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In brief

GLP-1 exerts incompletely understood
anti-inflammatory actions, as most
immune cells do not express the GLP-1R.
Here, Wong et al. show that the intestinal
intraepithelial lymphocyte GLP-1R is
required for actions of GLP-1 on gut mi-
crobiota and for selective restraint of
local and systemic T cell-induced, but not
lipopolysaccharide-induced,
inflammation.
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SUMMARY

Gut intraepithelial lymphocytes (IELs) are thought to calibrate glucagon-like peptide 1 (GLP-1) bioavailability,
thereby regulating systemic glucose and lipid metabolism. Here, we show that the gut IEL GLP-1 receptor
(GLP-1R) is not required for enteroendocrine L cell GLP-1 secretion and glucose homeostasis nor for the
metabolic benefits of GLP-1R agonists (GLP-1RAs). Instead, the gut IEL GLP-1R is essential for the full ef-
fects of GLP-1RAs on gut microbiota. Moreover, independent of glucose control or weight loss, the anti-in-
flammatory actions of GLP-1RAs require the gut IEL GLP-1R to selectively restrain local and systemic T cell-
induced, but not lipopolysaccharide-induced, inflammation. Such effects are mediated by the suppression of
gut IEL effector functions linked to the dampening of proximal T cell receptor signaling in a protein-kinase-A-
dependent manner. These data reposition key roles of the L cell-gut IEL GLP-1R axis, revealing mechanisms
linking GLP-1R activation in gut IELs to modulation of microbiota composition and control of intestinal and

systemic inflammation.

INTRODUCTION

The gut-derived hormone glucagon-like peptide 1 (GLP-1) acts
on the pancreatic islets and the brain to lower blood glucose
and reduce food intake and body weight, respectively (Muller
etal., 2019). Collectively, these actions support the development
of multiple GLP-1 receptor agonists (GLP-1RAs) for type 2 dia-
betes (T2D) and obesity (Drucker et al., 2017). GLP-1RAs also
reduce rates of major adverse cardiovascular events (Sattar
et al., 2021) and decrease inflammation (Drucker, 2018). The
anti-inflammatory mechanisms of GLP-1RAs are not well under-
stood, yet may contribute to the therapeutic activity of these
agents in non-alcoholic steatohepatitis (NASH) (Newsome
et al,, 2021), atherosclerosis and cardiovascular disease
(Noyan-Ashraf et al., 2013; Rakipovski et al., 2018), and neuro-
degenerative disorders (Athauda et al., 2017; Wang et al,
2021). Whether these anti-inflammatory effects are secondary
to improved metabolic control, weight loss, or direct actions of
GLP-1RAs on GLP-1R" immune cell populations, remains
uncertain.

Gut intraepithelial lymphocytes (IELs) are considered the first
line of defense of the gut barrier, comprising mainly CD8*
T cells, and are further subclassified into natural IELs, which
are derived directly from the thymus through agonist selection,

and induced IELs, which arise after peripheral naive T cells
encounter foreign antigens (Cheroutre et al., 2011). Gut IELs
are one of the few immune cell populations known to express
a functional GLP-1R (He et al., 2019; Yusta et al., 2015), and
the proximity of GLP-1R* gut IELs to GLP-1-producing L cells
within the gut epithelium is consistent with a local enteroendo-
crine L cell-IEL axis. Remarkably, integrin B; (ltgb7) knockout
(KO) mice, which lack most gut IELs, or lethally irradiated mice
reconstituted with a mix of ltgb7 '~ and Glp7r~'~ bone marrow,
displayed improved glucose control and reduced atheroscle-
rosis, attributed to enhanced circulating GLP-1 levels and
increased L cell density (He et al., 2019). These findings implied
that the gut IEL GLP-1R limits the bioavailability of GLP-1 from L
cells, whereas loss of the gut IEL GLP-1R improves metabolism
by augmenting GLP-1 secretion (He et al.,, 2019; Khan
et al., 2021).

Consistent with a role for L cells as pathogen sensors, proin-
flammatory and microbial signals also induce GLP-1 secretion
(Drucker, 2018; Lebrun et al., 2017; Martchenko et al., 2020; Psi-
chas et al., 2015; Yoon et al., 2021). In turn, GLP-1 influences
local, systemic, or central nervous system (CNS) inflammation
through the gut-brain axis (Gribble and Reimann, 2016; Heiss
et al., 2021). GLP-1 also modulates the composition of the gut
microbiota in animals and humans with T2D (Wang et al., 2018;
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Figure 1. Gut IELs and the gut IEL GLP-1R are dispensable for GLP-1 secretion prior to or during metabolic challenges
(A) Blood glucose levels during OGTTs and AUC of the tests in chow-fed WT and Rag2~"~; ll2rg™’~ mice fasted for 5 h and gavaged with glucose (2 g/kg).
n=11-19.

(legend continued on next page)
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Zhao et al., 2018), changes that may contribute to the metabolic
benefits of GLP-1R agonism (Charpentier et al., 2021; Kim et al.,
2021). GLP-1 may alter microbiota via the indirect impact of
improved glucose control, weight loss, changes in gut motility,
or alteration of immune function and microbiota-epithelial-
lymphocyte interactions. Although Glp7r~'~ mice exhibit a shift
in gut microbiota representation (Yusta et al., 2015), the relative
importance and identity of GLP-1R* cell types impacting the gut
microbiota have not been determined.

Hematopoietic-derived immune cell lineages are also potential
direct targets for the anti-inflammatory actions of GLP-1RAs,
although the spleen, thymus, and peripheral lymph nodes ex-
press very low levels of Glp7r (Heng et al., 2008) and do not
respond robustly upon GLP-1R activation (Hadjiyanni et al.,
2010). Acute activation of the gut IEL GLP-1R also dampens
cytokine expression, contributing to attenuation of gut inflamma-
tion (Yusta et al., 2015). Although studies have highlighted the
importance of anti-inflammatory and metabolic actions of
GLP-1 (Muller et al., 2019), the specific contribution(s) of the
gut IEL GLP-1R for the control of metabolism versus T cell
immune function has not been examined.

To interrogate the metabolic importance of GLP-1R* |ELs, we
studied Rag2~'~;/I2rg~'~ mice and generated mice lacking T cell
GLP-1Rs (Glp1r™®"~). Surprisingly, inactivation of the gut IEL
GLP-1R did not impair control of GLP-1 secretion and was
dispensable for the metabolic benefits of GLP-1RAs. Instead,
the gut IEL GLP-1R was required for the actions of GLP-1RAs
to modulate a subset of the gut microbiota and suppress sys-
temic and gut inflammation initiated from T cell activation in vivo.
Notably, GLP-1RAs inhibited gut IEL effector functions in part by
dampening their proximal T cell receptor (TCR) signaling in a pro-
tein kinase A (PKA)-dependent manner. These data link the gut
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IEL GLP-1R signaling within the gut immune compartment to
the control of microbial populations and suppression of local
and systemic inflammation.

RESULTS

Loss of lymphocytes, including gut IELs, in
Rag2~";ll2rg”~ mice does not change GLP-1 secretion
prior to and during metabolic challenges

Glp1r expression has been localized to unconventional T cells,
including gut IELs (Yusta et al., 2015), and hepatic y3* T cells
(McLean et al., 2021a). To extend the importance of data impli-
cating gut IELs in the control of GLP-1 secretion (He et al.,
2019), we investigated the role of the gut IEL GLP-1R using
several mouse models. We first examined Rag2~'~;ll2rg~/~
mice, on a BALB/c background, which lack all lymphoid lineages
including B cells, T cells, NK cells, and innate lymphoid cells
(Song et al., 2010). Rag2~~;l12rg™"~ mice exhibited ~90%
reduction in the frequency of CD3" IELs in the small intestine,
as shown by flow cytometry (Figure S1A). The duodenum of
Rag2~'~;ll2rg™~ mice expressed no Cd3g, and levels of Glp1r
mRNA transcripts were reduced by 60% (Figure S1B). These
findings are consistent with the predicted contribution of IELs,
versus enteric neurons and Brunner’s glands, to total gut Glp1r
expression in the small intestine (MclLean et al., 2021a; Varin et
al., 2019; Yusta et al., 2015).

Regular chow-fed Rag2~/~;li2rg™'~ mice displayed normal
glucose tolerance (Figure 1A). Surprisingly, despite loss of the
gut IEL population, circulating levels of total GLP-1 were not
different upon oral glucose administration (Figure 1B). Similarly,
oral gavage of olive oil induced comparable GLP-1 excursions
in control versus Rag2~~;l2rg™’~ mice (Figure S1C). Plasma

(B) Plasma total GLP-1 levels of chow-fed WT and Fs’agZ’/’; Il2rg’/’ mice after a 5-h fast followed by gavaging of glucose (2 g/kg). n = 10-14.
(C) Blood glucose levels during OGTTs and AUC of the tests in WT and Rag2~/~; li2rg™’~ mice after 8 weeks of HFD feeding, fasted for 5 h, and gavaged with

glucose (2 g/kg). n = 10-13.

(D) Plasma total GLP-1 levels of WT and Rag2~/~; li2rg ™'~ mice after 8 weeks of HFD feeding subsequent to a 5-h fast followed by gavaging of glucose (2 g/kg).

n=7-11.

E) Expression of Gcg in chow-fed WT and Rag2~~; lI2rg™’~ mouse ilea. n = 6-9.
F) Left panel: total GLP-1 content of WT and Rag2~'~; ll2rg~/~ mouse ilea. Right panel: GLP-2 content of WT and Rag2~'~; l2rg™’~ mouse ilea. n = 9 or 10.

G) Representative images of GLP-1 staining in WT and Rag2~'~; ll2rg ™/~

I-K) Expression of Glp7rin (I) the gut, (J) lymphoid tissues and the liver, and (K) FACS-purified IEL subpopulations of Glp7r™®"*"* and Glp1

Tcell+/+

L) Blood glucose levels during OGTTs and AUC of the tests in chow-fed Gip7r

n=10or 11.

(

(

( mouse ilea by immunohistochemistry. Scale bar, 100 um.
(H) Density of GLP-1* cells in WT and Rag2~'~; ll2rg~’~ mouse ilea stained for GLP-1 by immunohistochemistry. n = 8-10.
(

(

e~ mice.n = 4-14.

and Glp1r™®"~/~ mice fasted for 5 h and gavaged with glucose (2 g/kg).

(M) Plasma total GLP-1 levels of chow-fed Glp7r™®™*/* and Glp7r"™°®"~/~ mice after a 5-h fast followed by gavaging of glucose (2 g/kg). n = 11 or 12.

(N) Blood glucose levels during OGTTs and AUC of the tests in Glp7r"®"*"* and Glp1r'°®"~/~ mice after 8 weeks of HFD feeding, fasted for 5 h, and gavaged with
glucose (2 g/kg). n = 9-13.

(O) Plasma total GLP-1 levels from Glp7r™®/* and Glp1r™°"~/~ mice after 8 weeks of HFD feeding after a 5-h fast followed by gavaging of glucose (2 g/kg).
n=12-15.

(P) Expression of Geg in Glp1r™®"*/* and Glp1r" mouse ilea. n = 5-9.

(Q) Left panel: total GLP-1 content of Glp1r"°*"*/* and Glp1r"°®'~/~ mouse ilea. Right panel: GLP-2 content of Glp1r"°®"*/* and Glp7r"°*"~'~ mouse ilea. n = 5-9.
(R) Representative images of GLP-1 staining of Glp7r™®"*/* and Glp7r™®"~/~ mouse ilea by immunohistochemistry. Scale bar, 100 um.

(S) Density of GLP-1* cells in Glp7r"®"*/* and GIp1r™®"~/~ mouse ilea stained for GLP-1 by immunohistochemistry. n = 5-9.

(T) Plasma acetaminophen concentrations in fasted Glp7r'°®"*"* and Glp1r™°®'~/~ mice after gavaging with acetaminophen (100 mg/kg). n = 5 or 6.

(V) Active GLP-1 levels in cardiac blood plasma (left panel) and hepatic portal vein blood plasma (right panel) from mice pretreated with sitagliptin (400 ng/mouse)
for 30 min followed by gavaging with vehicle (water) or glucose (2 g/kg). n = 5-9.

Data are represented as mean + SD. * p < 0.05, * p < 0.01, and *** p < 0.001. For (T), *** p < 0.001 and **** p < 0.0001 between vehicle-treated and semaglutide-
treated GIp7r™®™/* mice; **** p < 0.0001 between vehicle-treated and semaglutide-treated Glp7r™®"~/~ mice. Student’s t tests were used in (C), (E), (F), (1), (J),
and (K). Two-way ANOVA tests were used in (U). Repeated measure ANOVA tests were used in (T).

Abbreviations:AUC, area under curve; OGTT, oral glucose tolerance test; HFD, high-fat diet; Gcg, glucagon; Sl IELs, small intestine intraepithelial lymphocytes;
MLNs, mesenteric lymph nodes; PBMCs, peripheral blood mononuclear cells; BALNs, brachioaxillary lymph nodes; ILNs, inguinal lymph nodes.
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free fatty acid levels were not different in Rag2~'~;/I2rg~’~ mice
during the lipid tolerance test but plasma triglycerides were
reduced in fasted Rag2~~;I2rg~'~ mice (Figure S1C). Intrigu-
ingly, high-fat diet (HFD)-fed Rag2~'~;ll2rg~’~ mice showed
improved oral glucose tolerance (Figure 1C); however, GLP-1
levels in HFD-fed Rag2~'~;/12rg '~ mice were not different before
or after a glucose challenge (Figure 1D). Glucose-stimulated in-
sulin responses were comparable in HFD-fed control versus
Rag2~'~;ll2rg™'~ mice (Figure S1D). HFD-fed Rag2~/~;li2rg™’'~
mice also displayed improved intraperitoneal glucose tolerance
and insulin tolerance (Figures S1E and S1F). Body weight was
normal in Rag2~'~;I12rg~'~ mice after 12 weeks of HFD feeding
(Figure S1G); however, fat mass was higher and lean mass was
reduced (Figure S1H). Energy expenditure, locomotor
activity, and food and water intake were not different
(Figures S11-S1K). The higher fat and lower lean mass of HFD-
fed Rag2~'~;ll2rg™'~ mice reflected higher gonadal white adi-
pose tissue weight and lower liver, spleen, and gut weight,
respectively (Figure S1L). Hence, Rag2 ™~ ~;ll2rg~'~ mice deficient
in gut T cells phenocopied a subset of metabolic findings in
Itgb7~/~ mice (He et al., 2019; Luck et al., 2015).

