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Ischemic Stroke Impacts the Gut Microbiome,
Ileal Epithelial and Immune Homeostasis

Yong Ge,1,2 Mojgan Zadeh,1,2 Changjun Yang,3 Eduardo Candelario-Jalil,3 and Mansour Mohamadzadeh1,2,4,*

SUMMARY

Ischemic stroke critically impacts neurovascular homeostasis, potentially result-
ing in neurological disorders. However, the mechanisms through which stroke-
induced inflammation modifies the molecular and metabolic circuits, particularly
in ileal epithelial cells (iECs), currently remain elusive. Using multiomic ap-
proaches, we illustrated that stroke impaired the ileal microbiome and associated
metabolites, leading to increased inflammatory signals and altered metabolites,
potentially deteriorating the iEC homeostasis. Bulk transcriptomic andmetabolo-
mic profiling demonstrated that stroke enhanced fatty acid oxidation while
reducing the tricarboxylic acid (TCA) cycle in iECs within the first day after stroke.
Intriguingly, single-cell RNA sequencing analysis revealed that stroke dysregu-
lated cell-type-specific gene responses within iECs and reduced frequencies of
goblet and tuft cells. Additionally, stroke augmented interleukin-17A+ gd

T cells but decreased CD4+ T cells in the ileum. Collectively, our findings provide
a comprehensive overview of stroke-induced intestinal dysbiosis and unveil
responsive gene programming within iECs with implications for disease develop-
ment.

INTRODUCTION

Ischemic stroke occurs as a result of insufficient cerebral blood flow to the brain resulting in irreversible

tissue injury and neurological deficits or death.1 It accounts for approximately 85% of all strokes, while

the other 15% are hemorrhagic in nature.1 Over the last 30 years, clinicians and investigators have

made major advances in stroke prevention and management. The widespread use of secondary prophy-

lactic measures, such as antiplatelets, statins, and anticoagulants, as well as surgical and endovascular

management of carotid stenosis, acute large-vessel occlusions, and other intracranial and cervical

vascular disorders, has dramatically reduced stroke incidence.2–4 However, despite such medical

advances, stroke remains a leading contributor to the global disease burden.4 In 2016, stroke was the

second leading cause of death worldwide, claiming the lives of 5.5 million individuals. There are also

an estimated 80 million survivors contending with stroke’s deleterious effects.5 The American Heart As-

sociation projects that by 2030, 4% of all adults will have experienced a stroke, and given the increasing

aging global population, the number of total strokes is expected to double by 2050. The annual global

cost related to stroke care in 2030 is estimated at $240.7 billion,6 which is likely an underestimate given

the contribution of stroke and cerebral ischemia to dementia and other comorbid conditions.7 Further-

more, the social and emotional cost of stroke to patients, their loved ones, and caregivers is immense

and unquantifiable.

Therapeutic perfusion with a recombinant tissue plasminogen activator (rtPA) and/or mechanical clot

retrieval, thrombectomy, remains the only therapy for ischemic stroke.8–11 However, the improvement

rate for stroke patients using rtPA is relatively low due to several factors, including late hospital arrival,

age of patients, and increased risk of intracerebral hemorrhage associated with delayed rtPA administra-

tion.12,13 Thus, intensified efforts tomechanistically understand the pathophysiology of stroke and stem the

tide of this disease are of the utmost importance.14 Considering the ubiquity of this disease, identifying

reversible risk factors or new therapeutic targets will have an outsized impact on the global disease burden.

Both the central and systemic inflammatory responses are significantly implicated in the progression of

stroke severity.15 However, clinically efficacious immunomodulatory agents in addition to perfusion

strategies (rtPA and/or thrombectomy) to critically attenuate induced pathogenic inflammation and fortify
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Figure 1. Ischemic stroke induces ileal microbiota changes

(A) Experimental scheme. Groups of C57BL/6 male mice (10–12 weeks old) were subjected to 45 min of transient middle cerebral artery occlusion (MCAO) or

sham-operated to analyze themicrobiome, epithelial cell (EC), and CD4+ T-cell responses in the gut. Feces were collected from the 2 groups of mice on days

0 (baseline), 3, 7, 10, and 14 (after the surgery) for longitudinal microbiome analysis. The ileal, cecal, and colonic microbiomes and CD4+ T cells were analyzed

on days 1, 7, and 14 after stroke, and the bulk transcriptomes of ileal epithelial cells (iECs) were examined on days 1 and 7 after stroke. Single-cell RNA-seq

profiling was conducted for iECs, and a metabolomic analysis was performed for iECs and ileal contents 1 day after stroke onset.

(B) Representative 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain sections and graphical data showing the infarct sizes 1 day after the MCAO.

(C) Unweighted UniFrac principal coordinate analysis plot, obtained from 16S rRNA sequencing, depicts the bacterial community structures in the ileal,

cecal, and colonic contents of poststroke and sham-operated mice 1 day after surgery (n = 5–6/group). Significance: PERMANOVA.
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protective immune regulation are yet to be discovered.16 Such a discovery may result in the significant

reduction of perfusion injuries with a wider effective therapeutic window and the potential reach to a larger

stroke-affected population.

Ample evidence now hints at the critical impact of intestinal homeostasis controlled by gut microbiota and

the associated metabolites in regulating the local and central molecular response following stroke.17–20

The accumulating evidence also suggests that stroke induces gut microbiota dysbiosis which exacerbates

intestinal immune response, particularly interleukin (IL)-17+ gd T cells, resulting in enhanced neuroinflam-

mation affecting poststroke recovery.20–23 However, the intestinal epithelial cells (ECs), which not only

sense microbiota-derived signals but also modulate host immune responses, are less well-understood in

the context of ischemic stroke. Thus, to gain further critical insights into stroke-induced gene and

metabolic events in the gut, we particularly focused on the involved molecular mechanisms potentially

regulating the ileal epithelium, the gut microbiome, and associated metabolites in the host affected by

induced ischemic stroke.

