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ABSTRACT OF THE THESIS

The Role of Nod-like Receptor Protein 3 in Gut-Resident Regulatory T Cells

by

Jesse Wei-Sheng Tai

Master of Science in Biology

University of California San Diego, 2020

Professor Li-Fan Lu, Chair
Professor Elina Zuniga, Co-Chair
Regulatory T (Treg) cells are a subset of adaptive immune cells known for their
immunosuppressive functions. Emerging evidence demonstrates that Treg exist throughout the
body in tissue-specific sub-populations with specialized functions. RNA-seq analysis performed
on mice during systemic autoimmune inflammation revealed high expression levels of Nod-like
receptor protein 3 (NLRP3) in gut-resident Treg cells. NLRP3 is part of well-characterized
inflammasome commonly associated with innate immune cells, but is beginning to be

appreciated in adaptive immune cells as well. To determine the role of NLRP3 in gut-resident



Treg-mediated immunosuppression, we generated bone marrow chimeras (BMC) and found that
NLRP3-deficiency in Treg cells does not contribute to Treg development or homeostasis, but
does result in increased Teff production of IL-17A in the colon. Moreover, in an adoptive T cell

30 Treg cells failed to rescue Rag™ recipient mice

transfer model of colitis, co-transfer of NLRP
from weight loss and led to increased Teff production of IFN-y and IL-17A in the colon.
Moreover, to gain further insights into the role of NLRP3 in Treg cells, in addition to the
aforementioned studies with NLRP3*° Treg cells, we also generated a mouse model in which
NLRP3 is constitutively-activated in a Treg-specific manner (Foxp3“*NLRP3'“*). After
immunologically challenging these mice via Citrobacter rodentium, we have shown that colonic
Foxp3“*NLRP3'““Treg cells exhibit enhanced control over Teff production of IFN-y which
could potentially impact bacterial clearance. Collectively, by taking both loss-of-function and

gain-of-function approaches, our data reveals a pivotal role of NLRP3 in gut-associated Treg

cells in maintaining intestinal homeostasis.

xi



INTRODUCTION

Chapter 1: Tissue-Specific Regulatory T Cells

Regulatory T (Treg) cells are a distinct subset of adaptive immune cells that are known
for their immunosuppressive effector functions (Josefowicz et al., 2012). Treg cells are
characterized by their expression of the master transcription factor Foxp3, which endows Treg
cells with suppressor function (Fontenot et al., 2003). Indeed, loss-of-function mutation of the
Foxp3 gene locus results in the development of immune dysregulation, polyendocrinopathy,
enteropathy, X-linked (IPEX) syndrome in humans (Bennett et al., 2001; Brunkow et al., 2001;
Wildin et al., 2001), while causing multi-organ autoimmunity and early mortality in mice
(Godfrey et al., 1991). Thus, Treg cells are essential for maintaining proper immune homeostasis
and preventing autoimmune disorders.

It is well established that Treg cells are a heterogeneous population, and can upregulate
certain migratory, functional, and homeostatic molecules in response to immune signaling in
their environment (Campbell and Koch, 2011). Indeed, Treg cells exist throughout the body in
tissue-specific niches, allowing them to employ tissue-specific transcriptional programs and
effector functions to ensure immune homeostasis in their respective tissue environments
(Panduro et al., 2016). For example, visceral adipose tissue (VAT)-resident Treg cells, in
addition to expressing signature Treg markers such as Foxp3 and CD25, also express PPARY, the
master transcription factor of adipocyte differentiation (Cipolletta et al., 2012). PPARY serves as
a driver for the VAT-resident Treg cell phenotype, which is characterized by the differential
expression of numerous genes: upregulation of genes involved in leukocyte migration and
extravasation such as CCR1 and CCR2, upregulation of certain cytokines such as IL-10, and

upregulation of genes involved in lipid metabolism such as CD36 and Dgat (Cipolletta et al.,



2012; Feuerer et al., 2009; Panduro et al., 2016). PPARYy is also at least partially responsible for
the high expression of the ST2 receptor in VAT-resident Treg cells, which functions as a
receptor for the alarmin IL-33 and contributes to the accumulation of VAT-resident Treg cells in
the VAT tissue (Kolodin et al., 2015). VAT-resident Treg cells play an important role in
regulating VAT inflammation, a key contributor to type 2 diabetes and obesity. Indeed, ablation
of VAT-resident Treg cells results in inflammation and insulin resistance (Cipolletta et al.,
2012). Moreover, PPARYy agonists, widely used to treat type 2 diabetes, required PPARYy
expression in VAT-resident Treg cells to reach full efficacy, highlighting the importance of
VAT-resident Treg cells in healthy VAT metabolism.

Another well-characterized group of tissue-resident Treg cells is skeletal muscle Treg
cells, which have been shown to play an important role in muscle repair. This small population
of Treg cells rapidly proliferate in response to muscle damage by cardiotoxin (Ctx) injection, and
their proliferation coincides with the shift of macrophages from a pro-inflammatory state to an
anti-inflammatory state (Burzyn et al., 2013). Such a shift is necessary for proper muscle repair.
While skeletal muscle Treg cells express much of the canonical Treg gene signature, they also
differentially express multiple genes that contribute to muscle repair. For instance, skeletal
muscle Treg cells express higher levels of the anti-inflammatory cytokine IL-10, which plays an
important role in inducing an anti-inflammatory macrophage phenotype (Villalta et al., 2011;
Villalta et al., 2014). Skeletal muscle Treg cells also express high levels of the growth factor
amphiregulin (Areg), which can act directly on the epithelial growth factor receptor (EGFR) on
muscle progenitor cells (MPCs) and induce differentiation and muscle repair (Burzyn et al.,

2013). Interestingly, similar to VAT-resident Treg cells, skeletal muscle Treg cells also express



high levels of ST2, which is important for Treg recruitment to injured skeletal muscle (Kuswanto
et al., 2016).

