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SUMMARY
The severity of T cell-mediated gastrointestinal (GI) diseases such as graft-versus-host disease (GVHD)
and inflammatory bowel diseases correlates with a decrease in the diversity of the host gut microbiome
composition characterized by loss of obligate anaerobic commensals. The mechanisms underpinning
these changes in the microbial structure remain unknown. Here, we show in multiple specific path-
ogen-free (SPF), gnotobiotic, and germ-free murine models of GI GVHD that the initiation of the intestinal
damage by the pathogenic T cells altered ambient oxygen levels in the GI tract and caused dysbiosis. The
change in oxygen levels contributed to the severity of intestinal pathology in a host intestinal HIF-1a- and
a microbiome-dependent manner. Regulation of intestinal ambient oxygen levels with oral iron chelation
mitigated dysbiosis and reduced the severity of the GI GVHD. Thus, targeting ambient intestinal oxygen
levels may represent a novel, non-immunosuppressive strategy to mitigate T cell-driven intestinal
diseases.
INTRODUCTION

The composition of host intestinal microbiome directly contrib-

utes to human health and diseases. Correspondingly, a healthy

gut is inhabited by a diverse community of mostly obligate anaer-

obic bacteria (eubiosis) that is influenced by the host genetics,

diet, and immunity.1,2 The breakdown of this balance, called

dysbiosis and often characterized by a shift in themicrobial com-

munity structure from obligate to facultative anaerobes and

aerotolerant microbes, is associated with several diseases,

including immune-mediated intestinal diseases such as graft-

versus-host disease (GVHD).3–6 While a strong correlation exists

between disease severity and dysbiosis, the mechanisms that

lead to dysbiosis are unknown. Furthermore, whether dysbiosis

is a cause, an amplifier, a regulator, or a mere consequence of

the disease process remains poorly understood.
Gastrointestinal (GI) GVHD is a potentially fatal complication of

allogeneic hematopoietic stem cell transplantation (allo-HSCT).7

Reduction in intestinal microbial diversity with loss of obligate

anaerobes relative to other bacteria is associated with increased

GVHDmortality.3,8,9 However, seminal experimental studies per-

formed before the advent of modern germ-free (GF) facilities

and sequencing technologies demonstrated that absence of

microbiome mitigated GVHD severity.10 Thus, while microbial

dysbiosis prognosticates outcomes after allo-HSCT, the role of

microbiome in GVHD remains unclear. Specifically, (1) whether

dysbiosis is caused by or is a consequence of severe GVHD,

(2) the mechanisms that underpin the development of dysbiosis,

and (3) whether dysbiosis before or after HSCT directly amplifies

or negatively regulates GVHD severity remain unknown.

The mammalian GI tract is hypoxic with an oxygen (O2)

gradient that traverses the surface of the colonic mucosa to
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Figure 1. Allogeneic dysbiosis is not pathogenic to naive animals

(A–F) Naive C57BL/6 mice (B6) 7–8 weeks old were cohoused with allogeneic recipient mice (Allo B6) 2 weeks after post-transplant.

(A) Micewere cohoused in a ratio of 1:1 naivemice to BMTmice, respectively. Data are from 3 independent experiments (N = 9). Stool from fromAllo B6 before co-

house or B6 were analyzed by 16S rRNA gene sequencing.

(legend continued on next page)
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the center of gut lumen. This hypoxic gradient shapes the intes-

tinal microbial community structure, promoting colonization with

predominantly obligate anaerobes at homeostasis.11,12 The host

intestinal epithelial cells (IECs) are thus uniquely adapted to the

hypoxic environment, i.e., ‘‘physiologic hypoxia.’’ The IECs

depend on microbial metabolites, specifically short-chain fatty

acids (SCFAs), as their primary source of energy for oxidative

phosphorylation (OXPHOS) despite low oxygen.13,14 Thus,

microbial-derived SCFAs regulate the barrier function at

homoeostasis15 and in GI GVHD.16,17 Moreover, epithelial meta-

bolism and the cellular O2 sensor, hypoxia-inducible factor 1a

(HIF-1a), are key determinants of intestinal function under condi-

tions of physiologic hypoxia.1,18 In the context of enteric infec-

tions, intestinal ambient oxygen level is a critical ecological driver

of dysbiosis.1,2,19,20 In the context of non-infectious immune-

mediated GI damage, pathogenic T cells target OXPHOS in the

IEC leading to deficient O2 utilization.21 However, whether the

change in the luminal oxygen due to poor consumption of O2

from the metabolic defect impacts dysbiosis remains unknown.

Herein, we showed that dysbiosis was a consequence of the

loss of ‘‘physiologic hypoxia’’ caused by poor oxygen utilization

by the IECs.21 We also showed that the microbiome by itself is a

critical negative regulator of GI GVHD. In contrast to the current

paradigm, GF animals demonstrated greater GVHD while pro-

motion of eubiosis ‘‘after’’ transplant mitigated the severity of

GVHD. However, dysbiosis ‘‘before’’ HSCT did not impact

GVHD severity. Rescue of physiological hypoxia by iron chela-

tion mitigated the severity of GI GVHD. Thus, our data provide

a mechanism for induction of dysbiosis and demonstrate that

promotion of eubiosis by regulating ambient oxygen reduces

the severity of intestinal damage after allo-HCT.

RESULTS

Allogeneic dysbiosis is not pathogenic to naive animals
We first determined whether dysbiosis associated with GVHD

following allogeneic HSCT is toxic in the absence of HSCT. Naive

C57BL/6 (B6) animals were irradiated with 10 Gy and trans-
(B–D) Microbiome composition (left) with the percent abundance of obligate an

diversity index of microbiome (D) in stool were shown.