RESULTS

Ischemic Stroke Induces Gut Dysbiosis

Commensal gut microbiota plays a critical role in acute brain injury whereby gut dysbiosis, prior

to ischemic stroke induction, affects disease pathogenesis.23 To elucidate intestinal microbial and

epithelial responses to stroke-induced brain injury, we employed multiomic approaches to comprehen-

sively profile the impacts of ischemic stroke on gut microbiome, metabolome, transcriptome, and

immune response (Figure 1A). We observed a clear and consistent brain infarct size in poststroke

mice 1 day after 45 mins of transient middle cerebral artery occlusions (Figure 1B). To monitor stroke-

induced microbial dynamics, we longitudinally analyzed the microbiome in the feces collected from post-

stroke mice and sham-operated controls of the same animals. During the acute phase of stroke, there

was a trend toward a decrease in a-diversity in stroke mice (3 days after stroke induction), and this dif-

ference was reversed on day 14 (Figure S1A). An unweighted UniFrac principal coordinate analysis

demonstrated that stroke significantly separated the fecal microbiomes from sham controls at any of

the examined time points (Figure S1B), with a reduction in the Firmicutes/Bacteroidetes ratio on day 3

(Figure S1C), a typical feature of poststroke gut dysbiosis.20,23 Further analysis revealed the gradual

loss of Turicibacter and the enrichment of Bacteroides ovatus in the feces of poststroke mice (Fig-

ure S1D). The relative abundance of Akkermansia muciniphila and Ruminococcaceae was elevated during

the acute phase of stroke, while members of Clostridia (Clostridiales, Clostridium, Oscillospira, and Blau-

tia) were found at significantly higher levels in the poststroke mice than in sham controls during the

chronic phase of stroke (Figure S1D).

To further explore the differences in microbial communities during the acute phase of stroke, we spatially

examined the microbiota composition in the ileal, cecal, and colonic contents collected from poststroke

and sham-operated mice 1 day following the surgery (Figure 1A). Data demonstrated that the ileal, cecal,

and colonic microbiomes of poststroke mice significantly differed from those of sham controls, as deter-

mined by permutational multivariate analysis of variance (PERMANOVA) (Figure 1C). To assess the similar-

ity between stroke and sham samples of the aforementioned regions, we calculated unweighted UniFrac

distances, which were significantly higher in the ileum than those in the cecum and colon (Figure 1D), indi-

cating that microbes residing in the ileum may be more responsive to acute ischemic stroke. Thus, further

analyses were centered on the microbial responses in the ileal region. A compositional analysis revealed

that ischemic stroke reduced the relative abundance of Lactobacillales (phylum Firmicutes) and Bacteroi-

dales (phylum Bacteroidetes) in the ileal contents (Figure 1E). Consistently, the genus Lactobacillus was

dramatically diminished in the stroke-affected group (20.4% on average) when compared to that in sham

controls (65.1%) (Figure 1F). Additionally, potentially opportunistic pathogenic bacteria, including Staph-

ylococcus, Streptococcus, and Ruminococcus, were rarely detected in the sham controls, but their levels

Figure 1. Continued

(D) Unweighted UniFrac distances between stroke and sham microbiome in the ileum, cecum, and colon. Significance: Mann-Whitney test.

(E) Top bacterial (order) abundance in the ileal contents of stroke and sham mice.

(F) The relative abundance of differential bacterial taxa at genus level. Significance: Mann-Whitney test. Bars indicate mean and SD. *, p < 0.05; **, p < 0.01;

***, p < 0.001; ****, p < 0.0001.
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were significantly elevated following ischemic stroke. Consistent with a previous study,21 Clostridium was

also significantly increased in ileal contents of poststroke mice 1 day after stroke induction (Figure 1F).

Additionally, we analyzed the ileal, cecal, and colonic microbiome in the stroke and sham mice 7 and

14 days after stroke onset. Here, the microbial diversity was significantly reduced in the ileum and colon

(Figure S2A), with a shift in the bacterial community structure, particularly in the ileum of poststroke

mice on day 7 (Figure S2B). A similar pattern was observed 1 day after stroke induction (Figure 1A). Bacterial

taxa, including Bifidobacterium (order Bifidobacteriales) and Allobaculum (order Erysipelotrichales), were

completely depleted in the ileal contents of poststroke mice (Figures S2C and S2D). The relative abun-

dance of Bacteroidales family S24-7 and Adlercreutzia also decreased significantly. Fourteen days after

stroke, the a-diversity of the ileal microbiota still remained lower than that in sham controls (Figure S2E),

and the abundance of S24-7 and Allobaculum was consistently reduced in stroke mice (Figure S2F). Intrigu-

ingly, levels of Lactobacillus were high in the ileum of poststroke mice (Figure S2F), in contrast with its

reduced abundancy on day 1 (Figure 1D). These results indicate that ischemic stroke induces gut dysbiosis

resulting in microbiome compositional changes associated with disease status.

Ischemic Stroke Affects Gut Microbiome-Associated Metabolites

To further evaluate the potential functional changes of gut microbiota due to ischemic stroke, we analyzed mi-

crobiota-associated metabolites in the ileal contents of mice 24 h after stroke onset and sham controls, which

demonstrated distinct metabolomic profiles by both positive and negative ionizations (Figure 2A). Metabolic

pathways related to amino acids (e.g., lysine, glycine, tyrosine, and tryptophan), carbohydrates (e.g., hexose,

N-glycan, galactose, and sialic acid), vitamins (vitamin B6, vitamin C, and vitamin A), as well as propionate

were all significantly impaired due to ischemic stroke (Figure 2B). Importantly, vitamin C (ascorbic acid and de-

hydroascorbate) and vitamin B6 (pyridoxine and pyridoxamine), critically supporting the growth of microbes,

were reduced in the ileal contents of the strokemice (Figure 2C). Metabolites exhibiting antioxidant properties

(e.g., picolinic acid, quinate, shikimate, and 3-dehydroshikimate) and those associated with the tricarboxylic

acid (TCA) cycle (e.g., citrate, isocitrate, and 2-hydroxyglutarate) were also reduced. Furthermore, decreased

abundance of Lactobacillus (Figure 1F) correlated with declined levels of lactic acid in stroke mice (Figure 2C).

Certain dominant gut microbes, notably Bacteroidetes, possess a very large number of genes encoding

carbohydrate-active enzymes.24 Here, a reduced level of Bacteroidales (Figure 1E) was associated with

declined capability of the ileal microbiota to metabolize carbohydrates in stroke mice, as revealed by

the decreased availability of carbohydrates, including arabitol, sorbitol, psicose, and glucose/fructose

(Figure 2C). However, the decreased availability of luminal carbohydrates may also be due to reduced

food intake during the first day of stroke.25 In contrast, most amino acids (e.g., aspartate, glycine, histidine,

lysine, proline, and tryptophan) were abundant in the stroke group, which also demonstrated higher levels

of chemicals that are indicative of inflammation-associated gut dysbiosis, such as formate26 and trimethyl-

amine N-oxide (TMAO), as a byproduct of microbial carnitine metabolism.27

Furthermore, trigonelline, oxfenicine, and ethanolamine may target peroxisome proliferator-activated re-

ceptors (PPARs) to inhibit cellular fatty acid oxidation (FAO).28–30 Interestingly, these metabolites were all

reduced in the ileal contents of poststroke mice compared to sham controls (Figure 2C). Furthermore,

levels of azelaic acid, retinoic acid, and tauro-b-muricholic acid (TbMA), which has been reported to

modulate PPAR activation,31–33 were also differentially impacted, suggesting that induction of ischemic

stroke leads to functional impairment of the ileal microbiota.