Finally, another well-characterized group of tissue-resident Treg cells is colonic Treg
cells. The colonic mucosa is a site of intense immune activity, as immune cells must
simultaneously ward potential pathogens, tolerate dietary antigens, and tolerate commensal
microbial communities. As such, colonic Treg cells play a major role in ensuring proper colonic
homeostasis. Colonic Treg cells exist in two distinct subgroups: thymic-derived Treg cells
(tTregs) which express GATA3, and peripherally-induced Treg cells (pTregs) which express
retinoid-related orphan receptor gamma t (RORyt) (Ohnmacht et al., 2015; Sefik et al., 2015).
GATA3 has been shown to induce ST2 expression in Th2 cells (Guo et al., 2009), and
accordingly is also highly co-expressed with ST2 in colonic tTregs (Schiering et al., 2014).
Functionally, ST2 was demonstrated to be important in tTreg accumulation during intestinal
inflammation. Furthermore, ST2 signaling also contributed to tTreg stability and suppressor
function in vivo. On the other hand, pTreg differentiation, defined as Tregs expressing RORYt,
was found to be dependent on various environmental factors in the colon, namely IL-6, IL-23,
and the microbiota, although conflicting results for IL-23 have been reported (Ohnmacht et al.,
2015; Sefik et al., 2015). Ablation of the pTreg population, but not the tTreg population,
rendered mice more susceptible to trinitrobenzenesulfonic acid (TNBS)-induced colitis,
suggesting a non-redundant role of pTregs in colonic immune regulation (Sefik et al., 2015).
However, the exact roles of these different subsets of Tregs remain unclear, although it has been
hypothesized that pTregs primarily focus on decreasing inflammation while tTregs may have a

larger role in tissue repair (Hegazy and Powrie, 2015).



While the existence and function of such tissue-specific Treg sub-populations are
beginning to be explored, the precise suppressor mechanisms that each tissue-specific Treg sub-
population employs to maintain immune homeostasis remains poorly described. To this end, we
performed RNA-sequencing (RNA-seq) analysis on tissue-specific Treg cell subsets isolated
from mice suffering from autoimmune inflammation. In brief, mice containing the coding
sequence of a diphtheria toxin receptor (DTR) knocked into the 3’ untranslated region of Foxp3
(Foxp3P™ mice) were treated with diphtheria toxin (DT) to induce systemic Treg cell ablation as
previously described (Kim et al., 2007). These mice were then rescued from the resultant
autoimmune inflammation by injection of exogenous, congenically-marked Treg cells. By doing
s0, we hoped to induce expression of tissue-specific suppressor mechanisms in these exogenous
Treg cells due to immune signaling in the inflammatory environment in which they were
introduced. RNA-sequencing analysis on exogenous Treg cells extracted from different mouse
organs revealed high levels of Nod-like receptor protein 3 (NLRP3) in exogenous Treg cells
residing in the small intestine, suggesting that NLRP3 plays an important role in gut-resident

Treg cell-mediated immunosuppression.



Chapter 2: Nod-like Receptor Protein 3
2.1. Overview of Nod-like Receptor Protein 3

The Nod-like receptor protein 3 (NLRP3) inflammasome is a well-characterized
inflammasome commonly associated with the innate immune response (Swanson et al., 2019).
Inflammasomes are cytosolic complexes which are generally comprised of an upstream pattern
recognition receptor (PRR) sensor, the adaptor protein apoptosis-associated speck-like protein
(ASC), and downstream effector caspases. Inflammasome assembly leads to the cleavage and
activation of caspase-1, which in turn cleaves pro-IL-1 and pro-IL-18 into IL-1f3 and IL-18,
respectively. To date, multiple inflammasome receptors have been characterized, including
NLRPI1, NLRP3, NLRC4, AIM2, and Pyrin (Kanneganti, 2015). The NLRP3 receptor is
comprised of three sections: an N-terminal pyrin domain (PYD), a central nucleotide-binding
and oligomerization domain (NOD), and a C-terminal leucine-rich repeat domain (LRR) (Kelley
et al., 2019). During NLRP3 inflammasome activation, the NLRP3 pyrin domain oligomerizes
and interacts using the ASC pyrin domain, which in turn utilizes its caspase activation and
recruitment domain (CARD) to interact with the corresponding CARD domain on pro-caspase-1,
stimulating its cleavage into caspase-1 (Agostini et al., 2004; Srinivasula et al., 2002). Since the
initial discovery that gain-of-function mutations in NLRP3 are responsible for a family of
diseases now known as cryopyrin-associated periodic syndromes (CAPS) (Aksentijevich et al.,
2002; Hoffman et al., 2001), the mechanism of NLRP3 inflammasome activation has been
extensively explored. In brief, NLRP3 inflammasome activation requires two signals: a priming
signal which activates the transcription factor NF-kB, and an activation signal which leads to
NLRP3 inflammasome assembly (Kelley et al., 2019). The priming signal can be met through

the ligation of receptors such as toll-like receptors (TLRs) or Nod-like receptors (NLRs) to



pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs). This signal ultimately leads to the activation of NF-kB, which then promotes the
transcription of NLRP3 and pro-IL-1p, effectively licensing the cell for NLRP3 activation
(Bauernfeind et al., 2009). The activation signal can be met through a wide, seemingly unrelated
variety of cellular stress stimuli, including ionic flux, mitochondrial disruption, and lysosomal
disruption (Swanson et al., 2019). While it is hypothesized that these signals converge into a
common pathway that leads to NLRP3 activation, such a common denominator has yet to be
discovered. The result of the activation signal is the full-fledged formation and activation of the

inflammasome.

2.2 Nod-like Receptor Protein 3 in Intestinal Inflammation

The interleukins cleaved and released following inflammasome activation, IL-1f3 and IL-
18, both belong to the IL-1 family of interleukins and are known to have pleiotropic roles in
inflammation. Upon binding of an IL-1R family receptor, IL-1f3 can act on a wide range of
innate and adaptive immune cell types, which is extensively reviewed elsewhere (Bent et al.,
2018). Meanwhile, IL-18, originally known as IFN-y-inducing factor, binds to the IL-18 receptor
complex (Tsutsumi et al., 2014), which is also present on a wide range of innate and adaptive
immune cell types, reviewed elsewhere (Yasuda et al., 2019). The roles of NLRP3, IL-13, and
IL-18 in intestinal inflammation is incredibly nuanced, as both protective and pathogenic roles
have been attributed to the NLRP3 inflammasome (Mao et al., 2018). Initial studies on NLRP3-
deficient mice demonstrated that mice lacking NLRP3 exhibited diminished mortality and
symptoms upon induction of DSS-colitis and TNBS-colitis compared to controls, accompanied

with a decrease in IL-1p (Bauer et al., 2012; Bauer et al., 2010). Moreover, gain-of-function



polymorphisms were identified in the NLRP3 gene in patients suffering from inflammatory
bowel disease (IBD) (Schoultz et al., 2009; Verma et al., 2008). Additionally, high levels of IL-
1B (Coccia et al., 2012; Ligumsky et al., 1990) and IL-18 (Pizarro et al., 1999) have been
associated with IBD. Such data indicates that activation of the NLRP3 inflammasome may
contribute to intestinal inflammation.

