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ABSTRACT

Objective: Glucagon-like peptide-1 (GLP-1) reduces systemic and gut inflammation. Here we assessed whether gain or loss of GLP-1 receptor 
(GLP-1R) signaling modifies the extent of gut injury and inflammation in experimental murine acute graft vs. host disease (aGvHD). 
Methods: Allogeneic hematopoietic cell transplantation (HCT) was performed using bone marrow and splenocytes from BALB/c donors to 
induce aGvHD in C57BL/6 recipients or vice versa. Chimerism was determined by flow cytometry analysis of immune cell compartments. 
Inflammation was assessed by histological scoring of gut mucosal damage and by measuring circulating cytokine levels. qPCR was used to 
quantify gene expression in small intestine immune cells and tissues. The gut microbiome was assessed by 16S rRNA sequencing. 
Results: Allogeneic chimerism was greater than 90% in peripheral blood and in the gut epithelial compartment. Levels of Glp1r mRNA 
transcripts were induced in the ileum of both vehicle- and semaglutide-treated allogeneic mice, reflecting that allogeneic T cells homing to the 
gut express a functional GLP-1R. Nevertheless, semaglutide did not attenuate the severity of systemic cytokine induction, gut injury or 
inflammation, or the extent of aGvHD in the gut mucosa. Loss of GLP-1R signaling in donor cells had limited effects on overall microbial diversity 
during acute GvHD, and semaglutide-treated mice exhibited modest changes in proportions of microbial species.
Conclusions: Although gut T cells express a functional GLP-1R, GLP-1R signaling has no meaningful impact on systemic or intestinal 
inflammation or microbiota composition in mice with experimental aGvHD, highlighting that the anti-inflammatory actions of GLP-1 medicines
are highly context-dependent.
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1. INTRODUCTION 

Glucagon-like peptides, exemplified by glucagon-like peptide-1 (GLP-1) 
and glucagon-like peptide-2 (GLP-2) are produced in the brain and in the 
distal gut, and regulate energy intake and glucose homeostasis. The 
metabolic actions of GLP-1 are conserved in people living with type 2 
diabetes (T2D) and obesity, supporting development of multiple GLP-1 
medicines for the treatment of T2D and for weight loss in people with 
overweight or obesity [1]. Both GLP-1 and GLP-2 also exert direct actions 
on the gut to control gut motility and reduce gut inflammation [2,3]. 
Initial studies of GLP-1 biology centered on its role in regulating islet 
hormone secretion and glucose homeostasis. Subsequent experi-
ments revealed mechanisms and cell types in the brain that contribute 
to regulating energy intake [4]. More recently, the enteroendocrine L 
cell has been shown to act as an inflammation sensor in animals and 
humans, secreting GLP-1 and GLP-2 in response to gut injury and 
inflammation arising from infectious or non-microbial sources [5—8]. 
GLP-1 also exerts direct and indirect actions to preserve gut health, 
including induction of small bowel growth via stimulation of crypt 
fission [9,10]. Both GLP-1 and GLP-2 preserve gut integrity and 
reduce mucosal damage in preclinical studies of experimental gut 
injury [11—16]. The actions of GLP-2 on the gut epithelium are

partially indirect, acting on enteric neurons and populations of sub-
epithelial myofibroblasts to maintain barrier function, expand the 
mucosal epithelium, and reduce local gut inflammation [17].
GLP-1 acts on cellular targets distinct from those mediating GLP-2 
action to improve gut barrier function and attenuate gut inflammation 
[18,19]. Anti-inflammatory actions of GLP-1 in the gut have been 
localized to group 3 innate lymphoid cells (ILC3s) in mice, as liraglutide 
induced ILC3-dependent cytokines in mice with experimental colitis, 
and the protective effect of liraglutide on gut histology and immune cell 
infiltration was abrogated in ILC3-deficient RORgt gfp/gfp mice with 
dextran sodium sulfate (DSS)-induced colitis [15]. Within the proximal 
regions of the gut, Brunner’s glands in the duodenum express high 
levels of the GLP-1 receptor (GLP-1R) and acute administration of the 
GLP-1R agonist (GLP-1RA) exendin-4 upregulates the expression of 
mRNAs for Muc5b, Muc5ac, Gcnt1, and Il33 in murine Brunner’s 
glands, findings replicated in separate studies using acute adminis-
tration of liraglutide [13]. Consistent with findings from these gene 
expression analyses, semaglutide directly stimulates mucus secretion 
from Brunner’s glands, contributing to the augmentation of barrier 
function and protection of absorptive enterocytes [20].
GLP-1 also reduces local gut inflammation through actions on subsets of 
intestinal intraepithelial lymphocytes (IELs) residing within the small
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bowel mucosa adjacent to GLP-1 secreting L cells. IELs express high 
levels of the canonical GLP-1R and the GLP-1RA exendin-4 acutely in-
duces cyclic AMP accumulation and downregulates cytokine production 
from activated IELs ex vivo [12]. Consistent with an anti-inflammatory 
role for endogenous GLP-1, Glp1r − /− mice exhibit dysbiosis, dysregu-
lation of inflammation-related mRNA transcripts in the small bowel, and 
enhanced sensitivity to mucosal injury following exposure to DSS [12]. 
Remarkably, bone marrow transplantation from Glp1r +/+ mice to 
restore GLP-1R + immune cells in the gut of Glp1r − /− mice normalized 
expression of genes regulating immune function and epithelial integrity 
that were dysregulated in the gut of Glp1r − /− mice [12].
The emerging literature linking GLP-1R signalling to control of immune-
mediated tissue injury is supported by studies demonstrating that 
augmentation of GLP-1R signalling prolonged heart and islet survival 
and delayed allograft rejection in mice, effects associated with reduced 
immune cell infiltration in transplanted heart and islets [21]. Conversely 
transplantation of Glp1r − /− T cells conferred greater allograft rejection 
and a heightened immune response in mice following heart trans-
plantation. Consistent with these findings, activation of GLP-1R sig-
nalling reduced the extent of immune cell infiltration, fibrosis and 
allograft rejection in mice following cardiac transplantation; similar 
findings were observed in rats treated with the GLP-1R/GCGR dual 
agonist TB001 following kidney transplantation [22,23]. 
Accumulating evidence demonstrates the widespread anti-
inflammatory activity of GLP-1 medicines in multiple organs in both 
preclinical and clinical studies [24,25]. Intriguingly, higher circulating 
levels of GLP-1 were associated with a reduced risk of acute graft-
versus-host disease (aGvHD) in patients undergoing allogeneic he-
matopoietic stem cell transplantation (HSCT) [26]. These findings 
have spurred the initiation of a clinical trial to test the efficacy of 
semaglutide administration in patients with lymphoma at risk for 
gastrointestinal mucositis during treatment with chemotherapy and 
HSCT [27]. Here we examined the consequences of gain vs. loss of 
GLP-1R signaling in mice with aGvHD, a disorder characterized by a 
systemic inflammatory syndrome, often presenting clinically with 
severe intestinal inflammation and gut tissue damage. Surprisingly, 
augmentation of GLP-1R signaling with semaglutide or genetic 
disruption of GLP-1R signaling in donor cells transplanted into allo-
geneic recipients, failed to reduce inflammation or the extent of gut 
mucosal injury, and produced only modest changes in gut microbiota 
profiles in a well-established murine model of aGvHD.