Ischemic Stroke Transcriptionally ActivatesMitochondrial FAO andMetabolically Inhibits the

TCA Cycle in Ileal Epithelial Cells

Having demonstrated the differential enrichment of microbiota-associatedmetabolites (Figure 2C), poten-

tially impacting the host EC signaling,34 we next elucidated the transcriptomic and metabolic responses of

ileal epithelial cells (iECs) to acute ischemic stroke. An RNA sequencing analysis of iECs derived from the

poststroke mice and sham controls demonstrated distinct global transcriptomes 1 day after the surgery

(Figure 3A), resulting in 186 upregulated and 99 downregulated differentially expressed genes (DEGs) in

the stroke-affected mice compared to sham controls (Figure 3B). Here, the top upregulated DEGs included

3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) which is critical for ketogenesis,35 long-chain acyl-

CoA dehydrogenase (Acadl), acyl-CoA carboxylase beta (Acacb), acyl-CoA thioesterase 1 (Acot1), and

carnitine/acylcarnitine translocase (Slc25a20) (Figures 3B and 3C), all of which are highly implicated in
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mitochondrial FAO. A gene set enrichment analysis (GSEA) further demonstrated that FAO and the fatty

acid metabolic process were the major pathways enriched in iECs of stroke mice (Figure 3D). Accordingly,

a set of FAO-associated mitochondrial genes (e.g., Hmgcs2, Acaa2, Acadl, Hadha, and Hadhb), cyto-

chrome P450 enzymes (Cyp2 and Cyp4 families) involved in cytoplasmic fatty acid metabolism, and genes

(Fabp1 and Apoc2) related to intracellular lipid transport and trafficking were all activated in iECs by

A B

C

Figure 2. Ileal microbiota-associated metabolism is impaired due to ischemic stroke

(A) Principal component analysis (PCA) plots of metabolite features identified by positive and negative ionizations in ileal

contents of poststroke and sham-operated mice 1 day after surgery (n = 5/group).

(B) Metabolic pathway analysis of metabolites with significantly differing intensity between stroke and sham mice. The

overlapped size indicates the number of significant metabolic features mapped to corresponding pathways.

(C) Heatmap showing differentially enriched metabolites.
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ischemic stroke (Figure 3E). These cells also had enhanced expression of antimicrobial alpha-defensins

(e.g.,Defa5,Defa21,Defa29, andDefa34) and lysozyme (Lyz1) in addition to enriched transcripts associated

with antioxidant defense responses (Gsta1 andGsta3). Metallothioneins (Mt1 andMt2), known to be highly

induced in the mouse brain during the early phase of ischemic stroke,36 were also stimulated in iECs 1 day

after stroke induction. Additionally, stroke suppressed the expression of genes related to barrier integrity

(Cldn8), neuronal signaling (Htr4), antigen processing and presentation (Cd74 and H2-Ab1), and EC differ-

entiation (e.g., Cdkn1b, Id1, and Id3), as well as transcripts negatively regulating inflammatory responses

(Cish and Socs1) (Figure 3E).

Importantly, an untargeted cellular metabolomic analysis of iECs isolated from ischemic stroke and sham

control mice 1 day after the surgery demonstrated impaired pathways related to pyruvate metabolism and

the TCA cycle (Figure 3F). Specifically, levels of TCA cycle intermediates, including succinate, malate, fuma-

rate, and 2-hydroxyglutarate,37 were evidently decreased in iECs derived from poststrokemice (Figure 3G).

Lactate and propionate, promoting intestinal epithelial turnover,38,39 were also reduced in these cells.

Additionally, 2-hydroxybutyrate, associated with propionate metabolism, was also decreased. Further-

more, stachydrine, exerting neuroprotective properties,40 was diminished, while sorbitol contributing to

oxidative stress41 was augmented in iECs of poststroke mice. These results thus indicate that induced

ischemic stroke disrupts the mitochondrial metabolic homeostasis in iECs.

To elaborate on regionally specific responses of ECs to ischemic stroke, we spatially analyzed and

compared the transcriptomes of cecal and colonic ECs and iECs. Obtained results revealed that not

only iECs (Figure 3A) but also cecal and colonic ECs (Figure S3A) exhibited unique transcriptomic profiles

1 day after ischemic stroke. A differential expression analysis showed that genes associated with fatty acid

metabolism, as top DEGs, were elevated in cecal (Pdk4, Acot1, and Acot2) and colonic ECs (Cyp2d12,

Cyp2d34, Acot1, Acot2, and Acadl) (Figure S3B). The cecal ECs of stroke mice were primarily enriched

with transcripts involved in the host defense response, potentially as a result of gut dysbiosis, whereas ac-

tivities of cholesterol and steroid metabolic processes were decreased (Figure S3C). In the colon, cell cycle

and cell division were the major pathways that were suppressed by stroke. Interestingly, comparisons of

cecal and colonic ECs with iECs identified 15 upregulated and 6 downregulated DEGs (Figure S3D) in

the stroke group, regardless of anatomic locations. A search tool for recurring instances of neighboring

genes (STRING) analysis depicted amajor interactive network of upregulated DEGs, which can be activated

by PPARs (except Eci2) and are highly associated with FAO (Figure S3D).

To further define the stroke-responsive epithelial gene signatures, we analyzed the transcriptomes of iECs

isolated from poststroke mice and sham-operated controls 7 days after the surgery. Here, ischemic stroke

induction also resulted in global transcriptional separation (Figure S4A), with top upregulated DEGs pri-

marily associated with the lipid metabolic activity (e.g., Scd1, Apob, and Acaa1b) (Figure S4B). To identify

iEC-enriched gene signatures, we compared the DEGs enriched on day 7 with DEGs characterized on day 1

after stroke (Figure S4C). The genes with a conserved iEC expression included Hmgcs2 and Acox2, which

are involved in PPAR signaling and FAO, as well as transcripts related to pyroptosis (Gsdmc2,Gsdmc3, and

Gsdmc4) and epithelium development (Hbegf and Serpinb5) (Figure S4D).

Single-Cell RNA Sequencing Reveal Cell Subset-Specific Signatures of iECs Affected by

Ischemic Stroke

Knowing that intestinal epithelial FAO is critical for regulating the differentiation andmaintenance of intestinal

stem and progenitor cells,42,43 its dysregulation due to ischemic strokemay impact the epithelial structure and

Figure 3. Stroke enhances FAO and reduces TCA cycle in iECs

(A) PCA plot of iEC transcriptomes between stroke and sham-treated mice 1 day after stroke onset (n = 5–6/group).

(B) Volcano plot of DEGs between the 2 groups of iECs. The number of upregulated and downregulated DEGs in stroke group is indicated in parentheses.

