we failed to detect any significant protective effect of transferring in Tr1 cells. This may be
due to insufficient transfer of cells in immune competent mice as endogenous T cells are also
found in the peritoneal space. Indeed, we were unable to detect any IL-10 protein by ELISA
in the peritoneal lavage after transferring Tr1 cells. On the other hand, since Tr1 cells can
also produce low/intermediate amounts of TNFα and IFNγ, it is possible these cells may
exacerbate inflammation if too many are infused. Therefore, a future study would be to
define a suitable dose of Tr1 cells in order to optimize the suppressive effects while not
increasing the pre-existing inflammation.
In addition to the challenge in dose finding, the MSU-induced peritonitis model has
other limitations. First, it is a model of acute inflammation that may be insensitive to the antiinflammatory cytokines produced by Tr1 cells. Second, the model is measured on the basis
of neutrophil migration, which is a complex biological process several steps downstream of
IL-1 production, that can be influenced by many factors. Last but not least, MSU forms
insoluble crystals in suspension, leading to variability in the injected dose that could mask
effectiveness of the treatment. With these concerns, we concluded that, despite its simplicity,
this model is not ideal to test the effectiveness of Tr1 cells at suppressing the inflammasome.
We therefore sought to develop another mouse model where inflammasome
activation can be more directly measured and selected the mouse model of FCAS developed
by Hoffman. et al. (263), as the disease is rapid and multiple clinical measurements could be
done to carefully evaluate the efficacy of Tr1 cell treatment. After pre-treatment of Tr1 cells
before tamoxifen induction, the FCAS mice showed some improvement in the course of the
experiment, yet this protection was completely lost at the end point, as reflected by
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comparable weight loss, neutrophil counts in the blood and spleen as well as serum IL-6
levels in PBS versus Tr1-treated mice. Since Tr1 cells may not get properly activated in the
absence of inflammation and/or antigen stimulation upon in vivo transfer in this experimental
setup, I examined whether the cells would be more protective if administered immediately
after tamoxifen induction. Indeed, the Tr1 cells were more protective as shown by decreased
weight loss at all time point examined, as well as decreased serum KC levels. These results
indicated that the timing of Tr1 cell transfer could critically affect treatment outcome.
Since the Tr1 cells were unlikely going to receive any further in vivo stimulation in
our experimental setting, the IL-10 was most likely produced because of the 4-day in vitro
TCR stimulation prior to the injection. Therefore, one possibility is that by delivering Tr1
cells at the same time of disease induction maximized the exposure of IL-10 to inflammatory
macrophages and dampened IL-1β production. To further improve the suppressive function
of Tr1 cells, in vivo antigen stimulation might be required. Indeed, in vivo antigen
stimulation was necessary for the beneficial effect of Tr1 cells in many disease models,
including T cell transfer colitis (94), GVHD in HLA-mismatched HSCT (117), and islet
transplantation (119). Future experiments will need to be conducted using CD44hiFoxp3cells derived from TCR transgenic mice to enable in vivo antigen stimulation with minimal
effects on endogenous T cells.
One interesting observation was the remarkable ability of these polyclonal Tr1 cells
to repopulate upon in vivo transfer, especially in the blood where remarkably half of the
CD4+ T cells were derived from the injected Tr1 cells. This was consistent with previous
observations by Younes. et al., where CD44hiFoxp3- T cells can undergo rapid proliferation
and expansion in vivo (245). Furthermore, the injected Tr1 cells maintained the expected
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expression of IFNγ, IL-17, and Foxp3 after 4 days of transfer as observed in vitro (in chapter
4). The cytokine data, which showed serum levels of IL-10 only increased marginally 2 days
post injection and was undetectable after 4 days, suggested that either production of this
cytokine may not be optimal in this experimental design or the rapid degradation of IL-10
impeded its detection.
Indeed, one limitation of the current study is the difficulty in measuring the kinetics
of IL-10 production from Tr1 cells in vivo, as IL-10 is difficult to measure by intracellular
cytokine staining. A method that is commonly used to overcome this challenge is to derive
Tr1 cells from Il10GFP reporter mice. However, GFP has a longer half-life (more than 24
hours) compared to IL-10 (approximately 3 hours), meaning that expression of GFP may
persist even if IL-10 does not (270). It is possible to use other novel IL-10 reporter mice,
such as ITIB mice (271), which are developed based on a reporter enzyme β-lactamase that
cleaves a membrane permeable substrate that will fluoresce when the enzyme gets activated.
The advantage of this reporter system over GFP is that the reporter enzyme β-lactamase has a
similar half-life as IL-10 enabling faithful detection in real time.