Higher plasma GLP-1 levels were associated with enhanced
gut glucagon gene (Gcg) expression and greater L cell density
in the ileum of Itgb7~'~ mice (He et al., 2019). Rag2~'~;ll2rg™/~
mice also exhibited higher Gcg expression and total GLP-1
and GLP-2 content in the ileum (Figures 1E and 1F), but ileal L
cell density was not different (Figures 1G and 1H). Together
with findings of normal circulating levels of GLP-1, the improved
glucose tolerance in HFD-fed Rag2~~;ll2rg™'~ mice lacking gut
IELs does not reflect increased GLP-1 bioactivity.

Lck-Cre efficiently inactivates the GLP-1R in gut IELs

To extend our findings from Rag2~'~;/l2rg~'~ mice to a more
selective model retaining immune cell populations yet exhibiting
disruption of T cell and gut IEL GLP-1R expression, we crossed
mice harboring Lck-Cre (Hennet et al., 1995) with Glp1r flox/flox
(Glp 1™ mice to generate Glp 1r°*"~/~ mice on a C57BL/6J back-
ground. Glp1r expression was reduced within the duodenum,
jejunum, and ileum of Glp 1r"°®"~/~ mice by at least 60% (Figure 1I),
whereas colonic Glp 7r expression was not different in Glp 1r7°"**
versus Glp1r™®®"~/~ mice. Glp1r expression was enriched within
isolated small bowel |IELs relative to mRNA levels in isolated small
bowel segments and markedly reduced by more than 75% in the
gut IELs isolated from Glp 1r"®"~/~ mice (Figure 1l).

Much lower levels of Glo7r mRNA were detected in other im-
mune organs, with knockdown of Glp7r mRNA observed in the
thymus and mesenteric lymph nodes (MLNs) from Gip1r™°"~/~
mice (Figure 1J). Expression of Glp7r in the spleen, peripheral
blood mononuclear cells (PBMCs), and brachioaxillary and
inguinal lymph nodes was not reduced in Glp7r™®"~'~ mice (Fig-
ure 1J). Although hepatic yd T cells express Glp1r (MclLean et al.,
2021a), we did not detect a reduction of Glpo7r mRNA transcripts
in the liver of Glp1r™"~/~ mice (Figure 1J), likely reflecting the
low abundance of hepatic v T cells and the decreased efficiency
of the proximal Lck promoter in driving recombination in y3 T cells
(Fiala et al., 2019). Expression of Glp7r in lungs and atria of
Glp1r™®"~'~ mice was normal (Figure S1M).

Natural IELs can be either TCRap* or TCRy3" and acquire
CD8aa expression after homing to the gut, whereas induced
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IELs are mostly CD8«B*TCRaf* with a subset identified as
CD4*TCRaB* (Cheroutre et al., 2011). We sorted gut IELs into
natural and induced IELs based on their CD8 dimer expression
by fluorescence-activated cell sorting (FACS). In cells isolated
from the small bowel of Glp1r™®"~~ mice, Glp1r expression
was lower in both natural (CD8ac*) and induced (CD8ajB* or
CD4"%) IELs but virtually extinguished in TCRaB* cells (Fig-
ure 1K). Of note, Glp7r mRNA transcripts in CD8ao" TCRyd*
IELs from Glp1r™®"~'~ mice were reduced by only 50% (Fig-
ure 1K), consistent with the lower efficiency of the proximal
Lck promoter in targeting yd T cells (Fiala et al., 2019). Despite
the loss of Glp1r expression in gut IELs, jejunal T cell density
was normal in Glp7r™®"~’~ mice (Figure S1N). Moreover, the
relative abundance of most gut IEL subtypes was unchanged
(Figures S10 and S1P), although the population of CD8ao*
TCRy3* IELs was slightly expanded in Glp7r™®"~~ mice (Fig-
ure S1P). Hence, Glp7r™®®"~~ mice exhibit efficient deletion
of Glp1r in most gut IELs while preserving IEL abundance
and immunophenotypes.

Loss of GIp1rin gut IELs does not affect GLP-1 secretion
with or without metabolic challenges

The defective development of gut IELs in /tgb7~~ mice
increased levels of GLP-1 and improved glucose tolerance,
attributed to loss of the gut IEL GLP-1R (He et al., 2019). Never-
theless, chow-fed Glp1r™®'~~ mice displayed normal oral
glucose tolerance (Figure 1L), with GLP-1 and insulin levels
increasing to a similar extent in Glp7r™°*"*/* versus Glp1r7°"~/~
mice during the oral glucose tolerance test (OGTT) (Figures 1M
and S1Q). Unlike Rag2~'~;li2rg™'~ mice, Glp1r™®"~'~ mice did
not show improved oral glucose tolerance compared with
Glp1r™®®™/* mice after 8 weeks of HFD feeding (Figure 1N).
The total GLP-1 and insulin responses during the OGTT were un-
changed in HFD-fed Glp1r™®®"~~ mice (Figures 10 and S1R).
Furthermore, intraperitoneal glucose tolerance and insulin toler-
ance were not different in Glp1r"™°®™/* versus Glp1r"°®"~'~ mice
(Figures S1S and S1T). Body weight gain was comparable (Fig-
ure S1U), but HFD-fed Glp 7r™®"~/~ mice had slightly reduced fat
mass (Figure S1V). HFD-fed Glp7r™®®"~/~ mice gained relatively
more body weight than HFD-fed Rag2~'~;l2rg~’~ mice on a
BALB/c background over the same 12-week period of HFD
feeding (Figures S1G and S1U), consistent with the increased
susceptibility to diet-induced obesity in mice on a C57BL/6J
background (Montgomery et al., 2013). Energy expenditure,
locomotor activity, and food intake were normal, and water
intake was mildly reduced in HFD-fed Glp7r™®"~~ mice
(Figures S1W, S1X, and S1Y). Glp1r™®"~~ mice exhibited
normal Gcg expression, total GLP-1 and GLP-2 content, and
L cell density in the ileum (Figures 1P-1S).

The gut-brain GLP-1 axis also regulates gut motility (Imerylz
et al., 1997), hence we tested gastric emptying responses in
Glp1r™®"~'~ mice by administering acetaminophen. Glp7rT®"*/*
and Glp1r™®"~'~ mice exhibited similar gastric emptying profiles
(Figure 1T). Exendin-4 suppressed gastric emptying effectively in
both genotypes, suggesting that the gut IEL GLP-1R is
not required for the control of gastric emptying (Figure 1T).
Because the portal vein blood contains a substantial proportion
of active GLP-1 secreted from L cells and potentially reflects
sequestration by gut IELs, we assessed portal GLP-1 levels in



Please cite this article in press as: Wong et al.,

Divergent roles for the gut intraepithelial lymphocyte GLP-1R in control of metabolism, microbiota, and
T cell-induced inflammation, Cell Metabolism (2022), https://doi.org/10.1016/j.cmet.2022.08.003

Cell Metabolism

¢? CellPress

© Glp1rieelt/+ + vehicle
& Glp1ricel+/+ + semaglutide

A HED B C D © Glp1rieel- + vehicle
- 5 15 A Glp1rTeel-- + semaglutide
60 L E 2 o ok —ED«
) 8 o o £
= £ c) £
5 5 T I I I T £ Y 5 10
R I N T 2 o 3 2
O e D . . o < oo 1 S
° (=) Oo =
H I S 4 o H .
40 R N S e e 5 frd 8
- o
& &
H
A
30 8 0
r v v i ] — — r v T p !
2 4 6 8 ®® ¥ 0 2
& & & & Day
Day 4‘5(“&,,&" & y
L L G
E Relative abundance F °
0.2 e
v
3
0.1
<
g = ° .
3 o0 ?“\ L I
[8 @ ] = @Q
° 5}
N £ c
° S I}
041 °
é g .| g
Qo
©
-0.2 g
kS
[
3 o
9 3
Ax|s1 [48.1 A,] HFD Abundance
0 2 4 8
H Glp1ricelis/+ 4 Glp1ricels/+ 4 Glp1rcel-r- 4 Glp1ricel-/- 4 [
vehicle semaglutide vehicle semaglutide
Enterococcus
Escherichia-Shigella
Coriobacteriaceae
UCG-002
FD
| Mucispirillum Parasutterella J Enzyme commission K KEGG ontologies L MetaCyc pathways
8 & 3
5.0
4- 2
g " ) & & 25 §
2 & 27 N ®
é 4 . N : : o
2 (&)
1 L g o g
e - H . -
24 25 >
& & N @ -5.0 -25 s 0 o T
@ 0&’” & & @ Q@'b & & PC1 [33.4%) PC1 [36.2%)]
N R RN VL N
R N S
SN '\{\d“ (a\\l\ & O@\\x\ '\{\o@ {\OQ\\'\ o Glp1rTeels/+
ORI R C O - Glp1riceli/+ + vehicle

Glp1ricel-- +
vehicle

Glp1riceli/s 4
vehicle

GlpTriceiess 4
semaglutide

Glp1ricel-- 4
semaglutide

HFD

~o- GlpTreel+/+ + semaglutide
-~ Glp1rTeel-- + vehicle
—e- Glp1rTeel-- + semaglutide

Chondroitin sulfate degradation | (bacterial)

Glucose and glucose-1-phosphate degradation

Cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate
3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation to 2-oxopent-4-enoate
L-arginine degradation Il (AST pathway)

Enterobacterial common antigen biosynthesis

Superpathway of L-arginine and L-ornithine degradation

Ketogluconate metabolism

Superpathway of methylglyoxal degradation

Sulfoglycolysis

L-glutamate degradation VIII (to propanoate)

3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation
Superway of (Kdo).-lipid A biosynthesis

Superpathway of L-tryptophan biosynthesis

Enterobactin biosynthesis

TCA cycle IV (2-oxoglutarate decarboxylase)

Aerobic respiration | (cytochrome c)

Abundance
0 2 4 8

Figure 2. Loss of the GLP-1R in gut IELs preserves the metabolic benefits but modifies the gut microbiota-altering effects of semaglutide
(A) Body weight of HFD-fed Glp1r™°*"*/* and Glp7r™®"~/~ mice over 1 week of daily semaglutide (10 ng/kg) treatment. The body weight of these HFD-fed animals
prior to semaglutide treatment is reported in Figure S1U. Solid lines and dotted lines denote vehicle and semaglutide treatment, respectively. n = 8 or 9.

(legend continued on next page)
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Glp1r™®"~~ mice. Active GLP-1 levels were increased following
a bolus of glucose and were higher in portal vein versus cardiac
blood (Figure 1U). However, active GLP-1 levels in cardiac and
portal vein blood were not different in Glp1r™®"*/* versus
Glp1r™®"~/~ mice with or without glucose challenge. Overall,
deletion of Glp1rin T cells, including gut IELs, neither enhances
the number of L cells and GLP-1 levels nor improves oral glucose
tolerance.

Loss of the GLP-1R in gut IELs preserves metabolic
benefits but modifies the gut microbiota-altering effects
of semaglutide

GLP-1RAs also attenuate systemic and tissue inflammation in
animals and humans (Chaudhuri et al., 2012; Drucker, 2018;
Heiss et al., 2021; Helmstadter et al., 2020; McLean et al.,
2021a; Noyan-Ashraf et al., 2013; Sato et al., 2020). Neverthe-
less, GLP-1R expression is very low in many immune organs
and cell types (Hadjiyanni et al., 2010; Heng et al., 2008; McLean
et al., 2021b). To examine the role of the gut IEL GLP-1R in medi-
ating the metabolic and anti-inflammatory actions of GLP-1RAs,
we placed Glp7r™®"** and Glp1r™®"~'~ mice on a HFD for
13 weeks and treated them with saline or semaglutide once daily
for the last 7 days.

Body weight was slightly lower in saline-treated HFD-fed
Glp1r™®"~'~ mice over the last week of HFD feeding (Figure 2A),
although 1 week of semaglutide treatment reduced body weight,
food intake, and blood glucose to a similar extent in both geno-
types (Figures 2B-2D). The weight of subcutaneous white adipose
tissue and interscapular brown adipose tissue, but not gonadal
white adipose tissue, was reduced or trended lower with semaglu-
tide treatment in both HFD-fed Glp 1r™°*"*"* and Glp 1r™**"~/~ mice
(Figure S2A). Liver weight was also lower in semaglutide-treated
mice (Figure S2A). Circulating levels of plasma cytokines and che-
mokines were similar across genotypes and semaglutide treat-
ment (Figure S2B). Furthermore, the consequences of semaglutide
treatment in the HFD-fed mouse liver, evident through downregu-
lationof Abcg1, Ccl2, and Tnf mRNA transcripts (Figure S2C), were
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influence the gut IEL immunophenotype in either Gip1
Glp1r™®"~'~ mice on a HFD (Figure S2D).