2. MATERIALS AND METHODS

2.1. Mice 
Wild-type (WT) BALB/c (H-2 d ) and C57BL/6 (H-2 b ) mice were from The 
Jackson Laboratory. Whole-body Glp1r − /− mice [28] and Glp1r +/+ 

control mice were generated by crossing Glp1r +/− mice on the 
C57BL/6 genetic background in the specific pathogen-free colony at 
the Toronto Centre for Phenogenomics (Mt. Sinai Hospital, Toronto, 
ON, Canada). All experiments were performed in mice housed up to 
five per cage, maintained on a 12-h light/dark cycle with free access 
to standard rodent chow (18% kcal from fat) (Teklad global) and 
acidified drinking water. All experiments were conducted according to 
protocols approved by the Animal Care and Use Subcommittee at the 
Toronto Centre for Phenogenomics and were consistent with Animal 
Research: Reporting In Vivo Experiments guidelines.

2.2. Hematopoietic cell transplantation (HCT)
Mouse bone marrow cells were isolated from femurs and tibiae, and 
splenocytes from the same donors were used as a source of T cells.

Cell suspensions were prepared in DMEM:F12 media with penicillin/ 
streptomycin, subjected to red blood cell (RBC) lysis, and counted 
using a hemocytometer. The murine acute GvHD (aGvHD) model used 
in these experiments involved Major Histocompatibility Complex 
(MHC)-fully mismatched transplants between male donor and recip-
ient pairs. Mice were 8—10 weeks of age at the time of trans-
plantation. Recipient mice were lethally irradiated (C57BL/6 were 
given a total of 1,100 cGy and BALB/c a total of 850 cGy, split into two 
equal doses 4 h apart) using a Gammacell 40 instrument as described 
[12,29,30] and subsequently reconstituted via tail vein injection. 
C57BL/6 recipients of allogeneic BALB/c donors received 5x10 6 bone 
marrow cells and 10-15x10 6 splenocytes; BALB/c recipients of allo-
geneic C57BL/6 donors received 5x10 6 bone marrow cells and 
0.25x10 6 splenocytes. Transplantation with cells from syngeneic 
donors, which lack an alloreactive immune response, was used as a 
negative control. No antibiotic treatment was utilized in the context of 
the HCTs. To minimize potential ‘cage effects,’ bedding from all 
mouse cages involved in the experiments was regularly mixed both 
before and after HCT. Mice were monitored daily and euthanized 
when they had lost ≥20% of their pre-transplantation body weight. 
The day of euthanasia was considered as the date of death for survival 
studies. Donor chimerism was assessed at sacrifice by flow cytometry 
on peripheral blood mononuclear cells (PBMC) and on the epithelial 
compartment and neighboring associated immune cells (ECI) isolated 
from the small intestine.

2.3. Peptides and treatments
The GLP-1RAs semaglutide and exendin-4 were from Novo Nordisk 
Inc and Chi Scientific Inc, respectively. Peptide stocks were diluted in 
phosphate buffered saline (PBS) without calcium or magnesium 
(vehicle). Semaglutide was administered to mice by subcutaneous 
injection at a dose of 10 μg/kg once daily, a relatively low dose 
chosen to minimize weight loss while maintaining high efficacy in 
controlling glucose homeostasis and attenuating experimental 
inflammation and atherosclerosis in mice [31,32].

2.4. Tissue collection and processing
Following euthanasia, the small intestine from the pyloric sphincter to 
the ileocecal junction was resected, cleaned of mesenteric fat, and 
divided into quarters. The first and third quarters were used to isolate 
the epithelial compartment and ECI. Sampling outwards from the 
ileocecal junction, adjacent 2-cm segments were collected from the 
ileum. Ileal tissue samples were fixed in 10% neutral-buffered 
formalin at room temperature for 24 h, then processed and 
embedded in paraffin blocks, or snap-frozen in liquid nitrogen and 
stored at − 80 ◦ C for later RNA extraction.

2.5. Intestinal histomorphometry
Paraffin sections (4 μm thick) were stained for hematoxylin-eosin 
(H&E) using a Sakura Finetek Tissue-Tek Prisma® Plus Automated 
Slide Stainer. For each mouse, a minimum of 20 well-oriented crypts 
were selected from at least 4—5 different ileal cross-sections. The 
numbers of Paneth cells (identified by their eosinophilic granules) per 
crypt and apoptotic bodies per crypt were scored in a blinded manner. 
Representative digital histological images were acquired using a Leica 
DMR microscope equipped with a Leica DC300F camera and Leica 
Qwin V3 software.

