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Abstract 

Acute graft-versus-host disease (aGVHD) is primarily driven by allogeneic donor T cells associated with an altered 
composition of the host gut microbiome and its metabolites. The severity of aGVHD after allogeneic hematopoi-
etic stem cell transplantation (allo-HSCT) is not solely determined by the host and donor characteristics; however, 
the underlying mechanisms remain unclear. Using single-cell RNA sequencing, we decoded the immune cell atlas 
of 12 patients who underwent allo-HSCT: six with aGVHD and six with non-aGVHD. We performed a fecal microbiota 
(16SrRNA sequencing) analysis to investigate the fecal bacterial composition of 82 patients: 30 with aGVHD and 52 
with non-aGVHD. Fecal samples from these patients were analyzed for bile acid metabolism. Through multi-omic 
analysis, we identified a feedback loop involving “immune cell-gut microbes-bile acid metabolites” contributing 
to heightened immune responses in patients with aGVHD. The dysbiosis of the gut microbiota and disruption of bile 
acid metabolism contributed to an exaggerated interleukin-1 mediated immune response. Our findings suggest 
that resistin and defensins are crucial in mitigating against aGVHD. Therefore, a comprehensive multi-omic atlas incor-
porating immune cells, gut microbes, and bile acid metabolites was developed in this study and used to propose 
novel, non-immunosuppressive approaches to prevent aGVHD.
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Introduction
Many compounds possess powerful anticancer activities 
with side effects [1–3]. Allogeneic hematopoietic stem 
cell transplantation (allo-HSCT) is a viable treatment 
option for malignant hematological diseases and bone 
marrow failure; however, patients undergoing allo-HSCT 
are at significant risk of acute graft-versus-host disease 
(aGVHD), which can lead to severe complications and 
even death. The liver and gastrointestinal tract are com-
monly attacked by allogeneic donor T-cells. Current 
treatment approaches often fail to effectively mitigate 
against aGVHD progression.

The activation of donor-derived allogeneic T cells by 
the host antigen-presenting cells (APCs) is a crucial step 
in aGVHD development. Activated T-cells target and kill 
epithelial cells, whereas myeloid cells are recruited to 
the ileum to address tissue damage and microbial infec-
tion. Myeloid cell-derived IL-12 enhances the secre-
tion of IFN-γ by lamina propria lymphocytes, leading to 
increased expression of MHC class II on intestinal epithe-
lial cells, thereby promoting the development of CD4+ T 
cell-dependent GVHD [4]. The administration of antibi-
otics is important for patients undergoing allo-HSCT [5, 

6]. Allogeneic immune responses, high dose chemother-
apy, and total body irradiation contribute to the trans-
location of lipopolysaccharide (LPS) into the systemic 
circulation, resulting in the production of inflammatory 
cytokines, such as TNF-α and IL-1β by macrophages [7]. 
Inflammatory cytokines, including IL-1, IL-6, and TNF-
α, augment the host APCs in presenting alloantigens to 
donor T cells [8]. The precise roles of IFN-α/β in GVHD 
are not definitively understood when compared with 
the more destructive role of IFN-γ [9]. Intestinal micro-
biota and their metabolites are increasingly recognized 
as significant contributors to GVHD development [10]. 
Notably, bacterial MHC-II inducers can be suppressed 
by vancomycin, thereby inhibiting CD4+ T cell-mediated 
GVHD development [11]. Various microbial metabo-
lites, such as bile acids, indole derivatives, and short-
chain fatty acids contribute to the immune modulation of 
GVHD [12]. However, there is a paucity of systematic and 
comprehensive research on the relationships between the 
immune cell atlas, microbiome atlas, and bile acid metab-
olism profiles of patients with aGVHD.

In the present study, we demonstrated that allo-HSCT 
patients with non-aGVHD exhibit distinct immune 

Graphical abstract

0

20

40

60

80

100

Granulocyte-like

CD14+ Mono

CD16+ Mono

T/NK

Ery

HSPC

B/Plasma/pDC

DC

Mucus
defensins

Mucus defensins

IL-1β, TNFα,
IL-6, IL-12...

non-aGVHD aGVHD

Clostridia
Peptostreptococcaceae
Bifidobacterium breve
Flavonifractor plautii

Akkermansia
Parabacteroides distasonis
Bacteroides eggerthii
Acetobacteraceae...

LPS

IL1RN
RETN

TDCA,
6,7-DKLCA,
HDCA,
LCA-3S,
12-KLCA,
TLCA-3S,
TLCA,
DCA-3-O-S,
CA-3S,
Tα-MCAisoCDCA

6-ketoLCA
3-oxo-CA
12-oxo-CDCA
7,12-DKLCA ?

?

T cells

Myeloid cells

BLOOD BLOOD

IL-17A

? ?

S100A families
S100A family

IL-1β, 
DUSP1,
AP-1 family...

CD16+CD14-

Mono

S100A8/9/12

GPBAR1high

or NR1H2high

Mac

GPBAR1low

or NR1H2low

TLR4, RAGE, CD36...

scRNA-seq

Multiple immunofluorescence

Bile acid metabolism

Intestinal flora

Mouse model
of aGVHD



Page 3 of 24Han et al. Journal of Translational Medicine          (2024) 22:746 	

responses characterized by type I IFN-regulation, includ-
ing the upregulation of IRF1/7, as determined through 
single-cell RNA sequencing (scRNA-seq) analysis. Fur-
thermore, we identified LILRB1, LILRB2, and LILRB4 
as crucial markers for the regulation of aGVHD, with 
hyperactivated AP-1 activation serving as the driv-
ing force behind of hyperactivated allogeneic immune 
responses. IL1-associated molecular patterns are mod-
ulated in immune cells from patients with aGVHD 
through the upregulation of IL1B, IL1R2, IL1R1, and 
IL1RAP, and the downregulation of IL1RN. Additionally, 
RETN, which encodes resistin with antibacterial prop-
erties, was found to be upregulated in granulocyte-like 
cells from patients with non-aGVHD. Furthermore, cen-
tral regulators of allogeneic T cell activation, including 
FOS, JUN, TSC22D3, DUSP1, DUSP2, ZFP36L2, GZMK, 
CD52, CD27, CD28, TNFAIP3, and IKZF3, were identi-
fied. Notably, T cells from patients with non-aGVHD 
exhibited high expression levels of KIR3DL2, S1PR5, 
GNLY, ADGRG1, LGALS1, IFITM2, and ISG15. Multiple 
alterations in immune regulation were observed in the 
innate immune response associated infections contribut-
ing to the pathogenesis of aGVHD. Analysis of 16s rRNA 
gene sequencing revealed an enrichment of Clostridia 
and Peptostreptococcaceae in fecal samples from patients 
with non-aGVHD, while Akkermansiaceae was enriched 
in individuals with aGVHD. These changes in microbial 
composition disrupted bile acid metabolism, potentially 
reducing the antibacterial capacity of defensins and exac-
erbating inflammation through pathogens and members 
of S100A family. These results highlight the significance 
of the feedback loop involving immune cell-microbiota 
and its metabolites interactions in the development of 
aGVHD.

Results
Cellular atlas of immune cells of patients who underwent 
allo‑HSCT presented with and without aGVHD symptoms
Using scRNA-seq to analyze the inherent program-
ming of immune cell types, we analyzed the molecular 
characteristics of immune cells from six patients who 
underwent allo-HSCT and developed aGVHD, as well 

as from six patients who did not develop aGVHD. To 
validate the cell types, inferences were made by evalu-
ating the relative expression of lineage-specific genes 
(Supplementary Figure  1A). Through unsupervised 
clustering analysis of the scRNA-seq dataset from the 
12 patients, eight clusters were identified (Fig. 1A). No 
significant differences were observed in the proportions 
of most cell types, exception of dendritic cell (DC), 
hematopoietic stem and progenitor cells (HSPCs), and 
erythroid subsets (Fig. 1B).

To validate both the established and potential func-
tions of immune regulation in patients with non-aGVHD, 
we conducted differential gene expression analysis in 
peripheral blood mononuclear cells (PBMCs) from two 
groups (non-aGVHD vs. aGVHD). Subsequently, gene 
ontology (GO) analysis was performed using the upregu-
lated genes in patients with non-aGVHD, revealing the 
enrichment of differentially expressed genes (DEGs) in 
biological pathways related to immune response and 
microbe-related immune regulation (Fig.  1C). Subse-
quently, we analyzed the expression levels of genes asso-
ciated with the “immune response-regulating signaling 
pathway” (Supplementary Figure 1B), and identified key 
genes involved in immune regulation, including IRF7, 
IRF1, NLRC4, LILRB4, LILRB1, and LILRB2 (Fig.  1D). 
Notably, VDR enhances NLRC4 activation to com-
bat intracellular bacterial infections [13]. Additionally, 
IRF7 serves as a pivotal regulator of the production and 
secretion of interferon (IFN) type I, essential for defense 
against infections [14, 15]. The significance of Type I IFN 
signaling in suppressing activated autologous T cells in 
patients with aGVHD, as well as the inhibitory effect of 
LILRB4 on T cell production of IFN-γ, has been docu-
mented [16]. Furthermore, the high affinity of LILRB1 
and LILRB2 for HLA-G underscores their crucial roles 
in promoting transplantation tolerance [17]. The KEGG 
analysis revealed that upregulated genes in patients 
with non-aGVHD were enriched in pathways related to 
pathogen-removal pathways (Supplemental Figure  1C). 
These results suggested that an enhanced innate immune 
response for pathogen clearance is essential for mitigat-
ing against aGVHD (Supplementary Figure 1D).