(C) qRT-PCR validation of representative DEGs.

(D) Significantly enriched pathways in the stroke group, obtained from DAVID gene ontology (GO) database, related to the biological process. Note: no

significant pathways were identified using downregulated DEGs.

(E) Heat maps of representative DEGs obtained from RNA sequencing results.

(F) Significant metabolic pathways of iECs isolated frommice 1 day after stroke or sham treatment (n = 5/group). The overlapped size indicates the number of

significant metabolic features mapped to the indicated pathways.

(G) Scatter plots of metabolites differentially enriched in iECs of stroke and sham mice. Bars indicate mean and SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001;

two-tailed unpaired t test (C and G).
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function. Given that the FAO pathway was more pronounced in iECs of poststroke mice on day 1 (Figure 3D)

than in cecal or colonic ECs (Figure S3) or iECs derived frompoststrokemice onday 7 (Figure S4), we performed

an single-cell RNA sequencing analysis of iECs isolated from poststroke mice and sham controls 1 day after

surgery to gain further insights into gene transcripts in different iEC subpopulations. After quality filtering,

the transcriptomic profiles of 38,234 iECs were collected (21,565 cells from 3 stroke mice and 16,669 from 3

sham control mice). Cells were sequenced to comparable sequencing depths (�44,000–64,000 reads/cell)

and had similar median genes per cell (�3,000–4,000 genes/cell). To identify transcriptional differences in

iEC subsets, we performed dimensionality reduction and clustering, whereupon 14 groups were visualized

by uniform manifold approximation and projection and labeled by the expression of known marker genes

(Figures 4A and S5A). The stem, enteroendocrine (EEC), Paneth, and tuft cells were each represented by a sin-

gle distinct cluster, while transit-amplifying (TA), goblet, and absorptive enterocytes were partitioned across

several clusters representing different stages of cell maturation (Figure 4A).

To analyze the impact of stroke on shifts in cell composition, the frequencies of each cell subset in each sam-

ple were calculated, as defined by unsupervised clustering (Figure 4A). Induced ischemic stroke substan-

tially decreased the frequency of goblet cells (from 10.7% on average in sham to 3.9% in stroke) and signif-

icantly reduced the proportion of tuft cells (3.5% to 2.3%) (Figure 4B). A gene expression analysis showed

that a set of genes encoding alpha-defensins (e.g., Defa5 and Defa21), normally expressed by Paneth cells,

were induced in all cell types by stroke, while genes related to antigen processing and presentation (e.g.,

Cd74 and H2-Aa) were markedly reduced, particularly in mature enterocytes (Figure S5B). Notably,Hmgcs2

was expressed at very low levels in highly proliferating cells of the shamcontrolmice; however, its expression

was dramatically increased in iECs, particularly in stem and TA cells derived from mice affected by stroke

(Figure 4C). These cell subsets were also enriched with transcripts related to FAO, including Acadl and

Fabp1 (Figure S5C). Additionally, the stress-induced RNA-binding motif protein 3 (Rbm3) exhibiting a neu-

roprotective function after an hypoxic-ischemic brain injury44 and antimicrobial peptideReg3b, which is nor-

mally enterocyte-specific, were both activated in all the cell types by stroke (Figure 4C).

Furthermore, cell-type-specific responses were identified. Here, ischemic stroke stimulated mature enter-

ocytes with increased expression of genes associated with lipid metabolism (e.g., Apoa4, ApoC2, and

Fabp2) and the calcium-binding protein (S100a6) (Figure 4D), which can be activated by stress conditions,

including ischemia.45 In EECs, ischemic stroke suppressed the expression of Neurog3, Sox4, and Insm1,

controlling EEC differentiation and development, and enhanced the expression of peptide YY (Pyy), poten-

tially negatively regulating appetite and food intake.46,47 Interestingly, we also observed the suppression of

genes critically involved in mucin production (Mus2 and Agr2) by goblet progenitors, as well as transcripts

crucially promoting cell proliferation (Mki67 and Top2a) (Figure 4D), potentially accounting for the reduced

numbers of goblet cells in stroke mice (Figure 4B). Furthermore, stroke not only decreased the number of

tuft cells (Figure 4B) but also may functionally reduce the tuft cell activity, as demonstrated by diminished

transcripts of Trpm5, Nrep, Plcb, and Plcg (Figure 4D).

Finally, DAVID gene ontology analysis using differentially enriched genes in each cell subsets further

demonstrated that pathways involved in the defense response to a bacterium were activated in secretory

cell subsets, including goblet, tuft, and EEC cells by stroke, due to increased production of antimicrobial

peptides. Stroke also reduced the activity of antigen processing and presentation in enterocytes and stem

cells and inhibited the endocrine pathway in EECs (Figure S5D). These results suggest that ischemic stroke

fundamentally and functionally impacts the molecular machinery of iECs in a cell-subset-specific manner.

Ischemic Stroke Affects Ileal IL-17A+ gd T and CD4+ T-cell Responses

Gut microbiota and intestinal ECs are highly involved in the regulation of gut immune homeostasis.48–50

Having shown that ischemic stroke induced gut dysbiosis and functionally affected iECs, including a reduc-

tion of antigen processing and presentation, we then addressed whether the intestinal T-cell response was

also altered in mice after stroke induction. Flow cytometric analysis of ileal, cecal, and colonic T cells

demonstrated that CD4+ T-cell numbers were substantially decreased in the ileum but not in cecum or co-

lon 7 days after stroke onset (Figure 5A). Consistent with a previous report,23 we also observed a significant

increase in both the frequency and number of ileal IL-17A+ gd T cells in ischemic stroke-affectedmice, while

stroke impacted cecal and colonic IL-17A+ gd T cells to a lesser extent (Figure 5B). Dysfunctional CD4+

T cells, particularly regulatory T cells (Tregs), have been implicated in mechanisms of stroke-induced

inflammation and tissue injury.51,52 Here, the frequency and number of IL-10+ Tregs were significantly
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Figure 4. Single-cell RNA sequencing reveals cell-subset-specific changes induced by ischemic stroke

(A) Cell-type clusters split by conditions (stroke and sham). We used uniformmanifold approximation and projection (UMAP) to visualize the clustering (color

coding) of 21,565 single cells isolated from 3 stroke mice and 16,669 single cells isolated from 3 sham mice, based on the expression of known markers. TA,

transit-amplifying; G1 and G2, cell-cycle phase; EP, enterocyte progenitor; GP, goblet progenitor; EEC, enteroendocrine.

(B) The proportion of each cell type in the ileum. Bars indicate mean and SD. *, p < 0.05; **, p < 0.01; two-tailed unpaired t test.

(C) Feature plots showing the expression profile of Hmgcs2, Rbm3, and Reg3b genes in sham-operated and poststroke mice 1 day after stroke induction.