The gut microbiota influences gut GLP-1 secretion, which in
turn modulates local and systemic inflammation (Chimerel
et al., 2014; Heiss et al.,, 2021; Hwang et al., 2015; Lebrun
et al., 2017; Wichmann et al., 2013; Yadav et al., 2013). Hence,
we performed 16s rRNA gene sequencing to characterize the
fecal microflora in HFD-fed Glp7r™°*""* and Glp71r™®'~'~ mice
treated with semaglutide. Clustering of microbiota samples by
principal coordinates analysis or by hierarchical clustering pin-
pointed HFD feeding as the primary influence on the differences
in beta diversity across groups (Figures 2E and 2F). Notably,
semaglutide had minimal impact on the relative abundance of
the microbiota, irrespective of the genotypes. The abundance
of most genera of microbes was similar between the saline-
treated and semaglutide-treated groups, although the abun-
dance of some genera such as Dubosiella and Romboutsia
were altered in the latter (Figure 2G). Differential abundance
analysis by either DESeq2 and linear discriminant analysis
effect size (LEfSe) commonly identified three genera of microbes
induced by semaglutide in both HFD-fed Glp7r™®*"™/* and
Glp1r™®"~'~ mice: Enterococcus, Escherichia-Shigella, and
Coriobacteriaceae UCG-002 (Figure 2H; Tables S1 and S2).
Interestingly, some genera of commensal bacteria, such as
Mucispirillum and Parasutterella, were induced specifically by
semaglutide in the gut of HFD-fed Glp1r™®"~'~ mice, but not in
Glp1r™®™* mice (Figure 2I; Table S1). We also performed pre-
diction of the metagenome functions by phylogenetic investiga-
tion of communities by reconstruction of unobserved states 2
(PICRUSt2) (Douglas et al., 2020). Similar to the microbial relative
abundance, the HFD exerted the strongest influence on the mi-
crobial functional abundance mapped to Enzyme Commission
(EC) numbers, Kyoto Encyclopedia of Genes and Genomes
(KEGG) ontologies, and pathways enriched for the EC numbers
(MetaCyc pathways) (Figures 2J-2L). Semaglutide treatment
had moderate effects on the functional abundance associated

mice. Moreover, semaglutide did not
rTceII+/+ or

(B) Body weight differences between Glp7r™®"/* and Glp7r™®"~/~ mice from day 0 to 7 of the daily semaglutide (10 pg/kg) treatment. n = 8 or 9.
(C) Food intake of HFD-fed Glp1r™®"*/+ and Glp1r"™®"~'~ mice over 1 week of daily semaglutide (10 ng/kg) treatment. n = 6-9.
(D) Blood glucose of HFD-fed Glp1r™°®"*"* and Glp7r™®"~/~ mice as measured at 10 a.m. every day over 1 week of daily semaglutide (10 ug/kg) treatment. n = 8

or9.

(E) A PCoA plot showing the similarity of microbiota profiles at the phylum level from fecal samples of HFD-fed Glp1r"°®"*/* and Glp1

semaglutide (10 ng/kg) treatment. n = 6-11.

endrogram showing hierarchical clustering of the gut microbiota samples o -fed Glp1r and Glp1r
(F)Adend howing hi hical cl ing ofth icrobi les of HFD-fed Glp 7r"°®"*/* and Glp 7r"

e/~ mice after 1 week of

&=/~ mice after 1 week of semaglutide (10 pg/

kg) treatment. The clustering was performed using weighted pair group method with arithmetic mean.

(G) Microbiota distribution at the genus level in fecal samples from HFD-fed Glp1r™®"*'* and Glp1
(H) A heatmap highlighting selected microbe species differentially represented in the fecal samples of HFD-fed Glp7r™°*"*"* and Glp1

r’e"~/~ mice after 1 week of semaglutide (10 ng/kg) treatment.

T/~ mice after 1 week of

semaglutide (10 nug/kg) treatment. Each column corresponds to one sample. n = 8-11.
(1) A boxplot and whisker plot showing selected microbe species differentially represented in the fecal samples of HFD-fed Glp 7r™®"™/* and Glp 1r"°*"~/~ mice after

1 week of semaglutide (10 pg/kg) treatment. n = 8-11.

(J-L) A PCoA plot showing clustering of the gut microbiota samples of HFD-fed Glp7r™®"*/* and Glp1

r™e®"~/~ mice after 1 week of semaglutide (10 ug/kg)

treatment based on their functional abundances associated with various (J) Enzyme Commission numbers, (K) KEGG ontologies, or (L) MetaCyc pathways.

n=6-11.

(M) A heatmap highlighting inferred pathways differentially abundant in the fecal samples of HFD-fed Glp7r™°®"*/* and Glp1r"™®"~/~ mice after 1 week of sem-
aglutide (10 pg/kg) treatment. Each column corresponds to one sample. n = 8-11.

Data are represented as mean + SD. *p < 0.05, ** p < 0.01, and ** p < 0.001 between vehicle-treated and semaglutide-treated Glp 1r"*®"*/* mice. # p < 0.05 and **#
p < 0.001 between vehicle-treated and semaglutide-treated Glp7r"°®"~~ mice. Repeated measure ANOVA tests were used in (A), (C), and (D). Two-way ANOVA

tests were used in (B).

Abbreviations: PCoA, principal coordinates analysis; veh, vehicle; sema, semaglutide.
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Figure 3. GLP-1R activation reduces intestinal IFN-y responses driven by activated T cells
(A) Plasma cytokine levels in C57BL/6J mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for 3 h. n = 5-10.
(B) Expression of Ifng, Tnf, Eif2ak2, and Usp18 in the jejunum of C57BL/6J mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for 3 h. n = 4-6.

(legend continued on next page)
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with these ontologies, whereas genotypes had no overt effect
(Figures 2J-2L). Focusing our analysis on the pathway abun-
dance, semaglutide induced numerous pathways in both HFD-
fed Glp1r™®* and Glp1r™®"~/~ mouse fecal microbiota,
including pathways associated with nutrient metabolism (L-argi-
nine, L-ornithine, L-glutamate, and glucose degradation;
L-tryptophan biosynthesis), aromatic compound metabolism
(3-phenylpropanoate, cinnamate, and 4-hydroxyphenylacetate
degradation), and synthesis of other bacterial products (entero-
bactin and (Kdo),-lipid A biosynthesis) (Figure 2M). These find-
ings were likely driven by the higher abundance of Escherichia-
Shigella in the semaglutide-treated mice, because many of these
pathways are associated with Escherichia coli metabolism
(Manso et al., 2009; Raetz et al., 2007). HFD-fed Glp7r'®"~/~
mice treated with semaglutide showed a stronger induction in
these pathways, perhaps attributable to an apparent lack of re-
sponses in some of the Glp7r"™°®"*/* mice. Hence, the gut IEL
GLP-1R appears dispensable for the metabolic benefits of
GLP-1RAs but is required for selective effects of GLP-1RAs on
the gut microbiota.

GLP-1RAs suppress T cell-mediated systemic
inflammation, intestinal inflammation, and crypt
cell death
Loss of the GLP-1R in gut IELs preserved endogenous L cell re-
sponsivity, glucose tolerance, and the metabolic responses to
semaglutide. Accordingly, we next investigated whether the
gut IEL GLP-1R contributes to gut mucosal integrity (Cheroutre
et al,, 2011). We examined the anti-inflammatory effects of
GLP-1RAs in mice treated with an agonistic anti-CD3 antibody,
an intervention shown to induce acute gut inflammation via gut
T cell activation (Esplugues et al., 2011; Merger et al., 2002;
Musch et al., 2002). We chose a dose of 35 pg anti-CD3 antibody
for the in vivo experiments based on previous dose-response
studies (Swamy et al., 2015). Clearly, 3 h after anti-CD3
treatment, plasma cytokine levels were markedly induced in
wild-type C57BL/6J mice compared with mice treated with a
dose- and isotype-matched antibody (Figure 3A). Plasma cyto-
kine levels stayed elevated for at least 6 h and returned to almost
basal levels by 24 h (data not shown). Notably, in mice treated
with both anti-CD3 and the short-acting GLP-1RA exendin-4
for 3 h, the levels of multiple plasma cytokines were reduced
by 30%-50%, except for interleukin-10 (IL-10) (Figure 3A).
Cytokine gene expression and cytokine protein content were
upregulated in the jejunum of mice treated with anti-CD3
(Figures 3B and S3A). Exendin-4 downregulated expression of
Ifng, but not Tnf, in the jejunum of anti-CD3-treated mice (Fig-
ure 3B). Although jejunal TNF-a. content was increased in mice
treated with anti-CD3 and exendin-4, content of other cytokines
was not modulated by exendin-4 (Figure S3A). Activated gut IELs
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release interferons in the gut epithelium, which in turn induce
interferon-stimulated genes (ISGs) in the neighboring epithelial
cells (Swamy et al., 2015). Anti-CD3 treatment induced expres-
sion of ISGs such as Eif2ak2 and Uspi18 in the jejunum
(Figure 3B); however, exendin-4 had no effect on jejunal ISG
expression (Figure 3B).

To further localize gut cytokine and ISG expression, we sorted
cells positive (gut IELs) and negative (mainly epithelial cells) for
CD45 from the small intestinal epithelium of anti-CD3-treated
mice, with or without exendin-4 administration. The expression
of Ifng was almost exclusively within CD45" gut IELs (Figure 3C),
whereas levels of Tnf mMRNA were higher in CD45™ cells. The
ISGs Eif2ak2 and Usp18 were highly enriched in CD45 epithelial
cells and induced by anti-CD3 (Figure 3C). Interestingly,
exendin-4 downregulated I/fng, but not Tnf, expression in
CD45™" gut IELs from anti-CD3-treated mice, but it did not upre-
gulate gut IEL levels of T cell-derived anti-inflammatory cytokine
mRNAs such as I/710 and //17a (Figure S3B). Moreover, exendin-4
downregulated Eif2ak2 and Usp18 in gut epithelial CD45 cells
from anti-CD3-treated mice (Figure 3C). In contrast to findings
in the gut, the anti-inflammatory actions of exendin-4 were not
detected in the liver of anti-CD3-treated mice (Figure S3C), an
organ harboring a small population of GLP-1R* 3T cells
(McLean et al., 2021a).

Induction of IFN-v, a primary effector cytokine of gut IELs, is
causally linked to IEL cytotoxicity and epithelial cell death in
the crypt compartment during gut inflammation (Bradford
etal.,2017; Farinetal., 2014; Takashima et al., 2019). To quantify
cell death events in the crypts of the small intestine, we analyzed
histological sections from mice treated with anti-CD3 and sem-
aglutide for 24 h. Semaglutide was used in the 24-h anti-CD3 ex-
periments because of its longer half-life (Yu et al., 2018), which is
more suitable for experiments with extended durations. Treat-
ment with anti-CD3 increased cleaved caspase-3 (CC3)* bodies
per crypt in the small intestine (Figure 3D), with CC3 staining pre-
dominantly detected within the duodenum and jejunum. Sema-
glutide reduced the number of CC3" bodies per crypt along
the small bowel by at least 70% (Figure 3D). Collectively, these
findings reveal that GLP-1R activation alleviates T cell-mediated
inflammation evident by the reduction of plasma cytokine levels,
downregulation of cytokine and ISG expression in the gut epithe-
lium, and decreased CC3™" events in the crypt compartment.

Activation of the GLP-1R suppresses the effector
functions of gut IELs

To determine whether GLP-1RAs act directly on T cell GLP-1Rs to
suppress T cell-mediated inflammation, we treated Glp7r'°®""*
and Glp7r™®"~'~ mice with anti-CD3 and exendin-4 for 3 h. Plasma
cytokine levels were similar in Glp1r™®®""* versus Glp1r™e®!~/~
mice (Figure 4A). Exendin-4 lowered plasma levels of IFN-vy, IL-2,

(C) Expression of Ifng, Tnf, Eif2ak2, and Usp18 in the epithelial cells (CD457) and gut IELs (CD45") sorted from C57BL/6J mice treated with anti-CD3 and

exendin-4 (10 nmol/kg) for 3 h. n = 4-6.

(D) Top: representative images of cleaved caspase-3 staining by immunohistochemistry in the jejunum of C57BL/6J mice treated with anti-CD3 and semaglutide
(10 pg/kg) for 24 h. Scale bar, 50 um. Bottom: density of cleaved caspase-3-positive bodies in the duodenum, jejunum, and ileum of C57BL/6J mice treated with

anti-CD3 and semaglutide (10 pg/kg) for 24 h. n = 4-7.

Data are represented as mean + SD. * p < 0.05, ** p < 0.01, ** p < 0.001, and *** p < 0.0001. Two-way ANOVA tests were used in (A—C). Student’s t tests were used

in the bottom panel of (D).
Abbreviations: CC3, cleaved caspase-3.
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Figure 4. Activation of the GLP-1R suppresses the effector functions of gut IELs specifically

(A) Plasma cytokine levels in Glp7r™°"/* and Glp7r™®®"~~ mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for 3 h. n = 7-17.
(B) Expression of Ifng in gut IELs sorted from Glp1r™®®"*/* and Glp7r™®"~/~ mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for 3 h. n = 5.

(legend continued on next page)
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and TNF-o in anti-CD3-treated Glpo7r"°*"*"* mice, but not in
Glp1r™®"~/~ mice (Figure 4A). Similarly, exendin-4 reduced circu-
lating levels of IL-1B, IL-6, and CXCL1 (Figure 4A), but not IL-10,
IL-12 p70, IL-4, and IL-5 (Figure S4A), in Glp1r™°®"*/* mice. By
contrast, these anti-inflammatory effects of exendin-4 were abol-
ished in Glp1r™®"~'~ mice (Figure 4A). Levels of Ifng in gut IELs,
and Eif2ak2 and Usp18 in intestinal epithelial cells (IECs), were
similar in anti-CD3-treated Glo7r™®"/* versus Gip1r"°*"~/~ mice
(Figures 4B and 4C). Exendin-4 downregulated expression of
these genes in the gut IEL and IEC fractions isolated from
Glp1r™®®™* but not from Glp7r'®"~/~, mice (Figures 4B and
4C). Jejunal cytokine content was similar across genotypes, irre-
spective of treatment with exendin-4; however, TNF-o. content
was elevated in exendin-4-treated Glp7r™®®"**, but not in
Glp1r™®"~'~ mice (Figure S4B).