2.6. Isolation of small intestine immune cells
After flushing the luminal contents with PBS, the first and third small 
intestine segments (as described above) were opened longitudinally
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and cut into small pieces. The tissue was then incubated in 5 mM 
ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 
10 mM HEPES in Hank’s Balanced Salt Solution (HBSS) without cal-
cium or magnesium at 37 ◦ C for 15 min in a shaker incubator and 
then subjected to multiple rounds of vortexing at full power for 30 s to 
fully strip the epithelial compartment and ECI. Tissue fragments were 
removed by sequential filtering through a 500 μm strainer followed by 
a 100 μm strainer. The final suspension was centrifuged to pellet the 
cells, which were then resuspended in 44% Percoll in RPMI 1640 
media at 22 ◦ C and centrifuged at 700×g for 20 min. The pellet was 
washed and processed for flow cytometry and RNA analysis. Alter-
natively, for fluorescence-activated cell sorting (FACS) analysis, the 
pellet obtained after sequential filtration through 500 μm and 100 μm 
strainers was resuspended in 44% Percoll in RPMI 1640 at 22 ◦ C and 
layered over a 67% Percoll in RPMI 1640 solution. The Percoll 
gradient was centrifuged at 700×g for 20 min without acceleration or 
braking. The interphase was recovered, washed, and the resulting cell 
pellet was used for FACS.
Immune cells from the conjoined intestinal lamina propria, submu-
cosa and muscle layers (referred to collectively as LPM) were isolated 
following a published protocol [33]. The entire small intestine was 
cleared of luminal contents, opened longitudinally, and cut into small 
pieces. The intestinal fragments were then incubated in 5 mM EDTA,
5 mM DTT, and 2% v/v fetal bovine serum (FBS) in HBSS without 
calcium or magnesium (buffer A) in a shaker incubator at 37 ◦ C for 
15 min to strip the epithelial compartment. The gut tissue pieces were 
vortexed briefly and the supernatant was discarded. After four rounds 
of 15 min washes in buffer A at 37 ◦ C, the tissues were minced and 
transferred into 10 mM HEPES in HBSS. DNase I 200 KU/mL and 
Liberase TM 0.2 Wünsch U/mL were added and the tissues were 
incubated at 37 ◦ C for 30 min. After stopping the digestion with 
0.5 mL FBS the tissues were gently triturated into single cell sus-
pensions, filtered through a 40 μm strainer, spun down to pellet the 
cells and then subjected to a 44%/67% Percoll gradient as indicated 
above prior to processing for FACS.

2.7. Flow cytometry and fluorescence-activated cell sorting 
(FACS)
Samples were first treated with anti-mouse CD16/CD32 antibody (Fc 
block) prior to incubation for 20 min at 4 ◦ C with cell surface marker 
anti-mouse antibodies (see Supplementary Methods), in parallel with 
the corresponding compensation and staining controls. The viability 
marker 4 ′ ,6-diamidino-2-phenylindole (DAPI) was included to 
discriminate live cells. For identification and FACS of small intestine 
ECI T cells, we used antibodies against the following antigens: H-2 d or 
H-2 b for BALB/c or C57BL/6 grafts, respectively, CD45.2, CD3, CD8a, 
CD69 and CD103. For identification and FACS of intestinal LPM T cells 
we used: H-2 d , CD45.2, CD3 and CD8a. For analysis of PBMC we used 
H-2 d or H-2 b for BALB/c or C57BL/6 grafts, respectively, CD45.2, CD3 
and CD8a. Stained cells were analyzed on a Gallios flow cytometer 
and FACS enrichment was performed on a MoFlo Astrios cell sorter, 
both instruments from Beckman Coulter.

2.8. RNA extraction, cDNA synthesis, and PCR
Total RNA was extracted from mouse tissues or from FACS sorted 
cells by the guanidinium thiocyanate method using TRI Reagent. 
Reverse transcription (RT) was performed in RNA samples treated 
with DNase I, using random hexamers and SuperScript III. The 
resulting cDNA was used for both conventional and for real-time 
qPCR. PCR amplification of the murine Glp1r was accomplished as 
described [34] using Platinum Taq DNA polymerase and primers that

amplify a 1.4-kb product encompassing the majority of the Glp1r open 
reading frame. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 
PCR amplification was performed as described [35]. PCR products 
were analyzed by agarose gel electrophoresis using SYBR Safe DNA 
Gel Stain. Real-time qPCR was performed on a QuantStudio 5 System 
from Thermo Fisher Scientific with TaqMan Fast Advanced Master Mix 
and TaqMan Gene Expression Assays (Supplementary Methods). 
Relative quantification of transcript levels in whole intestine samples 
was performed using the comparative cycle threshold (Ct) method, 
with Rpl32 or Ppia as endogenous normalization controls. Transcript 
abundance was reported as raw Ct values in cases where samples 
exhibited intrinsic expression differences relative to the RNA tran-
scripts commonly used for normalization.

2.9. Plasma cytokine analysis
Plasma concentrations of TNFα, IL-10, IL-12 p70, IL-1β, IL-6, CXCL1, 
IFNγ, IL-2, IL-4 and IL-5, were measured in samples of heparinized 
cardiac blood using the V-PLEX Proinflammatory Panel 1 Mouse Kit 
from Meso Scale Discovery as per the manufacturer’s instructions.

2.10. cAMP assay
cAMP concentrations were analysed in FACS sorted T cells from small 
intestine ECI using the acetylated version of the Direct cAMP ELISA Kit 
from Enzo Life Sciences as per manufacturer’s instructions. After a 
30—40 min post-sorting recovery period at 37 ◦ C in RPMI 1640 with 
10% FBS and 5 μM 2-mercaptoethanol, the cell suspension was 
centrifuged and the pellet resuspended in HBSS containing 5 mM 
HEPES, 0.1% Bovine Serum Albumin (BSA) and 300 μM 3-isobutyl-1-
methylxanthine (IBMX) at 37 ◦ C prior to agonist testing using 0.5—0.8 
x10 6 cells per assay. Forskolin (Fk) was used as a positive control.