(See figure on next page.)
Fig. 1  scRNA-seq analysis of PBMCs of patients who underwent allo-HSCT revealing immune regulation signature in aGVHD. A Unsupervised 
clustering (UMAP plot) of scRNA-seq data from PBMCs of patients with aGVHD and with non-aGVHD, with cell subtypes labeled. B The frequency 
percentage of the main cell subtypes (patients with non-aGVHD, n = 6; patients with aGVHD, n = 6). C Dot graph illustrating the GO analysis 
of upregulated genes in PBMCs of patients with non-aGVHD compared with those from individuals with aGVHD. D Dot plots illustrating relative 
expression levels of the upregulated genes IRF7, IRF1, NLRC4, LILRB1, LILRB2, and LILRB4 in PBMCs of patients with non-aGVHD. E Dot graph 
illustrating the GO analysis of upregulated genes in PBMCs from patients with aGVHD compared with those from individuals with non-aGVHD. 
F Dot plots were used to display the relative expression levels of downregulated genes (JUNB, FOS, JUN, CD83, and EGR1) in PBMCs of patients 
with non-aGVHD. G Representative immunofluorescence staining of c-FOS, c-JUN, IRF7 and CD45 in small intestine of control or aGVHD mouse 
model groups. Scale bar, 20 µm
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Genes that were upregulated in the PBMCs of patients 
with aGVHD were significantly enriched in pathways 
related to mononuclear cell differentiation, phosphoryla-
tion, and microRNAs (Fig. 1E). Subsequently, we gener-
ated a graphical representation of the expression levels of 
genes associated with “mononuclear cell differentiation” 
(Supplementary Figure  1E) and identified the key genes 
involved in immune regulation, including JUNB, FOS, 
JUN, CD83, and EGR1 (Fig.  1F). Notably, JUNB, FOS, 
and JUN, which are components of the AP-1 complex, 
have been implicated in various inflammatory disorders 
and are known to play a role in IL-1β-mediated immune 
regulation [18]. Additionally, we observed the protein 
expression levels of IRF7, c-FOS, and c-JUN in the small 
intestine of the aGVHD mouse model, and identified 
that CD45+ immune cells of the aGVHD mouse model 
exhibited higher c-JUN expression than cells in the non-
aGVHD group (Fig. 1G). CD83 is a potential diagnostic 
marker for GVHD and a target for eliminating autore-
active immune and leukemic cells [19, 20]. Increased 
expression of EGR1 in patients with aGVHD is consist-
ent with previous findings [21]. Furthermore, KEGG 
analysis revealed that upregulated genes in patients with 
aGVHD were associated with T cell-mediated immune 
response (Supplementary Figure 1F). These findings pro-
vide insight into the distinct immune characteristics of 
patients with aGVHD and non-aGVHD.

IL‑1 signaling regulation is out of balance in patients 
with aGVHD
Next, we established a cellular communication net-
work of different cell types (Supplementary Figure  2A), 
and found that the IL1 signaling network was involved 
in the immune response of HSPC and granulocyte-
like cells (Fig.  2A). Interestingly, HSPCs of patients 
with non-aGVHD exhibited elevated IL1B mRNA level 
(Fig.  2B(i)). Conversely, lineage-specific cell types from 
non-aGVHD patients demonstrated significantly higher 
IL1B expression than those from patients with non-
aGVHD (Fig.  1B(i–iv)). Additionally, cells derived from 
patients with aGVHD displayed increased expression 
of IL1R2, IL1R1, and IL1RAP than those from patients 
with non-aGVHD, suggesting the involvement of IL-1 
signaling in the aGVHD-related dysregulated immune 
response. Notably, the cells of patients with non-aGVHD 
secreted IL1RN, which acted as an inhibitor of IL-1 sign-
aling by competing with IL-1 (Supplementary Figure 2B). 
IL-1β is predominantly linked to the activation of innate 
immunity in response to pathogen-associated molecu-
lar pattern molecules (PAMPs) and damage-associated 
molecular pattern molecules (DAMPs).

Measuring C-reactive protein (CRP) and procalcitonin 
(PCT) levels can aid in distinguishing infections caused 

by pathogens. Elevated PCT levels indicated potential 
bacterial infections in patients with aGVHD compared 
with those in patients with non-aGVHD (Fig. 2C). Subse-
quently, we observed elevated concentrations of lipopoly-
saccharides (LPS) in individuals with aGVHD compared 
with those with non-aGVHD (Fig. 2D). To further inves-
tigate the association between LPS and IL-1 signaling, we 
analyzed publicly available scRNA-seq datasets of LPS-
treated PBMCs. Stimulation with LPS caused a signifi-
cant increase in the expression of IL1B, IL6, and CXCL8 
(Fig. 2E). Notably, LPS stimulation altered the expression 
profiles of genes related to the human leukocyte antigen 
(HLA) system (Supplementary Figure 2C). Protein levels 
of TNF-α, IL6, IL1B, IL12, and CXCL8 (IL8) were quan-
tified using ELISA assay. The results of these elevated 
cytokines in plasma samples from patients with aGVHD 
were determined (Fig. 2F and Supplementary Figure 2D). 
These findings support the development of a model illus-
trating potential IL-1 regulation triggered by PAMPs in 
the immune cells of patients with aGVHD (Fig. 2G). The 
observed increase in IL1B, IL1R1, and IL1RAP expres-
sion, along with enhanced IL1RN transcription in various 
cell types, may contribute to the sustained activation of 
IL-1 signaling and exacerbate the inflammatory response.

Resistin may play a role in immune regulation by inhibiting 
LPS‑mediated inflammation
The upregulation of RETN mRNA expression follow-
ing LPS stimulation, as illustrated in Fig. 2E, suggests 
the potential involvement of resistin in cellular com-
munication pathways. Specifically, myeloid cell subsets 
may influence themselves in an autocrine, paracrine, or 
endocrine manner via the resistin-cap1 axis (Fig. 3A). 
The treatment of staphylococcus aureus-primed DCs 
with resistin attenuates T-cell activity and cytokine 
production [22]. In addition, resistin-primed DCs can 
expand Tregs and indirectly enhance their suppres-
sive effects [23]. DCs derived from patients with non-
aGVHD exhibited elevated levels of CAP1 compared 
to those derived from patients with aGVHD (Sup-
plementary Figure  3A). Granulocyte-like cells from 
patients with non-aGVHD demonstrated increased 
expression of RETN and CAP1 (Fig.  3B), suggesting 
that resistin produced by granulocyte-like cells may 
inhibit hyperactivated immune responses via DC and 
Tregs-mediated regulation. Furthermore, resistin is a 
bactericidal protein [24], indicating that these resistin-
producing cells possess greater antibacterial activity 
than cells from patients with aGVHD. Indeed, resis-
tin, an antagonist of LPS binding to TLR4, inhibits 
the production of pro-inflammatory cytokines (such 
as IL6) induced by LPS [25]. Multiplex immunofluo-
rescence was performed to examine resistin protein 
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expression (Fig.  3C). Consistent with the results of 
single-cell transcriptome analysis, resistin was signifi-
cantly downregulated in CD45+ immune cells of the 

small intestine in the aGVHD mouse model. In experi-
ments utilizing LPS and resistin in THP-1 cell cultures, 
higher concentrations of resistin effectively suppressed 
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IL-1β production triggered by high concentrations of 
LPS (Fig. 3D). Additionally, our investigation revealed 
that resistin plays a role in immune regulation by 

downregulating the expression of conserved regula-
tory molecules, including Dusp1, members of the AP-1 
transcription factor family (Fos, Junb, Jun, and Jund) 
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and members of the ZFP36 family (Zfp36, Zfp36l1, 
and Zfp36l2) (Fig.  3D and Supplementary Figure  3B), 
which have potential to mitigate the abnormally high 
expression of AP-1 families in patients with aGVHD 
(Fig.  1F). Furthermore, resistin treatment reduced 
the expression of Il1b in myeloid cell lineages, includ-
ing neutrophils, monocytes, and macrophages, in vivo 
(Fig. 3E). This indicated that resistin functions beyond 
its role as an inflammatory cytokine. Additionally, 
the upregulation of resistin expression may attenuate 
LPS-induced immune hyperactivation impairment, 
promoting acceptable immune responses mediated by 
resistin (Fig. 3F).

