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Abstract

Neuroimmune communication of the enteric nervous system (ENS) in gut-associated lymphoid tissues
helps to maintain the delicate balance between gut inflammation and tolerance. Substance P (SP) is a
neuropeptide neurotransmitter produced by ENS and enteroendocrine cells, lymphocytes, gut
macrophages, and brain neurons. SP binds to tachykinin receptors (TACRs, also known as neurokinin
receptors). Inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) patients are known to
have altered TACRs expression and strongly correlate with the pathogenesis of these diseases. How SP-
TACR interaction modulates the differentiation and function of inflammatory CD4 T cells (Th1, Th17) and
regulatory CD4 T cells (Foxp3*Tregs and Th2 cells) during gut inflammation and autoimmunity is
unclear. We showed that among the various subsets of CD4 T cells, splenic Foxp3*Tregs and Th17 cells
had the highest expression of TACRs. Agonizing the TACR1 with SP in the dextran sodium sulfate (DSS)-
induced colitis in mice exacerbated the disease severity, which was inhibited by treatment with a TACR1-
specific antagonist. TACR1 antagonist promoted the differentiation of Foxp3* Tregs cells, and Tregs
induced in the presence of TACR1 antagonist showed an increased expression of LAP1, PD-L1, CD62L,
Helios, and CD73 molecules. They suppress the proliferation of effector CD4 T cells and control skin and
gut inflammation. We showed that antagonizing the TACR1 signaling promotes Foxp3* Tregs and
controls skin and gut inflammation. Our data suggest that antagonizing the TACR1 provides a clinical
advantage in preventing gut inflammation and colitis.

Introduction

Neuroimmune communication is the bidirectional crosstalk between the nervous and immune systems.
These communications are either maintained by direct cell-to-cell contact or through neurotransmitters.
Several studies suggested the involvement of neuro-immune communications in different autoimmune
diseases (1-5). Immune cells express wide arrays of neurotransmitter receptors, allowing them to
respond to signals from neuronal circuits in the tissue microenvironment (5). Neuroimmune
communication of the enteric nervous system plays a crucial role in relaying psychological stress to
intestinal inflammation and colitis. Among the several neurotransmitters, tachykinins (also known as
neurokinins) have been linked to pain, inflammation, cancer, depression, gut function, hematopoiesis,
sensory processing, and hormone regulation (1, 6). The tac gene encodes the major tachykinin family
members and gives rise to substance P (SP), neurokinin A (NKA), neurokinin B (NKB), neuropeptide K
(NPK), and neuropeptide-y (NP-y) (6). SP is one of the prominent members of the tachykinin family and is
identified as the first of many ‘brain-gut neuropeptides’ and binds to its receptor known as the tachykinin
receptors (TACRs) or neurokinin receptors (NKRs) (6). SP is expressed by enteric neurons and
enterochromaffin cells, and nerves in the brain and is known to control various physiological functions
(7). Tachykinin receptors (TACRs) are G protein-coupled receptors encoded by the tacrgene and have
three different types (TACR1, TACR2, and TACR3) that bind to its ligand SP (6). TACR1 is expressed on T
and B cells, macrophages in the Peyer’s patch, and spleen and is crucial in modulating immune
responses (1, 8). TACR2 is mainly expressed by myocytes, neuronal varicosities, and epithelial cells,
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whereas TAR3 is primarily localized in the neuronal compartment (6). SP-expressing nerve fibers are
present at the dermis and epidermis as well as innervate the dermal blood vessels, keratinocytes, mast
cells, DC, and hair follicles, and respond to various external stimuli (heat, ultraviolet light, allergen, and
scratching) or internal stimuli (cytokines, proteases, and prostaglandins) (6).

In humans, activated T cells express the preprotrachykinin (PPTA) gene, which transcribes and translates
into inactivated-SP, which is further processed by an enzyme peptidyl glycine a-amidating
monooxygenase (PAM) to form activated-SP (1). An enzyme called angiotensin-converting enzyme (ACE)
degrades the circulating SP. The resting T cells do not express SP or TACRs (9). Activated T cells in
rodents also synthesize SP and modulate T cell response in an autocrine manner (10). TACR signaling
has been shown to have increased disease-enhancing effects in psoriasis (11, 12), rheumatoid arthritis
(13, 14), inflammatory bowel disease (IBD) (15, 16), and other inflammatory diseases (1). TACR1
expression is strongly associated with the grade of IBD and its tissue distribution in the lamina propria
mononuclear cells, epithelium, submucosal vasculature, and smooth muscle in the colon (17-19).

CD4 T cells are vital in maintaining gut homeostasis and orchestrating immune responses in the gut and
other gut-associated organs. However, TACR1 expression of Treg or Th17 cells alters the pathophysiology
of gut inflammation is less clear. A recent study found that simultaneous TACR1 and TCR activation is
required for Ca*2-dependent TCR signaling and T cell survival, particularly in Th1 and Th17 cells (20).
TACR1 antagonist aprepitant and its pro-drug fosaprepitant are approved for clinical use to control
chemotherapy-induced nausea and vomiting and postoperative nausea and vomiting (21). A phase Il
clinical trial with dual TACR1/TACR2 antagonist DNK333 in women with diarrhea-predominant IBS
showed relief with symptoms compared to control (22). However, the detailed molecular mechanism of
TACR1-antagonism and control of gut inflammation is not well characterized. Th1 and Th17 cells play an
important role in controlling gut inflammation and autoimmunity (23, 24) and other autoimmune
diseases. However, little is known about how tachykinin signaling affects the differentiation and function
of CD4 T cells under various physiological and pathophysiological conditions in the gut. Furthermore,
how the TACR1 antagonist controls different effectors and regulatory CD4 T cells is not known.

Our findings show SP synthesizing enzymes and its cognate receptors on various subsets of CD4 T cells,
including Th2, Th17, and Tregs. Furthermore, antagonizing the TACR1 reduced the severity of colitis and
prevented the pathological alteration in the colon. While looking into these phenomena in more detail, we
found that TACR1 antagonist treatment increased the frequency and suppressive capacity of Foxp3*
Tregs in vivo and in vitro and controlled gut inflammation. Antagonizing the TACR1 during Treg
differentiation showed several suppressive markers and inhibited the proliferation of effector CD4 T cells.
Further adoptive transfer of TACR1-antagonist treated induced Tregs showed protection from naive CD4
T cell-induced skin and gut inflammation in immunocompromized NRG mice (lack T cells, B cells, and NK
cells).