2.11. 16S rRNA-seq analysis
Microbiota profiling was conducted via 16S rRNA gene sequencing, 
following methods previously described [11]. Fecal material was 
harvested from the distal colon, and genomic DNA was isolated for 
amplification of the V3—V4 hypervariable regions of the 16S rRNA 
gene. Amplicons were barcoded and prepared into sequencing li-
braries, which were subsequently run on an Illumina MiSeq platform 
using 2 × 300 bp paired-end reads. Raw sequence data underwent 
adaptor removal and quality filtering prior to denoising and taxonomic 
classification using the DADA2 pipeline [36]. Downstream processing 
was performed with the phyloseq package [37], and differential 
abundance was assessed using both DESeq2 [38] and LEfSe [39]. 
Predicted functional pathway analyses were conducted using PIC-
RUSt2 [40].

2.12. Statistical analysis
Data are expressed as mean ± SD. As indicated in the 
Figure Legends, Student’s t-tests and 1- or 2-way ordinary ANOVA 
followed by the appropriate post-hoc tests were used to calculate 
statistical significance. Survival curves were plotted using Kaplan— 
Meier estimates and compared using the Mantel—Cox log-rank 
test. Statistical analyses and graph generation were performed us-
ing Prism 10 software from GraphPad.

3. RESULTS

MHC-fully mismatched allogeneic HCT from BALB/c donors into 
C57BL/6 recipients, or vice versa, induces robust T cell-mediated 
aGvHD, with tissue pathology typically manifesting in the intestines 
within 10 days post-transplantation [41,42]. As illustrated in the
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experimental design (Figure 1A), mice were treated with semaglutide 
or vehicle for 6 days before undergoing HCT, and treatment continued 
until sacrifice. Consistent with the established anorectic effects of 
GLP-1RAs, semaglutide induced a modest reduction in body weight 
(3.6%) before HCT. Myeloablative total body irradiation (TBI) was 
administered as pre-transplant conditioning, followed by allogeneic 
HCT using bone marrow and splenocytes (as source of T cells) from 
BALB/c donors to induce aGvHD in the gastrointestinal (GI) tract. In 
parallel, a separate set of transplants using syngeneic C57BL/6 do-
nors was performed to generate aGvHD-negative controls, which 
received the same pre-transplant conditioning without the subse-
quent alloreactive immune response. Radiation injury led to predict-
able body weight (BW) loss in both the syngeneic and allogeneic 
groups during the first 5 days after HCT, which was more pronounced 
in the semaglutide-treated mice (Figure 1B). Subsequently, and in-
dependent of treatment, the syngeneic-transplanted mice started to 
regain BW whereas the BW of the allogeneic-transplanted mice 
continued to decline (grey shaded area in Figure 1B). As shown in 
Figure 1C, which depicts the %BW loss area under the curve (AUC) 
over the course of the experiment, allogeneic-transplanted mice 
exhibited greater BW loss compared to the syngeneic group, 
consistent with more active aGvHD. BW loss was greater with sem-
aglutide in both syngeneic- and allogeneic-transplanted mice.
In the allogeneic transplantation-HCT setting, the myeloablative TBI 
procedure and the activated immune system from the donor synergize 
to inflict damage on the transplant recipient’s GI tract, leading to loss 
of mucosal barrier function and the translocation of endotoxin [43]. 
This results in widespread tissue cytokine release and the systemic 
“cytokine storm” characteristic of aGvHD [44,45]. Circulating levels of 
typical proinflammatory cytokines IFNγ, IL-6, IL-10 and TNFα were 
markedly induced in the plasma of the allogeneic-transplanted mice 
compared to the syngeneic-transplanted group (Figure 1D). Although 
semaglutide administration reduced circulating levels of IL-6, levels of 
IFNγ, IL-10, and TNFα were not different in semaglutide-treated mice 
after allogeneic transplantation (Figure 1D).
The GI tract is a major initial aGvHD target organ [46,47]. Early after 
transplantation, allogeneic activated donor T cells migrate to the in-
testine and preferentially invade the lower crypt region lamina propria 
[41]. To assess the recruitment of allogeneic BALB/c T cells to the gut, 
we stripped the epithelial compartment and neighbouring associated 
immune cells (ECI) with a buffer containing 5 mM EDTA and per-
formed flow cytometry with cell surface marker anti-mouse anti-
bodies. As shown in Supp. Figure 1, allogeneic BALB/c chimerism was 
greater than 90% both in peripheral blood mononuclear cells (PBMC) 
(Supp. Fig. 1A) and the ECI (Supp. Figure 1B left panel) and not 
different between vehicle- vs. semaglutide-treated mice. Within the 
ECI, the percentage of allogeneic BALB/c CD3+CD8a+ T cells was 
similar in vehicle- and semaglutide-treated mice (70—75% of the 
CD45+ events) (Supp. Figure 1B middle panel). Most of those allo-
geneic T cells were CD69+ and a small fraction were 
CD69+ CD103+ (Supp. Figure 1B middle panel), contrasting with the