In mice treated with anti-CD3, semaglutide reduced the fre-
quency of CC3* bodies in the intestinal crypts of Glp7r'°®"**, but
not in Glp71r™°*"~/~ mice (Figures 4D and S4C). Exendin-4, which
has a shorter half-life than semaglutide, also reduced crypt cell
death yet was slightly less effective than semaglutide in reducing
the number of CC3* bodies in the jejunum of anti-CD3-treated
Glp1r™®™* mice, and the cytoprotective effect of exendin-4 on
crypt cells was lost in anti-CD3-treated Glp1r"°*"~'~ mice (Fig-
ure 4E). Semaglutide also reduced the frequency of TUNEL*
bodies, another cell death marker, in the intestinal crypts of
Glp1r™®"* but not Glp7r™®"~'~, mice (Figures S4D and S4E).
Furthermore, semaglutide downregulated /fng—but not Tnf, Ei-
f2ak2, or Usp18—in the jejunum of Glp1r™®** mice acutely
treated with anti-CD3, an effect that was absent in Glp7r™°®"~/~
mice (Figure S4F). Semaglutide also reduced IL-4 and IL-6—but
not IFN-y, IL-2, and TNF-a—jejunal cytokine content in
Glp1r™®™* but not in Glp1r"™°®"~'~, mice, treated with anti-CD3
for 24 h (Figure S4G). Taken together, deletion of the T cell GLP-
1R eliminates the systemic and intestinal anti-inflammatory and
cytoprotective actions of GLP-1RAs in the context of T cell-medi-
ated inflammation.

We further assessed the anti-inflammatory effects of GLP-1RAs
directly on gut IELs sorted from Glp 1r"°**/* and Glp 1r"°*"~/~ mice
using independent assays and inducers of T cell activation. First,
we activated sorted gut IELs using plate-coated anti-CD3 or solu-
ble phorbol 12-myristate-13-acetate (PMA)/ionomycin, the latter
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which activates T cells by activating protein kinase C (PKC) and
mobilizing intracellular calcium while bypassing proximal TCR
signaling events (Chatila et al., 1989). Direct IEL activation by either
reagent stimulated IFN-vy, IL-2, and TNF-o secretion (Figures 4F
and S4H). The extent of cytokine induction was similar across ge-
notypes. Exendin-4 dampened the secretion of all three cytokines
induced by anti-CD3 in gut IELs isolated from Glp 7r™®"*/*, but not
in IELs from Glpo7r™®"~/~, mice (Figure 4F). By contrast, exendin-4
did not inhibit cytokine secretion in response to PMA/ionomycin in
either genotype, thus revealing the dependence of anti-inflamma-
tory effects of exendin-4 on proximal TCR signaling (Figure S4H).
Anti-CD3 activation also stimulated IL-17A secretion from
gut IELs; however, exendin-4 did not change IL-17A secretion in
gut IELs from either Glp 1r™®"*/* or Glp 1r™°*"~/~ mice (Figure S4l).
We next analyzed the actions of exendin-4 using isolated MLN and
splenic cells. MLN cells secreted IFN-y, IL-2, and TNF-o. upon
plate-bound anti-CD3 activation, but exendin-4 did not modulate
cytokine levels in MLN cells (Figure S4J), or in splenocytes (data
not shown), from either Glp7r™°*"/* or Glp 1r™®"~'~ mice.

We next examined the effects of GLP-1R activation on
the effector functions of gut IELs, namely cytokine production
and cytotoxicity. Intracellular cytokine staining of (1) CD8aa*
TCRaB* natural IELs; (2) CD8aa.*TCRy3* natural IELs; and (3)
CD8ap*TCRaf* induced IELs, revealed enhanced TNF-o and
IFN-y production following anti-CD3 activation (Figures 4G and
4H), with greater augmentation of TNF-o production in induced
IELs. Exendin-4 suppressed both TNF-o and IFN-y production
in all three types of gut IELs isolated from Gip1r™®"*/* mice
(Figures 4G and 4H). By contrast, these inhibitory effects of
exendin-4 were lost in |ELs from Glp7r™°®"~'~ mice. We assessed
the cytotoxicity of gut IELs by co-culturing activated gut
IELs with carboxyfluorescein succinimidyl ester (CFSE)-labeled
Jurkat cells, a cell type frequently deployed for assessing IEL
cytotoxicity ex vivo (Miura et al., 2005). The cytotoxicity of
activated gut IELs was quantified by the percentage of CFSE"
Jurkat cells positive for SYTOX-AAD, a nucleic acid stain that
detects dead cells. Sorted gut IELs without anti-CD3 activation
displayed modest cytotoxicity, whereas anti-CD3 activation
increased the percentage of CFSE" SYTOX-AAD* cells
(Figures 41 and 4J). Exendin-4 reduced the proportion of
CFSE* SYTOX-AAD™ Jurkat cells by 30% in wells co-cultured

(C) Expression of Eif2ak2 and Usp18 in epithelial cells isolated by EDTA stripping and TrypLE digestion from Glp7r"®®"/* and Glp1

anti-CD3 and exendin-4 (10 nmol/kg) for 3 h. n = 5-7.

(D) Density of cleaved caspase-3-positive bodies as quantified by immunohistochemistry in the jejunum of Glp1r

anti-CD3 and semaglutide (10 pg/kg) for 24 h. n =5 or 6.

(E) Density of cleaved caspase-3-positive bodies as quantified by immunohistochemistry in the jejunum of Glp1r

CD3 and exendin-4 (10 nmol/kg) for 24 h. n = 4-7.

T/~ mice treated with

Teell+/+ and Glp7r™®"~/~ mice treated with

Teel+/+ and Glp1r™®"~/~ mice treated with anti-

(F) Secreted cytokine levels from sorted Glp7r™®"/* and Glp7r™®®"~/~ mouse gut IELs treated with plate-coated anti-CD3/anti-CD28 and exendin-4 (50 nM) for 5

h.n=86.

(G and H) Intracellular staining of (G) TNF-a and (H) IFN-v in sorted Glp7r™®"*/* and Glp1r™®"~/~ mouse gut IELs treated with plate-coated anti-CD3/anti-CD28

and exendin-4 (50 nM) for 5 h. n = 4-7.

() Representative plots of cytotoxicity assays on sorted Glp7r'*®"*/* and Glp1

r'°®'~/~ mouse gut IELs treated with plate-coated anti-CD3/anti-CD28 and

exendin-4 (50 nM) against Jurkat cells for 18 h. The red and gray area in the histograms denote populations gated for CFSE* SYTOX-AAD* and CFSE* SYTOX-

AAD’ cells, respectively.
(J) Cytotoxicity assays on sorted Glp7r™°*"*"* and Glp1r™°®"~/~
Jurkat cells for 18 h. n = 5-7.

mouse gut IELs treated with plate-coated anti-CD3/anti-CD28 and exendin-4 (50 nM) against

asma cytokine levels in GlpTr and Glp1r'°®"~"~ mice treated wit and exendin- nmol/kg) for 3 h. n = 6-15.
(K) Pl kine levels in Glp7r™®®"*/* and Glp1r™®®"~/~ mi d with LPS and din-4 (10 I/kg) for 3 h 6-15
Data are represented as mean + SD. * p < 0.05, ** p < 0.01, and *** p < 0.001. Two-way ANOVA tests were used in (A-H), (J), and (K).

Abbreviations: IEC, intestinal epithelial cell.
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with activated gut IELs from Glp7r"°®"*/* mice; however, these

cytoprotective actions of exendin-4 were lost using gut
IELs from Glpo1r"™®®"~~ mice (Figures 4l and 4J). Collectively,
GLP-1RAs inhibit multiple effector functions of gut IELs in a
GLP-1R-dependent manner.

We investigated other possible mechanisms that might explain
the effect of GLP-1RAs on gut IEL-mediated inflammation.
Because GLP-2, which is co-secreted with GLP-1, can suppress
gut inflammation (Cani et al., 2009; Ivory et al., 2008; L’Heureux
and Brubaker, 2003), we examined Glp2r expression in the gut
of Glp1r™®™* and Glp1r"™®"~/~ mice. Jejunal Glp2r expression
was similar in Glp7r™®"~'~ versus Glp 7r™®"** mice (Figure S4K).
Unlike Glp1r, expression of Glp2r was extremely low in isolated
gut IELs relative to the jejunum. Together with the normal ileal
GLP-2 content in Glp7r™®"~~ mice (Figure 1Q), these data
suggest that the GLP-2 system is unlikely to be involved in the
anti-inflammatory effects of GLP-1RAs on gut IELs.

Considering gut immune cells outside of the epithelium could be
targets of GLP-1RAs, we examined the expression of Glp1r in the
lamina propria. We purified CD3* T cells and CD11b* or CD11¢c”*
phagocytes from the lamina propria by FACS and quantified their
GlIp1r expression. Interestingly, neither the lamina propria T cells
nor the lamina propria phagocytes expressed appreciable levels
of Glp1r relative to whole jejunum or isolated gut IELs (Figure S4L).
The identity of the sorted immune cells was confirmed by the
expression of Cd3g for T cells and Cd68 for phagocytes (Fig-
ure S4M). Hence, the effects of GLP-1RAs on gut T cell-mediated
inflammation are unlikely to be mediated through direct actions on
the lamina propria T cells and phagocytes.

These findings demonstrate that GLP-1RAs suppress T cell-
mediated inflammation in gut IELs. We next assessed whether
T cell GLP-1Rs are required for GLP-1RA-mediated inhibition
of inflammation that arises independent of T cell activation,
such as through lipopolysaccharide (LPS) administration (Raki-
povski et al., 2018; Meng and Lowell, 1997). LPS produced com-
parable levels of plasma cytokines in Glp1r™®"** versus
Glp1r™®"~'~ mice (Figures 4K and S4N). In contrast with the
robust gut IEL GLP-1R-dependent anti-inflammatory actions of
exendin-4 in the context of anti-CD3 challenge, exendin-4 low-
ered plasma IFN-y and TNF-a levels and raised IL-10 levels in
both LPS-treated Glp1r™®"™"* and Glp 1r"°®"~'~ mice (Figure 4K).
Moreover, exendin-4 did not change circulating levels of IL-12,
IL-1B, IL-2, IL-4, IL-5, IL-6, or CXCL1 in LPS-treated Glp7r™o"+/*
and Glp1r™®"~/~ mice (Figure S4N). Thus, GLP-1RAs effectively
inhibit both T cell-induced and LPS-induced systemic inflamma-
tion, but GLP-1RAs act specifically on T cell GLP-1Rs to sup-
press T cell-induced rather than LPS-induced inflammation.

The gut IEL GLP-1R inhibits proximal TCR signaling in a
PKA-dependent manner

To ascertain whether transcriptomic changes might underlie the
suppression of IEL effector functions by GLP-1R activation, we
performed bulk RNA sequencing (RNA-seq) experiments on
IELs sorted from the small intestine of mice injected with anti-
CD3 and exendin-4 for 3 h. Unexpectedly, only 25 genes were
differentially expressed in vehicle-treated versus exendin-4-
treated gut IELs (Figure S5A; Table S3). Downregulation of Ifng
by exendin-4 was consistent with prior findings (Figures 3C
and 4B). We subjected the data to gene set enrichment analysis
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for GO terms in biological function. Two terms of particular
interest exhibited enrichment scores: one was in the NADH de-
hydrogenase complex assembly and the other in protein folding
(Figure S5B). Both categories encompass the biology of T cell
activation, which engenders increases in protein synthesis and
metabolic switching (Geltink et al., 2018; Kemp and Poe,
2019). Creld2 and Manf, genes associated with protein folding,
were downregulated with exendin-4 (Figure S5A). To validate
these findings, we repeated these experiments using gPCR to
assess gene expression in gut IELs. Manf, but not Creld2, was
induced by T cell activation and downregulated by exendin-4
in gut IELs isolated from Glp7r™®"*"* mice, with the downregula-
tion of Manf by exendin-4 abolished in gut IELs isolated from
Glp1r™"~'~ mice (Figure S5C). The totality of the RNA-seq
data suggest that transcriptomic changes are not sufficient to
explain the mechanisms linking GLP-1R signaling to inhibition
of gut IEL activation.

Upon T cell activation by TCR ligation or CD3 cross-linking,
CD8¢ chains are phosphorylated by lymphocyte-specific protein
tyrosine kinase (Lck), an event that recruits and phosphorylates
zeta chain of TCR-associated protein kinase 70 (ZAP70) (Vang
et al., 2001). Activation of G protein-coupled receptors
(GPCRs), such as the prostaglandin E2 receptor, suppresses
T cell activation attributable to induction of cyclic adenosine
monophosphate (CAMP), activation of PKA, and inhibition of
proximal TCR signaling. We hypothesized that activation of the
gut GLP-1R inhibits phosphorylation events in proximal TCR
signaling to suppress gut IEL activation and effector functions.

To capture the rapid phosphorylation events in proximal TCR
signaling (Mingueneau et al., 2014), we performed time course
phosphorylation flow cytometry experiments. The phosphory-
lated proteins surveyed included the following: (1) cAMP-
response element binding protein (CREB) at S133, which would
be indicative of PKA and/or PKC activity in T cells (Hughes-Ful-
ford et al., 2005), and is thought to drive PKA-dependent inhibi-
tion of T cell activation (Yao et al., 2013); (2) ZAP70 at Y319, an
activating marker of ZAP70 phosphorylated by Lck (Williams
et al., 1999); (3) SLP-76 at Y128, an activating marker of SLP-
76 phosphorylated by ZAP70 (Bubeck Wardenburg et al.,
1996); (4) extracellular signal-regulated kinase (ERK)1/2 at
T202/Y204, which lies downstream of PKC activation (Franklin
et al., 1994); and (5) Lck at Y319 and Y505, activating and inhib-
itory markers, respectively, that balance Lck activity for phos-
phorylating ZAP70, among others (Salmond et al., 2009).