Overall, IL-10 receptor signaling clearly regulates inflammasome activation in vitro
and in vivo in a model of MSU-induced peritonitis. Adoptive transfer of polyclonal Tr1 cells
was safe at least in the first 4 days that were evaluated and the cells were able to repopulate
efficiently in an immune competent mouse. Furthermore, the data showed for the first time
that Tr1 cells have some promising protective effect in a mouse model of CAPS. These
results also indicated that the time of delivery and other factors such as in vivo antigen
stimulation may be required for the maximal protective effect of these cells.
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Chapter 6: Conclusions
Endogenous danger signals play a critical role in creating a microenvironment that
unleashes and/or modulates innate and adaptive immune responses, adding another layer of
complexity in the regulation of host immunity. The main goals of my research have been to:
investigate the cellular interaction between innate and adaptive immunity when damage
signals are exposed in the context of autoinflammatory diseases; identify potential targets of
the pathways initiated by cellular stress; and examine regulatory mechanisms that maybe
beneficial for dampening stress responses.
The first aim of the study was to uncover novel molecular mechanisms by which
danger signals can potentiate the immune response in a polygenic autoinflammatory disorder,
namely, inflammatory bowel disease. Extensive literature has demonstrated a role for high
concentration of ATP in directly regulating maturation and inflammasome activation in DCs
and macrophages; however, the effect of ATP is not well appreciated in other cell types. To
investigate this, I established a sequential co-culture method to measure the downstream
immune effects of exposing intestinal epithelial cells to danger signals. Using this co-culture
system, I found that ATP can increase the magnitude of TLR responses by increasing
cytokine/chemokine production in murine intestinal epithelial cells, leading to altered DC
maturation, as judged by increased expression of the costimulatory molecule CD80 and
cytokines that affect T helper cell differentiation. Increased DC activation can then facilitate
the proliferation and expansion of T cells specific for a commensal antigen, flagellin. Since
ATP has been shown to enhance anti-flagellin responses and exacerbate DSS colitis (59),
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these in vitro data provide a cellular mechanism for ATP-initiated stress responses on the
intestinal epithelium that can re-direct TLR responses from tolerogenic to inflammatory.
This in vitro finding was further validated using an in vivo model by intrarectal
delivery of ATPγS, a non-degradable analogue of ATP. By increasing the concentration of
luminal ATP, without causing barrier damage or administration of exogenous TLR ligands,
the cytokine responses on IECs to endogenous microbial molecules can be altered. These
data support the hypothesis that cellular stress potentiates the responses to TLR ligands.
Furthermore, I found exposure of IECs to ATP creates a microenvironment favoring
the expansion of Th1 and Th17 cells in the presence of DCs. Although DCs are not directly
sensing ATP in our system per se, other studies have indicated that they can directly respond
to ATP stimulation and promote a Th17 response (171). In addition to the role of ATP in
DCs, direct activation of P2X7 receptor on Foxp3+ Tregs can inhibit their suppressive
function and skew them into IL-17 producing cells (65). Furthermore, elevated ATP induces
mast cell activation and IL-1β production independent of caspase 1 and drives intestinal
inflammation in an acute colitis model induced by TNBS (272). Together with our findings,
these results demonstrate the complex role of ATP in mediating intestinal pathology by
targeting different cell types.
Overall, these results suggested an important association between ATP driven
purinergic signaling and increased or uncontrolled activation of commensal-reactive Th1 and
Th17 cells observed in Crohn’s disease. Therefore, targeting purinergic signaling pathways
may be a beneficial treatment for IBD. Along the same line, my results also highlighted the
involvement of P2X7 receptor on ATP mediated signaling in IECs, which can be targeted by
pharmaceutical inhibitors. Indeed, the effectiveness of P2X7 receptor blockade has been
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shown in many animal models of autoimmunity or inflammatory diseases, such as LPS
induced systemic inflammation (273), neuroinflammation (274), ischemia/reperfusion injury
(275, 276), liver fibrosis (277), allograft transplantation (278), and rheumatoid arthritis (279).