>90% double positive CD69+ CD103+ tissue retention phenotype 
[48] characteristic of the residual IEL T cells (∼5%) from the C57BL/6 
host (Supp. Figure 1B right panel).
Tissue injury to the intestinal crypt epithelium is a characteristic 
finding of GvHD in transplant recipients. The crypts contain the stem 
cells and progenitors of the intestinal epithelium and in mice with 
GvHD, both Intestinal Stem Cells (ISCs) and Paneth cells are reduced 
as they undergo apoptosis mediated by pathogenic donor T cell-
derived IFNγ [49]. We determined the extent of intestinal crypt 
damage by scoring the number of Paneth cells (identified by their 
eosinophilic granules) and apoptotic bodies/crypt in H&E-stained 
histological ileum sections. As quantified in Figure 1E and illustrated 
in representative images in Figure 1F, compared to syngeneic mice, 
there was a reduction in the number of Paneth cells/crypt and a 
concurrent increase of apoptotic bodies/crypt in the allogeneic group, 
consistent with the demise of crypt epithelial cells. No difference 
related to treatment (vehicle or semaglutide) was observed in either 
the syngeneic or allogeneic groups.
Levels of mRNA biomarkers in the ileum for the ISC compartment 
such as Lgr5 and some epithelial secretory cell lineages (Tff3 and 
Gcg) were not different between syngeneic and allogeneic-
transplanted mice and no differences were observed in either 
vehicle- vs. semaglutide-treated mice (Figure 1G). In contrast, the 
mRNA expression of the aGvHD biomarker Reg3g, produced by 
multiple epithelial lineages [50], was induced by semaglutide in 
syngeneic mice yet suppressed in allogeneic mice irrespective of 
treatment (Figure 1G). Surprisingly, compared to the syngeneic group, 
levels of Glp1r mRNA transcripts were induced in the ileum of both 
vehicle- and semaglutide-treated allogeneic mice (Figure 1H). In the 
GI tract, the GLP-1R is expressed in enteric neurons and IELs 
[12,51,52]. The Glp1r from the host enteric neurons could contribute 
to ileal Glp1r expression observed in mRNA from allogeneic mice, but 
that wouldn’t be expected for the IELs since the ECI from allogeneic 
mice only contains a minor fraction (∼5%) of host Glp1r expressing 
IELs (Supp. Figure 1B left panel).
To investigate the source and potential importance of the unantici-
pated induction of Glp1r expression in the ileum of allogeneic mice, a 
BALB/c-into-C57BL/6 MHC-mismatched allogeneic-HCT was per-
formed (Figure 2A). Immune cells from the LPM and ECI were isolated 
from transplant recipients on days 9 and 10 post-transplant and then 
analyzed by FACS. qPCR was used to examine relevant gene 
expression markers in the sorted allogeneic T cell populations. As a 
reference control, we also isolated ECI from WT C57BL/6 mice and 
sorted their corresponding T cells.
Allogeneic BALB/c chimerism was 95% in PBMC, 99% in the ECI, and 
83% in LPM. Normal WT ECI largely consisted of CD8a+ T cells; in 
contrast, allogeneic ECI and LPM contained a sizeable percentage of 
both CD8a+ and CD8a- T cells (Figure 2B). Upon qPCR analysis, we 
unexpectedly found that allogeneic CD8a+ T cells sorted from the 
intestinal ECI expressed Glp1r mRNA at levels equivalent to those 
detected in RNA from typical sorted WT ECI T cells (Figure 2C).

Figure 1: Chronic semaglutide treatment does not reduce gut tissue damage or the typical features of aGvHD. (A) Schematic of the experimental design. Following a 6-
day pretreatment period with vehicle (Veh) or semaglutide (Sema), C57BL/6 (C57) mice underwent HCT from syngeneic (Syn) C57BL/6 donors (n = 6 Veh and 6 Sema pretreated) 
or allogeneic (Allo) BALB/c (B/c) donors (n = 8 Veh and 8 Sema pretreated) and continued with the same Veh or Sema treatment regimen until the time of sacrifice. (B and C) (B) 
Sequence of body weight (BW) loss and (C) Area under the curve (AUC) of BW loss during the experiment. The grey shaded area in panel (B) is a visual reference to compare the 
body weight decline in the allogeneic mice relative to the syngeneic group indicative of the aGvHD progress. (D) Plasma cytokine levels. (E) Number of Paneth cells and apoptotic 
bodies/crypt in ileal tissue. (F) Representative histological sections of ileum stained with H&E. Arrowheads indicate apoptotic epithelial cells within the crypt compartment. (G) 
mRNA expression of select epithelial cell lineage markers and (H) Glp1r in ileum measured by qPCR. Data are mean ± SD pooled from 2 independent experiments comprising 
mice from the same cohort. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001 by 2-way ANOVA followed by Sidak’s (panel B) or Tukey’s (panels C to E, G and H) 
multiple comparisons tests.
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Allogeneic ECI CD8a- T cells, as well as allogeneic LPM T cells, also 
expressed Glp1r mRNA but at a lower level than sorted allogeneic ECI 
CD8a+ T cells (Figure 2C). Compared to their WT ECI T cell coun-
terparts, allogeneic CD8a+ T cells expressed similar levels of Cd69 
but were enriched in transcripts for the integrin α4β7 and the cyto-
toxic T cell markers Gzmb, Fasl and Ifng (Figure 2D). In contrast, 
allogeneic CD8a+ T cells exhibited low expression of Itgae and Ccr9,

which are typically expressed by T cells in the normal WT gut 
epithelial compartment (Figure 2D).
To verify that the qPCR results, which detect only partial cDNA 
fragments, reflected expression of the full-length Glp1r mRNA tran-
script in allogeneic ECI T cells, we performed conventional RT-PCR 
using primer pairs spanning the entire Glp1r open reading frame, 
followed by gel electrophoresis. As shown in Figure 2E, a 1.4-kb PCR
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product, corresponding to the entire coding region of the canonical 
mouse Glp1r, was amplified from RNA obtained from 2 independent 
samples of sorted allogeneic ECI CD8a+ T cells.
We next assessed whether the allogeneic ECI T cell Glp1r mRNA 
encodes a functional protein by measuring cAMP induction in 
response to the GLP-1R agonist exendin-4 in gut ECI CD8a+ T cells 
sorted from WT C57BL/6 and WT BALB/c mice, as well as from BALB/ 
c-into-C57BL/6 allogeneic mice. Consistent with previous findings 
using isolated IELs [12], Ex-4 (10 nM) directly increased cAMP levels 
in all three ECI sorted T cell groups (Figure 2F). Although the 
magnitude of induction was slightly lower in the CD8a+ T cells from 
the allogeneic group, the relative cAMP response triggered by the 
forskolin positive control was preserved and comparable in the three 
groups.
Loss-of-function experiments are an independent and complementary 
strategy to evaluate whether the absence of GLP-1R signaling within 
the T cells infiltrating the host GI tract influences the characteristics of 
aGvHD. To address this question in regard to the GLP-1R, we con-
ducted a fully mismatched HCT using C57BL/6 WT (Glp1r +/+ ) or 
C57BL/6 GLP-1R KO (Glp1r − /− ) mice as allogeneic donors into BALB/ 
c recipients to induce aGvHD in the GI tract. As controls, syngeneic 
transplants were also performed using BALB/c donors to generate 
aGvHD-negative mice (Figure 3A).
When compared to BALB/c syngeneic mice, BALB/c recipients of 
C57BL/6 WT or C57BL/6 GLP-1R KO donor HCT experienced similar 
degrees of BW loss and marked upregulation of plasma cytokines 
associated with aGvHD progression (Figure 3B,C). Hence, C57BL/6 
WT and C57BL/6 GLP-1R KO donor T cells exhibit the same allogeneic 
potential for induction of aGvHD. Allogeneic C57BL/6 WT and C57BL/6 
GLP-1R KO chimerism was greater than 98% when assessed in PBMC 
(Figure 3D) and the ECI (Figure 3Ea). Within the ECI the percentage of 
allogeneic C57BL/6 CD3+CD8a+ T cells was equivalent in C57BL/6 
WT and C57BL/6 GLP-1R KO mice (79% of the CD45+ events) 
(Figure 3Eb), however only a minor fraction corresponded to 
CD69+CD103+ T cells and that proportion was further reduced in 
C57BL/6 GLP-1R KO mice (Figure 3Ec and 3Ed).
To confirm the identity of allogeneic C57BL/6 WT and C57BL/6 GLP-
1R KO donor immune cells isolated from the intestinal ECI of BALB/c 
recipient mice, we performed TaqMan gene expression assays tar-
geting specific exon boundaries of the Glp1r transcript. In the whole 
body C57BL/6 GLP-1R KO mouse, disruption of the Glp1r gene results 
from the internal deletion of exons 6 and 7 within the Glp1r coding 
sequence [28,53]. Data in Figure 3F confirmed the expression of Glp1r 
exons 3—4 in RNA extracted from both C57BL/6 WT and C57BL/6 
GLP-1R KO donor cells. As expected, exons 5—6, which are absent in 
C57BL/6 GLP-1R KO mouse tissues, were expressed in C57BL/6 WT 
cells. Interestingly, ∼8% contribution of Glp1r exons 5—6 signal was