The anti-CD3 activation induced phosphorylation of CREB
S133, ZAP70 Y319, and SLP-76 Y128 (Figures 5A-5C). ERK1/2
pT202/T204 was mildly induced by anti-CD3 in CD8a.a* TCRap*
and CD8a.o.' TCRy3d* natural IELs, and such induction was stronger
in CD8a.p*TCRaB*-induced IELs (Figure S5D), a phenomenon that
has been described (Brenes et al., 2021). Phosphorylation of Lck
at Y394 and Y505 was unchanged in gut IELs following anti-CD3
activation (Figures S5E and S5F). Exendin-4 potentiated the induc-
tion of CREB pS133 in anti-CD3-activated CD8aa*TCRaf* and
CD8aa'TCRyd" natural IELs (Figure 5A), consistent with the
coupling of GLP-1R activation to raising intracellular cAMP,
thereby promoting CREB S133 phosphorylation (Jhala et al.,
20083; Yusta et al., 2015). Exendin-4 reduced the proportion of
both natural and induced IELs positive for ZAP70 pY319 over the
course of anti-CD3 activation (Figure 5B). Similarly, the
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Figure 5. GLP-1R activation dampens gut IEL proximal TCR signaling in a PKA-dependent manner
(A, B, and C) Left panels: representative flow cytometric histograms for identifying phosphorylation targets in gut IELs. The dashed vertical lines in (A), (B), and
(C) define the negative and positive populations. Right panels: time course plots showing flow cytometric analyses on the phosphorylation of (A) CREB S133, (B)
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fluorescence intensity of SLP-76 pY128 was decreased in both
natural and induced IELs treated with anti-CD3 and exendin-4 (Fig-
ure 5C), and exendin-4 also lowered the proportion of the SLP-76
pY128* cells in the activated induced IELs (Figure S5G). These
data reveal rapid inhibition of proximal TCR signaling by
exendin-4 within minutes after T cell activation. ERK1/2 pT202/
Y204, Lck pY394, and Lck pY505 were not affected by
exendin-4 (Figures S5D-S5F). PMA/ionomycin activation did not
increase ZAP70 pY319 or SLP-76 pY128 (Figures S5H and S5I),
but it enhanced CREB pS133 and ERK1/2 pT202/Y204
(Figures S5J and S5K), both of which lie downstream of proximal
TCR signaling. Consistently, exendin-4 did not modulate proximal
TCR signaling in gut I|ELs activated by PMA/ionomycin
(Figures S5D-S5G).

To ascertain the importance of cAMP and PKA as downstream
mediators of exendin-4 action in IELs, we pretreated gut IELs
with Rp-8-bromo-cAMP, a cAMP analog that antagonizes
cAMP-dependent PKA activation, prior to exendin-4 treatment
and anti-CD3 cross-linking. Exendin-4 lowered the percentage
of ZAP70 pY319* cells in gut IELs pretreated with vehicle,
actions abrogated by pretreatment with Rp-8-bromo-cAMP
(Figure 5D).

Lastly, we explored the relevance of the GLP-1R in the human
gut immune system. We analyzed single-cell RNA-seq (scRNA-
seq) data generated as part of the gut cell atlas (EImentaite
et al., 2021). We retrieved data from more than 70,000 cells en-
compassing all major populations of gut immune cells, including
T cells (CD3G"), B cells (CD19%), plasma cells (SDC7%), and
monocyte lineages (FCGR1A") (Figure 5E). We identified spo-
radic yet specific expression of GLP1R in human gut T cells.
Expression of GLP1R occurred mostly in CD4* T cells, less so
in CD8A* T cells, and was absent in B cells, plasma cells, and
monocyte lineages (Figure 5E). Another independent scRNA-
seq dataset that catalogs human immune cell transcriptomes
also revealed sporadic GLP1R expression in gut T cells, but
not in any other gut immune cells. (Dominguez Conde et al.,
2022). These data extend the potential translational relevance
of the GLP-1-|EL-sensing system to human gut T cells.

DISCUSSION

GLP-1RAs are increasingly utilized for the treatment of T2D and
obesity (Drucker, 2022). These metabolic actions are reasonably
well defined and involve signaling through GLP-1Rs in the islets
and CNS, respectively (Drucker, 2022; Drucker et al., 2017;
McLean et al., 2021b). Notably, studies of ltgb7 KO mice posi-
tioned the gut IEL GLP-1R as a sensor of GLP-1 bioavailability,
providing signals to the L cell to modulate GLP-1 secretion (He
et al., 2019). Here, we demonstrate that the gut IEL GLP-1R is
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not required for the control of glucose metabolism or body
weight, but it functions as a key transducer of GLP-1R-depen-
dent signals regulating a subset of the gut microbiota and
T cell-driven inflammation.

Our current studies were prompted in part by results from
Itgb7~'~ mice linking loss of GLP-1R* gut IELs to control of
GLP-1 bioavailability (He et al., 2019). These experiments used
chimeric mice and bone marrow replacement strategies to
invoke a role for the gut IEL GLP-1R in L cell communication.
Here, we eliminated GLP-1R expression from gut IELs in two
independent mouse lines, on two different genetic backgrounds.
Although the Rag2~'~;ll2rg™~ mice were on a BALB/c back-
ground, the metabolic phenotype of HFD-fed Rag2~'~;ll2rg~/~
mice recapitulated the improved glucose and insulin tolerance
previously described for HFD-fed ltgb7~/~ mice (He et al.,
2019; Luck et al., 2015). Importantly, neither Rag2~'~;ll2rg~/~
mice nor Glp1r"®®"~~ mice on a C57BL/6J background, two
mouse lines deficient in GLP-1R* gut IELs, showed enhanced
circulating levels of GLP-1 before or after HFD feeding. More-
over, glucose tolerance and GLP-1 levels were not dysregulated
in Tie2-Cre;Glp1r"" mice also on a C57BL/6J background
that lack GLP-1R expression in all hematopoietic and
endothelial lineages including gut IELs (MclLean et al., 2021a).
Hence, while loss of gut T cells consistently improves glycemic
control in mice with diet-induced obesity (Tsai et al., 2019), these
metabolic phenotypes appear to be uncoupled from activity
arising from loss of the gut IEL GLP-1R, based on our observa-
tions from three independent mouse lines lacking the gut IEL
GLP-1R and showing no enhancement of circulating GLP-1
levels.

The epithelial localization of gut IELs, proximal to both gut mi-
crobiota and L cells (Bandeira et al., 1990; Zheng et al., 2020),
renders the gut IEL GLP-1R well positioned to transduce immu-
nomodulatory signals conveyed by GLP-1, via L cell sensing of
microbial metabolites and cell wall products such as LPS (Heiss
et al., 2021; Lebrun et al., 2017; Nguyen et al., 2014; Psichas
et al., 2015). Indeed, whole body Glp7r~/~ mice exhibit a dysre-
gulated profile of gut microbiota and enhanced susceptibility to
intestinal inflammation (Yusta et al., 2015). Chronic treatment
with GLP-1RAs alters gut microbiota in mice (Kato et al., 2021;
Madsen et al., 2019; Zhao et al., 2018), but interpretation of these
changes is confounded by concomitant metabolic improve-
ments and weight loss. Here, we show that semaglutide pro-
duced weight loss and microbial changes in both HFD-fed
Glp1r™®™* and Glp1r™®®"~~ mice, such as increased propor-
tions of Enterococcus and Coriobacteriaceae UCG-002. By
contrast, we detected microbial changes unique to the semaglu-
tide-treated Glp7r™°*"~'~ mice, such as increased representation
of Mucispirillum and Parasutterella, in the absence of

ZAP70 Y319, and (C) SLP-76 Y128 in C57BL/6J mouse gut IELs activated with anti-CD3/anti-CD28 and exendin-4 (50 nM) for 5 min. n = 3 independent exper-

iments.

(D) Flow cytometric analyses on the phosphorylation of ZAP70 Y319 in C57BL/6J mouse gut IELs treated with 300 uM Rp-8-bromo-cyclic AMP for 30 min,
followed by exendin-4 (50 nM) for 5 min and anti-CD3 cross-linking for 5 min. n = 8-11.

(E) Published single-cell RNA-seq data on human gut immune cells showing GLP1R expression in human gut T cells. Markers used to define different gutimmune
cell populations include CD3G, CD8A, and CD4 (T cells); CD19 (B cells); FCGR1A (Fc gamma receptor la; monocyte lineages); and SDC7 (syndecan 1;

plasma cells).

Data are represented as mean + SD. * p < 0.05, ** p < 0.01, and ** p < 0.001. Two-way ANOVA tests were used in (A-C) and (D), and statistical significance was
tested between exendin-4/anti-CD3-treated groups and vehicle/anti-CD3-treated groups.
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perturbation to their gut IEL immunophenotypes. Furthermore,
the functional abundance analysis reflects a pattern of increased
Escherichia coli functions. Thus, selective loss of the gut IEL
GLP-1R influences the interaction between GLP-1RAs, gut
IELs, and gut microbiota. Nevertheless, these differences in
microbiota did not impact the pharmacological actions of
semaglutide on glucose homeostasis and body weight that
were comparable in Glp1r™°"*/* versus Glp1r™®®"~'~ mice.

Absent overt anti-inflammatory effects of GLP-1RAs in HFD-
fed mice, we used anti-CD3 to engage T cells in vivo, producing
acute gut and systemic inflammation. The finding that exendin-4
acutely reduces levels of IFN-y and TNF-« in the circulation and
in gut IELs raises important considerations. Multiple lymphoid
organs harboring mature T cells contribute IFN-v to the circula-
tion, challenging the ascertainment of the precise cellular origin
of the increased cytokine production. However, representing
the predominant site of T cell Glp71r expression (Heng et al.,
2008; McLean et al., 2021a), gut IELs are strong candidates for
conveying key signals among activated GLP-1R* cytotoxic
T cells. Importantly, GLP-1RAs did not lower plasma cytokines
in Glp1r"™®"~~ mice following anti-CD3 administration, further
supporting activated gut IELs as key contributors to circulating
cytokines in this context. We also detected the reduction of
gut IEL-derived IFN-y production and secretion following GLP-
1RA administration. IFN-y stimulates ISG expression in IECs
(Swamy et al., 2015), thereby contributing directly and indirectly
to intestinal crypt cell death (Chawla-Sarkar et al., 2003; Farin
et al., 2014; Takashima et al., 2019). Thus, activation of GLP-
1R blocks the pro-apoptotic cascade by reducing IEL IFN-vy
secretion, leading to reduced ISG expression and epithelial cell
death. In addition, suppression of systemic and gut inflammation
by GLP-1RAs was observed in the context of direct inhibition of
multiple gut IEL effector functions spanning cytokine production,
cytokine secretion, and redirected cytotoxicity. The failure of
GLP-1RAs to inhibit cytokine secretion from MLN cells or sple-
nocytes further emphasizes the selective effects of GLP-1RAs
on gut IELs relative to other T cell populations. These data
suggest that the gut IEL GLP-1R represents a major target of
GLP-1RAs in suppressing T cell-mediated inflammation and
epithelial cell damage.

GLP-1RA-mediated reduction of TNF-a. levels in the plasma
and in anti-CD3-activated gut IELs likely facilitates protection
of gut tissue from T cell-induced damage by preventing syner-
gism of cytotoxicity between IFN-y and TNF-a (Karki et al.,
2021). In contrast to the gut IEL GLP-1R-dependent anti-inflam-
matory actions of GLP-1RAs in the setting of anti-CD3 adminis-
tration, GLP-1RAs lowered plasma TNF-o in LPS-challenged
Glp1r™®"~~ mice. The preserved anti-inflammatory responses
of GLP-1RAs in LPS-treated Glp7r™®"~'~ mice likely reflect the
identity of the cells targeted by anti-CD3 versus LPS: anti-CD3
activates T cells, whereas LPS stimulates myeloid cells
(Meng and Lowell, 1997). Hence, the precise context of the in-
flammatory stimulus serves as a critical determinant of the cell
types and mechanisms through which GLP-1RAs reduce
inflammation.

The use of flow cytometry helped delineate the effects of GLP-
1RAs within individual gut IELs. GLP-1RAs reduced IFN-y and
TNF-o production and ZAP70 Y319 and SLP-76 Y128 phosphor-
ylation in both natural and induced IELs. The dampening effects
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of exendin-4 on the phosphorylation events during proximal TCR
signaling were generally weaker on induced IELs than on natural
IELs, which perhaps is attributable to the lower Glp 1r expression
within induced IELs relative to natural IELs. Nonetheless, reduc-
tion in both ZAP70 pY319 and its downstream target SLP-76
pY128 signifies dampened proximal TCR signaling and explains
the impaired effector functions in GLP-1RA-treated gut IELs (Bu-
beck Wardenburg et al., 1996; Williams et al., 1999). The PKA-
dependent inhibition of gut IEL proximal TCR signaling by
GLP-1RAs resembles the mechanism by which prostaglandin
E, acts on EP receptors to suppress T cell activation (Mustelin
and Taskén, 20083). GLP-1R expression in T cells seems largely
restricted to gut IELs, perhaps enabling GLP-1R signaling to
selectively control gut IEL activity in response to local GLP-1
action within the gut epithelium.

The human and mouse gut IEL compartments exhibit
numerous differences, including differences in the proportions
of gut CD4" IELs (Mayassi and Jabri, 2018), the proportions of
TCRy3" IELs (Spencer et al., 1991), and IEL TCRy3 clonotypes
(Chowers et al., 1994; Takagaki et al., 1989). Yet, the IEL-L cell
axis in humans and mice could be functionally similar. LPS-
induced inflammation robustly stimulates L cell GLP-1 secretion
in mice and humans (Lebrun et al., 2017). Furthermore, human
subjects with gut inflammation linked to sepsis (Kahles et al.,
2014), chemotherapy, or graft-versus-host disease (Ebbesen
et al., 2019) represent conditions associated with higher levels
of plasma GLP-1. With gPCR and reanalysis of published
scRNA-seq data, we detected GLP-1R transcripts in both
mouse and human gut T cells, and the expression of GLP-1R
within the gut immune system appears restricted specifically to
gut T cells. These observations posit L cell-derived GLP-1 as a
hormone sensor of systemic and gut inflammation and a modu-
lator of the effector functions of gut T cells in mice and perhaps in
humans, likely transducing a subset of the anti-inflammatory
effects evident following administration of GLP-1RAs.