Altered gut microbiome structure is involved 
in the immune responses of patients with aGVHD
Microbe-associated immune regulation-related DEGs 
(Fig. 1C), elevated LPS levels in patients with aGVHD, 
abnormal IL1B expression, and increased bacteri-
cidal resistin expression prompted an examination 
of the relationship between microbiome structure 
and aGVHD. To explore the potential involvement 
of microbiome structure in immune dysregulation, 
a comparison was made between the signature gut 
microorganisms of aGVHD patients and those with 
non-aGVHD (Supplementary Figure  4A). Characteri-
zation of the microbiota composition using 16s ribo-
somal RNA gene sequencing revealed a significant 
enrichment of c. Clostridia and f. Peptostreptococcaceae 
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in patients with non-aGVHD (Fig.  4A, B). The abun-
dances of f_Peptostreptococcaceae, g_Hungatella 
of the f__Lachnospiraceae, Clostridia, and 
s_Flavonifractor_plautii of the O_Clostridia were 
higher in the non-aGVHD group compared than in 
aGVHD group (P < 0.05), all of which were classi-
fied under the Firmicutes phylum, Clostridia class. 
Additionally, the abundance of s. Bifidobacterium 
breve was significantly higher in the non-aGVHD 
group than in the aGVHD group (P < 0.05). Other 
commensal bacteria, such as f_Akkermansiaceae, 
g_Akkermansia, s_Akkermansia muciniphila, 
s_Parabacteroides_distasonis, s_Bacteroides_eggerthii, 
f_Acetobacteraceae, g_Oscillibacter, g_Gryllotalpicola, 
s_Alcanivorax_dieselolei, s_Corynebacterium_imit
ans, g_Alcanivorax and f_Pseudomonadales, were sig-
nificantly higher in abundance in the aGVHD group 
than in the non-aGVHD group (all P < 0.05). Addition-
ally, Peptostreptococcus anaerobius produces the tryp-
tophan metabolite trans-3-indoleacrylic acid (IDA), 
which serves as an endogenous ligand of AHR, and 
plays a role in immune regulation [26]. AHR plays a 
crucial role in various immune processes, including 
bacterial clearance, T cell exhaustion, and the mainte-
nance of a quiescent state necessary for CD8+ T cells 
memory formation [27, 28]. Furthermore, the AHR 
pathway is integral to the establishment of a Treg-toler-
ogenic macrophage suppressive axis and the up-regu-
lation of PD-1 in CD8+ T cells [29]. AHR contributes 
significantly to endotoxin tolerance and prevents an 
excessive immune response [30]. Additionally, Clostrid-
iales confer protection against pathogen infections in 
mice [31]. Notably, the frequency of Akkermansia was 
higher in patients with aGVHD (20/30) than in indi-
viduals with non-aGVHD (21/52) (P = 0.038; Fig.  4C). 
Our study utilized a random forest model to assess 
aGVHD-associated bacteria, ultimately identifying 
Akkermansia muciniphila as a significant bacterium 
(Fig.  4D). Akkermansia muciniphila mitigates proin-
flammatory pathways, including IL6-mediated signal-
ing [32], throsugh its a15:0-i15:0 PE derivate, which can 
modulate LPS-mediated immune responses [33]. Unex-
pectedly, Akkermansia muciniphila exacerbates colitis 
in germ-free Il10−/− mice. Analysis of samples obtained 
from patients with aGVHD revealed enrichment in s. 
Akkermansia_muciniphila, prompting a reconsidera-
tion of the potential role of Akkermansia muciniphila 
as a conditioned pathogen contributing to an exagger-
ated immune response in the context of aGVHD (Sup-
plementary Figure  4B). This suggests that alterations 
in gut microbiome composition may play a role in the 
development of aGVHD by impacting both innate and 

adaptive immune cells, thereby influencing the differ-
entiation and function of T cells.

Hyperactivated αβ T cells impair immune homeostasis 
and type I IFN signaling in re‑educated T cells mitigated 
against aGVHD
The microbiota and its metabolites control T cell 
responses; therefore, we analyzed the changes in T cells 
(Fig. 5A). Subsequently, differences in T subset composi-
tion between samples were evaluated, revealing elevated 
frequencies of αβ T cells in patients with aGVHD and 
γδ T cells in patients with non-aGVHD (Fig. 5B). Micro-
biota-derived lipid antigens play a crucial role in the 
maintenance of γδ T cells [34]. The MHC-independent 
activation of γδ T cells may be advantageous in prevent-
ing GVHD [35], and their antimicrobial functions are 
well established. Subsequently, we conducted GO and 
KEGG analysis on the upregulated DEGs in αβ T cells 
encompassing activated CD4+ T, naïve T, proliferating 
CD8+ T, effector CD8+ T, proliferating CD4+ T, and IFN 
response T subsets (IFN T subsets), derived from patients 
with aGVHD (Supplementary Figure  5A). Our analy-
sis revealed that these genes were significantly enriched 
in pathways related to Th17 cell differentiation, and T 
cell regulation and activation (Fig.  5C). Furthermore, to 
ascertain T cell states, we investigated the levels of T cell-
associated cytokines and observed elevated IL17A and 
IL4 levels in patients with aGVHD compared to those 
with non-aGVHD (Fig. 5D). Differential gene expression 
analysis in patients with aGVHD and non-aGVHD in var-
ious T cell subsets revealed several key genes implicated 
in aGVHD-related T cell function, including members of 
the AP-1 family (FOS and JUN), IL32, TSC22D3, DUSP1, 
DUSP2, ZFP36L2, CD52, CD27, CD28, and GZMK 
(Supplementary Figure  5B). GZMK was upregulated in 
patients with aGVHD (Fig. 5E), indicating its association 
with increased inflammatory T-cell function [36]. Con-
versely, the upregulated DEGs in αβ T cells from patients 
with non-aGVHD were enriched in pathways related to 
response to viral infection (Fig.  5F and Supplementary 
Figure  5C). The upregulation of Type I IFN-responded 
genes (MX1, STAT1, IFI44L, IFI6, IFITM2, and ISG15) 
in αβ T cells from patients with non-aGVHD, suggests 
that activated Type I IFN signaling may play a beneficial 
role in preventing aGVHD (Fig.  5G). Additionally, the 
upregulation of DEFA3 and KIR3DL2 in αβ T cells from 
patients with non-aGVHD is of interest. Notably, CD8+ 
T cells expressing inhibitory killer cell immunoglobulin-
like receptors (KIRs), such as including KIR3DL2, inhibit 
pathogenic CD4+ T cells in autoimmune diseases and 
viral infections [37, 38]. Defensins, such as DEFA3, are a 
group of antimicrobial and cytotoxic peptides believed to 
play a role in host defense, suggesting that T cells from 
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and individuals with non-aGVHD, with main cell subtypes annotated. B The frequency percentage of the main T cell subtypes. C Dot graph 
illustrating the GO analysis of upregulated genes in αβ T cells (including proliferating CD8+ T, proliferating CD4+ T, effector CD8+ T, IFN T, activated 
CD4+ T, and naïve T cells) from patients with aGVHD compared to those from individuals with non-aGVHD. D The levels of IL17A (patients 
with non-aGVHD, n = 52; patients with aGVHD, n = 30), IL22 (patients with non-aGVHD, n = 52; patients with aGVHD, n = 30), IL10 (patients 
with non-aGVHD, n = 4; patients with aGVHD, n = 7), and IL4 (patients with non-aGVHD, n = 4; patients with aGVHD, n = 6) in plasma samples 
from patients with aGVHD and individuals with non-aGVHD were measured using ELISA. E Dot plots were used to display the relative expression 
levels of upregulated genes (FOS, JUN, TSC22D3, DUSP1, DUSP2, ZFP36L2, CD52, GZMK, IL32, CD27, CD28, CD2, IKZF3, SESN3, and TNFAIP3) in αβ 
T cells from patients with aGVHD. F Dot graph illustrating the GO analysis of downregulated genes in αβ T cells from patients with aGVHD 
compared with those from individuals without aGVHD. G Dot plots were utilized to display the relative expression levels of downregulated genes 
(DEFA3, KIR3DL2, STAT1, SLC35F1, IFI44L, CISH, MX1, IFI6, S1PR5, GNLY, ADGRG1, TYROBP, LGALS1, NKG7, IFITM2, ISG15, and CALR) in PBMCs obtained 
from patients diagnosed with aGVHD



Page 11 of 24Han et al. Journal of Translational Medicine          (2024) 22:746 	

individuals with non-aGVHD possess potent antibacte-
rial capacities. Our research indicates a significant cor-
relation between interferon (IFN)-responsive signaling 
and aGVHD prevention. Additionally, the ratio of αβ/γδ 
T cells is linked to aGVHD.

Immune cell‑derived defensins limit infection and further 
inflammation via intestinal bacteria‑regulated bile acid 
metabolism
Motivated by the increased expression of DEFA3 in 
T cells, we recognized the significance of defensins in 
aGVHD progression. Consistent with previous findings, 
both human and murine aGVHD are characterized by 
a deficiency in intestinal β-defensin induction, which 
has been linked to intestinal bacterial colonization [39]. 
We first aimed to understand whether defensin produc-
tion was dysregulated in the PBMCs of patients with 

aGVHD. Our analysis revealed that the expression levels 
of DEFB1, DEFA4, and DEFA3 were lower in PBMCs of 
patients with aGVHD than in those with non-aGVHD 
(Fig. 6A). We then analyzed the expression of these genes 
in lineages and found that DEFA3 was widely upregulated 
in all lineages in patients with non-aGVHD compared 
with that in individuals with aGVHD (Supplementary 
Figure 6A). In contrast, DEFA4 expression was predomi-
nantly limited to the granulocyte-like subset in patients 
with non-aGVHD (Fig. 6B). The production of defensins 
is influenced by bile acid metabolism [40].