(D) Violin plots of representative DEGs in indicated cell types between the stroke and sham groups. For all the comparisons, false discovery rate < 5.56e-06.
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A B

C

Figure 5. Stroke increases IL-17A-producing gd T cells and inhibits CD4+ T-cell responses in the ileum

(A) The total number of CD4+ T cells in the ileum, cecum, and colon 7 days after stroke and sham treatment (n = 5/group). Onemouse succumbed to ischemic

stroke before the experiment was terminated on day 7.

(B) The frequencies and counts of IL-17A+ gd T cells in the indicated intestinal regions.

(C) The representative flow plots, frequencies, and counts of IL-10+ FoxP3+ Tregs, IL-10+ Th17, IFNg+ Th17, and Th1 cells in the ileum, cecum, and colon.

Data are representative of 2 independent experiments. Bars indicate mean and SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001; two-tailed unpaired t test.
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reduced in the ileum, but not in the cecumor colon after stroke (Figure 5C). The frequency of Th17 cells, and

particularly those producing IL-10, possessing a regulatory function,50 was also significantly diminished in

the ileum of poststroke mice, while the percentage of IFN-g+ Th17 cells remained unchanged. Reduced

immune regulation in the ileum of stroke mice may result in increased IL-17A� IFNg+ Th1 cells. Due to

decreases in CD4+ T cells, the numbers of all the examined CD4+ T cell subsets were reduced in the ileum

by stroke. In the cecum or colon, neither the frequencies nor the numbers of CD4+ T cells significantly

differed (Figure 5C), suggesting that induced ischemic stroke dampens the CD4+ T-cell immune responses

specifically in the ileum wherein microbial and epithelial functions were highly influenced.

Within 1 day of ischemic stroke, the frequency and number of IL-10+ Tregs and Th1 cells were also reduced

in the ileum of poststroke mice, while there was no difference in CD4+ T-cell number or Th17 cells

(Figure S6A), both of which were dramatically decreased on poststroke day 7 (Figures 5A and 5C). Fourteen

days after stroke onset, the poststroke mice exhibited a similar immunological phenotype as those of

poststroke day 7, including the reductions of CD4+ T cells, IL-10+ Tregs, and Th17 cells, and augmentation

of IL-17A+ gd T cells in the ileum (Figure S6B), potentially indicating an evolving and persistent impact of

cerebral ischemic stroke on the intestinal immune response.

DISCUSSION

The complex interplay with the intestinal epithelium, microbiome, associated metabolites, and immunological

cascades contributes to the maintenance of host intestinal homeostasis.53 Disruption of such a functional ho-

meostatic condition (termed gut dysbiosis) has been implicated in the pathogenesis and development of not

only intestinal but also neurological diseases, including Parkinson’s disease and Alzheimer’s disease.54 Recent

studies also revealed that gut microbiota influences the neuropathology and outcomes of ischemic stroke,23

whereupon induced gut dysbiosis critically impairs the gut-cerebral signaling, resulting in intestinal barrier

dysfunction, endotoxemia, and toxic systemic inflammation, all of which profoundly affect the poststroke out-

comes.55 Yet, the molecular and metabolic mechanisms implicated in ravaging iECs and exacerbating the

ischemic stroke disease progression are still elusive. Thus, in the present study, we comprehensively elucidated

the impact of induced ischemic stroke on thegutmicrobiota and their associatedmetabolites, and iECs, as well

as the immune responses. Our results demonstrated that while stroke critically altered the gut microbial

composition and associated metabolisms, these signals, in tandem, differentially impacted distinct subsets

within iECs and fundamentally modified the EC structure and function.

Numerous studies have reported that stroke induces gut microbial changes in mice that exacerbate the

disease outcomes through immune-mediated mechanisms.20,22,23,56 In this scenario, antibiotic-treated

mice have reduced pathogenic IL-17+ gd T cells that can traffic to the brain to enhance ischemic neuroin-

flammation. The changes in IL-17+ gd T cells are solely observed in the small intestine, but not in the colon

or systemic sites such as spleen.23 Here, we consistently demonstrated that induced ischemic stroke

orchestrated a more pronounced impact on the microbial composition and IL-17+ gd T cells in the ileum

than on those in the cecum or colon. This may be due to inherent anatomical differences in neuron

innervation and blood supply.57,58 Accordingly, compared to the lower gastrointestinal (GI) tract, the small

intestine is richly supplied with efferent vagal nerves.59 The vascular supply is also greater in the proximal

intestine than in the distal intestine.60 Furthermore, the upper GI hemorrhage is more common in patients

with acute ischemic stroke.61 Thus, ileal region may be a primary target of stroke.

Our observations involving ileal microbiota changes were in line with previous findings showing reduced

abundance of Lactobacillus in monkeys with cerebral ischemia62 and enriched Ruminococcus in patients

with stroke.63 More importantly, we further demonstrated that the microbiota-associated metabolic func-

tion was significantly affected by ischemic stroke. Here, stroke not only impaired the capabilities of the gut

microbiota to metabolize carbohydrates but also reduced the levels of antioxidant chemicals and

increased inflammatory signals in the ileal lumen. It is reported that gut microbiota metabolizes dietary

carnitine to generate TMAO,64 a potential causative factor in various cardiovascular diseases and ischemic

stroke.27 Both carnitine and TMAOwere found at significantly higher levels in strokemice than in sham con-

trols. Additionally, studies also document that formate is solely produced by gut microbes, and its level can

be highly elevated by gut dysbiosis-induced inflammation, whereby it may serve as an electron donor to

favor the outgrowth of Enterobacteriaceae.26 Here, we also found that ileal contents associated with

stroke-induced gut dysbiosis were highly enriched with formate, consistent with a previous report demon-

strating the elevated level of formate in the plasma of stroke patients.65
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Many gut microbiota-derived metabolic products serve as signaling factors and engage various gene and

metabolic networks in the host cells, including iECs.66 We demonstrated that ischemic stroke diminished

the levels of fecal metabolites, including trigonelline, oxfenicine, and ethanolamine, potentially inhibiting

the cellular FAO.28–30 Analyzing the transcriptomes of iECs further supported the notion that mitochondrial

FAO was enhanced during the acute phase of stroke, while the TCA cycle was diminished, as documented

by the cellular metabolomic analysis. Such an outcome potentially indicates that instead of fueling the TCA

cycle, acetyl-CoA generated by mitochondrial FAO may be skewed toward ketogenesis through b-hy-

droxy-b-methylglutaryl-CoA.67 This hypothesis is supported by the fact that ischemic stroke dramatically

increased the expression of Hmgcs2 in iECs, the gene encoding the rate-limiting enzyme in the production

of ketone bodies.35,68 Although we did not detect metabolites of ketogenic pathway in iECs, possibly due

to limited cell numbers and assay sensitivity, thesemetabolites, particularly b-hydroxybutyrate, could easily

diffuse across the cell membrane to be detected in the ileal contents (Figure 2C). b-Hydroxybutyrate

inhibits the histone deacetylase activity in intestinal stem cells to enhance Notch signaling.69 Thus, loss

of Hmgcs2 depletes the cellular levels of b-hydroxybutyrate, skewing stem cell differentiation toward

secretory cell fates, including goblet cells.69 Consistent with these results, we found that the elevated

expression of Hmgcs2 was associated with a reduced frequency of goblet cells.