Results
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Various subsets of CD4 T cells express TACR1 expression

The abundance of tachykinin receptors in the gastrointestinal mucosa and submucosa has been linked
to a critical role in maintaining gut homeostasis (25, 26). Our results showed that all three TAC receptors
(TACR1, TACR2, and TACR3) mRNAs were expressed in the secondary lymphoid organs (spleen,
mesenteric lymph nodes, and Peyer’s patches) under homeostatic conditions (Fig. 1A). Further, analysis
of purified Th17 cells (CD4* Foxp3rfp RORytgfp*) and natural Tregs (nTregs; CD4* Foxp3rfp*RORyt-
GFP") in the spleen showed increased TACRs mRNA expression, whereas naive CD4 T cells

(CD4*CD25 Foxp3rfp~CD44~) and memory CD4 T cells (CD4*CD25 Foxp3gfp CD44") had minimal
expression (Fig. 1B). To understand more details on the expression (MRNA) of TACRs on various subsets
of CD4 T cell subsets (Th1, Th2, Th17, and Tregs), naive CD4* T cells were in vitro differentiated into
various CD4 T subsets (Figure S1). Among them, Th2 cells had the highest expression of TACR mRNA
among the various subsets of CD4 T cells (Fig. 1C). However, protein expression of TACR1 was highest in
the cultured Th17 cells (Fig. 1D). Furthermore, TACR1 expression was also seen on the naive CD4 T cells
(CD4*CD25°CD44~CD62L*), memory cells (CD4*CD25°CD44%), Th1 (CD4*T-bet), Th2 (CD4*GATA3"),
Th17 cells (CD4"RORyt"), RORyt"Foxp3™ cells and natural Tregs (nTregs; CD4*Foxp3*) in the Peyer's
patch (Fig. 1E), and lamina propria (Figure S1B).

To understand the CD4 T cell-intrinsic metabolism of substance P, we investigated the expression of
PPTA, PAM, and ACE genes in the various subsets of CD4 T cells. Among the various subsets, Th2 cells
showed the highest PPTA and PAM gene expression (genes responsible for the formation of active
substance), whereas Th1 cells showed low ACE expression (SP degrading enzyme) among various
subsets of CD4 T cells (Fig. 1F). Together, these results suggest that Th2 cells express the highest
expression of TACRs and enzymes required for SP synthesis compared to activated CD4 T cells (Th0),
Th1, Th17, and Tregs. Analysis of culture supernatants showed expression of SP under various T cell
differentiation conditions (Figure S1C). These findings suggest that CD4 T cells express a tachykinin
system in various CD4 T cells in different lymphoid tissues.

Antagonizing the TACR1 reduces the severity and pathology
of inflammatory colitis

CD4 T cells play an important role in gut inflammation and autoimmunity (23, 24, 27). To understand the
importance of SP in gut inflammation, C57BL/6 mice were given dextran-sodium sulfate (DSS; 2% w/v) in
drinking water and injected (i.p.) TACR1-specific agonist SP [(Sar9, Met(02)11)-Substance P
(trifluoroacetate salt)] or TACR1 antagonist (CP96345) or vehicle as control, and monitored the body
weight loss and disease activity index daily. Our results showed that DSS-treated mice that received SP
resulted in severe body weight loss (Fig. 2A) and a significantly increased clinical disease activity index
(DAI) (Fig. 2B) compared to the control group. Treatment with SP alone did not show any weight loss

(Fig. 2A). To understand the effect of SP on gut inflammation, mice were given an intraperitoneal
injection of TACR1-specific, a potent and non-peptide antagonist (CP-96345; 2.5 mg/kg of the mouse,
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twice daily) and DSS containing drinking water (28). Our results showed that injection of CP-96345
significantly reduced weight loss (Fig. 2A), disease activity index (Fig. 2B), and mortality of mice (Fig. 2C).
CP96345 treatment also restored the colon length, which was reduced with DSS treatment (Fig. 2D).
Histopathological examination of the colon by H&E staining showed that CP96345 treatment reduced
pathology as well as infiltration of mononuclear cells (Fig. 2E). We further investigated the role of other
TACRs, TACR2 and TACRS3, on gut inflammation. Our results showed that the TACR2 antagonist
(MEN10673) is also effective in preventing colitis in the initial stage of the disease but did not show
sustained protection (Figure S2A and S2B). However, treatment with a selective TACR3 antagonist,
Osanetant, did not prevent the DSS-induced gut inflammation and clinical disease activity index (Figure
S2C and S2D). Furthermore, to understand the expression profile of TACRs in the colon of inflammatory
bowel disease (IBD) patients, irritable bowel syndrome (IBS) patients, or in non-IBD/IBS control
individuals, colonic biopsy were collected, and expression of TACR1, TCAR2 and TACR3 expression was
analyzed using qRT-PCR. Our data showed that patients with gut inflammation (IBD and IBS) had higher
expression of TACR1 and TACR2 mRNA (Fig. 2F). Expression of TACR3 mRNA was not detected in the
colonic biopsies (data not shown). Together, our results showed that TACR1 is the most effective among
different tachykinin antagonists, followed by TACR2 antagonists in the early stage of gut inflammation.
However, TACR3 antagonism did not show any effect on colitis in mice.

DSS-induced gut inflammation shows increased TACR1 expression on CD4 T cells.

Since TACR1 antagonism significantly controls gut inflammation, we further investigated the expression
of TACR1 on various subsets of CD4 T cells. C57BL/6 mice were given DSS in drinking water, and on day
10, expression of TACR1 was monitored on various subsets of CD4 T cells in the spleen, lymph nodes,
Peyer's patch, and colon tissues. DSS-induced inflammation increased the expression of various TACRs
mRNA in the spleen and mLN (Fig. 3A). Furthermore, gut inflammation significantly increases the TACRT
expression in Th1, Th2, Th17, and Tregs in the spleen, mesenteric lymph nodes (mLN), and Peyer's
patches (Fig. 3B and Figure S3). Interestingly, in Peyer's patch, mice treated with DSS and CP96345 had
reduced TACR1 expression in Th1, Th2, and Th17 cells (Fig. 3C). Immunohistological analysis of the
spleen showed that TACR1 expression increased significantly with DSS treatment, and its expression was
significantly reduced with CP96345 treatment (Fig. 3D, upper panel). In the colon, DSS treatment
increased the TACR1 expression (Fig. 3D, middle panel) and SP levels (Fig. 3D, bottom panel). Expression
of these molecules was significantly reduced with CP96345 treatment in the tissues (Fig. 3D). Together,
these results showed that DSS-induced gut inflammation increases the TACR1 and SP expression in the
colon, which is reduced by antagonizing the TACR1, suggesting the importance of SP and TACR1
expression in gut inflammation.

Antagonizing TACR1 reduces subsets of inflammatory Th17 cells and promotes Foxp3 * Tregs in colitis.
Since TACRs are expressed on various subsets of CD4 T cells, we investigated how TACR1 antagonist
modulates the various phenotypic profiles of the CD4 T cells during gut inflammation. To explore this,
mice were given DSS in drinking water with or without TACR1 antagonist and, after ten days, monitoring
the alteration in the various subsets of CD4 T cells in the spleen, Peyer’s patches, and lamina propria
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using multicolor spectral flow cytometry. Uniform manifold approximation and projection of dimensional
reduction (UMAP) analysis of 11,657 recovered CD4*T cells from Peyer’s patches showed 15 distinct
clusters (Fig. 4A). Cluster 4 (CD44™IRORyt™dT-bet™dCD 4NN cluster 6 (CD44M9INRORYytINCD4NigN),
cluster 10 (CD44™MdRORytMdT-bet™dCD4MaN) and cluster 11 (CD44MI"RORyt"9"CD4N9M) representing the
inflammatory Th17 CD4 T cells populations, were significantly increased in DSS-treated mice, whereas
these were reduced with TACR1 antagonist treatment (Fig. 4A-4C). Cluster 8
(CD4*CD25M9"Foxp3midcp73Nighcpe2L ML AP1™AGITRMNIM population), representing a unique subset of
Tregs, was significantly reduced with DSS treatment compared to the control group (Fig. 4A-4C). The
detailed phenotype of various CD4 T cell clusters and their phenotypes are given as a heatmap (Fig. 4C).
The frequency of total Th1 (CD4*T-bet*), Th2 (CD4*GATA3*), Th17 (CD4*RORyt*), and Tregs
(CD4*Foxp3*) did not show any significant change in the spleen (Figure S4). In contrast, Peyer's patch
showed a significantly increased frequency of CCR7*RORyt"CD4* T cells in the DSS-treated group, and
this was significantly reduced with TACR1 antagonist treatment (Fig. 4D). In DSS-treated mice, the
CD4*CD44" cells exhibited increased expression of RORyt and T-bet expression, and these cells were
significantly reduced with TACR1 antagonist treatment (Fig. 4D). There were no significant alterations in
the CD4"RORyt"Foxp3™ cells (Figure S5A, upper panel); however, expression of TACR1 was significantly
enhanced during DSS-induced inflammation, and it was reduced with TACR1 antagonist (Figure S5A,