To investigate the association between cholic acid 
metabolism and aGVHD, metabolomic analysis of bile 
acids in stool samples from patients undergoing allo-
HSCT was conducted (Supplementary Figure 6B), result-
ing in the identification of two distinct sets of differential 
ingredients (Supplementary Figure  6C). Compared with 
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Fig. 6  Correlation between gut microbes and bile acid metabolism. A Dot plots were utilized to display the relative expression levels of DEFB1, 
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the aGVHD group, the non-aGVHD group exhibited a 
significant increase in the levels of isoCDCA, 6-ketoLCA 
and 3-oxo-CA (P = 0.019, 0.035, and 0.015, respec-
tively) (Fig.  6C, D). Moreover, differences in other bile 
acid metabolites between the aGVHD and non-aGVHD 
groups, such as 12-oxo-CDCA, TDCA, 6,7-DKLCA, 
HDCA, LCA-3S, DCA-3-O-S, CA-3S, 3β-UDCA and 
7,12-DKLCA were observed, although these differences 
were not statistically significant (all P > 0.05) (Supple-
mentary Figure  6D). The concentrations of isoCDCA, 
6-ketoLCA, 3-oxo-CA, 12-oxo-CDCA, and 7,12-DKLCA 
were higher in the samples from patients with non-
aGVHD than in those of patients with aGVHD. This 
observation is consistent with the known role of CDCA 
as a positive regulator of defensins [40, 41], as evidenced 
by the upregulated expression of defensins in patients 
with non-aGVHD. Additionally, taurodeoxycholic acid 
(TDCA) induces gastric inflammation by activating the 
IL-6/JAK1/STAT3 pathway in gastric epithelial cells 
[42]. TDCA activates hepatic stellate cells, thereby con-
tributing to liver fibrogenesis [43]. Hyodeoxycholic acid 
(HDCA) can activate fatty acid oxidation in a PPARα-
dependent manner [44]. Lithocholic acid 3-sulfate 
(LCA-3-S) is speculated to play a role in T lymphocyte 
differentiation [45], whereas 12-ketolithocholic acid 
(12-KLCA) may inhibit IL17A secretion from group 3 
innate lymphoid cells (ILC3) [46]. Taurolithocholic acid 
3-sulfate (TLCA-3S) induces inflammation [47], and tau-
rolithocholic acid (TLCA) is implicated in immune regu-
lation [48]. A negative correlation was observed between 
6-ketoLCA and the serum levels of certain inflammatory 
cytokines in patients diagnosed with inflammatory bowel 
disease [49]. These results imply a potential association 
between cholic acid derivatives and aGVHD progression.

Moreover, intestinal bacteria play a role in bile acid 
metabolism, which is crucial for immune cell regu-
lation [50]. The abundances of isoCDCA, 3-oxo-
CA, and 6-ketoLCA exhibited significant positive 
correlations with the microbiota composition of 
f_Peptostreptococcaceae, s_Flavonifractor_plautii, and 
g_Hungatella within the f_Lachnospiraceae (r = 0.38, 0.34, 
0.24; P < 0.001, 0.002, 0.030; r = 0.26, 0.40, 0.30, P = 0.018, 
< 0.001, 0.005; r = 0.27, 0.36, 0.39, P = 0.012, < 0.001, 
< 0.001, respectively). These microbial taxa were all affili-
ated with the Firmicutes phylum, Clostridia class. Fur-
thermore, 12-oxo-CDCA abundance displayed significant 
positive correlations with the abundance of o_Clostridia, 
s_Flavonifractor_plautii, f_Peptostreptococcaceae, 
g_Hungatella, and g_Oscillibacter (r = 0.34, 0.46, 0.24, 
0.28, and 0.23; P = 0.002, < 0.001, 0.031, 0.010, and 0.041, 
respectively) (Fig. 5E). Our observations indicated a sig-
nificant positive correlation between the abundance 
of TDCA, 6,7-DKLCA, and s_bacterium_Ellin314 of 

the Proteobacteria phylum (r = 0.24, 0.22; P = 0.032, 
0.046, respectively). Additionally, the abundance of 
TDCA is negatively correlated with the abundance of 
c_Clostridia, s_Bifidobacterium_breve, g_Hungatella and 
s_Flavonifractor_plautii (r = − 0.32, − 0.23, − 0.25, and 
− 0.28; P = 0.003, 0.040, 0.024, and 0.011, respectively) 
(Supplementary Figure  6E). The correlation coefficient 
demonstrated a relationship between bile acid metabo-
lism and intestinal bacteria, with Firmicutes-mediated 
bile acid metabolism potentially offering protection 
against aGVHD following allo-HSCT. Conversely, Pro-
teobacteria, Verrucomicrobiota, and Actinobacteria did 
not show the same correlation (Fig. 6E). As Bacteroides 
are significant source of bile salt hydrolase (BSH), we 
analyzed the prevalence of Bacteriodes. Our investiga-
tion revealed a decrease in Bacteriodes levels in samples 
obtained from patients with aGVHD compared with 
those from individuals with non-aGVHD, providing fur-
ther evidence of compromised bile acid metabolism in 
patients with aGVHD (Supplementary Figure 6F).

Bile acid metabolites regulate immune responses 
by repressing the expression of S100A8/9/12 
in CD16+CD4− monocytes and macrophages
Bile acid metabolites directly modulate immune 
responses, prompting the investigation of the expression 
patterns of their receptors. Our analysis revealed that 
GPBAR1 (TGR5) and NR1H2 (LXRB) were predomi-
nantly expressed in the myeloid cell lineages, specifically 
in monocytes and DC (Supplementary Figure 7A). Inter-
estingly, the expression levels of GPBAR1 in the myeloid 
cell subset of almost all patients with aGVHD (4/6) were 
lower than those in individuals with non-aGVHD (Sup-
plementary Figure 7B). Furthermore, we subdivided mye-
loid cells into smaller subsets (Supplementary Figure 7C, 
D) and investigated their differentiation processes (Sup-
plementary Figure  7E). Interestingly, GPBAR1- and 
NR1H2-expressing cells were observed in a more differ-
entiated cell population. Subsequently, DEGs in various 
myeloid subsets were analyzed based on the expression 
levels of NR1H2 and GPBAR1. This analysis revealed 
the downregulation of certain proinflammatory genes 
(such as CD74, ANXA2, FOS, IL17RA, S100A10, and 
HLA genes) in GPBAR1- or NR1H2-expressing cells 
(Supplementary Figure  7G, H). Further investiga-
tions focused specifically on CD16+CD14− monocytes 
and macrophage-like cells with high levels of GPBAR1 
and NR1H2 expression, comparing DEGs based on 
the expression of these two receptors. GPBAR1- and 
NR1H2-expressing macrophage-like cells expressed 
S100A families at low levels (S100A12, S100A8, and 
S100A9 in GPBAR1high macrophage-like cells, and 
S100A8 and S100A9 in NR1H2high subset) (Fig.  7A). 
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GPBAR1 and NR1H2-expressing CD14−CD16+ mono-
cytes displayed low levels of S100A family expression 
(S100A8 and S100A9 in GPBAR1high macrophage-like 
cells, and S100A12, S100A8, and S100A9 in NR1H2high 
subset) (Fig.  7B). Granulocyte-like cells were analyzed 
for DEGs based on GPBAR1 and NR1H2 expression. 
This analysis revealed that the expression of GPBAR1 
and NR1H2 is involved in immunosuppression through 
the downregulation of S100A families and upregulation 
of leukocyte immunoglobulin-like receptor (LILR) fam-
ily members (Supplementary Figure  7I–K). S100A fam-
ily members are known drivers of inflammation, as they 
interact with receptors, such as RAGE, TLR4, CD36, 
and GPCR. Multiplex immunofluorescence of the small 
intestine revealed that CD45+ immune cells from the 
aGVHD mouse model showed increased S100A9 pro-
tein expression in the aGVHD mouse model compared 
with the non-aGHVD group (Fig. 7C). Our findings sug-
gest a potential model of bile acid metabolite-mediated 
immune regulation involving the S100A family members 
in patients with aGVHD (Fig. 7D).

Distinct immune states in healthy donors, and patients 
with aGVHD and non‑aGVHD
We compared the immune status of PBMCs from healthy 
donors (n = 4), and patients with aGVHD and non-
aGVHD (Fig.  8A). Interestingly, we found that PBMCs 
from patients lacked the B/Plasma/pDC subset com-
pared with those from healthy donors. Only granulo-
cyte-like subsets were presented in these patients. The 
gene expression patterns in PBMCs from healthy donors 
and patients were distinct (Fig.  8B). Like PBMCs from 
patients with aGVHD, samples from healthy donors 
expressed IL1B, JUNB, FOS, JUN, and EGR1 at high 
levels, and IRF1, NLRC4, LILRB4, IRF7, LILRB1, and 
LILRB2 at low levels, compared with those from non-
aGVHD patients. PBMCs of patients with aGVHD and 
non-aGVHD, showed a low expression of IL1R1 and 
IL1RAP. High expression levels of DEFA4 and DEFA3 
are hallmark features of PBMCs from patients with non-
aGVHD compared with those from healthy donors and 
patients with aGVHD. We assessed the expression levels 
of several genes in BM cells and splenic cells of mouse 
models of aGVHD using qPCR and identified different 
immune regulatory patterns in non-HCT, non-aGVHD, 

and aGVHD groups (Fig.  8C and Supplementary Fig-
ure 8). Importantly, PBMCs of patients with non-aGVHD 
and healthy donors expressed at high levels of GPBAR1 
and NR1H2, but not the PBMCs of patients with aGVHD, 
highlighting that bile acid metabolites are critical for 
immune homeostasis.