In contrast, other groups observed increased mortality and symptoms in NLRP3-deficient
mice, suggesting a protective role of the NLRP3 inflammasome in intestinal inflammation
(Dupaul-Chicoine et al., 2010; Zaki et al., 2010). Such protective effects were primarily
attributed to the release of IL-18 by intestinal epithelial cells (IECs), as exogenous IL-18 rescued
NLRP3-deficient mice and restored intestinal barrier function (Siegmund, 2010). Furthermore,
polymorphisms within the NLRP3 gene locus, which decreased NLRP3 expression, also
correlated with increased symptoms of IBD (Villani et al., 2009). Overall, such disparate
findings have led to a great deal of controversy surrounding the role of the NLRP3
inflammasome and its role in regulating intestinal inflammation, and underscores the complex

nature of inflammasome and interleukin biology.

2.3 Nod-like Receptor Protein 3 in Adaptive Immune Cells

While the aforementioned studies focused primarily on the role of the NLRP3
inflammasome in innate immune biology, recently the role of NLRP3 in adaptive immune cells
has also begun to be appreciated. In a report on human T-helper type 1 (Thl) cells, TCR
activation leads to an increased expression of an intracellular complement component C5a,
which acts in an autocrine fashion and binds to the C5a receptor 1 (C5aR1). In turn, C5aR1

stimulation leads to the activation and assembly of the NLRP3 inflammasome (Arbore et al.,



2016). Following inflammasome assembly, IL-1p is released by Th1 cells and acts in an
autocrine fashion to promote the Th1 phenotype, as NLRP3 inhibition attenuated IFN-y
production.

In mouse T-helper type 2 (Th2) cells, Bruchard et al. found that NLRP3 acts non-
canonically as a transcription factor to support the Th2 transcriptional program in an
inflammasome-independent fashion (Bruchard et al., 2015). They showed that during Th2 cell
differentiation in vitro, NLRP3, and not caspase-1 or ASC, is upregulated and contributes to IL-4
expression. ChIP-seq analysis revealed that NLRP3 binds directly to Th2-related genes as a
transcription factor. Nuclear localization of NLRP3 was dependent on expression of the importin
protein karyopherino (Kpna2). Furthermore, NLRP3 also uses its LRR domain to form a
complex with key Th2-differentiation transcription factor IRF4. This complex then binds to the
114 promoter and drives transcription. Notably, Bruchard et al. also investigated the effects of
NLRP3 deficiency on the differentiation of other CD4" T cell subtypes in vitro, and found that
NLRP3, caspase-1, and ASC deficiency did not affect Foxp3 expression during Treg
differentiation, though NLRP3 deficiency did modestly decrease expression of RORyt during T-
helper type 17 (Th17) differentiation.

Another group found that during Th17 differentiation, pro-IL-1p is strongly induced, and
IL-1B can be released from Th17 cells in a manner dependent on NLRP3, ASC, and caspase-8
(Martin et al., 2016). In vitro, IL-1p worked in an autocrine fashion and promoted the survival
and proliferation of Th17 cells, which also expressed high levels of IL-1R. Furthermore, T-cell
expression of ASC was required for Th17-mediated experimental autoimmune encephalomyelitis

(EAE) pathogenesis.



Recently, a report regarding the role of NLRP3 as a transcriptional regulator in mouse
Treg cells, analogous to its role in Th2 cells, was also published (Park et al., 2019). In this study,
Park et al. show that NLRP3 serves as a negative regulator of Foxp3 expression in Treg cells in
an inflammasome-independent manner in vitro. To this end, NLRP3-deficient Treg cells
expressed higher amounts of Foxp3 on a per cell basis. This is contrary to Bruchard et al.’s
report, in which no significant difference in Foxp3 expression was found during in vitro
differentiation of NLRP3-deficient Treg cells (Bruchard et al., 2015). In a manner similar to the
role of NLRP3 in Th2 cells as characterized by Bruchard et al., Park et al. found that co-
localization of the LRR domain of NLRP3 with the importin Kpna2 in Treg cells also allowed
for the translocation of NLRP3 into the nucleus in vitro. While the authors did not use ChIP-seq
studies to find a consensus binding motif for NLRP3 near the Foxp3 gene locus, knockdown of
the LRR domain of NLRP3 led to restoration of normal Foxp3 levels during in vitro
differentiation, suggesting a transcriptional regulatory role of NLRP3 on Foxp3 expression.

In our study, we aim to continue to explore the role of NLRP3 in Treg cells in vivo,
utilizing both loss-of-function and gain-of-function genetic manipulations in the NLRP3 gene
locus. By utilizing bone marrow chimeras (BMCs), Citrobacter rodentium infection, adoptive T
cell transfer colitis, and tumor models, we hope to shed light on the cell-extrinsic and cell-

intrinsic role of NLRP3 in Treg cells.



RESULTS

Chapter 1: RNA-Sequencing Analysis of Tissue-Specific Regulatory T Cells in an Autoimmune
Inflammation Model

Foxp3°™ mice were treated with DT as previously described (Kim et al., 2007), resulting
in fatal multi-organ autoimmunity characterized by hyperproliferation of CD4 Foxp3- cells,
henceforth referred to as Teff cells (Fig. 1). Rescue of mice with injection of exogenous,
congenically-marked Thy1.1" Tregs resulted in a reduction of hyperproliferative Teff cells
(Ki67") and hyperactivated Teff cells (CD25"). Then, these activated Treg cells, as well as their
Teff cell counterparts, were isolated from different anatomical regions from the mice including
the spleen, lung, and small intestine lamina propria (SI LP), and utilized in RNA-seq analysis.
Principal-component analysis (PCA) revealed a high degree of similarity between Treg cells, as
well as Teff cells, isolated from the same tissue regardless of DT treatment status (Fig. 2a).
However, DT treatment also resulted in a considerable level of similarity among the cells,
regardless of cell origin (Fig. 2b). Such findings support the notion that Treg cells are greatly
influenced by both environmental factors and inflammatory conditions. Next, to characterize the
tissue-specific transcriptional program of intestinal Treg cells in controlling gut-associated
inflammation, we used Scatter Plot analysis to compare genes that are differentially expressed in
Treg cells vs Teff cells isolated from the SI LP with or without autoimmune inflammation (Fig.
3a). Our analysis of tissue-specific Treg cell transcriptome profiling data revealed high
expression of Nlrp3 specifically in Treg cells isolated from the inflammatory intestinal tissue, a
phenotype which was not observed in Treg cells isolated from other inflammatory tissue (Fig.
3b). Moreover, genes involved in canonical NLRP3 function, including A4sc, 1/1b, and 1118, were

also upregulated in intestinal Treg cells (Fig. 3c-e).
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Chapter 2: Evaluating the Role of Nod-like Receptor Protein 3 using NLRP3*° Mice
2.1 Bone Marrow Chimera Studies