lower panel). In the Peyer's patch, DSS treatment significantly decreased the frequency of CD4*Foxp3*
Tregs, which was increased considerably with TACR1 antagonist treatment (Fig. 4D).

Various molecules are known to promote the regulatory function of CD4 T cells (29, 30). Since
antagonism of TACR1 promotes Tregs and suppresses gut inflammation, we investigated the expression

of various important molecules present on the CD4*Foxp3* Tregs such as CD73, GITR, PD-1, PDL-1,
CTLAA4, CD62L, Helios, and LAP-1. Uniform Manifold Approximation and Projection of Dimension
Reduction (UMAP) analysis of 2697 Foxp3*CD4* Tregs showed 15 phenotypic clusters/populations
(Fig. 4E left panel and Fig. 4F). Cluster 13 represents LAP1"9"CD62LM9hcD73M9M expressing Foxp3*CD4*
Tregs and were significantly increased with TACR1 antagonist treated mice (Fig. 4E). A heat map of the
expression of each marker in each cell cluster/population was shown (Fig. 4F). Further, our data showed
a significantly increased CD73, CD62L, and LAP1 expression with TACR1 antagonist treatment on
CD4*Foxp3* Tregs in the Peyer’s patch (Fig. 4G). At the same time, expression of CD25, CTLA4, GITR,
Helios, and PD-L1 molecules did not show any significant change on CD4*Foxp3* Tregs in the Peyer's
patch in the different treatment groups (Figure S5B). Further, analysis of CD4*Foxp3* Tregs showed that
follicular regulatory T cells (CXCR5PD-1"CD4"Foxp3™) (31) in the Peyer's patch were significantly
increased with TACR1 antagonist treatment (Figure S6A). CD4 T cells in the lamina propria showed
increased expression of IL-17A as well as IL-17A*IFNy™, and secretion of these inflammatory cytokines
was reduced with TACR1 antagonist treatment (Fig. 4H). However, no change was observed in the IL-10*

and TNF-a* CD4 T cell frequency (Figure S6B). The changes in the frequency of various cytokines (IL-10,
IL-17A, IFN-y and TNF-a)-producing CD4 T cells were not observed in the spleen and mLN between DSS
and DSS plus TACR1 antagonist groups (Figure S7). Together, these results suggest that TACR1
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antagonist treatment induces a complex set of regulatory CD4 T cells, inhibits the effector/inflammatory
CDA4 T cells in the Peyer’s patch, and controls gut inflammation.

Antagonizing TACR1 signaling in naive CD4 T cells promotes Foxp3 * Tregs.

To investigate if TACR1 specifically alters the CD4 T cell differentiation through an intrinsic signaling
mechanism, naive CD4 T cells were in vitro differentiated into Th1, Th2, Th17, and Treg cells in the
presence or absence of SP or TACR1 antagonists, and monitored the differentiation of various CD4 T cell
lineages. Our results showed that agonizing the TACRs with SP promoted the differentiation of Th1 cells
(marked by T-bet expression) and Th17 (characterized by RORyt expression), whereas antagonizing
TACR1 receptor promoted the differentiation of Th2 (marked by GATA3 expression) and Treg cells
(marked by FoxP3 expression) (Fig. 5A). TACR1 antagonist alone in the absence of TGF-B did show
alteration in the expression of Foxp3 (Figure S8A). In the presence of TGF-B, the TACR1 antagonist
showed a dose-dependent differentiation of Foxp3* Tregs (Figure S8B). TACR1 agonist alone or when
combined with equal molar concentration of TACR1 antagonist did not show any effect of TACR1-
antagonist induced Foxp3*Treg differentiation (Figure S8C). Interestingly, antagonizing TACR1 signaling
during CD4 T cell differentiation inhibited the IL-17A secretion in Th17 cells and increased the IL-10
secretion in Foxp3™* Tregs (Fig. 5B and 5C). Further, TACR1-induced increased differentiation of Tregs was
not due to increased secretion of IL-10 or TGF-B in the culture, as neutralization of these molecules with
anti-IL-10 mAb or anti-TGF-8 mAb did not alter the TACR1-induced differentiation of Tregs (data not
shown).

To understand the similar effect of TACR1 signaling operating in the differentiation of human
Foxp3*Tregs, naive human CD4 T cells were purified from healthy human PBMCs and in vitro
differentiated in Treg lineage in the presence or absence of TACR1 agonist (SP) or antagonist (CP). Our
results showed that the TACR1 antagonist also promotes Foxp3*Treg differentiation of human CD4 T
cells (Fig. 5D). Together, these results showed that TACR1 signaling in CD4 T cells facilitates the
differentiation of Foxp3*Tregs and suppresses the differentiation of pathogenic Th17 cells.

TACR1 antagonism promotes potent suppressive Tregs.

We further investigated if increased differentiation of Treg with TACR1 antagonism is also associated
with a more potent suppressive function of Foxp3* Tregs. To test this, naive CD4 T cells
(CD4*CD44°CD25 Foxp3gfp™ T cells) were differentiated into Foxp3gfp™ iTregs in the presence of TACR1
agonist or antagonist. The TACR1 antagonist-treated Tregs showed the significantly increased expression
of LAP-1, PDL-1, CD62L, helios, and CD73 molecules compared to control Treg or SP-treated Tregs

(Fig. 6A). Further, in vitro-differentiated Foxp3gfp* iTregs were sorted, and their suppressive function was
evaluated by monitoring the proliferation of Cell-Trace violet (CTV)-labeled effector CD4 T cells. Our
results showed that Tregs differentiated in the presence of TACR1 antagonist showed a significant and
potent suppressive function compared to control Tregs, agonist-treated iTregs, or nTregs (Fig. 6B and
Figure S9A). Furthermore, in the co-culture conditions, CP-treated nTreg (Foxp3-eGFP* cells) induces the

Page 7/29



differentiation of naive CD4 T cells (Foxp3-RFP~ cells) into Foxp3-RFP* iTregs in the presence of only a-
CD3e and a-CD28 monoclonal antibodies (Figure S9B). Our data strongly suggest that CP-induced iTregs
and CP-treated nTreg have strong suppressive potential and convert naive CD4 T cells into the iTreg,
driving better immunosuppressive function.