Discussion
scRNA-seq has facilitated the identification of intrinsic 
cell subsets that may play a role in cell fate determina-
tion and pathological functions at the single-cell levels 
[37, 51–54]. This technology has been used to investi-
gate the molecular role of various hematopoietic and 
immune cell lineages in GVHD, including immune cells 
from gastrointestinal biopsies [55], T cells [56], skin-
resident T cells [57], skin macrophages [58], invariant 
natural killer T cells from thymus [59], CD8+ T cells 
[60], and PBMCs [61]. CD8+ T cells are significant effec-
tors and contributors to GVHD. Furthermore, reactive 
CD8+ T cells can potentially differentiate into inflamma-
tory CD4/CD8 double-positive T cells, thereby playing 
a role in GVHD development [62]. Additionally, a study 
has shown that ex  vivo-induced CD8hi Tregs can effec-
tively mitigate against GVHD by suppressing alloreactive 
T-cell proliferation[63]. Numerous novel T cell subsets 
are involved in GVHD, including CD3+CD4−CD8− T 
[64], CD38brightCD8+ T [65], and IL-17–producing CD8+ 
T cells [66]. The findings of our study demonstrated the 
upregulation of JUN in T cells derived from patients 
with aGVHD, suggesting a potential mechanism by 
which these T cells evade exhaustion by outcompeting 
exhaustion-inducing immunoregulatory transcription 
factors [67]. Furthermore, the interaction between JUN 
and FOS is essential for the T-cell effector function [68]. 
Additionally, Tsc22d3 has been identified as an inhibitor 
of the type I IFN response in DC [69], which is upregu-
lated in T cells of individuals with aGVHD. Tsc22d3 can 
be induced by glucocorticoids and social-defeat stimuli, 
leading to the inhibition of FoxO3 transcriptional activ-
ity and subsequent protection of T cells from apoptosis 
[70]. This suggests that Tsc22d3 is a potential target for 
controlling aGVHD. Additionally, the upregulation of 
DUSP1 is essential for T cell activation and function [71]. 
Interestingly, DUSP2 is a negative regulator of TH17 [72], 
and is upregulated in T cells of patients with aGVHD. 

(See figure on next page.)
Fig. 7  Relationship between GPBAR1/NR1H2 expression and immune regulation in myeloid lineages through correlation analysis. A Volcano plots 
depicting the upregulated and downregulated DEGs in GPBAR1 and NR1H2-expressing macrophage-like cells in comparison to their respective 
controls. B Volcano plots illustrating the upregulated and downregulated DEGs in GPBAR1 and NR1H2-expressing CD14−CD16+ monocytes 
compared to their respective controls. C Representative immunofluorescence staining of CD45 and S100A9 in the small intestine of control 
or aGVHD mouse model groups. Scale bar, 50 µm. D Relevance of GPBAR1/NR1H2 in immune regulation
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Other upregulated genes, such as GZMK, CD27, CD28, 
and IL32, indicated an activated state of T cells in indi-
viduals with aGVHD.

The upregulated expression of KIR3DL2, CISH, 
LGALS1, and genes associated with the type I IFN path-
way (STAT1, IFI44L, IFI6, and MX1) in T cells of patients 
with non-aGVHD suggests the utilization of key signal-
ing pathways for the re-establishment of immune home-
ostasis. CD8+ T cells expressing inhibitory killer cell 

immunoglobulin-like receptors (KIRs) may play a role in 
suppressing pathogenic CD4+ T cells [38], indicating the 
potential involvement of KIR+CD8+ Tregs in inhibiting 
alloimmune responses in individuals with non-aGVHD. 
STAT1 is essential for type I and II IFN receptor sign-
aling, and its absence in naïve CD8+ T cells resulted in 
severe colonic inflammation in a mouse model of inflam-
matory bowel disease due to the activation of the type I 
IFN-STAT4-mTORC1 signaling pathway [73]. IFI44L is 
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Fig. 8  Immune states in patients with non-aGVHD differ from those in healthy donors and patients with aGVHD. A UMAP plot of scRNA-seq data 
from PBMCs of healthy donors, patients with aGVHD and with non-aGVHD, with cell subtypes labeled. B Dot plots illustrating relative expression 
levels of selected genes in PBMCs obtained from healthy donors, patients with aGVHD, and patients with non-aGVHD. C mRNA expression levels 
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a negative regulator of IFN-mediated proinflammatory 
responses [74]. CISH function as an intracellular immune 
checkpoint that inhibits T cell activation, and its defi-
ciency can lead to T cell hyperactivation [75]. S1PR5 reg-
ulates immune cell trafficking and is involved in GVHD 
pathogenesis [76]. ADGRG1 (GPR56) may potentially 
mitigate the cytotoxic effects of cytotoxic T cells [77]. 
These results indicate that the transcriptional state of T 
cells in individuals with non-aGVHD may be character-
ized by a type I IFN response. Unlike other similar stud-
ies, we not only investigated abnormal T-cell immunity 
but also focused on resolving the crosstalk between 
innate immunity and microorganisms and their metabo-
lites [56, 58, 60, 61, 78].

Type I IFNs play a dual role in the immune response 
by promoting inflammation against pathogens and main-
taining immune tolerance in the gut through APC-Treg 
communication without the production of IL-1β and 
IL17A [79]. This regulatory mechanism is contingent on 
the presence of commensal bacteria [80]. Impaired type 
I IFN-dependent responses are associated with poor 
disease outcomes in patients with severe SARS-CoV-2 
infection [81]. Type I interferon-alpha2a does not exac-
erbate aGVHD [82]. IFN-α treatment decreases the lev-
els of pro-IL1α/β and inhibits the secretion of mature 
IL-1β in human monocytes [83]. Activation of NLRP3 
in myeloid cells enhances immune responses by releas-
ing bioactive IL-1β [84]. The recruited monocytes play a 
crucial role in the production of IL-1β during intestinal 
inflammation induced by commensal bacteria, and the 
microbiota composition influences the bacteria-induced 
production of IL-1β [85]. Our findings indicate that IL1B 
is upregulated in myeloid cells of patients with aGVHD, 
leading to the activation of the IL-1β-related signaling 
pathway and suggesting a potential role for intestinal 
microbiota composition in the pathogenesis of aGVHD. 
Additionally, our study revealed decreased expression 
levels of RETN and defensin genes in the cells of individ-
uals with aGVHD compared with those of patients with 
non-aGVHD. Resistin encoded by RETN, and defensins 
play crucial roles in the antimicrobial innate immune 
response [86, 87]. α-Defensins can selectively eliminate 
noncommensal microorganisms while preserving com-
mensal ones, a phenomenon closely linked to GVHD but 
not to conditioning-induced intestinal injury [87]. These 
findings suggest that alterations in intestinal microbiota 
composition in the context of GVHD are associated with 
antimicrobial efficacy and the upregulation of IL-1β-
mediated inflammatory signaling. Consequently, resistin, 
defensins, and IL-1β may represent promising targets for 
aGVHD.

The intestinal microbiota composition and its meta-
bolic byproducts play a significant role in the GVHD 

regulation [11]. Akkermansia species, known for their 
mucus-degrading capabilities, have been implicated in 
the impairment of the intestinal barrier, thereby con-
tributing to the development of GVHD [88]. Conversely, 
a decrease in Clostridiales abundance was consist-
ently observed in patients with aGVHD, a finding cor-
roborated by a previous study [89]. Clostridiales has 
been shown to modulate immune responses through its 
involvement in bile acid metabolism [10]. Peptostrepto-
coccaceae may also play roles in immune regulation and 
surveillance [90]. Bifidobacterium breve facilitates bile 
acid deconjugation within the intestinal tract and inhibits 
inflammatory reactions [91]. Additionally, Flavonifrac-
tor plautii may play a role in bile acid metabolism [92], 
whereas Hungatella has been implicated in bile acid 
metabolism and has shown to have a negative correla-
tion with CD8+ T cell infiltration [93, 94]. These findings 
indicate that the composition of the intestinal microbiota 
may modulate immune balance through bile acid metab-
olism [88], offering the potential for the development of a 
promising anti-aGVHD therapy.

This study has some limitations. First, our results need 
to be supported by additional experiments using animal 
models. Secondly, it was impossible to rule out interfer-
ence from other essential treatments. Finally, many genes 
and stimulators, such as resistin, are pleiotropic at the 
cellular and animal levels, and it is difficult to obtain a 
perfect regulatory network for these potential factors 
in aGVHD pathogenesis. However, our study presents 
direct evidence of the key factors involved in aGVHD 
progression, rather than vague and forced speculation. 
First, we highlighted two sets of genes used to predict 
aGVHD: one set of genes (JUNB, FOS, JUN, CD83, and 
EGR1) was upregulated in the aGVHD group and one 
set of genes (IRF7, IRF1, NLRC4, LILRB4, LILRB1, and 
LILRB2) was downregulated in the aGVHD group. Sec-
ond, our work provides unequivocal evidence for the role 
of the IL1B-triggered signaling pathway in aGVHD, and 
markedly illustrates the interaction between DAMPs/
PAMPs, IL1B, and resistin. Finally, our analysis of fecal 
microbiota and bile acid metabolism provides novel 
insights into targeting imbalanced gut flora and bile acid 
metabolites.