Translational relevance of the current data

Our findings position the gut IEL GLP-1R as a key cellular node
transducing actions of GLP-1RAs to modify gut microbiota and
both local and systemic T cell-driven inflammation. T cell activa-
tion is central to the pathophysiology of atherosclerosis (Saigusa
et al., 2020), NASH (Haas et al., 2019), and neurodegenerative
disease (Dressman and Elyaman, 2022), clinical disorders that
may be responsive to GLP-1RA therapy (Muller et al., 2019).
GLP-1RAs have shown clear utility in treating T2D and obesity,
while reducing rates of cardiovascular disease, cardiometabolic
disorders that are characterized by dysregulated and enhanced
inflammation. Furthermore, GLP-1RAs reduce hepatic and CNS
inflammation (McLean et al., 2021a; Heiss et al., 2021) and are
being investigated in NASH and neurodegenerative disorders
(Cherney et al., 2021). Our data delineate the importance of gut
T cell biology for the transduction of anti-inflammatory signals
mediated by GLP-1Rs, findings with relevance for an emerging
class of GLP-1R-dependent metabolic disease therapeutics.

Limitations of the study

We limited our metabolic studies of the gut IEL GLP-1R to chow-
fed and HFD-fed mice, and it is possible the gut IEL GLP-1R may
be important in non-dietary models of metabolic dysregulation.
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The effects of semaglutide on the gut microbiota of Glp 7,7/~
mice may be secondary to the metabolic benefits of semaglu-
tide, such as weight loss. Alternative models to induce T cell acti-
vation, beyond the use of anti-CD3, could be utilized to probe gut
IEL function in vivo. It is not clear why GLP-1RAs did not affect
Lck pY394 and pY505, which would balance Lck activity to
phosphorylate ZAP70, considering that activation of other
GPCRs such as PGE; receptors enhances Lck pY505 through
activation of C-terminal Src kinase (Csk) (Mustelin and Taskeén,
2003). Dissection of phosphorylation events in gut IELs is
hampered by the lack of Csk antibodies for flow cytometry,
and the low protein yield from gut IEL isolation prevents the
use of western blotting to detect these proteins. Moreover,
the majority of our experiments were short term in nature, and
the importance of T cell biology for the local and systemic anti-
inflammatory actions of GLP-1RAs in sustained and chronic
inflammation models requires evaluation.
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RRID: AB_961300

CAT: 100711
RRID: AB_312750

CAT: 100221
RRID: AB_2057374

CAT: 109229
RRID: AB_10933263

CAT: 118131
RRID: AB_2563534

CAT: 100726
RRID: AB_493423

CAT: 506323
RRID: AB_2204356

CAT: 505849
RRID: AB_2616697

CAT: 103225
RRID: AB_389308

CAT: 108718
RRID: AB_491383

CAT: 109830
RRID: AB_1186098

CAT: 101226
RRID: AB_830642

CAT: 117324
RRID: AB_830649

CAT: 100303
RRID: AB_312668

CAT: 102103
RRID: AB_312868

CAT: 557818
RRID: AB_396885
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PE Anti-CREB (pS133) Antibody Cell Signaling Technology CAT: 14228

RRID: AB_2798432
PE/Dazzle 594 Anti-ERK1/2 BioLegend CAT: 369517
(pT202/Y204) Antibody RRID: AB_2721689
PerCP/Cyanine5.5 Anti-CD8b Antibody BioLegend CAT: 126609

RRID: AB_961304
PE/Cyanine7 Anti-CD8a Antibody BioLegend CAT: 100721

RRID: AB_312760
Alexa Fluor 488 Anti-SLP76 (pY319)/SYK BD Biosciences CAT: 558439
(pY352) Antibody RRID: AB_647107
PE Anti-Lck (pY394) Antibody BioLegend CAT: 933103

eFluor 660 Anti-Lck (pY505) Antibody

Thermo Fisher

RRID: AB_2820203

CAT: 50-9076-42
RRID: AB_2574315

Chemicals, peptides, and recombinant proteins

Exendin-4
Semaglutide (1.34 mg/mL pen)

Lipopolysaccharides (LPS) from
Escherichia coli O111:B4

Humalog

Olive oil

Acetaminophen

DNase | from bovine pancreas
Liberase TM

Sitagliptin phosphate

RBC lysis buffer

RPMI 1640

Fetal bovine serum
Penicillin-Streptomycin, 100x
HEPES, 1 M

TrypLE express enzyme (1X),
no phenol red

SYTOX AADvanced dead cell
stain kit (SYTOX-AAD)

Sodium pyruvate, 100 mM
MEM non-essential amino acid, 100x

Cell Activation Cocktail without
Brefeldin A (PMA/ionomycin)

CellTrace CFSE cell proliferation kit
Brefeldin A

eBioscience Fixable Viability Dye eFluor 660
Fixation/Permeabilization kit

Streptavidin
Fixation Buffer

Perm Buffer Il
Recombinant IL-15/IL-15R complex

recombinant protein

eBioscience Fixable Viability
Dye eFluor 780
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Novo Nordisk
MilliporeSigma

Eli Lily
MilliporeSigma
MilliporeSigma
MilliporeSigma
Roche
MilliporeSigma
BioLegend

Wisent Bioproducts
Wisent Bioproducts
Thermo Fisher
Thermo Fisher
Thermo Fisher

Thermo Fisher

Thermo Fisher
Thermo Fisher
BioLegend

Thermo Fisher
BioLegend
Thermo Fisher
BD Biosciences

BioLegend
BD Biosciences

BD Biosciences

Thermo Fisher

Thermo Fisher

Custom synthesis
N/A
CAT: L2630-10MG

CAT: VL7510
CAT: 01514
CAT: A7085
CAT: D5025
CAT: LIBTM-RO
CAT: PHR1857-1G
CAT: 420301
CAT: 350-000-EL
CAT: 080-150
CAT: 15140148
CAT: 15630106
CAT: 12604013

CAT: S10349

CAT: 11360070
CAT: 11140050
CAT: 423301

CAT: C34570
CAT: 420601
CAT: 65-0864-14

CAT: 554714
RRID: AB_2869008

CAT: 405150

CAT: 554655
RRID: AB_2869005

CAT: 558052
RRID: AB_2869119
CAT: 14-8152-80
CAT: 65-0865-14

(Continued on next page)



Please cite this article in press as: Wong et al., Divergent roles for the gut intraepithelial lymphocyte GLP-1R in control of metabolism, microbiota, and
T cell-induced inflammation, Cell Metabolism (2022), https://doi.org/10.1016/j.cmet.2022.08.003

Cell Metabolism

¢? CellPress

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Rp-8-bromo-cyclic AMP Cayman Chemical CAT: 21584

Critical commercial assays

V-Plex GLP-1 Total Kit

V-Plex GLP-1 Active Kit
Non-Esterified Fatty Acid assay reagents

Mesoscale

Mesoscale
Fujifilm Healthcare

CAT: K1503PD
RRID: AB_2814818

CAT: K15030D

CAT: 99934691, 99934791,
99934891, 99935191, 276-76491

Triglyceride tests for Cobas Roche CAT: 20767107322
V-Plex Proinflammatory Panel 1 Mouse Kit Mesoscale CAT: K15048D

In Situ Cell Death Detection Kit, Fluorescein MilliporeSigma CAT: 11684795910
ELISA MAX Deluxe Set Mouse IL-17A BioLegend CAT: 432504
Acetaminophen L3K assays Sekisui CAT: 506-10
Mouse GLP-2 ELISA ALPCO CAT: 48-GP2MS-EO01
Deposited data

16s rRNA-seq data for gut microbiota analysis This paper GEO: GSE202452
in vehicle/semaglutide-treated HFD-fed

Glp1r™®""* and Glp1r"®"" mice

Bulk RNA-seq data for gut IELs isolated This paper GEO: GSE202453
from vehicle/exendin-4-treated C57BL/6J

mice activated by anti-CD3

Raw and unprocessed data used for This paper Data S1

plotting the figures in this manuscript

Experimental models: Cell lines

Jurkat, Clone E6-1 ATCC, Jayne Danska CAT: TIB-152

RRID: CVCL_0367

Experimental models: Organisms/strains

Mouse: C;129S4-Rag2™!-1Fv |j2rgtm!-1Flv/y
(Rag2™”"; l12rg™)
Mouse: C57BL/6J

Mouse: B6.Cg-Tg(Lck-cre)548Jxm/J (Lck-Cre)

Mouse: Glp1r"/™

Jackson Laboratory

Jackson Laboratory

Jackson Laboratory

Randy Seeley

CAT: 014593
RRID: IMSR_JAX:014593

CAT: 000664
RRID: IMSR_JAX:000664

CAT: 003802
RRID: IMSR_JAX:003802

N/A

Oligonucleotides

Ifng Tagman assays
Tnf Tagman assays
Eif2ak2 Tagman assays
Usp18 Tagman assays
Tbp Tagman assays
Glp1r Tagman assays
Creld2 Tagman assays
Manf Tagman assays
Glp2r Tagman assays
Cd3g Tagman assays
Cd68 Tagman assays

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

MmO01168134_m1
Mm00443258_m1
Mm01235643_m1
Mm01188805_m1
MmO00446973_m1
MmO00445292_m1
Mm01309160_m1
MmO00512511_m1
MmO01329475_m1
MmO00438095_m1
MmO03047343_m1

Software and algorithms

R4.1.1

Rstudio 1.4.1717
Cutadapt 3.4
Trimmomatic 0.39

https://www.r-project.org/
https://www.rstudio.com/

Martin, 2011
Bolger et al., 2014

N/A

RRID: SCR_000432
RRID: SCR_011841
RRID: SCR_011848
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DADA2 1.20 Callahan et al., 2016 N/A

phyloseq 1.36.0 McMurdie and Holmes, 2013 RRID: SCR_013080

LEfSe Segata et al., 2011 RRID: SCR_014609

PICRUSt2 Douglas et al., 2020 N/A

STAR 2.7.9a Dobin et al., 2013 RRID: SCR_004463

DESeq2 1.32.0 Love et al., 2014 RRID: SCR_015687

EnhancedVolcano 1.10.0 Blighe et al., 2021 RRID: SCR_018931
www.bioconductor.org

QuPath 0.3.0 Bankhead et al., 2017 RRID: SCR_018257

WebGestalt 2017 Wang et al., 2017 RRID: SCR_006786

Seurat 4.1.0 Hao et al., 2021 RRID: SCR_007322

GraphPad Prism 9 GraphPad RRID: SCR_002798

Kaluza 2.1 Beckman Coulter RRID: SCR_016182

Other

Teklad global 18% protein rodent diets (regular chow) Envigo CAT: 2018

Rodent diet with 60 kcal% fat (high-fat diet) Research Diets CAT: D12492i

RESOURCE AVAILABILITY

Lead contact
Daniel J Drucker (drucker@lunenfeld.ca) is the lead contact and takes full responsibility for the data in this paper.

Material availability
No unique reagents or materials were generated in these studies.

Data and code availability
No proprietary data or code is associated with this manuscript.

16s rRNA and Bulk RNA-seq data were deposited at gene expression omnibus (GEO) under the accession numbers GSE202452
and GSE202453, respectively. All unprocessed data used for plotting the figures and supplemental information in the manuscript are
available as Data S1.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENT MODELS AND SUBJECT DETAILS

Animal experiments

All animal procedures were approved by the Animal Care and Use Subcommittee at the Toronto Centre for Phenogenomics at Mount
Sinai Hospital. Mice were housed up to five per cage in holding rooms on a twelve-hour light/dark cycle (7 amto 7 pm) at 23°C, with ad
libitum access to water and regular chow with 18% kcal from fat (Envigo) or a HFD with 60% kcal from fat (Research Diets). All ex-
periments were performed on genetic background-, sex-, age-, and littermate-matched animals. Rag2”~;ll2rg”~ mice, C57BL/6J
mice, and Lck-Cre mice were purchased from Jackson Laboratory. Purchased Rag2™”"; 12rg”~ mice were on a BALB/c x 12954 back-
ground, and they were backcrossed to a BALB/c background for at least eight generations prior to experiments.

Glp1r"" mice (Sisley et al., 2014) were obtained from Randy Seeley and crossed with Lck-Cre mice to generate Lck-Cre;
Glp1r™"" mice (Glp1r™®®"); both mouse lines were on a C57BL/6J background. Lck-Cre; Glp1r** (Cre-only control) mice and
Glp1r™"™ mice showed indiscernible differences in their phenotypes, and data from both genotypes were grouped together as
the control group (Glp1r™®*"*/*). All mice were group-housed as five mice per cage except for the Glp1r"*®"- mouse HFD studies.
After performing the metabolic cage experiments on HFD-fed Glp1r'°®"*/* and Glp1r"®"”- mice, they stayed singly housed until
the end of the study, which facilitated food intake measurement and fecal pellet collection during the semaglutide treatment
HFD study.

METHOD DETAILS
Diet studies

Ten-week-old male Rag2”;ll2rg”" mice and Glp? mice with their respective littermate controls were placed on the HFD.
Metabolic phenotyping was performed between eight and ten weeks after the diet commenced. HFD-fed Rag2™”"; ll2rg”" mice

/- rTceII-/—
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were euthanized at twelve weeks after the diet commenced. After 12 weeks of HFD feeding, Glp7r"°®"*/* and Glp1r"™*®"""mice were

randomly allocated into two groups and subcutaneously injected with vehicle (saline) or 10 ng/kg semaglutide daily for one week and
euthanized thereafter.

Drug and chemical treatment

Exendin-4 (Chi Scientific) and semaglutide (Novo Nordisk Inc) were used in in vivo studies. For studies with exendin-4, mice were
injected intraperitoneally (IP) with vehicle (saline) or 10 nmol/kg (41.8 ng/kg) exendin-4 at the same time as anti-CDS3 or LPS injection.
For experiments with semaglutide in the HFD studies, mice were injected subcutaneously with vehicle (saline) or 10 ng/kg (2.4 nmol/
kg) semaglutide daily. For experiments with semaglutide in the anti-CD3 studies, mice were injected subcutaneously with vehicle
(saline) or 10 pg/kg (2.4 nmol/kg) semaglutide immediately followed by anti-CD3 injection. For in vivo anti-CD3 challenges, mice
were injected IP with 35 ng of Ultra-LEAF purified Armenian hamster IgG isotype control antibody (BioLegend) or Ultra-LEAF purified
anti-mouse CD3e antibody (BioLegend). For in vivo LPS challenges, mice were injected IP with 35 pg of LPS derived from E. coli
0111:B4 (MilliporeSigma).