We further examined the suppressive capacity of TACR1 antagonist-treated iTreg in a mouse
inflammation model. Naive CD4 T cells (CD4*CD44 CD25 Foxp3gfp~ cells) were isolated from Foxp3gfp-
transgenic mice spleen using flow cytometry, and these cells were in vitro differentiated into iTreg in the
presence or absence of TACR1 antagonist or agonist. These iTregs (CD4"CD25*Foxp3gfp* cells) were
sorted using flow cytometry and used for adoptive transfer, as shown in the experimental strategy

(Fig. 6C). Splenic naive CD4 T cells (CD4*CD25 CD44 CD45RBFoxp3rfp™ cells) were purified from
Foxp3rfp transgenic mice using flow cytometry sorting and used for adoptive transfer to induce
inflammatory model in mice. NRG mice (RAG1™/"IL-2Ry™/~ mice; lack T cells, B cells, and NK cells) were
given an intravenous injection of purified naive CD4 T cells (CD4*CD25 CD44 CD45RB"Foxp3rfp™ cells)
alone or along with cultured iTregs (CD4*CD25*Foxp3gfp™*) (Fig. 6C). NRG mice that received naive CD4 T
cell alone showed inflammation in the skin and 20% mortality in 3 weeks (Figs. 6D-6F). NRG mice that
received naive CD4 T cells together with TACR1 agonist-treated (SP-treated) Tregs showed strong skin
inflammation and severe weight loss, and all mice died in 4 weeks. Mice who received control iTregs had
mild skin inflammation and no mortality. In contrast, mice receiving TACR1-antagonist Tregs did not
show skin inflammation or weight loss, and all mice survived (Figs. 6D-6F and S9C). TACR1 agonist
treatment also protected IL-23-induced psoriasis in the C57BL/6 mice (data not shown). These data
suggest that Foxp3*Treg induced by TACR1 antagonist protects the immunocompromised mice from gut
and skin inflammation.

To understand the molecular alteration of adoptively transferred Tregs in the NRG mice, animals were
sacrificed on day 28, and splenic CD4 T cells were analyzed using multicolor spectral flow cytometry.
UMAP analysis of total splenic CD4 T cells in NRG mice between control iTregs or TACR1-antagonist-
iTregs injected groups showed that CD4 T cells form 15 different discrete phenotypic clusters (Figs. 6G
and 6H). Some clusters (6, 10, 12, and 14) expressed Foxp3rfp and were significantly reduced in the iTreg
group (Fig. 6G, right panel). Cluster 15 represents what is significantly altered in CP-treated iTreg, having a
mixer of Foxp3gfp™ iTreg subset (represents transferred iTreg) and Foxp3rfp* iTreg (differentiated from
the naive CD4 T cells). Since we adoptively transferred naive CD4 T cells isolated from Foxp3-rfp
transgenic mice and transferred iTregs from the Foxp3gfp transgenic mice, we faithfully monitored the
differentiation of naive Foxp3rfp™ CD4 T cells into Foxp3rfp* Tregs in NRG mice that received either
control iTregs or TACR1 antagonist-iTregs. Our data showed that not only TACR1-treated Tregs
(Foxp3gfp* cell) frequency in NRG mice were significantly higher, but it also converted a significant
proportion of Foxp3rfp~ naive CD4 T cells into Foxp3rfp* iTregs (Fig. 61). Compared to control Tregs,
TACR1-treated iTregs maintained significantly higher expression of Foxp3gfp, CD25, CD44, CD62L, CD73,
CCR6, and CCR7 levels in the NRG mice. (Fig. 6J). Further, NRG mice that received the TACR1-antagonist-
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treated iTreg had increased infiltration of Foxp3rfp* cells in the skin compared to only naive CD4 T cells
or Tregs (Fig. 6K). Together, these results suggest that iTregs differentiated in the presence of TACR1-
antagonist are more stable, potent suppressive phenotype and protect from the inflammatory response
induced by effector CD4 T cells in the skin and gut.

Discussion

The role of tachykinins in CD4 T cell development is not well understood. Here, we showed TACRs
expression in the naive CD4 T cells, Treg, Th17, and memory CD4 T cells. Among different subsets, Th2
cells showed the highest mMRNA expression of TACRs, followed by Th17 and Tregs, whereas Th17 and
Th1 showed the highest expression of TACR1, indicating the involvement of tachykinin receptors in CD4
T cell functions. It has been demonstrated that TACR1™/~ mice have reduced T cell proliferation (10). In
Schistosoma infection, the presence of TACR1 is critical for IFN-y production from T cells (32). It has
been reported that IL-12 increases TACR1 and SP expression in T cells, whereas IL-10 decreases SP
production and TACR1 expression in murine T cells (32—34). Allergic-sensitized children show higher SP
levels with reduced GATA3 and SOCS3 expression and high production of IFN-y concentration (35),
suggesting its role in Th1/Th2 balance. SP/TACR1 regulates T cell migration by upregulating MIP-13 and
a-chemokine expression. The TACR1 mediates migration, which is inhibited by the TACR1 antagonist,
CP96345 (36). Our data suggest that gut inflammation induced the SP and TACR1 expression in the
GALTs and colon and various subsets of CD4 T cells. In the IL-10/~ mice, TACR1 expression in the lamina
propria T cells mediates intestinal inflammation, and blocking of TACR1 can reverse intestinal
inflammation, highlighting the importance of TACR1 and SP in mucosal inflammation (37). We showed
that TACR1-antagonism alters the Foxp3* Tregs and Th17 cells and works in an intrinsic T cell manner.
TGF-B inhibits TACRT1 internalization, resulting in increased SP-mediated production of pro-inflammatory
cytokines like IFN-y and IL-17 by intestinal T cells (38). However, this needs to be further examined using
CD4-specific TACR1 knockout mice.

TACRs have different cognate ligands; SP shows the highest affinity toward TACR1 (39). SP synthesis
can be regulated by various enzymes, including PPTA and PAM. In contrast, degradation can be mediated
by various enzymes, including ACE, which cleaves peptide bonds at N- the terminus of the molecule (40).
By cleaving SP, these enzymes may regulate their level and activity in CD4 T cells. We showed that Th2,
Th17, and Tregs express SP metabolism enzymes and can potentially synthesize or degrade SP levels.
SP was also secreted in the culture supernatant during various CD4 T cell subset differentiation, which
further substantiates our gene expression data. These results suggested that machinery responsible for
the synthesis and degradation of SP exists in CD4 T, and SP can work through TACR1 signaling in an
autocrine manner. However, this must be further validated using a CD4 T cell-specific knockout system.

We show increased TACR1 and SP in the spleen, mLN, and colon during DSS-induced colitis, suggesting
its involvement in DSS-induced pathology. As TACR1 expression was evident in inflammatory conditions,
some studies indicate that environmental inflammatory conditions such as cytokine milieu promote

upregulation of TACR1 (6, 41), consistent with our present study. We have observed a significant
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upregulation of TACR1 and a reduction in inflammatory cytokines in the presence of TACR1 antagonist.
Histopathology suggests that the TACR1 antagonist reduced cellular infiltration in the colon in DSS-
treated mice compared to the control group. Similarly, studies have reported that TACR1 expression can
be altered in various diseases, including inflammation-related diseases such as rheumatoid arthritis,
inflammatory bowel disease, and asthma (1). While TACR1 expression is altered in various conditions, its
precise role in disease pathogenesis is still being researched and not fully understood. We showed that
IBD and IBS patients' colons have increased TACR1 and TACR2 expression, and human CD4 T cells can
be differentiated into the Foxp3* iTreg in the presence of TACR1 antagonist, suggesting its potential
therapeutic application in the clinic. However, further investigation is needed to fully understand the link
between TACR1 expression and inflammatory disease conditions.