Conclusion
Our study revealed that hyperactivated immune 
responses in aGVHD are exacerbated by alterations in 
the intestinal microbiota composition and impaired bile 
acid metabolism (Fig.  9). The uncontrolled signaling of 
IL-1β is a prominent feature of aGVHD, which suggests 
that drugs targeting IL-1β, such as anakinra, rilonacept, 
and canakinumab, are potential therapeutic options. 
Importantly, we found that the expression patterns of 
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resistin and defensins were abnormal, indicating that 
weakened antimicrobial ability in non-aGVHD patients 
is a probable driver of amplified proinflammatory. Strat-
egies, such as modulating the microbiota, restoring bile 
acid metabolism, targeting IL-1β signaling, and utilizing 
peptides derived from resistin or defensins show promise 
as effective approaches for treating aGVHD.

Methods
Study’s aim, design, and setting
A cohort of 96 patients who underwent myeloablative 
allo-HSCT was enrolled at the First Affiliated Hospi-
tal of Zhengzhou University (ZZU) between February 
2023 and November 2023 (Supplementary Figure  9). At 
15 ± 1  days post-transplantation, samples were obtained 
from the recipients (Supplementary Table  1). Fourteen 
patients, of which one died before the engraftment, 12 
had insufficient fecal or blood samples, and one patient 
underwent donor lymphocyte infusion (DLI) due to 
hematologic relapse within 100  days post-transplan-
tation, were excluded from the study. The final cohort 
consisted of 82 patients, with 30 patients experiencing 
grade II–IV aGVHD (aGVHD group) and 52 patients 
without aGVHD (non-aGVHD group) within 100  days 
post-transplantation. This study was approved by the 
Ethical Committee of First Affiliated Hospital of Zheng-
zhou University and the participants provided consent 
by providing a signature for the collection and analysis of 

biospecimens. The study adhered to the guidelines out-
lined in the Declaration of Helsinki.

Characteristics of the patients
The study cohort consisted of 59 males and 23 females, 
with a median age of 33 years (range: 14–59 years) (Sup-
plementary Figure  8). The primary diseases included 
acute myeloid leukemia, acute lymphoblastic leukemia, 
myelodysplastic syndrome, and severe aplastic anemia. 
Overall, 27 patients received HLA-matched sibling donor 
transplant, 47 received a haploidentical donor transplant, 
and eight received an HLA-matched unrelated donor 
transplant. There were no discernible disparities in anti-
biotic usage (carbapenem and vancomycin) between the 
two groups. Most patients received naturally sourced 
nutrients during sampling, thereby mitigating against 
the potential effects of enteral or artificial parenteral 
nutrition.

Collection of fecal samples and analysis of bile acid 
metabolites
Fecal and blood specimens were obtained from the 
patients on post-transplantation day 15 ± 1. These sam-
ples were labeled and preserved at − 80 °C until analysis. 
Any samples not promptly preserved within 6 h of collec-
tion were excluded from the study.

Fecal samples were treated using a ball mill, and 20 mg 
was subjected to an extraction process with 200  μL of 
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Fig. 9  A simplified schematic diagram illustrating the dysregulated gut microbiota and bile acid metabolism positive feedback loop, which 
exacerbates immune responses and exacerbates aGVHD. Improper treatment of patients undergoing allo-HSCT alters the gut microbiota 
and disrupts the imbalanced bile acid metabolism. Dysregulated bile acid metabolism results in reduced production of IL1RN, defensins, 
and resistin. Deficiency of defensins and resistin fails to inhibit harmful microorganisms, leading to increased production of proinflammatory 
cytokines and proteins, such as IL-17A, IL-1β, TNFα, IL-6, IL-12, and members of the S100A family. Additionally, it was determined that resistin can 
inhibit aGVHD by downregulating the expression of IL1B, DUSP1, and members of the AP-1 family
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methanol. A 10 μL solution containing internal standards 
at a concentration of 1 μg/mL was added to the extract 
for quantification purposes. The samples were then sub-
jected to protein precipitation at − 20 °C for 10 min and 
centrifuged for 10  min at 12,000 r/min and 4  °C. Sub-
sequently, the supernatant was collected and analyzed 
using a LC–ESI–MS/MS system (UHPLC, ExionLC™ 
AD, https://​sciex.​com.​cn/; MS, Applied Biosystems 6500 
Triple Quadrupole, https://​sciex.​com.​cn/). The analytical 
conditions of the HPLC analysis were: column, Waters 
ACQUITY UPLC HSS T3 C18 (100  mm × 2.1  mm i.d., 
1.8  µm); solvent system, water with 0.01% acetic acid 
and 5 mmol/L ammonium acetate (A), acetonitrile with 
0.01% acetic acid (B); a gradient elution program starting 
at 5–40% of B in 0.5 min, further increasing to 50% of B 
in 4 min, then to 75% of B in 3 min, and then 75–95% in 
2.5 min, washed with 95% of B for 2 min, finally ramped 
back to 5% of B (12–14 min); a flow rate of 0.35 mL/min; 
a temperature of 40 °C; and injection volume of 1 μL. The 
effluent was connected to an ESI-triple quadrupole-lin-
ear ion trap (QTRAP)-MS system for analysis. Bile acids 
were analyzed using scheduled multiple reaction moni-
toring (MRM) on a QTRAP 6500 + LC–MS/MS System, 
operating in negative ion mode and controlled by Analyst 
1.6.3 software (Sciex). Data were acquired using the same 
software. The multiquant 3.0.3 software (Sciex) was used 
to quantify all metabolites. Mass spectrometer param-
eters, such as the declustering potentials (DP) and colli-
sion energy (CE), for individual MRM transitions were 
optimized by further adjusting the DP and CE values. A 
specific set of MRM transitions was monitored for each 
period based on the elution profiles of the metabolites. 
Differentially regulated metabolites between groups were 
identified using a combination of VIP scores and absolute 
Log2FC (fold change) values. VIP values were obtained 
via the OPLS-DA, which included score and permuta-
tion plots, using the R package MetaboAnalystR. Before 
OPLS-DA, the data underwent log transformation (log2) 
and mean centering. To prevent overfitting, a permuta-
tion test was conducted with 200 permutations.

16s rRNA gene sequencing
For 16s rRNA gene sequencing, DNA was extracted and 
analyzed as described previously [95]. DNA concen-
tration and purity were assessed using 1% agarose gel. 
Depending on the concentration, DNA was diluted to 
1  ng/μL using sterile water. Subsequently, sequencing 
libraries were constructed using a TruSeq DNA PCR-
Free Sample Preparation Kit (Illumina) following the 
manufacturer’s guidelines, and index codes were added. 
Library quality was evaluated using a Qubit 2.0 Fluo-
rometer (Thermo Scientific) and an Agilent Bioanalyzer 
2100 system. Finally, the library was sequenced using an 

Illumina NovaSeq platform. A nonparametric factorial 
Kruskal–Wallis rank-sum test was used to distinguish 
various microbiota taxa and identify significantly dif-
ferent and abundant features among the groups. Linear 
Discriminant Analysis Effect Size (LEfSe) was used to 
discern distinct characteristics between the groups. Ran-
dom forest analysis was performed by extracting multi-
ple samples from the original dataset using a bootstrap 
aggregation resampling method, followed by modeling 
the training set as a decision tree. The mean decrease 
accuracy was used to assess the degree of accuracy of the 
random forest analysis by changing the value of a variable 
to a random number. A higher value indicates a greater 
importance of the variable. The random forest model is 
implemented using the varSelRF package. To visually 
represent the correlations between microorganisms and 
metabolites, hierarchical clustering analysis based on 
Spearman’s correlation was conducted on the differential 
microorganisms and metabolites. A correlation heatmap 
was generated using the Complex Heatmap package in R.

Clinical samples and scRNA‑seq
Peripheral blood (PB) samples were obtained from six 
patients who underwent allo-HSCT, each from the 
aGVHD and non-aGVHD groups. PB samples were col-
lected in EDTA anticoagulant tubes for the enrichment 
analysis of mononuclear cells (MNCs) using Ficoll-Paque 
PLUS (Cat# 17144003, Cytiva). The MNCs were adjusted 
to a concentration of 100,000 cells/mL using PBS before 
loading onto a microfluidic device. Libraries were pre-
pared using a GEXSCOPE single-cell RNA-Library Kit 
(Cat# 5180012, Singleron) and sequenced using a DNB-
seq T7 system (MGI Tech). Gene expression matrices 
were derived from raw reads using CeleScope V1.9.0 
pipeline and Cutadapt v1.17. STAR v2.6.1a was used to 
map the reads to reference genome GRCh38, whereas 
feature-Counts v2.0.1 was utilized to generate expression 
matrix files.