HMGCS2 has been shown to interact with PPARa/g and act as a coactivator to stimulate the transcription

from the peroxisome proliferator response element of its own gene.70,71 Accordingly, trigonelline,

downregulating PPARg expression in adipocytes,28 and oxfenicine, an inhibitor of carnitine palmitoyltrans-

ferase 1B, were both decreased in the luminal contents of poststrokemice, while retinoic acid, an agonist of

retinoid X receptor binding to PPARg to coactivate downstream gene expression,32 was enhanced. More-

over, levels of azelaic acid and TbMA, implicated in the modulation of PPAR activation,31,33 were also

impacted by stroke. Additionally, iECs were enriched with a set of genes, including Hmgcs2, Acox1,

Acot1,Cpt1a, Fabp1, and Angptl4, which can be activated by PPARa and/or PPARg, after stroke. Together,

these results raise the possibility that stroke-induced gut dysbiosis critically affected gut microbial compo-

sition and metabolism to generate metabolic signals that may activate FAO and Hmgcs2 in iECs through

PPAR stimulation. In the cecum and colon, we also detected the activation of FAO-associated genes (e.g.,

Acadl and Eci2) in stroke mice, but the number of genes and the extent of activation, as determined by

GSEA, were less than those in the ileum. In contrast to marked activation in iECs, Hmgcs2 expression

was unaffected in the cecal and colonic ECs after stroke, highlighting a region-specific impact of stroke

on ECs. The activation of Hmgcs2 in iECs may direct the mitochondrial FAO from the TCA cycle toward

ketogenesis, potentially leading to the impairment of stem cell differentiation into mature goblet cells.

Furthermore, studies show that microbiota-derived succinate promotes goblet and tuft cell hyperplasia

through binding to its receptor SUCNR1.72 Here, we observed reduced levels of succinate in the ileal lumen

of stroke mice, which might also contribute to decreases in goblet and tuft cells.

Goblet cells synthesize mucin glycoproteins, such as MUC2 that are crucial for maintaining the intestinal

barrier integrity by separating gut microbiota from the epithelium.73 Stroke reduced the frequency of

goblet cells and impaired the expression ofMuc2 in the ileum, which may contribute to increased intestinal

permeability, resulting in bacterial translocation and systemic infection, a common consequence of

ischemic stroke.74 Tuft cells are the chemosensory sentinels of the gut and are enriched with taste-sensing

molecules, including Trpm5,75 while EECs secrete gut hormones (e.g., PYY) that control intestinal motility

and absorption and regulate appetite.76 Thus, the impairment of tuft and EECs may result in dysregulation

of appetite and satiety, affecting nutritional intake in patients with ischemic stroke,77 which may further

exacerbate toxic inflammation in the hosts due to deficiency in micronutrients.

It is well-documented that gut microbial gene products can be sampled by intestinal ECs to potentially induce

an antigen-specific T-cell response (e.g., Th17 cells) in the small intestine.78 Here, stroke almost depleted

mature enterocytes with transcripts involved in antigen processing and presentation, which correlated with

reduced numbers of CD4+ T cells in stroke mice compared to those in sham controls. In accordance with pre-

vious results that IL-17+ gd T cells can migrate to the brain and aggravate the ischemic stroke injury,23 we also

observed increased numbers and frequencies of these cells in the ileal region. Although intestinal Tregs do not

enter the brain in the acute phase of stroke,79 these cells are critical for maintaining intestinal homeostasis by

restricting the differentiation of gd T cells80 and Th1 cells.81 Thus, the reduction of IL-10+ Tregs and IL-10+ Th17

cells, associated with dysbiotic gut microbiota, may further exacerbate the inflammatory responses in the gut,

as seen by increased IL-17+ gd T cells and disturbed Th1/Treg balance.
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In summary, our results correlatively demonstrated that acute ischemic stroke induced gut dysbiosis and

impaired microbial metabolic function, potentially reprogramming the cellular gene and metabolic

signaling in iECs to influence EC structure and function. Thus, these deep insights into the cellular and mo-

lecular machinery of iECsmay provide alternative targets to potentially design therapeutic interventions for

the treatment of ischemic stroke.

Limitations of the Study

Although we have demonstrated the critical impact of ischemic stroke on gut microbiome, epithelial and

immune responses, additional studies are still necessary to mechanistically interrogate the causative rela-

tionship between these complex interplays. Furthermore, although our data conspicuously demonstrated

the transcriptional activation of Hmgcs2 in iECs by ischemic stroke, its functional implication in potentially

altering protein enzymatic activities still requires further elucidation. Thus, future research examining the

critical role of genes, particularly Hmgcs2, during induced ischemic stroke may advance the development

of gene targets for disease treatment. Additionally, only 10- to 12-week-old male mice were used in this

study; thus, it remains to be determined whether the observations depend on sex- and age-related factors.

Furthermore, a comprehensive study may be of critical interest to fully illuminate the impact of ischemic

stroke on the human microbiome and associated metabolites, particularly the molecular and metabolic

events in iECs of human stroke patients.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD45 BioLegend Cat# 103112 RRID;RRID:AB_312977

FITC anti-mouse CD31 BioLegend Cat# 102406; RRID:AB_312901

PE/Cyanine7 anti-mouse TER-119 BioLegend Cat# 116222; RRID:AB_2281408

APC/Cyanine7 anti-mouse CD3ε BioLegend Cat# 100330; RRID:AB_1877170

Brilliant Violet 605 anti-mouse CD4 BioLegend Cat# 100548; RRID:AB_2563054

PerCP/Cyanine5.5 anti-mouse CD8a BioLegend Cat# 100734; RRID:AB_2075238

APC anti-mouse TCR g/d BioLegend Cat# 118116; RRID:AB_1731813

PE anti-mouse IL-17A BioLegend Cat# 506904; RRID:AB_315464

PE/Cyanine7 anti-mouse IFN-g BioLegend Cat# 505826; RRID:AB_2295770

FITC anti-mouse IL-10 BioLegend Cat# 505006; RRID:AB_315360

PE anti-mouse CD326 (EpCAM) Thermo Fisher Scientific Cat# 12-5791-83; RRID:AB_953617