To evaluate the effects of NLRP3 specifically in Treg cells in vivo, we generated two
different sets of bone marrow chimeras (BMC). To this end, mice with a germline deletion of
NLRP3 (NLRP3*°) were obtained. First, to evaluate the cell-extrinsic effects of Treg cells
deficient in NLRP3, we mixed bone marrow (BM) cells from Ly5.1" mice with BM cells from
either NLRP3"° mice or NLRP3"™" mice. These mixtures were then injected intravenously (IV)
to irradiated Rag”™ mice. Thus, in Ly5.1"/NLRP3*° mice, NLRP3-deficient Treg cells are placed
in a competitive environment with wild-type (WT) Treg cells. After 7-9 weeks, the animals were
sacrificed and tissues were harvested for analysis. Interestingly, the absence of NLRP3 in Treg
cells did not result in a change in the ratio of Ly5.1/Ly5.1" Treg cells in any tissue when
compared to Ly5.1"/NLRP3"" BMCs (Fig. 4). This suggests that both Treg development and
homeostasis is not affected by the absence of NLRP3. Furthermore, no difference was found in
the proliferation and activation of Teff cells, despite a trend for the reduction of Teff cell release
of pro-inflammatory cytokines in several tissues (data not shown). However, such a reduction in
pro-inflammatory cytokines was expected, as other studies have demonstrated that NLRP3 is
important for Th1 and Th17 responses (Arbore et al., 2016; Martin et al., 2016).

Next, to evaluate the cell-intrinsic effect of NLRP3 in Treg cells, we generated another
set of BMCs. BM cells from Foxp3*® mice were mixed with BM cells from either NLRP3*°
mice or NLRP3"" mice, and injected IV to irradiated Rag'/ “mice. As such, Foxp3<°/NLRP3*°
BMC:s only had Treg cells that did not express NLRP3. When evaluating the Treg-specific cell-
intrinsic effect of NLRP3 in Foxp3“?/NLRP3*° BMCs, no difference in the number of Treg cells

in any tissue was found when compared to Foxp3“®/NLRP3V" BMCs (Fig. 5), further
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suggesting that NLRP3 does not play a role in Treg cell homeostasis. Furthermore, the activation
and proliferation of Teff cells was unchanged (data not shown). In terms of cytokine production,
we observed an increasing trend in IFN-y and TNFa released by Teff cells in some tissues, but
only a statistically significant increase was observed in IL-17A production by Teff cells in the
large intestine in Foxp3*“?/NLRP3*° BMCs (Fig. 6a). These results suggest that the absence of
NLRP3 in Treg cells affects their ability to regulate the Th17 inflammatory response specifically

in the large intestine.

2.2 Adoptive T Cell Transfer Colitis

Since our findings studying the Foxp3*°®/NLRP3*° BMC model suggest that NLRP3-
deficient Treg cells have a reduced ability to control colonic inflammation, we aimed to test the
functional significance of Treg-specific NLRP3-deficiency using an intestinal inflammation-
driven disease model. Currently, because we lack a mouse model with a conditional knockout of
NLRP3 in Treg cells (Foxp3““NLRP3™"™), we utilized a previously described adoptive T cell
transfer-induced intestinal inflammation model in which severe colitis is induced upon transfer
of naive CD4" Teff cells into immunodeficient Rag'/' recipient mice (Izcue et al., 2008). In this
model, co-transfer of Treg cells rescues recipient mice from immunopathology (Mottet et al.,
2003). Thus, we aimed to co-transfer either NLRP3*®or WT Tregs to rescue recipient mice from

3%9 or WT Tregs in rescuing

such immunopathology. By comparing the efficacy of NLRP
recipient mice, we hoped to gain further insights on the function of NLRP3 in Treg-mediated
immunosuppression. To this end, we intraperitoneally (i.p.) injected FACS-sorted

CD4"CD45RB™ T cells with or without WT or NLRP3*© Treg cells into Rag” mice and

monitored for weight loss as a proxy of intestinal inflammation (Fig. 7a). As expected, we
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observed a sharp decrease in body weight among Rag™ recipients of Teff cells only, a phenotype
which was abrogated when WT Treg cells were co-transferred. However, when co-transferring
NLRP3*° Treg cells instead of WT Treg cells, mice once again exhibited a sharp decrease in
body weight, suggesting that NLRP3*° Treg cells are defective in protecting mice from
pathologic intestinal inflammation.

When recipient Rag”™ mice lost significant body weight, all mice were sacrificed, and
tissues were processed for flow cytometry analysis. While Treg cell frequency, Teff activation,
and Teff proliferation were not different between Rag™ recipients co-transferred with WT Treg
cells or NLRP3"© Treg cells in all tissues (data not shown), we observed an increasing trend in
Teff production of both IFN-y and IL-17A in the large intestine of Rag” recipients co-transferred
with NLRP3*° Treg cells (Fig. 7b-c). We plan on continuing to run more of these experiments
once the requisite mice are bred to gather enough data to reach a statistical significant difference.
Nevertheless, just as in the Foxp3<°/NLRP3*? BMC model, the data from the adoptive T cell

3KO

transfer colitis model suggests that NLRP3™" Treg cells are deficient in their ability to control

Th17 cell responses, while also possibly being deficient in their control of Th1 cell responses.