Glucose, lipid, and insulin tolerance tests

Mice were fasted for five hours prior to glucose or insulin tolerance tests, with the fast starting at 9 am. For oral and intraperitoneal
glucose tolerance tests, mice were gavaged and injected IP, respectively, with a glucose bolus (2 g/kg of body weight). For lipid toler-
ance tests, mice were gavaged a fixed dose of 100 pL olive oil (MilliporeSigma). For insulin tolerance tests, mice were injected
intraperitoneally with an insulin bolus (0.7 U/kg of body weight). Tail blood was collected into heparinized tubes at specified time
points throughout the experiments and glucose levels were measured with a Contour handheld glucometer.

Metabolic cages

After ten weeks of HFD feeding, mice were placed in an EchoMRI machine to measure their fat and lean mass. For Rag2™"; ll2rg”"
mice, mice were placed in Columbus Laboratory Animal Monitoring System (Columbus Instruments) for measurement of metabolic
parameters. For Glp7r™®"”~ mice, animals were placed in Promethion High-Definition Behavioral Phenotyping System for Mice
(Sable Systems) for measurement of metabolic parameters. Mice were allowed to acclimatize in the metabolic cages for 24 hours,
and metabolic cage data were collected in the subsequent 48 hours. Food intake, water intake, energy expenditure, and locomotor
activities were analyzed.

Gastric emptying tests

Mice were subjected to an acetaminophen absorption test to assess the rate of gastric emptying. Mice were fasted for 16 hours from
5 pm to 9 am. Fasted mice were then IP injected with vehicle (saline) or exendin-4, immediately followed by a gavage 1% (w/v) acet-
aminophen dissolved in water at a dose of 100 mg/kg of body weight. Tail blood samples were collected into heparinized tubes at 0,
15, 30, and 60 minutes after acetaminophen administration. Plasma acetaminophen levels were measured using an acetaminophen
L3K assay (Sekisui).

Portal vein blood collection

Active GLP-1 levels in portal vein blood in response to glucose were measured as described (Grasset et al., 2017). Mice were
fasted for 5 hours starting at 9 am. Fasted mice were gavaged with the dipeptidyl peptidase-IV inhibitor sitagliptin (400 pg/mouse).
Thirty minutes after sitagliptin, mice were gavaged with vehicle (water) or a glucose solution (2 g/kg) and then immediately anaesthe-
tized with an IP injection of Avertin (200 pg/kg). Ten minutes later, the mice were dissected to access the portal vein and a
beveled capillary tube was inserted into the portal vein. A 200 uL volume of portal vein blood was collected for active GLP-1
measurement.

Analyte measurements

All plasma samples were prepared by mixing nine parts of blood with one part of TED (5000 KIU/mL Trasylol, 4 mM EDTA, 0.1 nM
diprotin A) on ice followed by spinning at 13000 x g for five minutes. Tissue lysates for protein measurement were prepared by ho-
mogenizing tissue pieces in a homogenization buffer (50 mM Tris at pH 8, 1 mM EDTA, 10% glycerol (w/v), 0.067% Brij-35 (w/v))
supplemented with protease inhibitors (MilliporeSigma) using the TissueLyser Il (QlAgen). Insulin, total GLP-1, active GLP-1,
IFNy, IL-10, IL-12 p70, IL-1B, IL-2, IL-4, IL-5, IL-6, CXCL1, TNFa, IL-17A, triglyceride, and non-esterified fatty acid were measured
in the plasma or tissue lysate by ELISAs or colourimetric assays as per manufacturer’s instructions.

Gene expression analysis

PBMCs were isolated by subjecting whole blood to RBC lysis using RBC lysis buffer (Biolegend). Total RNA was extracted by ho-
mogenizing tissues in TRIzol using the TissuelLyser I, followed by standard RNA precipitation with ethanol. Single strand cDNA
was synthesized using Superscript Il (Thermo Fisher) and random primers. Quantitative PCR was set up in 384-well plates with
TagMan Fast Advanced Master Mix (Thermo Fisher) and Tagman probes, and the plates were run on a QuantStudio 5 system
(Thermo Fisher). Relative expression was calculated by the 222°T method using Tbp as the reference gene.
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16s rRNA gene sequencing

Fecal samples were collected from the distal end of the colon and snap frozen in liquid nitrogen prior to genomic DNA extraction and
16s rRNA gene sequencing as described previously (Yusta et al., 2015). Primers targeting V3-V4 regions were used to generate am-
plicons for barcoded sequencing library preparation. The 16s rRNA sequencing libraries were run on a MiSeq (lllumina) with a read
length of 2 x 300 bp. Raw reads were adaptor-trimmed, followed by quality control and taxonomy assignment in DADA2 (Callahan
et al., 2016). Downstream analysis was performed in phyloseq (McMurdie and Holmes, 2013). Differential abundance analyses were
performed using DESeq2 and LEfSE (Love et al., 2014; Segata et al., 2011). Functional abundance analyses were performed using
PICRUSt2 (Douglas et al., 2020).

Bulk RNA sequencing

Total RNA isolated from sorted gut IELs was prepared into stranded mRNA library using TruSeq stranded mRNA library preparation
kit (Illumina) and sequenced on a NovaSeq (lllumina) with a read length of 2 x 200 bp. An average of 25 million paired-end reads was
obtained per library. Sequencing reads were aligned to mm10 using STAR (Dobin et al., 2013) and a count table was generated for
downstream DESeq2 analysis (Love et al., 2014). Differentially expressed genes were defined as adjusted p value < 0.05. Volcano
plots were generated using the EnhancedVolcano package (Blighe et al., 2021) and gene set enrichment analysis was performed
on Webgestalt (Wang et al., 2017).

Single-cell RNA sequencing analysis

Published single-cell RNA-sequencing data of the human gut cell atlas were reanalyzed for examining the expression of GLP1R in
human gut T cells (EImentaite et al., 2021). The count matrices for all gut immune cells available were reaggregated and UMAP plots
were generated with a standard pipeline and default parameters using Seurat 4.1.0 (Hao et al., 2021).

Immunohistochemistry and immunofluorescence

Tissues were fixed in 10% neutral buffered formalin at room temperature for 24 hours, followed by processing and embedding in
paraffin blocks. Sections with a thickness of 4 um were obtained for immunohistochemistry. Immunohistochemistry was performed
with a Bond-RX Fully Automated IHC Stainer (Leica Biosystems) using the following antibodies: anti-GLP-1 (1/5000), anti-CD3
(1/150; Abcam), and anti-cleaved caspase-3 (1/400; Cell Signaling Technology). TUNEL staining was performed using In Situ Cell
Death Detection Kit, Fluorescein per manufacturer’s instructions (MilliporeSigma). Stained slides were scanned on a Nanozoomer
(Hamamatsu) at 20x magnification and positive cells were counted using QuPath in a blinded manner (Bankhead et al., 2017).

Gut intraepithelial lymphocyte and epithelial cell isolation

Gut IELs were isolated from the small intestine as previously described (James et al., 2020). The small intestine was cut into 0.5-cm
pieces and shaken in a complete RPMI 1640 medium (supplemented with 10% fetal bovine serum, 1/100 penicillin/streptomycin, and
1 mM HEPES) with 1 mM DTT at 37°C for 20 minutes. The supernatant was spun down and discarded and the tissue pieces were
vortexed in fresh complete RPMI 1640. The subsequent supernatant was spun down to pellet the cells, resuspended in 36% Percoll,
and laid upon a 67% Percoll layer. The Percoll gradient was spun at 700 x g for 20 minutes with no acceleration or brake. The
interphase was recovered and washed, and the resulting cell pellet was subject to flow cytometry or further purification by fluores-
cence-activated cell sorting (FACS) prior to functional assays. For gene expression analysis of the epithelial cells in Figure 3, the small
intestine pieces were processed identically as above except the Percoll steps were omitted. The cells were subjected to FACS, and
intestinal epithelial cells were sorted as CD45". For gene expression analysis of the epithelial cells in Figure 4, the epithelium was
stripped in 2 mM EDTA in HBSS without calcium or magnesium at 4°C for 30 minutes followed by incubation at 37°C for 20 minutes.
The stripped epithelium was digested into single cells using 1x TrypLE (Thermo Fisher) at 37°C for five minutes. The epithelial single
cell suspension was lyzed in TRIzol for RNA processing.

Lamina propria immune cell isolation

Lamina propria cells were isolated based on a published protocol (Goodyear et al., 2014). The small intestine was cleaned, cut
into 0.5-cm pieces, and incubated in 5 mM EDTA, 5 mM DTT, and 2% v/v FBS in HBSS without calcium or magnesium at 37°C
for 15 minutes to remove the epithelium. The gut tissue pieces were vortexed briefly and the supernatant was discarded. The
EDTA washes were repeated for a total of four washes. The tissues were then minced and transferred into HBSS. DNase |
(200 KU/mL; MilliporeSigma) and Liberase TM (0.2 Winsch U/mL; Roche) were added to the minced tissues and the tissues were
incubated at 37°C for 30 minutes. The tissues were gently triturated into single cell suspensions and subjected to a 67 %/36% Percoll
gradient identical to that of IEL isolation. Enriched lamina propria immune cells were then processed for FACS.

Flow cytometry and fluorescence-activated cell sorting

For flow cytometry, cells were blocked with anti-CD16/CD32 prior to staining. For identification of gut IEL subpopulations, blocked
cells in 100 pL of buffer were stained with surface marker antibodies against the following antigens (BioLegend): CD4 (0.05 ng), CD8b
(0.2 png), CD8a (0.3 png), CD3 (0.4 ng), TCR B (0.4 ng), and TCR v/3 (0.3 ng), together with their corresponding compensation and stain-
ing controls. Flow analysis was performed on a Gallios flow cytometer (Beckman Coulter). Sorting of the gut IEL subpopulations was
performed on a MoFlo Astrios cell sorter (Beckman Coulter). For enrichment of gut IELs for downstream T cell assays, Percoll-purified
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gut IELs were sorted by forward/side scatter properties and absence of SYTOX-AAD on a MA900 cell sorter (Sony). Gut IELs
purified by FACS were confirmed by flow cytometry as more than 90% CD3*. For sorting of lamina propria T cells and phagocytes,
Percoll-purified lamina propria immune cells were stained with CD45.2 (0.3 ng), B220 (2 pg), NK1.1 (0.25 pg), CD3 (0.3 ng),
CD11b (0.3 pg), CD11c (0.3 ng), and SYTOX-AAD. Lamina propria T cells were sorted and defined as live/CD45*/NK1.17/B2207/
CD11b/CD11¢c/CD3", and lamina propria phagocytes were sorted and defined as live/CD45*/NK1.17/B2207/CD37/CD11b™*
or CD11c™.

Ex vivo T cell activation

Sorted gut IELs were allowed to rest in complete RPMI 1640, supplemented with 1 mM sodium pyruvate and 1x non-essential amino
acids, in a tissue culture incubator at 37°C, 5% CO, for 30 minutes before activation. Rested cells (500,000 cells/well; 2 x 1 0°® cell/mL)
were plated in a 24-well plate coated with 5 ng/mL Ultra-LEAF purified anti-mouse CD3e (BioLegend) and 1 ug/mL Ultra-LEAF
purified anti-mouse CD28 or the isotype control, and with or without 50 nM exendin-4. PMA/ionomycin activation was performed
by adding Cell Activation Cocktail without Brefeldin A (1/500; BioLegend) to the cells. Cells were activated for five hours, and the
supernatant was recovered for cytokine quantification.

Redirected cytotoxicity assays

To prepare target cells for testing the cytotoxicity of gut IELs, Jurkat cells (ATCC) were labeled with 300 nM carboxyfluorescein suc-
cinimidyl ester (CFSE) at 37°C for 20 minutes. In each well, 10,000 CFSE-labelled Jurkat cells were incubated with 200,000 sorted gut
IELs (20:1 effector-to-target ratio) in anti-CD3- or isotype control- coated wells for 19 hours to induce redirected cytotoxicity, with or
without the presence of 50 nM exendin-4. Recombinant IL-15/IL-15R complex recombinant protein (Thermo Fisher) was added to
enhance the viability of gut IELs cultured overnight (James et al., 2020). Samples were then stained with SYTOX-AAD and analyzed
on the Gallios flow cytometer.

Intracellular cytokine staining

Rested gut IELs were activated by plate-bound anti-CD3/anti-CD28 in the presence of 5 ng/mL Brefeldin A (BioLegend). A fixable
viability dye eFluor 660 (1/1000) was added at the last ten minutes of the activation. Cells were recovered after five hours of activation
and fixed and permeabilized using a Fixation/Permeabilization kit (BD Biosciences). Staining was performed using antibodies against
CD8a (0.25 ng), CD8b (0.2 nug), TNFa (0.25 ng), IFNy (0.1 ng), TCR B (0.4 ng), and TCR /3 (0.3 pg). Samples were then analyzed on the
Gallios flow cytometer.