Super Bright 645 anti-mouse CD45 Thermo Fisher Scientific Cat# 64-0451-82; RRID:AB_2662420

eFluor 450 anti-mouse/rat FoxP3 Thermo Fisher Scientific Cat# 48-5773-82; RRID:AB_1518812

Chemicals, peptides, and recombinant proteins

FcR Blocking Reagent Miltenyi Biotec Cat# 130-092-575

True-Nuclear Transcription Factor Buffer Set BioLgend Cat# 424401

PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25776

TrypLE Express Thermo Fisher Scientific Cat# 12604021

Critical commercial assays

LIVE/DEAD Fixable Violet Dead Cell Stain Kit Thermo Fisher Scientific Cat# L34964

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Thermo Fisher Scientific Cat# L34966

Quick-DNA Fecal/Soil Microbe Miniprep Kit Zymo Research Cat# 11–322

RNeasy Plus Micro Kit Qiagen Cat# 74034

SMART-Seq HT Kit Takara Cat# 634438

Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-1096

Miseq Reagent Kit v3 Illumina MS-102-3003

IDT for Illumina DNA/RNA UD Indexes Illumina Cat# 20026121

Chromium Next GEM Single Cell 50 Reagent

Kits v2 (Dual Index)

10X Genomics Cat# PN-1000263

Deposited data

Bulk RNA-seq This paper NCBI BioProject: PRJNA835890

Single-cell RNA-seq This paper NCBI BioProject: PRJNA880326

Experimental models: Organisms/strains

C56BL/6J mice (male) Jackson Laboratory https://www.jax.org/

Oligonucleotides

See Table S1 for primers used in this study

Software and algorithms

Cell Ranger 10X Genomics N/A

Seurat v4.0.6 Hao et al.82 https://satijalab.org/seurat/

GraphPad Prism 9 GraphPad N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Mansour Mohamadzadeh (Zadehm@uthscsa.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Bulk RNA-seq and single-cell RNA-seq data have been made publicly available under the NCBI BioProject

accession numbers: PRJNA835890, PRJNA880326. Accession numbers are listed in the key resources table.

This study did not generate original code.

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

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Specific-pathogen-free (SPF) C57BL/6J mice (male, 10–12 weeks old) were purchased from Jackson

Laboratory and housed under 12 h of light per day in a temperature-controlled environment. All proced-

ures were conducted in compliance with protocols approved by the Institutional Animal Care and Usage

Committee (IACUC) of the University of Florida under the protocol numbers 202008484 and 201907934

and the Department of Laboratory Animal Resources of the University of Texas Health at San Antonio under

protocol number 20210065AR.

METHOD DETAILS

Transient middle cerebral artery occlusion (MCAO) model

Ischemic stroke was induced by 45 min of intraluminal middle cerebral artery occlusion (MCAO).86 Briefly,

the mice were anaesthetized by gas inhalation in a chamber containing 1.5–2% isoflurane in 100%O2. Once

surgical levels of anesthesia were attained, animals were injected subcutaneously with 0.05 mg/kg of bu-

prenorphine hydrochloride (Buprenex). Body temperature was maintained at 37�C by placing animals on

a water-circulating heat pad (Gaymar, T/Pump) and temperature regulator with a rectal probe. Under

microscopic magnification, the right common carotid artery, external carotid artery, and internal carotid

artery (ICA) were exposed via a midline vertical incision in the neck. A 12-mm-long 6–0 silicone-coated

nylon filament (Doccol, Cat. No. 602134) was advanced gently into the ICA approximately 9–10 mm from

the carotid bifurcation until mild resistance was felt and cerebral blood flow was reduced by at least

75% of the baseline value, as assessed by laser Doppler flowmetry (moorVMS-LDF1 blood flow monitor,

Moor Instruments). After 45 min of MCAO, the filament was gently retracted to allow reperfusion

(confirmed by laser Doppler). The skin was closed, anesthesia discontinued, and the mice were allowed

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FlowJo v10 Treestar N/A

Mummichog Li et al.83 N/A

QIIME2 Bolyen et al.84 https://qiime2.org/

DAVID Huang et al.85 https://david.ncifcrf.gov/

Other

QuantStudio 6 Pro Thermo Fisher Scientific N/A

Cyto Aurora Flow cytometer Cytek N/A

SH800S Cell Sorter Sony N/A

Chromium Controller 10X Genomics N/A
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to recover in a temperature-controlled chamber. Once mice recovered from anesthesia, they were placed

in their home cages and a heating pad (Snuggle Safe brand) was place under the cage for the first 2 days

after stroke. Buprenex was given subcutaneously every 12 h for pain relief along with 1 mL of warm saline.

Sham-operated animals received the same surgical procedures except for the MCAO.

Gut microbiota analysis

16S rRNA libraries were constructed and sequenced as described previously.87,88 Briefly, intestinal luminal

contents and feces were collected from post-stroke and sham-operated mice at different time points after

surgery. Genomic DNA was isolated using the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo

Research). The 16S rRNA variable regions (v4-v5) were amplified, purified, and sequenced on an Illumina

Miseq instrument using a Miseq Reagent kit v3 (Illumina). The obtained 2 3 300 bp paired-end reads

were processed using QIIME 2 (version 2020.8). Reads were merged, quality trimmed and clustered into

operational taxonomic units (OTUs) at 97% sequence similarity. Taxonomy was assigned using Greengenes

13_8. To estimate within sample richness, a-diversity was determined using Shannon index. To evaluate

differences in diversity across samples, b-diversity was determined using unweighted UniFrac distances.

Differences in relative abundance at different taxonomic levels were determined using Mann-Whitney

U-test.

Metabolomic analysis

Samples were homogenized in ammonium acetate, and proteins were pelleted after adding a mixture of

acetonitrile, methanol, and acetone.89 After centrifugation, the supernatants were transferred to a clean

tube and dried under a gentle stream of nitrogen before reconstitution in formic acid-water solution. Me-

tabolites were analyzed at the Southeast Center for Integrated Metabolomics (www.secim.ufl.edu) using a

Thermo Q-Exactive Oribtrap mass spectrometer with Dionex UHPLC and autosampler.87,90 Samples were

run in both positive and negative ionization with a mass resolution of 35,000 at m/z 200. Feature alignment

and curation were performed byMZmine through an automated routine developed in-house. After normal-

izing to total ion chromatogram (TIC), intensities were tested for group significance using unpaired Student

t-test. For fecal metabolite, the p-values were adjusted for multiple comparisons based on Benjamini,

Krieger and Yekutieli false discovery rate (FDR) correction at 1%. Metabolites were identified by compar-

ison to metabolomic library of purified standards. Metabolic pathway analysis was performed using

Mummichog with default parameters (http://mummichog-2.appspot.com/). The pathways represented

by at least 2 significant metabolites in positive or negative mode are presented.