2.3 Establishing the Vil1“*APC"™" Model to Study the Role of Nod-like Receptor Protein 3 in
Regulatory T Cells

Next, we attempted to use NLRP3*° Treg cells in an adoptive transfer
Vil1“*Apc™“colorectal cancer (CRC) model (Cheung et al., 2010) to investigate whether NLRP3
may play a role in Treg-mediated immunosuppression of tumor-promoting inflammation in the
gut. Vill®Apc™* mice express cre recombinase under control of the Vill promoter, a gene

expressed in intestinal epithelial cells, and contain a floxed Apc allele. Deleting the Apc gene
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causes Vill“Apc™* mice to spontaneously develop tumors at approximately 3 months of age.
Loss-of-function of the Apc gene has previously been shown to cause tumorigenesis through IL-
17A-mediated genotoxic inflammation (Chae et al., 2010). Thus, while generally Treg cells are
thought to play a role in protecting cancer from the immune system, in the case of this CRC
mouse model, Treg cells can instead prevent tumorigenesis by suppressing tumor-promoting
inflammation. To this end, a previous study by Erdman et al. showed that exogenous injection of
WT Treg cells can reduce tumor numbers in Apcmin/+ mice (Erdman et al., 2005). Thus, we
aimed to determine whether NLRP3-deficiency would prevent NLRP3*° Treg cells from
rescuing Vill““Apc™ ‘mice from spontaneous CRC. To this end, we planned to rescue 3-month
old Vil1“*Apc” " mice from tumor-promoting inflammation via adoptive transfer of either WT
Treg cells or NLRP3"° Treg cells, as previously described (Erdman et al., 2005). By monitoring
tumor numbers and immune phenotype, we hoped to determine whether NLRP3 plays a role in
Treg immunosuppression of tumor-promoting inflammation. However, upon adoptive transfer of
WT Treg cells to Vil1“*Apc™ " mice, we were unable to reproduce a reduction in tumor number
as found in previous studies (Erdman et al., 2005) (Fig. 8). In the future, we plan to further
optimize this model by injecting a greater number of Treg cells, or by injecting mice earlier than
3 months. Alternatively, we may switch to another IL-17A-driven CRC model such as the
AOM/DSS model, which we could then directly induce into Foxp3““NLRP3"" mice once

obtained (De Robertis et al., 2011; Hyun et al., 2012).
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Chapter 3: Evaluating the Role of Nod-like Receptor Protein 3 using Foxp3“*NLRP3'“* Mice
To further our understanding of the role of NLRP3 in Treg cells, we generated a mouse
line with a Treg-conditional, constitutively-active form of NLRP3 by taking advantage of the
previously described NLRP343°V2°R™ mouse line (Brydges et al., 2009). The NLRP3A330VneoR/*
mouse line houses a reverse-orientation, floxed neomycin cassette upstream of a constitutively-
active NLRP3*%**Y mutant allele. The reverse-orientation neomycin cassette transcriptionally
silences NLRP3***V until floxed out by cre recombinase. Thus, only cells expressing the cre

recombinase protein will be induced to express a constitutively-active form of NLRP3. By

3A350VneoR/+ 3 A350VneoR/+

crossing Foxp3™® mice with NLRP mice, we generated Foxp3““NLRP
mice, henceforth referred to as Foxp3““NLRP3'“* mice. In sum, this newly-generated
Foxp3““NLRP3'“* mouse line has a constitutively-active form of NLRP3 specifically in Treg
cells.

At steady-state (3-4 months of age), Foxp3“*NLRP3'“* mice were sacrificed along with
age-matched Foxp3““ controls, and their tissues were harvested and cells were extracted.
Following ex vivo stimulation and flow cytometry analysis, we found that there was no
difference in Treg frequency between Foxp3“™ mice and Foxp3“*NLRP3'“* mice in all tissues
(Fig. 9, spleen and large intestine data shown). Furthermore, there was no difference in Treg or
Teff activation and proliferation (data not shown). Finally, there was no statistically significant
difference in cytokine production by Teff cells (Fig. 10, spleen and large intestine data shown),
although there appears to be a decrease in IFN-y production both in the large intestine and in the
spleen.
3iCA

Although we did not observe any differences in immune phenotype in Foxp3“*NLRP

mice at steady-state, we speculated that because the mice were healthy, any deficiencies or
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advantages Foxp3“*NLRP3'“* Treg cells had in immunosuppression would not be detected
because Foxp3“*NLRP3'“* Treg cells were not being actively used to suppress pathogenic
immune activation. Thus, we decided to immunologically challenge Foxp3“*NLRP3'“* mice,
and because the BMC and adoptive T cell transfer colitis models suggested that NLRP3 is
important for Treg-regulation of Th17 cells, we planned to infect Foxp3“*NLRP3'“* mice with
Citrobacter rodentium. C. rodentium is a bacterial pathogen used in mice to model the
pathogenesis of human Escherichia Coli infection (Bouladoux et al., 2017). C. rodentium
infection manifests in the colon of mice, and is known to elicit a strong IL-17A response, which
is important in host clearance of the bacteria (Ishigame et al., 2009). To first confirm that NLRP3
in Treg cells is indeed important for controlling C. rodentium infection-mediated inflammation,
we infected wild-type mice with C. rodentium and sorted out wild-type Treg and Teff cells
isolated from the spleen and large intestine. Then, ten days following induction of infection, we
used quantitative polymerase chain reaction (QPCR) to check for NLRP3 gene expression in
these cell subsets. As expected, following C. rodentium infection, Treg cells specifically from
the large intestine upregulated NLRP3 gene expression (Fig. 11). Thus, we concluded that
NLRP3 is important in colonic Treg cell-mediated immunosuppression of C. rodentium
infection, and proceeded to infect Foxp3“*NLRP3'“* mice and Foxp3“® controls with C.
rodentium.

Ten days following infection, mice were sacrificed and tissues were harvested for flow
cytometry analysis. Following C. rodentium infection, the trend in decreasing Teff production of
IFN-y became statistically significant in the large intestine of Foxp3“*NLRP3'“* mice (Fig. 12a).