Phosphorylation flow cytometry

Rested gut IELs were activated using a crosslinking protocol for studying the acute changes in T cell signaling (Mingueneau et al.,
2014). Gut IELs were treated with or without 50 nM exendin-4 for five minutes prior to CD3 crosslinking. A fixable viability dye eFluor
780 (1/1000) was added at the same time. Soluble 5 ng/mL biotin anti-CD3 and 1 pg/mL biotin anti-CD28 were then added to the cells
at 37°C for 2 minutes. To crosslink the cells, 24 ug/mL streptavidin was added to the cells for different durations. For PMA/ionomycin
activation, cells were treated with Cell Activation Cocktail without Brefeldin A (BioLegend) for 10 minutes after the exendin-4 pretreat-
ment. Activation was quenched by adding Fixation Buffer (BD Biosciences) to the wells in 1:1 ratio for 10 minutes. Cells were per-
meabilized using Perm Buffer Il (BD Biosciences) and stained with antibodies against the following antigens: ZAP70 pY319
(20 pL), CREB pS133 (2 pL), ERK1/2 pT202/Y204 (5 pL), SLP76 pY128 (20 pl), Lck pY394 (5 pl), Lck pY505 (5 ulL), CD8b
(0.12 pg), CD8a (0.3 ng), TCR B (0.4 ng), and TCR v/3 (0.3 png). In Rp-8-bromo-cyclic AMP experiments, rested gut IELs were treated
with 300 uM Rp-8-bromo-cyclic AMP (dissolved in RPMI) or vehicle (RPMI) for 30 minutes, followed by treatment with exendin-4 and
anti-CD3 crosslinking. Samples were then analyzed on the Gallios flow cytometer. The percentages of cells positive for a given phos-
pho-antigen were reported whenever possible. For SLP-76 pY128, both the percentage of cells positive for SLP-76 pY128 and the
median fluorescence intensity (MFI) of the said population were reported. For CREB pS133, MFI was reported because the signals
did not follow a binomial distribution.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as the mean + SD. Student’s t-tests, one-way ANOVA tests with Dunnet post-hoc tests, and two-way or
repeated-measures ANOVA tests with Sidak post-hoc tests were used to calculate statistical significance as appropriate in
GraphPad Prism 9 (GraphPad). For repeated-measures ANOVA, the main treatment or genotype effects were tested unless other-
wise specified and the p values were reported within the corresponding panels. A p value less than 0.05 was deemed statistically
significant.
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Figure S1, related to Figure 1. Metabolic phenotyping of chow-fed and HFD-fed
Rag2”; ll2rg’- mice and Glp1rTc¢'- mice.

(A) Representative plots for flow cytometric analyses of WT and Rag2’; ll2rg’" mouse
IELs. n=3.

(B) Expression of Cd3g and Glp1rin WT and Rag2”;ll2rg’- mouse duodena. n=4-5.
(C) Plasma total GLP-1 levels (left panel), plasma NEFA levels (middle panel), and
plasma TG levels (right panel) of WT and Rag2”; ll2rg’- mice after a five-hour fast
followed by gavaging with a bolus of olive oil (100 yL/mouse). n=6-11.

(D) Plasma insulin levels of WT and Rag2”; ll2rg’- mice after eight weeks of HFD
feeding after a five-hour fast followed by gavaging of a bolus of glucose (2 g/kg). n=10-
13.

(E) Blood glucose during intraperitoneal glucose tolerance tests and area-under-curve
of the tests in WT and Rag2”; ll2rg’- mice after nine weeks of HFD feeding fasted for
five hours followed by an intraperitoneal injection of a bolus of glucose (2 g/kg). n=10-
14.

(F) Blood glucose during insulin tolerance tests in WT and Rag2’; ll2rg’- mice after ten
weeks of HFD feeding fasted for five hours followed by an intraperitoneal injection of a
bolus of insulin (0.7 unit/kg). n=10-14.

(G) Body weight of HFD-fed WT and Rag2”; ll2rg’- mice over twelve weeks of high-fat
diet feeding. n=10-14.

(H) Fat and lean mass of WT and Rag2’; ll2rg’- mice after eleven weeks of HFD
feeding. n=10-14.

() Energy expenditure of WT and Rag2’; ll2rg’- mice after eleven weeks of HFD
feeding as measured in metabolic cages. n=8-13.

(J) Average locomotor activity of WT and Rag2’; ll2rg’- mice after eleven weeks of HFD
feeding as measured in metabolic cages. n=8-13.

(K) Average daily food and water intake of WT and Rag2’; ll2rg’- mice after eleven
weeks of HFD feeding as measured in metabolic cages. n=10-14.

(L) Organ weights of WT and Rag2’; ll2rg’- mice after twelve weeks of HFD feeding.
n=10-14.

(M) Expression of Glp1rin the lungs and atria of Glp1rTee'*+ and Glp1rTe!- mice. n=5-
12.

(N) Left panel: representative images of CD3 staining by immunohistochemistry in
Glp1rteel++ and Glp1rTee- mouse jejuna. Scale bar=100 ym. Right panel: density of
CD83+* cells in Glp1rTeel++ and Glp1rTce'- mouse jejuna. n=5-9.

(O) The composition of gut IELs based on CD4 and CD8 expression in Glp1rTee!++ and
Glp1rtee- mice. n=4-10.

(P) The composition of gut IEL subtypes based on CD8 dimer and TCR expression in
Glp1rteel++ and Glp1rTee!"- mice. n=4-10.

(Q) Plasma insulin levels of chow-fed Glp1rTeel++ and Glp1r'ee'- mice after a five-hour
fast followed by gavaging of a bolus of glucose (2 g/kg). n=7-8.

(R) Plasma insulin levels of Glp1ree'++ and Glp1rT°e""- mice after eight weeks of HFD
feeding fasted for five hours followed by gavaging of a bolus of glucose (2 g/kg). n=12-
15.



(S) Blood glucose during intraperitoneal glucose tolerance tests and area-under-curve
of the tests in Glp1r'e¢+/+ and Glp1r'°e"- mice after nine weeks of HFD feeding fasted
for five hours followed by an intraperitoneal injection of glucose (2 g/kg). n=9-13.

(T) Blood glucose during insulin tolerance tests in Glp1r™e¢"++ and Glp1r'°¢'- mice after
ten weeks of HFD feeding fasted for five hours followed by an intraperitoneal injection of
insulin (0.7 unit/kg). n=9-13.

(U) Body weight of Glp1rTee'++ and Glp1r'e¢'- mice over twelve weeks of HFD feeding.
n=15-17.

(V) Fat and lean mass of Glp1r'ee'++ and Glp1r™e¢- mice after eleven weeks of HFD
feeding. n=9-12.

(W) Energy expenditure of Glp1r'ee+/+ and Glp1r'°e'- mice after eleven weeks of HFD
feeding as measured in metabolic cages. n=11-12.

(X) Total distance travelled by Glp1r'ee+/+ and Glp1rTee'- mice after eleven weeks of
HFD feeding as measured in metabolic cages. n=11-12.

(Y) Average daily food and water intake of Glp1r'°¢**+ and Glp1rT¢!"- mice after eleven
weeks of HFD feeding as measured in metabolic cages. n=7-12.

Data are represented as mean + SD. * p <0.05 ** p <0.01 *** p <0.001 *** p <0.0001.
Student’s t tests were used in Figures S1B, S1E, S1F, S1H, S1L, S1P, S1V, and S1Y.
Two-way ANOVA tests were used in Figure S1C and S1U.

Abbreviations: NEFA: non-esterified fatty acid; TG: triglyceride. LTT: lipid tolerance test;
HFD: high fat diet; OGTT: oral glucose tolerance test; ipGTT: intraperitoneal glucose
tolerance test; ITT: insulin tolerance test; iBAT: interscapular brown adipose tissue;
gWAT: gonadal white adipose tissue; sSCWAT: subcutaneous white adipose tissue
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Figure S2, related to Figure 2. Effects of semaglutide on tissue biometry and
inflammation in HFD-fed Gip1r™e!- mice.

(A) Organ weights of HFD-fed Glp1ree'*+ and Glp1rTee"- mice after one week of
semaglutide (10 pg/kg) treatment. n=9-12.

(B) Plasma cytokine levels in HFD-fed Glp1r'c¢++ and Glp1r™°¢"- mice after one week of
semaglutide (10 pg/kg) treatment. Age-matched Glp1ree'*+ mice were shown as chow
controls. n=6-12.

(C) Expression of genes linked to inflammation (Ccl2, Tnf) and lipid metabolism (Abcg1)
in the livers of HFD-fed Glp1r'ee'+/+ and Glp1rTee'- mice after one week of semaglutide
(10 pg/kg) treatment. n=5-8.

(D) The composition of gut IELs in HFD-fed Glp1rTe!++ and Glp1r'ee'- mice after one
week of semaglutide (10 pg/kg) treatment. n=6-11.

Data are represented as mean + SD. * p <0.05 ** p <0.01 *** p <0.001. Two-way
ANOVA tests were used in Figures S2A and S2C.
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Figure S3, related to Figure 3. Effects of exendin-4 on tissue cytokine content in
anti-CD3-treated C57BL/6J mice.

(A) Jejunal cytokine protein contents in C57BL/6J mice treated with anti-CD3 and
exendin-4 (10 nmol/kg). n=5-10.

(B) Expression of /10 and /l17a in gut IELs sorted from the small intestine of C57BL/6J
mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for three hours. n=4-5.

(C) Expression of cytokine and interferon-stimulated genes in the liver of C57BL/6J
mice treated with anti-CD3 and exendin-4 (10 nmol/kg) for three hours. n=5-6.



Data are represented as mean + SD. ** p <0.01. Two-way ANOVA tests were used in
Figure S3A.
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Figure S4, related to Figure 4. Effects of exendin-4 and semaglutide on anti-CD3-
treated Glp1rTee!- mice.

(A) Plasma cytokine levels in Glp1rTcel++ and Glp1r'ce!- mice treated with anti-CD3 and
exendin-4 (10 nmol/kg) for three hours. n=7-17.

(B) Jejunal cytokine content of Glp1rTee'*+ and Glp1rTce!-- mice treated with anti-CD3
and exendin-4 (10 nmol/kg) for three hours. n=5-10.

(C) Representative images of cleaved caspase-3 staining by immunohistochemistry in
the jejunum of Glp1rTeel++ and Glp1rTce!- mice treated with anti-CD3 and semaglutide
(10 pg/kg) for 24 hours. The red arrows denote the cleaved cascade 3-positive bodies.
Scale bar=50 ym.

(D) Representative images of TUNEL staining by immunofluorescence in the jejunum of
Glp1rreel++ and Glp1rTee- mice treated with anti-CD3 and semaglutide (10 pg/kg) for 24
hours. Blue: DAPI. Green: TUNEL. The dotted lines denote the position of the crypts.
Scale bar=50 ym.

(E) Density of TUNEL-positive bodies as quantified by immunofluorescence in the
jejunum of Glp1rTeel++ and Glp1rTee!~- mice treated with anti-CD3 and semaglutide (10
uag/kg) for 24 hours. n=5-6.

(F) Expression of Ifng, Tnf, Eif2ak2, and Usp18in the jejunum of Glp1r'°¢'"**+ and
Glp1rTce- mice treated with anti-CD3 and semaglutide (10 pg/kg) for 24 hours. n=5-6.
(G) Jejunal cytokine content of Glp1rTeel++ and Glp1rTee!- mice treated with anti-CD3
and semaglutide (10 pg/kg) for 24 hours. n=5-6.

(H) Secreted cytokine levels from sorted Glp1r™ee'++ and Glp1r'°¢"- mouse gut IELs
treated with PMA/ionomycin and exendin-4 (50 nM) for 5 hours ex vivo. n=4-7.

() Secreted IL-17A levels from Glp1rTcel++ and Glp1r'ce- mouse gut IELs treated with
anti-CD3/anti-CD28 and exendin-4 (50 nM) for 5 hours ex vivo. n=>5.

(J) Secreted cytokine levels from sorted Glp1ree++ and Glp1rTe- mouse MLN cells
treated with anti-CD3/anti-CD28 and exendin-4 (50 nM) for 5 hours ex vivo. n=6.

(K) Expression of Glp2r in the jejunum and gut IELs isolated from Glp1ree+/+ and
Glp1rtee- mice. n=4-8.

(L) Expression of Glp1rin the jejunum, gut lamina propria T cells, gut lamina propria
phagocytes, and gut IELs isolated from C57BL/6J mice. n=4-8.

(M) Expression of Cd3g and Cdé8 in the jejunum, gut lamina propria T cells, and
phagocytes isolated from C57BL/6J mice. n=4-8.

(N) Plasma cytokine levels in Glp1rtee'+/+ and Glp1rTee"- mice treated with LPS and
exendin-4 (10 nmol/kg) for three hours. n=7-8.

Data are represented as mean + SD. * p<0.05 ** p <0.01. Two-way ANOVA tests
were used in Figures S4B, S4E, S4F, and S4G.

Abbreviations: CC3: cleaved caspase 3; MLN: mesenteric lymph node; LP: lamina
propria.
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Figure S5, related to Figure 5. Transcriptomic analyses and phosphorylation
events of activated gut IELs treated with exendin-4.
(A) A volcano plot illustrating the differentially expressed genes (red dots in the plot) in
gut IELs isolated from C57BL/6J mice treated with vehicle or exendin-4 (10 nmol/kg)
plus anti-CDS3 for three hours as detected by RNA-seq. The number next to the red



arrow shows the number of significantly downregulated genes, and the number next to
the green arrow shows the number of significantly upregulated genes. n=4.

(B) Gene set enrichment analysis for Biological Process GO terms in all genes detected
in the RNA-seq data. Two gene sets are shown as an example. NES stands for
normalized enrichment score. A negative NES indicates that the genes associated with
the given GO term in the dataset trend towards downregulation.

(C) Expression of Creld2 and Manfin sorted Glp1r'ee+/+ and Glp1r°e"- mouse gut IELs
treated with anti-CD3/anti-CD28 and exendin-4 (50 nM) for five hours. n=4-5.

(D, E, and F) Flow cytometric analyses on the phosphorylation of (D) ERK1/2
T202/Y204, (E) Lck Y394 and (F) Lck Y505 in sorted C57BL/6J mouse gut IELs
activated with anti-CD3/anti-CD28 and treated with exendin-4 (50 nM). n=3 independent
experiments.

(G) Flow cytometric analyses on the proportion of SLP-76 pY128+ cells in sorted
C57BL/6J mouse gut IELs activated with anti-CD3/anti-CD28 and treated with exendin-
4 (50 nM). n=3 independent experiments.

(H, 1, J, & K) Flow cytometric analyses on the phosphorylation of (H) ZAP-70 Y319, (I)
SLP-76 Y128, (J) CREB S133, and (K) ERK1/2 T202/Y204 in sorted C57BL/6J mouse
gut IELs pretreated with exendin-4 (50 nM) for five minutes followed by activation with
PMA/ionomycin for ten minutes. n=3 independent experiments.

Data are represented as mean + SD. ** p <0.01. Two-way ANOVA tests were used in
Figure S5C. Two-way ANOVA tests were used in Figures S5D, S5E, S5F, and S5G.

Abbreviations: MFI: median fluorescence intensity.
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