Cell culture
THP-1 cells were cultured in in RPMI1640 medium 
(Cat# 41402ES76, YEASEN) in 10  cm dishes supple-
mented with 10% FBS (Cat# 40131ES76, YEASEN) and 
1 × P/S (Cat# 60162ES76, YEASEN). The cells were main-
tained at 37 °C in a 95% air and 5% CO2 atmosphere for 
experiments after two passages. THP-1 cells were plated 
at a density of 1 × 106 cells/mL in 24-well cell culture 
dishes, and the medium was replaced with RPMI1640 
supplemented with 10% FBS, 1 × P/S, and 100  ng PMA 
(Cat. No. S1819, Beyotime) for 24  h before experimen-
tation. Following PMA stimulation, the culture medium 
was replaced with RPMI1640 supplemented with 10% 
FBS, 1 × P/S, and LPS (1, 10, or 100  ng/mL) (Cat# 

https://sciex.com.cn/
https://sciex.com.cn/
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L8880, Salarbio) or recombinant human resistin (1, 10, 
and 100 ng/mL) (Cat# CJ48, novoprotein) for 24 h. The 
resulting cell-free supernatants were harvested and cen-
trifuged at 500×g for 10 min.

Cytokine detection
Cell-free supernatants were assessed using the Human 
IL1b (Interleukin 1 beta) ELISA Kit (Cat# ELK1270, 
ELK Biotechnology) according to the manufacturer’s 
guidelines. The LPS, TNF-α and IL-22 concentrations in 
plasma samples were analyzed using Human LPS ELISA 
Kit (Cat# orb407527, biorbyt), Human TNF-alpha Quan-
tikine ELISA Kit (Cat# DTA00D, R&D Systems), and 
Human IL-22 Quantikine ELISA Kit (Cat# D2200, R&D 
Systems), respectively. The concentrations of additional 
cytokines in plasma were assessed using an Immunology 
Multiplex Assay (HCYTOMAG-60K-06. Hum) following 
the manufacturer’s guidelines.

scRNA‑seq analysis of samples from patients 
with or without aGVHD
Dimension reduction, cell clustering, reclustering, and 
differential gene expression analyses were performed 
using the Seurat package. Cell communication analy-
sis was performed using the Cellchat package, and GO/
KEGG analysis was performed using the ClusterPro-
filer package. Pathway visualization was performed 
using the R package pathview. Differential gene expres-
sion analysis was carried out through the function 
“FindMarkers(object, ident.1 = ident.1, ident.2 = ident.2, 
method = “DESeq2”).” Venn diagrams were constructed 
using R packages vennDiagram and venn. Cell clus-
ters were identified based on marker gene expression, 
as outlined in Supplementary 1A (CD14+ Monocytes: 
VCAN, CD14, S100A8, and S100A9; CD16+ Monocytes: 
FCGR3A, CSF1R, CX3CR1, and CKKN1C; granulo-
cyte-like subset: FCGR3B, CEACAM8, CD177, ITGAX, 
and CSF3R; T/NK subset: CD3D, CD3E, CD3G, TRAC​
, NCAM1, and NKG7; B/Plasma/pDC subset: IL3RA, 
JCHAIN, CD19, MS4A1, IL4R, CD38, IGHD, and IGHM; 
HSPC: CD34, HOXA9, and FLT3; Erythroid lineage: 
HBA1, HBA2, and HBB; and DC: CD1C, HLA-DPB1, 
HLA-DPA1, HLA-DQA1, CD1E, FCER1A, CLEC10A, 
and FCGR2B). Lineage-specific genes were used to 
identify CD3D, CD3E, and CD3G-expressing T subsets, 
including naïve T cells (CCR7, TCF7, LEF1, and SELL), γδ 
T cells (TRDC, TRGC1, and TRGC2), Treg (CD4, IL2RA, 
FOXP3, CTLA4, and IKZF2), IFN-response T cells 
(IFIT3, ISG15, MX1, and IFI44L), Proliferating CD4+ T 
cells (CD4, TYMS, and MKI67), Proliferating CD8+ T 
cells (CD8A, CD8B, TYMS, and MKI67), and effector 
CD8+ T cells (CD8A, CD8B, GNLY, and GZMB), while 
activated CD4+ T cells expressed low expression levels 

of naïve T markers and high expression levels of RORA, 
IFNGR1, GATA3, and PDCD1). The myeloid subsets were 
categorized into five clusters as outlined in Supplemen-
tary Figure 7C (CD14+CD16− monocytes, CD14+CD16+ 
monocytes, CD14−CD16+ monocytes, C1QA, C1QB, 
and C1QC-expressing macrophage-like cells, and CD1C 
and CD1E-expressing DC subset). Granulocyte-like cells 
were reclustered into four subsets (TLR2+ subset: TLR2 
and ABCA1; S100A+ subset, S100A6, S100A8, S100A9, 
S100A11, and S100A12; ARG1+ subset, ARG1 and RETN; 
DEFA3+ subset, DEFA3, DEFA4, MKI67, TOP2A, MPO, 
ELANE, and CEACAM8).

scRNA‑seq analysis of LPS‑treated PBMCs 
and resistin‑treated immune cells
The scRNA-seq datasets of LPS-treated PBMCs and their 
control groups were obtained from EMBL-EBI (https://​
www.​ebi.​ac.​uk/​ena/​brows​er/​view/​PRJEB​40448), and 
analyzed using Seurat [96]. The scRNA-seq datasets of 
resistin-treated immune cells and control groups were 
downloaded from Immune Dictionary (https://​www.​
immune-​dicti​onary.​org/​app/​home), and the differen-
tial gene expression analysis was carried out through 
the function “FindMarkers(object, ident.1 = ident.1, 
ident.2 = ident.2, method = “DESeq2”).”

Mouse model of aGVHD
C57BL/6 and BALB/c mice, aged 8 to 12  weeks and 
weighing 25–30 g, were sourced from the Animal Experi-
ment Center of Zhengzhou University to model aGVHD. 
The mice were maintained in a pathogen-free environ-
ment at the Animal Experiment Center of Zhengzhou 
University. All experimental procedures involving ani-
mals were conducted in accordance with the protocols 
approved by the Ethical Committee of Zhengzhou Uni-
versity. Bone marrow (BM) cells from wild-type C57BL/6 
mice were isolated from the compact bones of the donors. 
The femurs and tibias were dissected to collect the BM 
cells, which were then washed with DPBS containing 10% 
FBS and isolated. The BALB/c recipients were irradi-
ated at a dose of 700 cGy before HSCT. Recipients were 
then injected with either 5 × 106 donor BM cells alone 
(non-aGVHD group), 5 × 106 bone marrow cells with 
3 × 106 splenocytes (aGVHD group), or 100 μL PBS (non-
HCT group). The evaluation of GVHD encompassed the 
assessment of clinical symptoms, which were conducted 
as previously described with some adjustments [97, 98]. 
The scoring system for clinical symptoms of aGVHD 
included parameters such as weight loss, posture, activ-
ity, and diarrhea. Mice were monitored until the 14-day 
endpoint, at which point those exhibiting severe GVHD 
were euthanized. The tissues were harvested during nec-
ropsy, fixed in 10% buffered formalin, and embedded in 

https://www.ebi.ac.uk/ena/browser/view/PRJEB40448
https://www.ebi.ac.uk/ena/browser/view/PRJEB40448
https://www.immune-dictionary.org/app/home
https://www.immune-dictionary.org/app/home
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paraffin. Specific BM cells were isolated from the com-
pact bones of the femur and tibia for further analysis.

Multiplex immunohistochemical staining in fluorescence
Formalin-fixed paraffin-embedded small intestine sec-
tions, sliced at a thickness of 5 μm, were mounted onto 
slides. Sections were deparaffinize using de-paraffin liq-
uid (Cat# G1128, Servicebio) and dehydrated using an 
alcohol gradient. Subsequently, the sections were treated 
with antigen retrieval buffer (Cat# G1202-250ML, Ser-
vicebio) and 3% hydrogen peroxide at room tempera-
ture for 25 min in the dark. Subsequently, 3% BSA (Cat# 
GC305010, Servicebio) was applied to the slides, which 
were sealed and incubated at room temperature for 
30  min. Subsequently, the slides were incubated with 
primary antibodies overnight at 4  °C, followed by three 
washes with PBS (pH 7.4) (Cat# G0002, Servicebio). The 
following primary antibodies were used: Anti-IRF7 Rab-
bit pAb (1:500, Cat# GB111169, Servicebio), Anti-c-Jun 
Rabbit pAb (1:500, Cat# GB11515, Servicebio), Anti-c-
Fos Mouse mAb (1:1000, Cat# GB12069, Servicebio), 
Anti-CD45 Rabbit pAb (1:1000, Cat# GB113886, Service-
bio), Anti-Resistin Rabbit pAb (1:5000, Cat# GB112526, 
Servicebio), and Anti-S100A9 Rabbit pAb (1:500, Cat# 
GB111149, Servicebio). The slides were incubated with 
secondary antibodies specific to the primary antibody 
species at room temperature for 50  min. The following 
secondary antibodies were used: HRP-labeled goat anti-
rabbit IgG secondary antibody (1:500, Cat# GB23303, 
Servicebio), and HRP-goat anti-mouse secondary anti-
bodies (1:500, Cat# GB23301, Servicebio). After wash-
ing the slides thrice with PBS, they were exposed to 
iF440-Tyramide (1:500, Cat. No. G1250, Servicebio), 
iF488-Tyramide (1:500, Cat. No. G1231, Servicebio), 
iF546-Tyramide (1:500, Cat. No. G1251, Servicebio), 
iF555-Tyramide (1:500, Cat. No. G1233, Servicebio), 
iF594-Tyramide (1:500, Cat. No. G1242, Servicebio), 
iF647-Tyramide (1:500, Cat. No. G1232, Servicebio), and 
iF700-Tyramide (1:500, Cat. No. G1252, Servicebio).