Isolation of epithelial cells (ECs)

The ileum (similar length as colon moving proximal from the ileocecal junction), cecum and colon were

dissected from mice after MCAO or sham surgery. After washing with cold PBS, the tissues were

opened longitudinally and cut into small fragments (2–3 cm in length), followed by incubation with

30 mM EDTA-PBS on ice for 30 min, during which the tissues were shaken vigorously every 8–10 min. Iso-

lated crypts were washed once with cold PBS and dissociated using TrypLE Express (Invitrogen) for 10 min

at room temperature. Cell suspensions were passed through a 70-mm cell strainer and then labeled with a

cocktail of fluorescent antibodies specific for APC-CD45 (Invitrogen, catalog 17-0451-83), FITC-CD31

(BioLegend, catalog 102406), PE/Cy7-TER-119 (BioLegend, catalog 116222), and PE-EpCAM (Invitrogen,

catalog 12-5791-83). Dead cells were excluded using LIVE/DEAD Fixable Violet Dead Cell Stain (Invitro-

gen). CD45� CD31� TER-119- EpCAM+ ECs were sorted using a SONY SH800S Cell Sorter.

Bulk RNA-seq

Total RNA was extracted from FACS-sorted ECs (about 1 3 105 cells) isolated from each individual mouse

using an RNeasy Plus Micro Kit (Qiagen). cDNA was generated using a SMART-Seq HT kit (Takara) and

RNA-Seq libraries were constructed using a Nextera XT DNA Library Preparation Kit (Illumina).87,91 The bar-

coded RNA-seq libraries were sequenced on an Illumina NovaSeq 6000 system at the University of Florida

ICBR NextGen DNA sequencing Core Facility, with a minimal depth of 32 million reads/sample

(2 3 150 bp). Obtained raw reads were aligned to the mouse reference genomes (GRCm38) using STAR

v2.7.5c. Normalized counts (FPKM) were generated using RSEM v1.3.3. DESeq2 was used to determine

significantly expressed genes (DEGs) based on the criteria (FPKM >1, FDR <0.05, fold change >1.5).

FPKM values were used for principal component analysis (PCA) and plotting heat maps in R. Gene set
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enrichment analysis (GSEA) was performed using DAVID (https://david.ncifcrf.gov/). Network analysis

using STRING version 11.5 was performed for the overlapped DEGs using default parameters.

Single-cell RNA-seq

CD45� CD31� TER-119- EpCAM+ iECs were FACS-sorted from post-stroke and sham-operated mice one day

after the surgery as described above. The purified iECs (75–85% viability) were processed using the Chromium

single cell gene expression platform (10x Genomics). iECs isolated from each mouse were directly loaded into

each samplewell followingmanufacturer’s instructions and combined into droplets with barcodedbeads using

theChromium controller. Libraries were constructed using theChromiumNextGEMSingleCell 5’ Reagent Kits

v2 (10x Genomics) per manufacturer’s instructions. The samples were sequenced to an average depth of

44,000–64,000 reads per cell on an Illumina NovaSeq 6000 sequencer.

Sequence reads were processed using the Cell Ranger 6.0.1 pipeline and aligned to the GRCm38 (mm10)

mouse reference genome. The exonic reads uniquely mapped to the transcriptome were then used for

unique molecular identifier (UMI) counting. Using Seurat (v4.0.6) R package,92 cells that contained fewer

than 500 or more than 7000 genes (nFeature_RNA), less than 800 or more than 60,000 molecules

(nCount_RNA), or more than 10% mitochondrial transcripts (percet.mt) were removed. For each cell,

expression of each gene was normalized to the sequencing depth of the cell, scaled to a constant depth

(10,000), and log-transformed. Variable genes were selected using default parameters. Principal compo-

nent analysis (PCA) was performed on the variable genes, and 15 principal components (PCs) were chosen

based on elbow plots and jackstraw resampling. Samples of each condition were merged, and the two

conditions (sham and stroke) were integrated using reciprocal PCA. Dimensionality reduction and

visualization were performed with the UMAP algorithm, and unsupervised clustering of cells was performed

using 15 PCs as defined above, with a resolution of 0.3. To identify signature genes of each cell cluster, the

FindAllMarkers() function in Seurat was used with the following configurations: min.pct = 0.25, logfc.thres-

hold = 0.585, only.pos = TRUE. An expression heatmap was generated for each sample by selecting the top

10 genes, which were used to define different cell populations by comparing them to known marker

genes.93,94 To identify differentially expressed genes in each cell type across the two different conditions,

the integrated Seurat object was split into different cell subpopulations using the subset() function and

differential analysis was performed using FindMarkers() function.

qRT-PCR

For validating DEGs identified by RNA-Seq, cDNA samples that were synthesized with SMART-Seq HT Kit

(Takara) to construct RNA-seq libraries were used. Quantitative real-time PCR was performed with the

PowerUp SYBR Green Master Mix (Thermo Fisher) on a QuantStudio 6 Pro real-time PCR system (Thermo

Fisher). The relative quantification (2�DCt) was used to determine the expression level of the target genes

normalized Gapdh. Sequences of primers can be found in Table S1.

Flow cytometry

Immune cells were isolated from the ileum, cecum and colon of post-stroke and shammice and analyzed by

flow cytometry.91 Dead cells were detected using LIVE/DEAD� Fixable Aqua Dead Cell Stain Kit (Thermo

Fisher Scientific). Cell surface and intracellular markers were stained with following fluorescent antibodies:

Super Bright 645-CD45 (catalog 64-0451-82) from Invitrogen and APC/Cy7-CD3 (catalog 100330), Brilliant

Violet 605-CD4 (catalog 100548), PerCP/Cy5.5-CD8 (catalog 100734), APC-TCR g/d (catalog 118116), PE-IL-

17A (catalog 506904), PE/Cy7-IFNg, FITC-IL-10 (catalog 505006), eFluor450-FoxP3 (catalog 48-5773-82)

from BioLegend. Data were collected by a Cytek Aurora flow cytometer and analyzed with FlowJo software

(v10.8.1). After dead and doublet cell exclusion and CD45+ live cell selection, gd T cells were defined as

CD3+ CD4� TCR g/d+ and CD4 T cells as CD3+ CD8� CD4+.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v9.1.2. Prior to statistical analysis, normality was

tested using the Shapiro-Wilk normality test. Where the groups follow a Gaussian distribution, two-tailed

unpaired Student t-test was performed. Where the groups did not follow a Gaussian distribution, Mann–

Whitney U test was performed. p < 0.05 were considered as significant: *, p < 0.05; **, p < 0.01; ***,

p < 0.001; ****, p < 0.0001.
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