Tregs mostly impart their suppressive capacity through cell-cell contact, local secretion of inhibitory
cytokines, local competition for growth factors, etc. Several studies also suggested an array of receptors
responsible for the suppressive function of Treg, such as LAG3, CD73, Helios, PDL-1, and CD62L, etc.
(42-46). We found that CP96345 treatment augments the expression of LAP-1, PDL-1, CD62L, Helios,
and CD73 on Treg cells, which may impact its suppressive function. Further, we also show that CP96345-
treated nTregs maintain better Foxp3 expression when cultured with IL-2 but without TGF-B. Interestingly,
we have also noted that CP-treated nTreg promotes naive CD4 T cell differentiation into the Treg
population. One possible explanation for this phenomenon is that CP treatment enhances the expression
of LAP-1 in iTreg, potentially contributing to Treg differentiation. However, further experiment is needed to
validate this hypothesis. Further, adoptively transferred TACR1 antagonist-treated Treg ameliorates skin
and gut inflammation in the immunocompromised mice model. These adoptively transferred Tregs are
also persistent. Thus, our findings indicate that antagonizing the TACR1 signaling controls gut
inflammation by promoting the differentiation of regulatory Foxp3* Treg subsets and suggest that TACR1
forms an important therapeutic target to prevent gut inflammation and autoimmunity.

Our result agrees with the previous studies that suggest that the TACR1 antagonist ameliorates gut
inflammation. Additionally, we have delineated the modulation of CD4 T cells in the presence of TACR1
antagonists in gut inflammation. Our findings indicate that TACR1 signaling is necessary to respond to
inflammatory immune cells such as Th1 and Th17, the effector phenotype (CD4*CD44*RORyt*). Studies
have shown that CCR7*RORyt* CD4 T cells play a role in initiating and maintaining gut inflammation by
producing pro-inflammatory cytokines, such as IL-17, TNF-q, and IL-22. These cytokines are involved in
the recruitment and activation of immune cells in response to gut inflammation and play a role in the
pathogenesis of various gut inflammatory disorders, including inflammatory bowel disease (IBD) and
celiac disease (47, 48). Similarly, we have also shown a significant increase of CCR7*RORyt" CD4 T cells
in Peyer's patches during inflammation, which might be responsible for migrating inflammatory cells in
lymph nodes that contribute to the active disease condition, and antagonizing TACR1 significantly
reduced these cells. Antagonizing TACR1 significantly decreases effector cells and increases Foxp3*
regulatory T cell infiltration in Peyer's patches. This regulatory phenotype is more potent and suppressive
as they showed enhanced expression of receptors such as CD73, CD62L, LAP-1, GITR, and CTLA4.
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Subsequently, TACR1 antagonist treatment reduced proinflammatory cytokines such as IL-17A and IL-
17A*IFN-y* in lamina propria of DSS-treated mice. These findings suggest that TACR1 receptors may play
arole in regulating CD4 T cell proliferation towards a more inflammatory phenotype and that blocking
these receptors with CP96345 could have therapeutic potential in certain conditions.

Recently, it has been given the importance that the enteric nervous system relays psychological stress to
intestinal inflammation and exacerbates the IBD and suggested that stress management could serve to
control the IBD (49). Many TACR1 antagonists benefit from depression, stress disorders, and anxiety (50—
52). Given the role of the tachykinin system in various pathophysiological processes such as immune,
nervous, respiratory, gastrointestinal, urogenital, and dermal systems and its contribution to
inflammation, nociception, and cell proliferation (53-56), it has been proposed to have antagonism of
TACRs gives clinical benefits in the acute diseases such as COVID19 or chronic diseases such as IBD and
psoriasis, or agonism in boosting the immunity in cancer patients. The importance of stress in the gut-
inflammation, as reported (49), and our data on the induction of Treg-mediated tolerogenic/anti-
inflammatory function of the TACR1 antagonist provide a new mechanistic dimension to therapeutic
benefits in the clinic for inflammatory gut and skin diseases.

Materials and Methods
Mice

Six to eight weeks-old wild-type C57BL/6, FoxP3gfp transgenic, FoxP3rfp transgenic, and NRG (RAG1~/
“IL-2Ry /") mice were procured from the Jackson Laboratory (Maine, USA) and bred at NCCS
experimental animal facility. All experimental procedures and protocols used were approved by the NCCS
Institutional Animal Ethics Committee (Reference ID: EAF/2016/B-256 and EAF/2019/B-358).

Induction of acute colitis

Acute colitis was induced in wild-type C57BL/6 mice by giving them 2% dextran sodium sulfate (DSS;
w/v) in the drinking water. The development and progression of colitis were monitored daily for weight
loss, loose stool, and bloody diarrhea(57). Mice were given intraperitoneal injections of [Sar9, Met(0,)'")]-
Substance P (SP; 5 nM/mouse daily), a highly selective TACR1 agonist, or intraperitoneal injections of
CP-96345 (a selective TACR1 antagonist; 2.5 mg/kg twice a day) (58, 59). The Disease Activity Index
(DAI) consisted of three criteria: stool consistency, bloody stools, and body weight loss. Each criterion is
assigned a numerical score based on the severity of the symptom, with higher scores indicating more
severe symptoms. A score of 0 for stool consistency is given for normal stool, 2 for loose stool, and 4 for
watery diarrhea. For bloody stool, a score of 0 is given for no bleeding, 2 for slight bleeding, and 4 for
gross bleeding. For body weight loss, a score of 0 is given for no weight loss, 1 for weight loss of 1%-5%,
2 for weight loss of 5%-10%, 3 for weight loss of 11%-15%, and 4 for weight loss of >15%. To determine
the overall disease severity, the scores for each of the three criteria are added together for each animal,
resulting in a DAI score (60).
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Mouse CD4* T cell culture

Purified naive CD4*CD25°CD44™ cells (1 X 10° cells/well) were plated in 0.2 ml 96-well flat-bottomed
tissue culture plates coated with anti-CD3¢e (10 pg/ml). The culture media was supplemented with soluble
anti-CD28 (2 pug/ml). The culture was supplemented with cytokines and blocking antibodies to

differentiate naive CD4" T cells into specific CD4 T cell lineages. For ThO: purified recombinant mouse IL-
2 (10 ng/ml); Th1: purified recombinant mouse IL-12 (10 ng/ml), anti-mouse IL-4 (clone 11B11; 10 pg/ml)
and purified recombinant mouse IFN-y (10 ng/ml); Th2: purified recombinant mouse IL-4 (10 ng/ml) and
anti-mouse IFN-y (XMG1.2; 10 ug/ml); pathogenic Th17: purified recombinant mouse IL-1B (10 ng/ml),
purified recombinant mouse IL-23 (10 ng/ml), and iTreg: purified recombinant human TGF-B1 (10 ng/ml).
The plates were incubated at 37°C in a 5% CO, incubator for five days. The gene expression and cytokine
production were analyzed using flow cytometry (FACS CANTO-Il, BD Biosciences) or a Spectral flow
cytometer (Cytek Aurora, Cytek).