also detected in donor C57BL/6 GLP-1R KO ECI. This signal likely 
reflects the contribution of the residual 2% BALB/c host IEL T cells, 
which express a BALB/c WT Glp1r, to the donor C57BL/6 GLP-1R KO 
ECI. This interpretation aligns with the gut ECI chimerism data pre-
sented in Figure 3Ea.
The degree of mucosal damage in the ileum, assessed by counting 
Paneth cell numbers and crypt apoptotic bodies, was comparable in 
BALB/c mice receiving allogeneic HCT from either C57BL/6 WT or 
C57BL/6 GLP-1R KO donors, and was significantly greater than that 
observed in syngeneic controls (Figure 3G). Whereas mRNA levels of 
the ISC marker Lgr5 were similar between syngeneic and allogeneic 
groups, expression of other epithelial lineage markers, particularly 
Reg3g, was consistently reduced to the same extent in both C57BL/6 
WT and C57BL/6 GLP-1R KO allogeneic mice compared to syngeneic 
controls (Figure 3H). In agreement with the data shown in Figure 1H, 
Glp1r expression was elevated in the ileum of BALB/c recipients of 
C57BL/6 WT allogeneic HCT, but not in those receiving transplants 
from C57BL/6 GLP-1R KO donors (Figure 3I). This finding is consistent 
with the mRNA analysis of donor immune cells isolated from the in-
testinal ECI of BALB/c recipients (Figure 3F).
Studies in murine models of GvHD have identified two distinct phases 
of BW loss in allogeneic recipients: i) an initial, non-lethal phase 
occurring around days 5—10 post-HCT, followed by a recovery period, 
and ii) a second phase that progresses until death [54]. These phases 
correspond to two waves of donor CD8 + T cell expansion in allogeneic 
recipients [55]. To determine the potential dependence on GLP-1R 
signaling for the weight loss observed during aGvHD, we performed 
a BALB/c-into-C57BL/6 allogeneic HCT using either C57BL/6 WT or 
C57BL/6 GLP-1R KO recipients and monitored BW loss and survival 
throughout aGvHD progression (Figure 3J). Both C57BL/6 WT and 
C57BL/6 GLP-1R KO recipient mice exhibited nearly identical BW loss 
profiles up to day 20 (Figure 3K). Beyond this point, the small number 
of surviving mice limited the ability to accurately display BW trends. 
Survival analysis revealed no significant difference between C57BL/6 
WT and C57BL/6 GLP-1R KO recipient mice, with a median survival of 
22 days in both groups (Figure 3L).
Substantial evidence from preclinical and clinical studies implicates 
the gut microbiota in the pathophysiology of intestinal mucosal injury 
associated with aGvHD [56]. To explore how acute GvHD and GLP-1R 
signaling shape the gut microbial communities, we performed 16S 
rRNA sequencing. In the semaglutide experiments, neither alpha di-
versity, assessed by observed richness and Chao1 index, nor beta 
diversity, assessed by principal coordinate analysis (PCoA), differed 
significantly across groups (Figure 4A,B). Differential abundance 
analysis using DESeq2 identified two genera affected by semaglutide: 
Massiliomicrobiota, which was upregulated by aGvHD but suppressed