Meanwhile, there was no difference in Teff production of IFN-y in the spleen (Fig. 12b), nor was

there any difference in IL-17A production both in the large intestine or spleen (Fig. 12 c-d).
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Fecal samples from the mice were also gathered on Day 10 to check the bacterial burden of C.
rodentium. Interestingly, we found that there is an increasing trend in colony-forming units
(CFU) in Foxp3“*NLRP3'“* mice compared to Foxp3“ controls, a trend that is weakened by the
presence of three Foxp3“*NLRP3'“* outliers with exceptionally low CFU/g fecal matter (Fig.
13). Initially, we did not anticipate such a trend because there was no difference in IL-17A
production in the two mouse lines, as IL-17A plays an established role in clearance of the C.
rodentium infection (Ishigame et al., 2009). However, other studies have also demonstrated a
protective role for IFN-y during C. rodentium infection as well, as IFN-y-deficient mice
exhibited slower clearance of C. rodentium (Shiomi et al., 2010; Simmons et al., 2002). This
effect has previously been attributed to a decrease in mouse 3-defensin 3 (mBD-3) production in
intestinal epithelial cells in IFN-y-deficient mice (Simmons et al., 2002) as well as a decreased
efficiency in macrophage phagocytosis (Shiomi et al., 2010). Thus, we conclude that Treg cells
with a constitutively-active form of NLRP3 are more able to control IFN-y release from Teff

cells, which leads to the delay of C. rodentium clearance.
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DISCUSSION

Treg cells exist throughout the colon in two distinct subpopulations: tTregs which express
GATA3, and pTregs which express RORyt (Ohnmacht et al., 2015; Sefik et al., 2015). While it is
well-known that colonic Treg cells play diverse roles in preventing intestinal inflammation
(Boden and Snapper, 2008; Panduro et al., 2016) and promoting commensal tolerance (Izcue et
al., 2009), the precise suppressor mechanisms that colonic Treg cells employ remain poorly
described. Here, we report a role for NLRP3 in colonic Treg-mediated immunosuppression.
During intestinal inflammation, Treg cells in the intestine upregulate genes related to the
canonical function of the NLRP3 inflammasome, including Nirp3, Asc, 111b, and I118. During
BMC experiments, irradiated Rag” mice reconstituted with BM cells from both Foxp3*° and
NLRP3*° mice lack Treg cells expressing NLRP3, and consequently display an increase in IL-
17A production by Teff cells. This phenotype was limited to the large intestine, suggesting that
NLRP3 plays an important role in colonic Treg cell-mediated immunosuppression of Th17 cells.
This phenotype is unlikely to be due to changes in Treg stability in NLRP3-deficient Treg cells,
as Foxp3X°/NLRP3*° BMCs had similar numbers of Treg cells in all tissues when compared to
Foxp3*?/NLRP3"" BMCs. Moreover, Ly5.1"/NLRP3*° BMCs had a similar ratio of Ly5.1"
/Ly5.1" Treg cells as Ly5.1"/NLRP3"" BMCs, further ruling out the possibility that NLRP3
deficiency in Treg cells leads to a change in stability of Foxp3 expression and Treg homeostasis.

Previously, another report suggests that NLRP3 expression can suppress in vitro-induced
Treg (iTreg) generation by acting as a transcriptional regulator of the Foxp3 gene (Park et al.,
2019). This report also showed an in vivo increase in the Treg cell population in NLRP3*° mice;
however, it is unclear whether such an increase is due to Treg-intrinsic NLRP3 expression or due

to environmental factors altered due to NLRP3-deficiency in other cell types. Regardless, in our
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aforementioned experiments, we did not find any decrease in Foxp3 expression due to NLRP3-
deficiency. It is unclear whether this is due to the lymphopenic environment within Rag”

3%9 Treg cells may hold.

recipient mice, which may obscure any survival advantages that NLRP
Future studies on Foxp3“*NLRP3"" mice will help clarify the role of NLRP3 as a transcriptional
regulator of Foxp3 expression in vivo. The same report (Park et al., 2019) also shows a
decreased immunosuppressive ability in NLRP3*iTreg cells, which we were unable to replicate
(data not shown).

To further study the effects of NLRP3-deficiency on Treg cell-mediated
immunosuppression, we utilized a previously established adoptive T cell transfer model to
induce colitis (Izcue et al., 2008; Mottet et al., 2003). We found that when Teff cells were co-
transferred with NLRP3*° Treg cells instead of WT Treg cells, recipient mice succumbed to
severe body weight loss, just as in recipients of Teff cells only. Further analysis revealed that
mice injected with a co-transfer of NLRP3" Treg cells exhibited increased Teff production of
IFN-y and IL-17A in the large intestine.

While we are in the process of obtaining a mouse model with a Treg-conditional deletion
of NLRP3 (Foxp3““NLRP3™) to further our studies on NLRP3-deficiency in Treg cells, in the
meantime we have obtained a mouse model with a Treg-conditional constitutively-active form of
NLRP3 (Foxp3“*NLRP3'“*). At steady-state, we found no changes in immune phenotype in
these mice when compared to Foxp3“* controls. Following C. rodentium infection,
F0xp3°reNLRP3iCA mice appeared to have a greater bacterial burden. Since IL-17A is important
in clearance of C. rodentium infection (Ishigame et al., 2009), and because NLRP3*° Treg cells
3icA

were deficient in their control of Th17 responses, we hypothesized that Foxp3““NLRP Treg

cells were more capable of suppressing [L-17A secretion, which led to the greater bacterial
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burden. However, after flow cytometry analysis, Foxp3“*NLRP3'“* mice showed no change in

IL-17A production and instead showed a decrease in IFN-y production. Previous works have also
implicated IFN-y in clearance of C. rodentium infection. Such studies have attributed this role to
IFN-y’s ability to induce the antimicrobial peptide mBD-3 as well as to induce efficient
phagocytosis by macrophages (Shiomi et al., 2010; Simmons et al., 2002). Overall, we propose a
model in which NLRP3 is upregulated in colonic Treg cells upon intestinal inflammation, which
endows Treg cells with suppressive function to act on such inflammation with possible
implications during bacterial infection (Fig. 14).

Future directions for this project include mechanistic studies on the function of NLRP3 in
Treg cells in vivo. Although our RNA-seq data indicates that genes involved in the canonical
function of NLRP3 are upregulated, Park et al. and Bruchard et al. show that NLRP3
inflammasome assembly is not necessary for the role of NLRP3 as a transcriptional regulator in
Treg cells and Th2 cells, respectively (Bruchard et al., 2015; Park et al., 2019). Thus, utilizing
ChIP-seq experiments on colonic Treg cells during inflammation may yield insights into which
genes NLRP3 may be influencing. To this end, a Treg-conditional mutation in the LRR domain,
the domain in NLRP3 necessary for association with the Kpn2 importin and nuclear localization,
may prove to be useful. However, because genes involved in canonical NLRP3 function are
upregulated during autoimmune inflammation, and because we found shifts in immune
phenotype in Foxp3““NLRP3'“* mice, which harbor an NLRP3****Y mutation resulting in
hyperactivity of the NLRP3 inflammasome, we hypothesize that NLRP3 inflammasome
assembly occurs in colonic Treg cells during inflammation as well. It is possible that a
combination of canonical NLRP3 inflammasome assembly as well as the function of NLRP3 as a

transcription factor both contribute to colonic Treg cell-mediated immunosuppression. Staining
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for inflammasome speck formation, and flow cytometry analysis for IL-1f and IL-18 production
in Treg cells ex vivo from mice suffering from intestinal inflammation may help test this
hypothesis.