Intracellular cytokine staining

For cytokine analysis, the cells were stimulated with phorbol 12-myristate 13-acetate (PMA; 81 nM),
ionomycin (1.34 pM), and brefeldin-A (10.6 pM) in a complete RPMI medium at 37°C in a humified 5%
CO, incubator for 6 hours. Cells were surface-stained using specific antibodies at 4°C for 30 minutes.

Cells were fixed and permeabilized for intracellular cytokine and transcription factors staining using a
Foxp3 fixation/permeabilization kit (Biolegend) according to the manufacturer's guidelines. Cells were
washed and acquired using a flow cytometer (FACS Canto Il; BD Biosciences), and data were analyzed
using FlowJo software (TreeStar).

Quantitative real-time reverse transcription PCR (qQRT-PCR)

Expression of TACRs and genes required for synthesis and degradation of SP were measured by qRT-PCR
using specific primers. Briefly, total RNA was isolated from tissues or specific immune cells using the
Trizol reagent (Invitrogen). Purified RNA was treated with Dnase-l and reverse transcribed into cDNA using
cDNA synthesis kits using oligo (dT),4-14 primers (Applied Biosciences). gqRT-PCR was performed using
SYBR Green PCR Kit (Thermofisher Scientific) in CFX96 thermal cycler (BioRad). PCR consisted of a
denaturing step (95°C for 15 minutes) followed by 35 cycles of 15 seconds at 95°C, 20 seconds at 60°C,
20 seconds at 72°C. Relative mRNA expression of a specific gene was calculated as follows: 2(Ctof
CyclophilinA = Ct of a specific gene) The primers used for qRT-PCR are listed in Supplementary Table 1.

Human CD4"* T cell isolation and culture

All the human subject study was approved by the Institutional Ethics Committee of the National Centre
for Cell Science (Protocol ID: NCCS/IEC/13032014) as well as by the Armed Forces Medical College
(Protocol ID: AFMC/IEC/28102014). After obtaining written informed consent, blood samples (10—15 ml)
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were drawn from individuals. To isolate peripheral blood mononuclear cells (PBMCs), each blood sample
was diluted with an equal amount of phosphate-buffered saline and overlaid onto a Ficoll-Paque PLUS
separation medium into SepMate tubes (Cell Signaling Technology). The cells at the plasma/Ficoll
interface were collected and washed with PBS containing 2% fetal bovine serum (FBS), followed by a
wash with RPMI 1640 medium containing 10% FBS. Cells were stained for fluorescence-conjugated CD4,
CD25, and CD45RA mADb. Naive CD4 T cells (CD47CD25 CD45RA™) were isolated using a flow cytometry
sorter (BD FACS ARIA sorter). Purified naive CD4 T cells (1 X10° cells/well) were cultured in the anti-CD3g
coated (10pg/ml) flat-bottomed 96 well plates and in the presence of soluble anti-CD28 mAb (2 pug/ml),
Recombinant human TGF-B1 (10 ng/ml) with or without SP or CP. Cells were cultured for four days. After
four days, cells were stained for CD4, CD25, and Foxp3 using a Permeabilization/Fixation kit (Biolegend)
per manufacturer’s guidelines and analyzed using flow cytometry.

Flow cytometry analysis.

Flow cytometry data were analyzed using FlowJo software (TreeStar) or OMIQ software
(https://www.omig.ai/). UMAP data analysis was performed using OMIQ software.

High dimensional data analysis

The analysis of high-dimensional data involved several steps using OMIQ software. Initially, gating was
performed, followed by subsampling of replicates within each group. Subsequently, Uniform Manifold
Approximation and Projection (UMAP) was conducted using an equal number of samples from each
group. In UMAR, the parameters included 15 neighbors, a minimum distance of 0.7, 2 components, an
Euclidean distance metric, a random seed of 2150, and spectral embedding initialization. Each UMAP
visualization represents the concatenated data from all replicates within each group. Further meta-
clustering was performed by using FlowSOM. A metacluster represents the expression of specific markers
within a particular cell population. A volcano plot visualizes the relationship between p-values derived
from a statistical test by comparing different meta-clusters between groups. This specific volcano plot
was created using the edgeR platform based on ‘R’. The heatmap was used to represent the expression of
particular markers on the cell population.

ELISA

IFN-y, IL-10 and IL-17 ELISA from culture supernatants were performed using a mouse ELISA Max Deluxe
kit from Biolegend (San Diego, CA) per the manufacturer's guidelines. SP was measured in the culture
supernatant using an ELISA kit (Cayman Chemical Company).

Immunohistochemistry

Spleen, LNs, and colons were harvested and snap-frozen in an OCT medium (Optimal cutting
temperature, Sakura Finetek Inc, Torrance, CA). Seven-micrometer-thick sections were cut using cryo-
microtome (Thermo Shandon, Thermo Fisher Scientific, Massachusetts, US), fixed with pre-chilled
acetone for 10 minutes, washed with cold PBS, and then blocked with 10% horse serum (Himedia) or 10%
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goat serum (Thermofisher Scientific) at room temperature for 60 minutes. Sections were washed with
PBS and incubated with 1:200 diluted primary antibodies followed by 1:800 diluted secondary antibodies
at room temperature in a humidified chamber for 60 minutes. Sections were washed with PBS and
mounted with or without a DAPI-containing mounting medium (ElectroMicroscopypy Sciences, Hatfield,
and PA). Sections were visualized under a fluorescent microscope (DMI6000B, Leica Microsystems,
Germany).

For hematoxylin and eosin staining, paraffin-embedded skin or colon tissues were cut into seven-
micrometer-thick sections. These sections were used for Harris hematoxylin (Himedia Laboratories, India)
and eosin (Himedia Laboratories) staining as per the manufacturer’s guidelines.

Suppression Assay

Splenic naive CD47CD25*CD44 Foxp3gfp~ T cells were sorted using flow cytometry. Purified CD4" T cells
(1 X 10° cells/well) were cultured with anti-CD3e mAb (10ug/ml) coated flat-bottomed 96 well plates in
the presence of soluble anti-CD28 (2 pg/ml) at 37°C for four days. Cells were differentiated into Tregs in
the presence of TGF-B1 (10 ng/ml) and SP or CP96345 (8 um). After four days of culture,
CD25"Foxp3gfp* Tregs were isolated and used for suppression assay. /n vitro suppression assays were
performed as described (61). In brief, Naive effector CD4 T cells were stained with CellTrace Violet (CTV,
ThermoFisher Scientific). CD4-iTreg and CD4-nTreg cells were cocultured with CTV-tagged naive CD4 T
cells in the presence of a-CD3e and a-CD28 antibodies-coated dynabeads (0.43 ul/ well; 1:3 bead-to-cell
ratio) in 1:1 (50K:50K), 1:2 (25K:50K) and 1:4 (12.5K:50K) Treg to CD4 T cell ratio in U-bottomed 96 well
plates for 72 hours. An aliquot of the CTV-tagged CD4 T cells was immediately fixed with 1%
paraformaldehyde and used to set the baseline of the undivided cells in the suppression assay. After 72
hours, cells were harvested and stained with a-CD4 mAb and acquired using flow cytometry (BD
Biosciences). Data were analyzed using FlowJo software. Suppression was assessed by calculating the
percentage of undivided cells.