In IBD specifically, elevated expression of P2X7 receptor has been found in the
intestinal epithelium and lamina propria in patients with Crohn’s disease, and is associated
with increased production of IL-1β and IL-17 in the intestine (272, 280). Consistent with this
finding, prophylactic blockade of P2X7 receptor prevents experimental colitis induced by
TNBS (272, 281). Furthermore, mice deficient for P2X7 receptor are protected from severe
intestinal pathology in chemically induced colitis by DSS and TNBS. Based on these
promising pre-clinical data, a phase II randomized, double-blinded, placebo-controlled trial
has been conducted with a selective P2X7 antagonist, AZD9056, in patients with Crohn’s
disease (282). The drug was well tolerated with minor side effects, and showed some
improvements in the CD activity index (282). Taken together, these results warrant more
investigation into the therapeutic potential of targeting P2X7 receptor signaling pathways in
inflammatory bowel disease.
Since immune activation by danger signals has been implicated in a variety of
immune-mediated diseases, which are often associated with perturbed regulatory pathways, I
next focused my research on investigating the ability of regulatory T cells, both Foxp3+
Tregs and Tr1 cells, to modulate cellular stress response.
Unlike Foxp3+ Tregs, which can be easily tracked and studied on the basis of
expression of their the lineage-defining transcription factor, Foxp3, tools to study Tr1 cells
are more limiting (73). First, the lack of lineage-defining transcription factors makes it
difficult to purify these cells ex vivo. This challenge was partially solved with the recent
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identification of surface biomarkers of Tr1 cells; however, in vivo stimulation with anti-CD3
is required prior to isolation either to expand the numbers and/or induce expression of
CD49b and LAG3 (240). Second, the methods to polarize Tr1 cells in vitro are usually long
and require high levels of polarizing cytokines. Furthermore, the yield is not satisfactory and
often not pure making it difficult to directly assess the role of Tr1 cells.
In the process of trying to generate different subsets of murine T cells, I discovered a
new method to generate a homogenous population of polyclonal Tr1 cells. Specifically, I
found that polyclonal stimulation of CD4+CD44hiFoxp3- cells with IL-2, in the absence of
any polarizing cytokines, results in a population that is highly enriched in Tr1 cells.
Interestingly, CD4+CD44hiFoxp3- T cells were previously described as memory T cells with
characteristics distinct from conventional antigen-experienced memory cells, including rapid
proliferation and cytokine-driven self-renewal independent of TCR stimulation (245). In
mice raised in specific pathogen free (SPF) environments (which have not been exposed to
infectious agents), this population may contain a minor proportion of slowly proliferating
true memory cells and a majority of rapid dividing cells that did not arise from naï
ve T cells
(245). Furthermore, their emergence does not rely on commensal microbial or food antigens
as germfree mice maintained on an elemental diet (antigen-free) have a similar frequency of
CD44hi T conventional cells that have a TCR repertoire similar to cells isolated from mice
raised in an SPF environment and fed a normal diet (245, 283-285). Notably, prior to my
studies, no physiological function had been identified for these cells.
My data show that upon in vitro polyclonal stimulation, CD4+CD44hiFoxp3- T
cells rapidly up-regulate IL-10, resulting in a population that closely resembles Tr1 cells as
judged by expression of cytokines, surface markers and transcription factors, as well as
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functional suppressive capacity in vitro. Collectively, these data strongly suggest the cells are
bona fide Tr1 cells. My data also suggest that unconventional memory cells may be the
precursor for Tr1 cells. Yet, many questions remained to be answered. For example, what are
the factors that drive the differentiation of memory phenotype cells into Tr1 cells in vivo? Do
CD44 ligands, such as an extracellular matrix component hyaluronin, play a role in
regulating the in vivo activation of these cells? Is there an equivalent population of Tr1
precursor cells existing in humans? If so, what factors drive the differentiation of human Tr1
cells? These questions demand more studies on this population that would give us a better
understanding of the biology of Tr1 cells.
It is worth noting that although the emergence of memory phenotype cells does not
seem to require antigen stimulation, generation of functional Tr1 cells that express IL-10 and
function as suppressor cells in vitro does require stimulation through TCR (73, 90, 222, 286).
In vivo adoptive transfer experiments also suggest antigen stimulation is important for their
suppressive capacity (94, 118-120). These data are consistent with my observation that
unstimulated memory precursor cells did not produce IL-10 or any other cytokines (data not
shown).
After obtaining a population of mouse Tr1 cells, I focused on investigating the
ability of Foxp3+ Tregs versus Tr1 cells to regulate NLRP3 inflammasome activation. The
results indicated that Tr1 cells, but not Foxp3+ Tregs, inhibited ATP-induced inflammasome
activation via an IL-10 dependent mechanism. To my knowledge, this is the first report of a
differential role for Tr1 cells versus Foxp3+ Tregs in regulating a common inflammatory
pathway, as previous studies showed a similar suppressive function of Tr1 cells in different
disease settings, such as GVHD (105, 112, 127, 287, 288), intestinal inflammation (94, 101,
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254), organ transplantation (104, 119, 289), and in an infectious model with Aspergillus
fumigatus (222, 290).