Reverse‑transcription quantitative PCR
Mouse BM cells and splenic cells were treated with red 
blood cell lysis buffer (Cat# R1010, Solarbio). The samples 
were then treated with TRIzol reagent (Cat# 15596026, 
Invitrogen), and cDNA was synthesized using the HiS-
cript II cDNA Reverse Transcriptase Kit (Cat# R223, 
Vazyme) with total RNA as the starting material. Gene 
expression analysis was performed using a Quant-Studio 
3 instrument and SYBR reagent (Cat# 11202, Yeasen). 
The following primers were used: β-actin: forward (CAT​
TGC​TGA​CAG​GAT​GCA​GAAGG) and reverse (TGC​
TGG​AAG​GTG​GAC​AGT​GAGG); mouse Ilr1: forward 
(CTG​TTG​GTG​AGG​AAT​GTG​GCTG) and reverse 

(GGC​TCA​GGA​TAA​CAG​GTC​TGTC), mouse Ilr2: for-
ward (CAG​TGC​AGC​AAG​ACT​CTG​GTAC) and reverse 
(GCA​AGT​AGG​AGA​CAT​GAG​GCAG), mouse Il1rap: 
forward (GGA​GGA​TCT​CAG​GCG​CAA​CTAT) and 
reverse (CCA​GAA​AGA​CCG​TGG​CTC​CAAA), mouse 
Il1rn: forward (TGT​GCC​TGT​CTT​GTG​CCA​AGTC) and 
reverse (GCC​TTT​CTC​AGA​GCG​GAT​GAAG), mouse 
Il1b: forward (TGG​ACC​TTC​CAG​GAT​GAG​GACA) and 
reverse (GTT​CAT​CTC​GGA​GCC​TGT​AGTG), mouse 
Il1a: forward (ACG​GCT​GAG​TTT​CAG​TGA​GACC) and 
reverse (CAC​TCT​GGT​AGG​TGT​AAG​GTGC), mouse 
Retn: forward (CAT​GCC​ACT​GTG​TCC​CAT​CGAT) and 
reverse (ACT​TCC​CTC​TGG​AGG​AGA​CTGT), mouse 
Tlr4: forward (AGC​TTC​TCC​AAT​TTT​TCA​GAA​CTT​
C) and reverse (TGA​GAG​GTG​GTG​TAA​GCC​ATGC), 
mouse Cap1: forward (TTG​ACT​CGC​TGC​TTG​CCA​
ATCC) and reverse (CAC​TGA​GAA​GCT​GTA​GCC​
AGGA), mouse Defb20: forward (AAG​GCT​ACT​GTA​
GGA​AGA​AAT​GCA​) and reverse (CAA​CGA​CTG​AGT​
GCT​TCT​TGTGC), mouse Defa1: forward (AAC​TGA​
GGA​GCA​GCC​AGG​AGAA) and reverse (CTT​CCT​TTG​
CAG​CCT​CTT​GATCT), mouse Defa4: forward (CTA​
ATA​CTG​AGG​AGC​AGC​CAGG) and reverse (GCA​GTG​
TCC​TTT​TCT​ACA​ATA​GCA​), mouse S100a8: forward 
(CAA​GGA​AAT​CAC​CAT​GCC​CTCTA) and reverse 
(ACC​ATC​GCA​AGG​AAC​TCC​TCGA), mouse S100a9: 
forward (TGG​TGG​AAG​CAC​AGT​TGG​CAAC) and 
reverse (CAG​CAT​CAT​ACA​CTC​CTC​AAAGC).
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Supplementary Material 1: Supplementary Figure 1. Atlas of the immune 
cells of patients undergoing HSCT.. Dot plots showing the expression 
levels of lineage-specific marker genes.. Dot plots showing the expression 
levels of genes from the “immune response-regulating signaling pathway” 
geneset.. Bar plots displaying the KEGG analysis of upregulated genes 
in PBMCs from patients with non-aGVHD compared with those from 
individuals with aGVHD.. KEGG Pathview analysis displaying downregu-
lated genes of “neutrophil extracellular trap formation” and “PHAGOSOME” 
pathways in patients with non-aGVHD.. Dot plots showing the expres-
sion levels of genes from the “mononuclear cell differentiation” geneset.. 
KEGG analysis of upregulated genes in PBMCs from patients with aGVHD 
compared with that from individuals with non-aGVHD.

Supplementary Material 2: Supplementary Figure 2. Disparity in cell com-
munication through IL-1 signaling between patients with aGVHD and 
those with non-aGVHD.. Circular plots displaying both the quantity and 
intensity of inferred interactions.. Dot plot depicting the relative expres-
sion levels of IL-1 signaling-associated ligands and receptors in various 
immune cell subtypes, including PBMCs, DC, erythroid lineage, B/Plasma/
pDC and T/NK subtypes within each sample.. Venn diagrams illustrating 
the shared upregulatedand downregulatedgenes in LPS-treated PBMCs 
and PBMCs derived from patients with aGVHD.. The protein level of IL-8 
detected by ELISA assay.

Supplementary Material 3: Supplementary Figure 3.. Expression of RETN 
and its receptor CAP1 in PBMCs and other cell subtypesamong each sam-
ple.. Venn diagrams illustrating the shared conserved upregulated genes 
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among distinct lineagesvs. B cells; group 4: CD4+ T cells vs. CD8+ T cells vs. 
Treg; group 5: innate lymphoid cellvs. γδ T cells vs. NK cells).

Supplementary Material 4: Supplementary Figure 4. Potentially detrimen-
tal alterations in gut bacteria population in patients with aGVHD.. Linear 
Discriminant Analysisscores were utilized to compare the differential 
abundance of species between individuals with aGVHDor with non-
aGVHD. The LDA scores serve as a measure of the effect size for each 
abundant species. Species enriched in either group with an LDA score > 2 
are deemed significant.. Relative abundance of typical intestinal bacteria is 
significantly enriched in samples obtained from patients diagnosed with 
aGVHD.

Supplementary Material 5: Supplementary Figure 5. aGVHD specific T cells 
exhibited characteristics of hyperactivated immune response.. Dot graph 
illustrating the results of KEGG analysis on the upregulated genes in αβ T 
cells derived from patients with aGVHD compared to those from individu-
als with non-aGVHD.. Volcano plots depicting differential gene expression 
profiles in various T cell subtypes between patients with non-aGVHD and 
those with aGVHD.. KEGG analysis was performed on the upregulated 
genes in αβ T cells from patients with non-aGVHD compared with those 
from individuals with aGVHD.

Supplementary Material 6: Supplementary Figure 6. Defensins are 
correlated to gut microbiota and bile acid metabolites in patients with 
allo-HSCT.. Dot plots illustrating the relative expression levels of DEFB1, 
DEFA4, and DEFA3 in various subtypes of patients with aGVHD compared 
with individuals with non-aGVHD.. Heatmap showing the identified bile 
acid metabolites for each sample.. Heatmap showing the metabolites that 
exhibit the most significant differential expression.. Violin plots depicting 
the distribution of typical bile acid metabolites within each group.. The 
relationship between bile acid metabolites and gut microbiota is exam-
ined through Spearman’s correlation coefficients. Positive correlations are 
denoted by red fields, while negative correlations are denoted by green 
fields. Statistical significance is indicated by *P < 0.05, with **denoting sig-
nificance after Bonferroni correction.. The relative abundances of the typi-
cal bacteria were determined by applying of the t-test statistical method.

Supplementary Material 7: Supplementary Figure 7. GPBAR1 and 
NR1H2 are implicated in the regulation of immune responses.. Dot plots 
illustrating the varying expression levels of GPBAR1, NR1H2, NR1I2, and 
NR1H4 across distinct cell subsets.. Dot plots illustrating the expression 
levels of GPBAR1, NR1H2, NR1I2, and NR1H4 in myeloid cellsfrom various 
patients with aGVHD and control individuals with non-aGVHD.. Dot plots 
showing the expression levels of GPBAR1, NR1H2, NR1I2, NR1H4, as well as 
lineage-specific markersacross various cell subsets.. UMAP presenting the 
myeloid subsets, pseudotime analysis, and expression patterns of NR1H2 
and GPBAR1.. Volcano plots showing the upregulated and downregulated 
DEGs in GPBAR1 and NR1H2-expressing CD14+CD16− and CD14+CD16+ 
monocytes relative to their respective control groups.. Volcano plots 
and Dot plots showing the upregulated and downregulated DEGs in DC 
expressing GPBAR1 and NR1H2, as compared to DC not expressing these 
genes.. UMAP presenting the granulocyte-like subsets.. Dot plots showing 
the expression levels of specific geneswithin various granulocyte-like 
subsets.. Volcano plots were utilized to display the upregulated and 
downregulated DEGs in granulocyte-like subsets expressing GPBAR1 and 
NR1H2in comparison to their respective counterparts.

Supplementary Material 8: Supplementary Figure 8. Selected genes in 
bone marrow cells and splenic cells from a mouse model of aGVHD 
assessed using qPCR.

Supplementary Material 9: Supplementary Figure 9. Study design.

Supplementary Material 10.
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