Figure 2: A functional GLP-1R is expressed by the allogeneic T cells homing to the gut during aGvHD. (A) C57BL/6 (C57) mice underwent HCT from allogeneic (Allo) BALB/ 
c (B/c) donors. Small intestine immune cells from the conjoined intestinal lamina propria, submucosa and muscle layers (LPM) and ECI were isolated 9 days and 10 days, 
respectively, after HCT, stained and subjected to FACS, followed by RNA analysis and cAMP production assays. (B) Dot plots representing the gating strategy used for sorting 
normal wild-type (WT) C57BL/6 intestinal ECI T cells and allogeneic T cells isolated from the gut ECI and LPM compartments. (C) Glp1r mRNA expression levels in the sorted cell 
samples shown in panel (B), and (D) gene expression profile of T cells sorted from WT and allogeneic ECI. mRNA levels are mean ± SD from two independent experiments, each 
involving pooled sorted cells from n = 3—4 mice. (E) Glp1r and Gapdh mRNA expression were assessed by RT-PCR in total RNA from WT C57BL/6 mouse Percoll-purified (PP) 
gut ECI and from sorted allogeneic intestinal ECI CD3+CD8a+ T cells. PCR products were analyzed by agarose gel electrophoresis followed by SYBR Green staining. The 
specificity of each RT reaction (+) was monitored by control reactions using samples in which reverse transcriptase was omitted from the RT reaction mixture (− ). The top arrow 
indicates a single PCR product (1410 bp long) encompassing the majority of the Glp1r open reading frame. (F) cAMP levels in small intestine ECI sorted CD3+CD8a+ T cells from 
WT C57BL/6, WT BALB/c, and BALB/c-into-C57BL/6 allogeneic mice. The sorted cells were challenged for 15 min with vehicle (Veh), exendin-4 (Ex4), or forskolin (Fk) at the 
indicated concentrations. To facilitate comparison, the data are normalized to the specific Veh-treated cAMP levels from each of the three sources of sorted cells. Data are 
mean ± SD from 2 to 4 replicates from pooled cells from n = 6 WT C57BL/6, 6 WT BALB/c, and 6 allogeneic mice. *p ≤ 0.05 and ****p ≤ 0.0001 by 1- or 2-way ANOVA 
followed by Dunnett’s test with Veh as the control.
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by semaglutide, and Enterococcus, which was further enriched in 
semaglutide-treated allogeneic recipients (Figure 4C).
In BALB/c recipients of syngeneic BALB/c, allogeneic C57BL/6 WT, or 
allogeneic C57BL/6 GLP-1R KO cells, alpha diversity was significantly 
reduced in allogeneic mice receiving C57BL/6 WT cells. A similar 
trend was observed in those receiving C57BL/6 GLP-1R KO cells,

although the reduction did not reach statistical significance relative to 
syngeneic controls (Figure 4D). Beta diversity analysis showed sub-
stantial overlap in microbiota composition across all groups 
(Figure 4E). Despite this, DESeq2-based analysis identified five mi-
crobial genera, including Enterococcus, Staphylococcus, Thom-
sclavelia, Monoglobus, and Anaerotruncus, that were consistently

Figure 4: GLP-1R signaling modulates specific gut microbiota taxa during aGvHD. (A) Alpha diversity (Observed and Chao1 indices) of gut microbiota in C57BL/6 mice 
receiving HCT from C57BL/6 donors (Syn) or BALB/c donors (Allo) treated with vehicle (Veh) or semaglutide (Sema) 6 days prior to HCT until the time of sacrifice. (B) Principal 
Coordinates Analysis (PCoA) of Bray—Curtis dissimilarity of microbiota profiles from the mice in (A). (C) Relative abundance of Massiliomicrobiota and Enterococcus was 
significantly altered between vehicle-treated allogeneic and syngeneic groups and modulated by semaglutide treatment. (D) Alpha diversity of gut microbiota in BALB/c mice 
receiving HCT from BALB/c donors (Syn), C57BL/6 WT donors (WT Allo), or C57BL/6 GLP-1R KO donors (GLP-1R KO Allo). (E) PCoA of Bray—Curtis dissimilarity showing similar 
clustering of microbiota profiles from recipient mice in (D). (F) Heatmap of z-score normalized relative abundance of top differentially abundant genera across recipient groups in 
(D). (G) Relative abundance of Enterococcus, Staphylococcus, Anaerotruncus, Bifidobacterium, and Escherichia-Shigella were significantly altered. Statistical significance was 
determined by Kruskal—Wallis test with false discovery rate correction in D, and by DESeq2 with multiple testing correction in C and G.

Figure 3: Genetic ablation studies indicate that loss of GLP-1R signaling in either donor or recipient mice undergoing allogeneic HCT does not impact aGvHD severity 
or survival. (A) Schematic of the experimental design. BALB/c (B/c) mice underwent HCT from syngeneic (Syn) BALB/c donors (n = 8) or allogeneic (Allo) C57BL/6 WT (C57 WT) 
(n = 10) or C57BL/6 GLP-1R KO (C57 KO) (n = 10) donors. (B) Sequence of body weight loss during the experiment. The grey shaded area is a visual reference to compare the 
body weight decline in the allogeneic mice relative to the syngeneic group indicative of aGvHD progress. (C) Plasma cytokine levels. (D and E) Chimerism assessed at the time of 
sacrifice by flow cytometry on (D) PBMC and (E) small intestine ECI isolated from allogeneic BALB/c recipient mice. (F) mRNA expression of Glp1r measured by qPCR in gut ECI of 
allogeneic BALB/c recipients (n = 8). (G) Number of Paneth cells and apoptotic bodies per crypt in ileal tissue. (H) mRNA expression of select epithelial cell lineage markers and 
(I) Glp1r in ileum measured by qPCR. Data from panels B to I are mean ± SD pooled from 2 independent experiments comprising mice from the same cohort. *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001 by Student’s t tests (panels E and F) and by 1-way ANOVA followed by Tukey’s multiple comparisons tests (panels C and G to 
I). (J) C57BL/6 WT (n = 15) and C57BL/6 GLP-1R KO (n = 20) mice underwent HCT from allogeneic BALB/c donors. (K) Sequence of body weight loss during the experiment. The 
grey shaded area is a visual reference to compare the body weight decline in the allogeneic mice during the lethal phase of the aGvHD. Data are mean ± SD. (L) Kaplan—Meier 
survival plots of C57BL/6 WT and C57BL/6 GLP1-R KO allogeneic mice. Survival curves compared using the Log-rank (Mantel—Cox) test showed no significant difference. Panels 
K and L are data combined from 2 independent experiments comprising mice from the same cohort.
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enriched in allogeneic recipients (Figure 4F). Notably, Bifidobacterium 
and Escherichia-Shigella were significantly depleted in allogeneic 
mice receiving C57BL/6 WT cells compared to syngeneic controls. In 
contrast, recipients of C57BL/6 GLP-1R KO donor cells exhibited 
increased levels of Enterococcus, Staphylococcus, Anaerotruncus, 
and Escherichia-Shigella, along with reduced Bifidobacterium 
(Figure 4G), suggesting a partial shift in microbiota composition 
influenced by GLP-1R signaling. Biomarker identification using LEfSe 
and functional predictions using PICRUSt2 did not reveal significant 
changes in microbial metabolic pathways in either model. Together, 
these data suggest that while GLP-1R signaling has limited effects on 
overall microbial diversity during acute GvHD, it exerts selective 
pressure on key microbial taxa such as Enterococcus.