Since intestinal Treg cells have been implicated in the pathogenesis of CRC (Erdman and
Poutahidis, 2010) and have previously been shown to prevent CRC-promoting inflammation
(Erdman et al., 2005), in the future we hope to either optimize the Vill“Apc™" adoptive transfer
model or establish the AOM/DSS CRC model to investigate the effects of NLRP3 in Treg cell-
mediated immunosuppression of CRC-promoting inflammation. We plan to modify our adoptive
transfer protocol by injecting more Treg cells than previously reported, or by injecting mice
earlier than 3 months. Otherwise, inducing the AOM/DSS model directly on Foxp3“*NLRP3™"
and Foxp3““NLRP3'“* mice will also allow us to study the effects of NLRP3 in Treg cells in the
context of CRC. Hopefully, our studies will open therapeutic avenues to prevent CRC

progression through manipulation of NLRP3 in Treg cells.
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MATERIALS & METHODS

Mice

Mice containing a germline deletion of NLRP3 (NLRP3*°) were provided by Dr. Hal
Hoffman of UCSD. Vill“*ApcMin"" were provided by Dr. Wendy Huang of UCSD.
NLRP34%, Rag'/', Ly5.1, and C57BL/6J mice were obtained from Jackson Laboratories. All
mice were maintained and handled in accordance with the Institutional Guidelines for Animal
Care and Use of UCSD and National Institutes of Health Guidelines for the Care and Use of

Laboratory Animals and the ARRIVE Guide.

Ex Vivo Phenotyping and Flow Cytometry

Single-cell suspensions of the thymus, lymph nodes, and spleen were prepared using
slides and nytex filters. To isolate lymphocytes in the lung and small intestine and large intestine
lamina propria, tissues were harvested and washed in RPMI-1640, and epithelial cells were
removed (lamina propria- 5 mM EDTA and 1 mM DTT), followed by enzymatic digestion (0.16
U/ml Liberase TL; Roche), and 47% Percoll gradient centrifugation to enrich the lymphocytes.

Cells were labeled in FACS buffer (5% FBS in PBS) and then stained with Ghost Dye
Red 780 (Tonbo Biosciences) to label dead cells. Then, cell surface markers were stained with
antibodies against CD4, CD8a,, CD44, CD62L, CD45, and Ly5.1 (eBioscience). For intracellular
staining, a Foxp3/Transcription Factor Staining kit (Tonbo Biosciences) was used according to
the manufacturer’s instructions. Intracellular staining of Foxp3, Ki67, T-bet, RORyt, IFN-y, and

IL-17A (eBioscience) was performed after fixation and permeabilization.
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DT-Ablation of Regulatory T Cells and RNA-sequencing

3°™R mice (3-4 months) were treated with DT and Thy1.1"-labeled Treg cells every

Foxp
other day for 11 days. At the end of 11 days, the tissues were harvested and Treg cells and Teff

cells were isolated by sorting. RNA-seq was then performed to characterize altered gene

expression.

Bone Marrow Chimera Generation

BM cell suspensions were extracted from femurs and tibias. These suspensions were then
depleted of T cells using magnetic beads coated with the Thy1.1 antibody. Next, either Ly5.1" or
Foxp3*° BM was mixed with either NLRP3%" or NLRP3*° BM in a 1:1 ratio. The resulting
mixtures were injected IV in irradiated Rag”™ mice. The mice were maintained with water with

neomycin (20 mg/mL) and sacrificed 7 to 9 weeks post-injection for tissue analysis.

Adoptive T Cell Transfer Colitis

Naive, FACS sorted CD4 CD45RB" T cells were isolated from spleens of wild-type
mice. Briefly, following CD4" T cell enrichment, cell suspensions were stained with anti-CD4,
anti-CD25, and anti-CD45RB (eBioscience). Then, CD4 'CD25 CD45RB™ T cells were sorted.
Furthermore, CD4'CD25 CD45RB" Treg cells were also sorted from wild-type or NLRP3*°
mice. Sex-matched Rag”" recipient mice were then given an i.p. injection with 4 x 10°
CD4'CD25 CD45RB™ T cells, with or without co-injection of 10° WT or NLRP3*® Treg cells.
Then, the body weights of recipient mice were monitored until severe weight loss was observed,

upon which mice were sacrificed and tissues were harvested for analysis.
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Quantitative Real-Time PCR

Treg cells from Foxp3°™"

mice 10 days after C. rodentium infection were FACS-sorted
from the large intestine of mice. Total RNA was extracted using the RNeasy kit (QIAGEN), and
complementary DNAs (cDNAs) were generated by the iScript cDNA synthesis kit (Bio-Rad
Laboratories). Real-time PCR was performed using SYBR Green PCR kits (Applied
Biosystems). All real-time reactions were run on a 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific). Primer sequences are as follows: GAPDH: F: 5°-

CGTCCCGTAGACAAAATGGT-3’, R: 5’-TCAATGAAGGGGTCGTTGAT’3’; NLRP3: F: 5°-

AGAAGAGACCACGGCAGAAG-3’, R: 5’-CCTTGGACCAGGTTCAGTGT-3".