Although Foxp3+ Tregs produce amounts of IL-10 that should theoretically be
sufficient to inhibit IL-1β production, they did not suppress the inflammasome to the same
degree as Tr1 cells. This finding suggests that Foxp3+ Tregs may have mechanisms that
counteract the effect of IL-10. One possibility that worth pursuing is based on my
observation that the expression of the ectoenzyme CD73, which degrades AMP into
adenosine, is consistently higher in Tregs compared to Tr1 cells. Since adenosine potentiates
inflammasome activation via activation of hypoxia-inducible-factor 1α (291), this
mechanism may block an inhibitory effect of IL-10. Moreover, since CD73 can also be
secreted within exosomes into the supernatants of Tregs (292), this mechanism could also
account for why the conditioned media of Tregs also failed to suppress IL-1β production. An
interesting possibility is that Foxp3+ Tregs and Tr1 cells are designed to suppress different
targets and have non-redundant role in mediating cell-specific and signal-specific immune
responses.
Despite superior inhibitory effects on inflammasome activation in vitro, the
effectiveness of CD44hiFoxp3- Tr1 cells in suppressing inflammasome mediated
inflammation was not observed in MSU induced peritonitis model and only a limited effect
was observed in the FCAS mice. Since macrophages reside in close proximity with Tr1 cells
within a defined volume of media in vitro, the amount of IL-10 produced by Tr1 cells can
accumulate and potently inhibit the production of IL-1β. On the other hand, in order to
suppress IL-1β production from macrophages in vivo, Tr1 cells need to migrate in close
proximity to macrophages and secrete IL-10. This process requires efficient trafficking and
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secretion of high amounts as IL-10 might be rapidly diluted and/or degraded by proteases.
Indeed, we did not detect elevated IL-10 levels either in the peritoneal lavage in the
peritonitis model or sera in the FCAS mice, despite the clear presence of Tr1 cells,
suggesting that most IL-10 remains in the local environment and is degraded rather than
systemically distributed.
The inconsistent ability of Tr1 cells to suppress systemic inflammation in FCAS mice
in vivo may be related to the inflammatory cytokine environment that the cells were exposed
to upon transfer. Future in vitro experiments need to be conducted to examine if these
polyclonal Tr1 cells are more suppressive when exposed to inflammatory cytokines or CD40
after the 4-day TCR stimulation. The other possible way to enhance the suppressive capacity
of these cells is to focus on exploring ways to enrich for antigen-specific cells during the
stimulation phase: for example, culturing together with allogeneic APCs to expand the
alloreactive Tr1 cells, or APCs presenting a known antigen to expand the antigen specific
clones. Other possibilities include isolating CD44 hiFoxp3- cells from TCR transgenic animals
so the cells can be stimulated in vivo with the cognate antigen. The phenotype and
suppressive capacity of the antigen-reactive Tr1 cells will need to be carefully evaluated first
in the in vitro assays, and ultimately in mouse models as described in Chapter 5.
In addition to optimizing the delivery of CD44hiFoxp3- Tr1 cells in a timely and
antigen-specific manner, another important consideration is to determine the functional
stability of these cells under conditions of chronic inflammation as these cells seem to have a
remarkable ability to repopulate the CD4 compartment in vivo. Although our results indicated
a stable phenotype of Tr1 cells based on the production of inflammatory cytokines over 4-5
days, primarily due to the limitation of our choice of model, it is critical to assess their
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functional stability in a long term, for example, using NLRP3A350V mice, another NLRP3
transgenic model with a slower disease progression, or a T cell transfer colitis model.
In summary, the data in this thesis demonstrate a novel role of ATP in modulating
TLR responses in intestinal epithelial cells, and uncover a unique ability of Tr1 cells, but not
Foxp3+ Tregs to suppress inflammasome activation in vitro, largely mediated by IL-10
secretion. These in vitro studies triggered further investigations on the application of Tr1
cells as a cellular therapy for autoinflammatory diseases, such as CAPS. I showed, for the
first time, that there was a promising protective effect of Tr1 cells in a murine model of
CAPS, which may open up new therapeutic opportunities for this disease. More importantly,
the data revealed the unique potential of Tr1 cells to dampen inflammatory responses to
cellular stress signals, together with their well-characterized suppressive function in adaptive
immune responses, Tr1 cells may represent a novel therapy in treating a wide range of
autoinflammatory diseases.
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