4. DISCUSSION

The IEL is the major immune cell type that expresses the GLP-1R. 
Recent studies have expanded the physiological importance of the 
IEL GLP-1R for the control of local immune responses by using genetic 
targeting to selectively ablate the Glp1r in gut mucosal T cells. 
Notably, the gut IEL GLP-1R is required for the actions of GLP-1 
medicines to attenuate both local and systemic T cell-induced 
inflammation, but is dispensable for the GLP-1R-dependent reduc-
tion of lipopolysaccharide-induced inflammation [11]. These local 
anti-inflammatory actions are mediated through canonical GLP-1R 
signaling linking protein kinase A activity to reduction of proximal T 
cell receptor signaling. Consistent with the local anti-inflammatory 
actions exerted through populations of GLP-1R+ IELs, blockade of 
GLP-1R signaling using the GLP-1R antagonist exendin(9—39) aug-
ments T cell activity and anti-tumor immunity in a mouse model of 
colorectal cancer [21].
As the actions of GLP-1 in the gut encompass augmentation of 
mucosal defense, together with attenuation of experimental and 
clinical inflammation in part through reduction of gut T cell activity 
[25], we hypothesized that GLP-1RAs, exemplified by semaglutide, 
might reduce the severity of gastrointestinal injury, a hallmark of 
acute and chronic GvHD known to be predominantly driven by T cells. 
Consistent with data shown in Figure 1, the experimental paradigm 
studied here closely recapitulates key pathological features of aGvHD 
in our BALB/c-into-C57BL/6 allogeneic murine model, displaying 
progressive weight loss, marked upregulation of circulating cytokines, 
recruitment of allogeneic T cells into the intestinal crypts, mucosal 
injury in the gut and suppression of the ileal antimicrobial aGvHD 
biomarker Reg3g.
Although our analyses demonstrated the presence of functional GLP-
1Rs on the allogeneic T cells infiltrating the GI tract during aGvHD 
(Figure 2), chronic activation of the GLP-1R via semaglutide admin-
istration failed to attenuate the clinical course of aGvHD. Nevertheless, 
at the dose used here, semaglutide exerts sufficient engagement of 
the GLP-1R to improve glucose homeostasis and reduce inflammation 
and atherosclerosis, with only modest reduction of body weight 
[31,32]. Complementary genetic ablation studies (Figure 3) further 
demonstrated that loss of GLP-1R signaling by the allogeneic donor T 
cells did not impact disease severity or recipient survival, collectively 
indicating that both pharmacological GLP-1R activation and loss of 
endogenous GLP-1R signalling are both dispensable for immunopa-
thogenesis of murine aGvHD modeled herein.
Over the past decade, the commensal microbiota and their derivatives 
(pathogen-associated molecular patterns (PAMPs) and metabolites) 
have emerged as key modulators of GvHD. Following allogeneic HCT, 
the ensuing intestinal inflammation is associated with major shifts in

microbiota composition and marked loss of gut microbiota physio-
logical diversity [56]. These disruptions can, in turn, contribute to the 
severity of intestinal inflammation and the progression of GvHD. Our 
analysis of microbiota in mice with aGvHD revealed modest differ-
ences in the proportions of Enterococcus, Staphylococcus, Thom-
sclavelia, Monoglobus, and Anaerotruncus as well as upregulation of 
Enterococci and downregulation of Massiliomicrobiota in response to 
semaglutide administration. Nevertheless, given the overall findings 
that gain or loss of GLP-1R signaling does not meaningfully modify 
outcomes in aGvHD, the significance of these changes in microbiota 
representation remains uncertain.
The anti-inflammatory actions of GLP-1 medicines, mediated in 
part through direct effects on T cells, including IELs, and through 
inter-organ communication involving neuronal GLP-1R signaling, are 
gaining increasing attention in diseases characterized by dysregu-
lated inflammation [11,12,21,31,57]. In clinical settings, C-reactive 
protein levels are frequently reduced in patients treated with GLP-1 
medicines, supporting their anti-inflammatory potential. However, 
because GLP-1 medicines often induce weight loss, it can be 
challenging to distinguish weight loss-independent mechanisms 
underlying these anti-inflammatory effects. Nonetheless, weight loss-
independent actions of GLP-1 medicines have also been described in 
humans [25,58,59]. Our preclinical studies using a model scrutinizing 
the putative role of GLP-1R+ gut T cells, a major immune population 
expressing the GLP-1R, provide evidence that GLP-1 medicines are 
not uniformly anti-inflammatory, and that their inherent ability to 
reduce systemic inflammation and intestinal injury is highly context-
dependent.

4.1. Limitations
Our study focused exclusively on an MHC-mismatched murine model 
of aGvHD. While this system recapitulates the rapid onset and high 
severity typical of clinical aGvHD, it does not encompass the more 
gradual disease kinetics or subtler immune interactions seen in minor 
histocompatibility antigen (miHA)-mismatched transplantation set-
tings. The single mouse model used here may underestimate thera-
peutic efficacy under high-inflammation conditions. We used male 
mice, and the potential importance of sex in determining roles for 
GLP-1R signaling in aGvHD was not examined. Finally, the doses of 
semaglutide used here, chosen to minimize weight loss, as well as the 
timing and duration of exposure, may be insufficient to capture the 
therapeutic potential of GLP-1 medicines in aGvHD.
While our study has primarily focused on the GI tract, recognized as the 
principal initial target organ in aGvHD, it is important to acknowledge 
that aGvHD can also affect other organs. These include classical target 
sites such as the liver, lungs, and skin, as well as potential non-
classical targets like the kidneys, bone marrow, and central nervous 
system, which were not examined in our current analyses.
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