Isolation of colonic lamina propria cells

Colon was harvested from mice, cleaned by holding with forceps and flushing with a syringe filled with
cold PBS, resected residual mesenteric fat tissue, cut into small pieces, and washed in ice-cold 1 PBS.
Colon pieces were incubated in 5 ml of pre-digestion solution (1 HBSS containing 5 mM EDTA and 1 mM
DTT) at 37 °C under slow rotation (40 g) in a thermal incubator in a 50 ml tube for 20 minutes. The colon
pieces were passed through a 100 um cell strainer. The remaining colon pieces were cut into 1-4 mm
pieces using scissors. Pieces were collected into 50 ml tubes containing 5 ml of digestion solution
[Collagenase | (0.1 mg/ml), Collagenase D (0.1 mg/ml), Collagenase IV (0.2 mg/ml), Dispase (0.35
mg/ml), and DNase- (0.2 mg/ml)]. Tissues were digested by incubating at 37 °C under slow rotation for
20 minutes. After incubation, a vortex was done intensely for 20 seconds. The digestion media was
neutralized by adding RPMI media containing 10% FBS. The colon pieces were passed through a 100 ym
cell strainer to separate the cells. Cell suspensions were centrifuged at 400g at 4 °C for 10 minutes. Cell

Page 14/29



pellets were resuspended in RPMI media containing 10% FBS and used for immunophenotyping using
spectral flow cytometry (62).

Statistical analysis

Unpaired two-tailed Student’s ttest was used to compare the two independent groups. One-way ANOVA
was used to compare more than two groups. A p-value of less than 0.05 was considered statistically
significant. The survival curve was formed using the Kaplan-Meier plot, and the p-value was calculated
using the log-rank test. All statistical analyses were performed using GraphPad Prism 6 software
(GraphPad Software, San Diego, CA).

Limitations of the Study

In this study, we did not use TACR1™/~ mice, CD4 or Foxp3-specific conditional deficient mice, or purified
cells from these mice to characterize CD4 T cell differentiation with gut inflammation. We used mouse
TACR1 shRNA to downregulate the TACR1 in CD4 T cells and in vitro differentiation to confirm our
findings. A detailed study using TACR1~/~ or specific cell- or tissue-specific deficient mice needs to be
investigated.
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CD4 T cells express TACRs and enzymes required for SP metabolism. (A) qRT-PCR analysis of TACRs
mMRNA expression in naive C57BL/6 mice spleen, mesenteric lymph nodes (mLN), and Peyer’s patch (PP).

(B) Naive CD4 T cells (CD4*CD25CD44), memory CD4 T cells (CD4*CD25Foxp3rfp'CD44*), Th17 cells
(CD4*Foxp3rfp RORgtgfp™), and natural Treg cells (CD4*"Foxp3rfp*RORgtgfp’) were isolated from naive
FoxP3"™P/rP::RORCYP/- mice splenocytes. TACR mRNA expression was analyzed qRT-PCR. (C) Naive CD4 T
(CD4*CD25CD44) cells from naive C57BL/6 were in vitro differentiated into Th1, Th2, Th17 and Treg
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lineages. The expression of TACR mRNA was monitored. (D) Flow cytometry analysis of TACRT
expression on cultured CD4 T cell subsets. Histogram overlay of TACR1 expression (left) and Mean
fluorescence intensity (MFI, right). (E) Naive C57BL/6 mice Peyer’s patch CD4 T cells were analyzed using
flow cytometry for TACR1 expression after gating on specific markers (left) and MFI (right). (F) PAM,
PPTA, and ACE mRNA expression were monitored in various CD4 T cell lineages using qRT-PCR. All the
data were normalized to GAPDH mRNA. Each symbol represents data from individual experiments (A-D, F;
n = 4 experiments). Each symbol represents data from an individual mouse (E; n = 5 mice). Results were
analyzed by one-way ANOVA, and the error bar represents the standard error mean. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant.
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Figure 2

Antagonizing TACR1 ameliorates gut inflammation. Naive C57BL/6 mice were given 2% DSS in drinking
water or DSS and i.p. injection of TACR1 antagonist (CP96345), or TACR1-specific agonist SP [(Sar9,
Met(02)11)-Substance P (trifluoroacetate salt)]. (A) The percent weight loss from the original weight is
shown. (B) The disease activity Index was calculated and shown. (C) Mice survival was monitored and
presented as a Kaplan-Meier plot, and statistics were calculated using the log-rank (Mantel-Cox) test. (D)
The colon lengths of different groups on day ten are shown. (E)H&E of the colon (200x magnification).
(F) Colon biopsies were from inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and non-
IBD/non-IBS patients’ samples were analyzed for TACR1, TACR2, and TACR3 mRNA expression using
gRT-PCR. None of the colonic biopsies showed TACR3 expression (data not shown). Each symbol
represents a sample from individual patients (F). Results were analyzed by one-way ANOVA, and the error
bar represents the standard error mean.*p < 0.05; **p < 0.01; ***p < 0.007; ****p < 0.0007; ns, not
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significant. The result represents one of the three independent experiments (A-E). n = 5-6 mice/group (A-
C). n = 7 patients in each group (F).
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Figure 3

Gut inflammation increases the TACR1 expression on various subsets of CD4 T cells. C57BL/6 mice were
given either 2% DSS in drinking water or plain water as a control. On day 10, mice were sacrificed, and
tissues (spleen, mLN, and Peyer's patches) were harvested. (A) qRT-PCR analysis of TACRs in the spleen
(left) and mLN (right) in mice treated with DSS or control groups. Data were normalized to GAPDH mRNA.
(B) Cells from the spleen, mLN, and Peyer’s patches were stained with CD4 and lineage-specific
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transcription factors T-bet, GATA3, RORgt, and FoxP3). TACR1-expressing CD4 T cells of various lineages
[Th1 (T-bet*), Th2 (GATA3*), Th17 (RORgt"), and Tregs (Foxp3™)] were analyzed using flow cytometry. The
data shows cells gated on CD4* cells. (C) TACR1 expression on various CD4 T cell subsets in the Peyer's
patch was analyzed using flow cytometry. The data shows cells gated on CD4* cells. (D)
Immunofluorescence staining of spleen and colon tissues shows the expression of TACR1 (red), CD4
(green), and nuclear stain DAPI (blue) (upper and middle panel). Colon tissue sections were stained for
SP (blue), DAPI (grey), and CD45 (green) (bottom panel). Small boxes of individual stains are shown at
the right of each overlay of the stained section. Original magnification 400X. Signal intensity was
calculated and plotted as a bar graph. n = 5-6 mice/group. Results were analyzed using one-way ANOVA;
the error bar represents the standard error mean. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not
significant. Each symbol represents data from an individual mouse (A, B, C).
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Figure 4.