Citrobacter rodentium Infection

On Day 1, the DBS100, sodium iodide (Nal)-resistant strain of C. rodentium was
streaked out on an LB and Nal plate. Our strain was obtained from Dr. Manuela Raffatellu in the
School of Medicine, UCSD. The plate was then incubated at 37°C overnight. On Day 2, a single
colony was used to form an overnight culture in LB and Nal with aeration. Approximately 2 mL
of overnight culture was generated per mouse infected. On Day 3, each culture was diluted in
1:10 LB, and then the ODgo of the culture was measured. Next, 5.0 x 10° CFU/mouse was
gathered and spun down at 3200 x g for 20 min at 4°C. The pellet was re-suspended in PBS so
that there was 100 ul per mouse to be infected. Then, mice were infected by oral gavage. During
this time, mouse cages were unchanged so that C. rodentium could be transmitted via ingestion
of mouse feces. At Day 10 post-infection, mice were sacrificed, tissues were harvested, colon

length was measured, and feces were gathered for analysis.
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Adoptive Transfer in Vill"“ApeMin™" Mice

Treg cells were isolated from the spleen of wild-type mice, as described above, and were
injected i.p. into Vil1“*ApcMin"™" mice at 3 months of age. Then, three weeks later,
Vill“eApcMinﬂ/ " mice were sacrificed, and the duodenum, ileum, jejunum, and colon were
harvested. All sections of the intestine were subsequently cut open lengthwise, and tumor

numbers were counted.
Statistical Analysis
The unpaired Student t test or the non-parametric Mann-Whitney test were used. P values

below 0.05 were considered significant.

This thesis is coauthored with Lin, Chia-Hao, Cunha, Flavia, and Lu, Li-Fan. The thesis

author is the primary author of this thesis.
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FIGURES & FIGURE LEGENDS
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Figure 1. Mice with autoimmune inflammation following Treg cell ablation were rescued with transfer of

exogenous Treg cells. The frequency of Ki67" (a) and CD25"(b) cells within the CD4" T cell compartment isolated
from Foxp3"™ mice treated with PBS, DT, and DT with transfer of congenically marked Treg cells.
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Figure 2. PCA of gene expression by different Treg and Teff cell subsets. Grouping was made by anatomical
location (a) or DT treatment status (b). Axes indicate the relative scaling of the principal variables.
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Figure 3. Elevated NLRP3 expression in intestinal Treg cells isolated from the inflammatory environment. Scatter
plot analysis depicting log2 fold changes of genes differentially-expressed in SI LP Treg cells over Teff cells in DT-
treated mice versus those in PBS-treated controls (a). mRNA expression of NLRP3 (b), ASC (c), IL-1B (d), and IL-
18 (e) in tissue-specific Treg and Teff cell subsets, isolated from DT-treated mice and PBS-treated controls.
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Figure 4. Evaluation of NLRP3-deficiency on Treg homeostasis in a competitive environment. BM cells from
Ly5.1" and NLRP3*° or NLRP3"“" mice were mixed and transferred IV to irradiated Rag'/' mice as shown (a).
Tissues were harvested after 7-9 weeks. Cells were extracted, stimulated ex vivo, stained, and analyzed via FACS.
The number of Treg cells was normalized calculating a ratio between Ly5.1" and Ly5.1" cells. This ratio was
evaluated in different tissues, including the thymus (Thy) (b), spleen (c), small intestine (SI) (d), large intestine (LI)
(e), and lung (f).
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Figure 5. Evaluation of Treg-specific NLRP3-deficiency on Treg homeostasis. BM cells from Foxp3*© and
NLRP3*° or NLRP3"" mice were mixed and transferred IV to irradiated Rag”™ mice as shown (a). Tissues were
harvested after 7-9 weeks. Cells were extracted, stimulated ex vivo, stained, and analyzed via FACS. Total Treg cell
number in the thymus (Thy) (b), spleen (c), small intestine (SI) (d), large intestine (LI) (e), and lung (f) are shown.
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Figure 6. Evaluation of Treg-specific NLRP3-deficiency on immune phenotype. Foxp3*?/NLRP3"" and
Foxp3K0/NLRP3KO BMCs were sacrificed 7-9 weeks after injection. Cells were extracted, stimulated ex vivo,
stained, and analyzed via FACS. Teff production of IL-17A from the large intestine (a) and spleen (b) is shown.
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Figure 7. Use of the adoptive T cell transfer colitis modelto evaluate the efficacy of NLRP3"*" Treg cells in

. .. . /- .. .. . . .
preventing colitis. Teff cells were transferred i.p. to Rag™ recipients in isolation or with co-transfer of either WT
Treg cells or NLRP3*° Treg cells. Body weight was monitored (a). Mice were sacrificed upon severe weight loss,
and tissues were harvested for FACS analysis. Teff production of IFN-y (b) and IL-17A (c) in the large intestine is
shown.
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Figure 8. Quantification of tumor number in Vill“™Apc™* mice after WT Treg injection. Vill**Apc”” mice were
injected with either PBS or WT Treg cells at 3 months of age. 3 weeks later, mice were sacrificed and tumors in the
duodenum (a), jejunum (b), ileum (c), and colon (d) were counted (e).
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Figure 10. Teff cytokine production in Foxp3“*NLRP3'“* mice at steady-state. At 3-4 months of age, Foxp3“ and
Foxp3“°*NLRP3'“* mice were sacrificed and Teff production of IFN-y and IL-17A were quantified. Teff IFN-y
production from the large intestine (LI) (a) and spleen (b) are shown. Teff IL-17A production from the large
intestine (c) and spleen (d) are shown.
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Figure 11. Nirp3 gene expression in Teff and Treg cells sorted and isolated from the spleen and large intestine (LI)
of WT mice ten days following C. rodentium infection.
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Figure 12. Teff cytokine production in Foxp3“*NLRP3'“* mice after C. rodentium infection. Ten days after C.
rodentium infection, Foxp3°™ and Foxp3““NLRP3'“* mice were sacrificed and Teff production of IFN-y and IL-17A
were quantified. Teff IFN-y production from the large intestine (LI) (a) and spleen (b) are shown. Teff IL-17A
production from the large intestine (c) and spleen (d) are shown.
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Figure 13. Evaluation of C. rodentium burden in Foxp3“*NLRP3'“* mice ten days after C. rodentium infection.
Bacterial burden, as measured by CFUs gathered from fecal samples, was quantified and normalized by fecal
weight.
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Figure 14. Proposed model of NLRP3 function in colonic Treg cells. Inflammation from a variety of sources leads
to NLRP3 induction in Treg cells. NLRP3 induction endows colonic Treg cells with suppressor function to suppress
T cell inflammation. Suppression of Thl during C. rodentium infection can decrease IFN-y, a cytokine which has
been linked to antimicrobial peptide mBD-3 production by intestinal epithelial cells. Suppression of Th17 may
protect mice from autoimmune inflammation. Created with BioRender.com.
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