Antagonizing TACR1 in DSS-induced colitis promotes regulatory CD4 T cells and anti-inflammatory
response. C57BL/6 mice were given 2% DSS, DSS plus CP-96345, or DSS plus SP. Mice were sacrificed on
day ten, and cells were analyzed for indicated molecules using multi-color spectral flow cytometry. High-
dimensional data analysis was performed using OMIQ software. (A) UMAP represents different clusters
with the unique expression of markers on CD4* T cells in Peyer’s patches. Each meta-cluster represents
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the subset of the cell population with a unique pattern of expression of various markers. (B) Using edgeR
software, a volcano plot was generated to identify differentially regulated immune infiltrate meta clusters
among different groups in the Peyer’s patches. (C) The clustered heatmap was generated to identify the
expression of markers in each meta cluster in Peyer’s patches. (D) A representative contour plot showing
RORgt™ and CCR7" expression after gating on CD4 T cells in the Peyer's patches. A representative contour
plot of CD44* CD4*RORgt*, CD4*CD44*T-bet™ or CD4*Foxp3™ cells is shown. The mean percentage of
cells was calculated and plotted as a bar graph. (E) UMAP represents different clusters with the unique
expression of different markers on Foxp3*CD4" T cells (left). Differentially regulated meta-cluster 13 were
statistically analyzed using edgeR software and shown as violin plots (right). (F) The clustered heatmap
was generated to identify the expression of markers in each meta cluster. (G) LAP1, CD62L, and CD73
expression on Foxp3*CD4* T cells were analyzed and shown as contour plots (left) and data from
individual mice as bar graphs (right). (H) CD4*CD44*IL-17A* and IL-17A*IFN-g* CD4*T cells were
analyzed and shown as contour plots (left) and data from individual mice as bar graphs (right). Results
were analyzed by one-way ANOVA, and the error bar represents the standard error mean (D, E, G, H). Each
symbol represents data from individual mice (D, E, G, H). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not

significant. n = 5-6 mouse/group. The results shown are representative of one of the two independent
experiments.
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Figure 5

TACR1 signaling promotes inflammatory Th1 cells, and antagonizing TACR1 drives the differentiation of
Th2 and Foxp3* iTreg cells. Naive CD4 T (CD4*CD25*CD44) cells were in vitro differentiated into Th1,
Th2, Th17, and Treg in the presence of SP (10 um) or CP (8 um) for four days. (A) A representative
contour plots of T-bet* (Th1), GATA3* (Th2), RORgt" (Th17), and Foxp3* (Treg) are shown after gating on
CD4*CD25* T cells (right). Statistical details are shown as a bar graph (left). (B) A representative contour
plot of intracellular cytokine secretion of IFN-g, IL-17, and IL-10 is shown after gatingon a Th1, Th17, and
Treg lineage-specific transcription factor (right). Statistical details are shown as a bar graph (left). Each
symbol in the bar graph indicates the mean percentage of cells from one of the experiments. Error bar
represents + SEM, n = 2-3 independent experiments. (C) Concentrations of IL-17A and IL-10 in the culture
supernatant were measured by ELISA. Data from two experiments in duplicates are shown. (D) Naive
human CD4 T cells (CD4*CD25CD44 CD45RAM cells) were isolated from PBMC using a flow cytometry
sorter and in vitro differentiated into Treg lineage in the presence of anti-CD3e, anti-CD28, and TGF-b, and
with or without SP or CP. Expression of Foxp3* was analyzed on CD4*CD25" T cells (left). The data
shown are from 3 independent cultures and are plotted as a bar graph (right). Each symbol represents
data from an individual experiment. One-way ANOVA and the error bar represent the standard error
mean.*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.
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Figure 6.

Figure 6

TACR1 antagonism-treated Foxp3*iTregs suppress the inflammatory skin and gut immune response.
Naive CD4*CD25*CD44 Foxp3gfp cells (1 X 10° cells/well) were isolated and in vitro differentiated into

Foxp3gfp*Tregs and nTreg (CD4*CD25*CD44* Foxp3gfp*) were cultured in the presence CP for 4 days.
These cells were further characterized and used for in vitro and in vivo suppression assay. (A) Expression
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of various molecules on in vitro differentiated Foxp3gfp* iTregs and plotted as a histogram overlay. Data
shown are gated on Foxp3gfp* CD4* T cells. The mean fluorescence intensity (MFI) for each marker was
calculated and plotted. Each symbol in the bar graph represents data from individual experiments. (B)
CellTrace violet (CVT) stained CD4*CD25CD44 effector T cells were co-cultured with in vitro
differentiated various groups of Foxp3gfp* iTregs and CP conditioned nTreg. After four days, the dilution
of CVT stain on effector CD4 T cells was analyzed using flow cytometry and shown as a histogram
overlay (1:1 ratio) (left). The figure shows a representative of the cell division analysis performed.
Statistical comparison is based on percentages of the undivided cells (right). (C) Naive CD4 T cells
(CD4*CD25CD44 CD45RBMFoxp3rfp™ cells) were adoptively transferred with or without in vitro
differentiated iTregs (CD4*CD25*Foxp3gfp*) into NRG mice as given in experimental outline. (D) The
survival of NRG mice that received various types of iTregs was monitored and presented as a Kaplan-
Meier plot, and statistics were calculated using the log-rank (Mantel-Cox) test. (E) The percent weight loss
from the initial weight of mice was calculated and plotted. One-way ANOVA with Tukey’s test. (F) H&E
staining of the back skin of mice was performed. Representative skin tissue is shown. Original
magnification 200 X. (G) The NRG mice that survived till day 28 were sacrificed, and splenocytes were
stained for different molecules on CD4 T cells and acquired using spectral flow cytometry. UMAP
represents different clusters with the unique expression of different markers (CCR7, CD73, CD62L, CCR6,
CD39, CD44, CD25, CCR9, Foxp3gfp, and Foxp3rfp) on CD4 T cells (right side). Using EdgeR software, a
volcano plot was generated to identify differentially regulated immune infiltrate meta clusters among
different groups (left). (H) The clustered heatmap was generated to identify the expression of markers in
each meta cluster on CD4 T cells. (I) The frequency distribution of adoptively transferred CP-treated
iTregs (Foxp3gfp*) and iTregs (Foxp3rfp* cells) differentiated from transferred naive CD4 T cells in NRG
mice spleen were analyzed after gating on CD4* T cells. (J) The expression of various markers of control
iTregs and CP-treated iTregs in the NRG mice after 28 days of adoptive transfer were analyzed and shown
as an overlay. The filled histogram represents the control iTreg, and the empty histogram represents CP-
treated iTregs. MFI of different receptors on control iTregs and PC-treated Tregs were analyzed and
plotted as a bar graph. (K) The distribution of Foxp3gfp (green), Foxp3rfp (red), CD4 T cells (blue), and
nuclear stain DAPI (Cyan) in the back skin tissue sections of NRG mice were analyzed using
immunofluorescence staining. Original magnification 600X. Representative microscopy images are
shown, with a bar graph representing the number of Foxp3rfp™ CD4 T cells in a high-power field (600X).
Each symbol represents data from individual mice, B) from individual mice (I, J). Results were analyzed
using the Student t-test (A, E, |, J, K). The error bar represents + SEM (A, B, E, |, J, K). *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001; ns, not significant. The result represents one of the two independent
experiments (D-K). n=3-5 mice/group (D-K).
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