(E and F) The body weight change (E) and the clinical GVHD score (F) of B6 co

(cohoused with Allo B6 and not cohoused B6: N = 9, not cohoused Allo B6; N =

(G–L) B6 mice 6–8 weeks old were treated with 2 weeks of 4 antibiotics cockta

0.5 gr/L plus 3% stevia) in filtered double distillated drinking water.

(G) Antibiotic-treated mice (B6Ab) were cohoused in ratio of 1:1 antibiotic-treate

(H) Stool from B6Ab, B6, and germ-free (GF) mice was analyzed by qPCR. Relativ

GF mice were analyzed (B6: N = 10, antibiotics d7: N = 10, GF: N = 8).

(I) Inverse Simpson alpha diversity index of microbiome of B6 and B6Ab are sho

(J) Inverse Simpson alpha diversity index of microbiome of B6Ab, B6Ab cohouse

cohoused with Syn or Allo B6 N = 2).

(K) The body weight changes of cohoused B6Ab mice are shown (cohoused with

(L) Ileal and colonic histopathological GVHD score of cohoused B6Ab mice are s

(M and N) B6 mice were treated for 2 weeks with 4 antibiotics cocktail (ampic

0.5 mg/mL) in filtered double distillated drinking water, followed by 10 doses of

gavage day 1 BMT mouse whole gut content was collected. Stool solution was ga

(B6Ab with allo-stool: N = 15, B6Ab with PBS: N = 8). (N) The body weight chang

The horizontal line in box (B, D, I, and J) represents the median with the box bound

and maximum values. Two-tailed paired Wilcoxon test (B) and two-tailed unpair

(H and J) were used to determine significance (mean ± SEM). *p < 0.05, **p < 0.

See also Figures S1 and S2.
planted with splenic T cells and T cell-depleted bone marrow

(TCD BM) from allogeneic BALB/c donors (Allo B6) to induce

GVHD and dysbiosis (Figure 1A). Dysbiosis in stool from Allo

B6 animals was confirmed at 2 weeks (Figures 1B–1D, S1A,

and S1B). Allo B6 stools contained more Proteobacteria, partic-

ularly facultative anaerobes in the Enterobacteriaceae family

such as Escherichia (Figures 1A and 1B). Allo B6 animals were

cohoused with a cohort of naive, un-transplanted B6 hosts for

6 weeks (B6 cohoused with Allo B6), while a cohort of naive B6

animals from the same colony were not cohoused (not cohoused

B6) and served as control animals (see Figure 1A). Microbiomes

of B6 cohoused with Allo B6 changed toward Allo B6 at 6 weeks

(Figures S1C–S1G). Despite the shift in community structure and

reduction in diversity, both the cohoused and non-cohoused co-

horts of un-transplanted naive B6 mice showed similar weight

gain with no signs of GVHD (Figures 1E and 1F).

It is possible that some organisms in the endogenous normal

microbiome of the cohoused mice may have prevented the path-

ogenic effects of dysbiosis. Therefore, we examined the impact of

dysbiosis in naive B6 animals treated with a cocktail of four anti-

biotics to effectively clear endogenous GI microbiome in B6

hosts.3 The naive B6 animals were treated with the four-antibiotic

cocktail for 2 weeks (B6Ab, Figure 1G), and near-complete loss of

microbiome was confirmed (Figures 1H, 1I, S2A, and S2B) before

cohousing with Allo B6 as above. To further control for the ability

of microbiota from transplanted mice to colonize naive antibiotic-

treated B6 hosts, we also cohoused another cohort of these

animals with B6 syngeneic bone marrow transplantation (BMT)

(Syn B6, Figure 1G). We confirmed that B6 and Syn B6 showed

similar microbiome and eubiosis (Figures S2C and S2D). The

naive, un-transplanted B6 animals were cohoused andmonitored

for 8 weeks for signs of weight loss and GI damage. Cohousing

with Allo B6 caused dysbiosis (Figure 1J). As shown in

Figures 1K and 1L, cohousing of the un-transplanted antibiotic-

treated naive B6 hosts with either dysbiotic Allo B6 or the control

Syn B6 animals did not impact weight gain or cause GVHD.

It is formally possible that cohousing alone might not be suffi-

cient to cause complete microbiota alterations and cause
aerobes and other bacteria (right) (B), PCoA (C), and inverse Simpson alpha

housed with Allo B6, not cohoused B6, and not cohoused Allo B6 are shown

6).

il (ampicillin 1 gr/L, kanamycin 1 gr/L, metronidazole 1 gr/L, and vancomycin

d mice to BMT mice, respectively. Data are from 3 independent experiments.

e quantification of bacteria in stool from B6, antibiotics treated B6 at day 7, and

wn (B6N: N = 4, B6Ab, N = 3).

d with Syn or Allo B6 at day 14 after co-house were shown (B6Ab N = 4, B6Ab

Syn: N = 14, cohoused with Allo: N = 15).

hown (N = 3).

illin 1 mg/mL, neomycin 1 mg/mL, metronidazole 1 mg/mL, and vancomycin

intestinal content gavage from BMT recipient mice 2 weeks after BMT. Each

vaged to each recipient mouse. (M) Data are from 3 independent experiments

e of gavaged B6Ab mice are shown.

ing the interquartile range. The ends of the whisker lines represent theminimum

ed t test (D, I, and L), and one-way ANOVA analysis with Tukey post hoc test

01, ***p < 0.001, ****p < 0.0001.
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dysbiosis in un-transplanted naive B6 animals, despite pre-treat-

ment with antibiotic cocktails. Therefore, to mitigate any poten-

tial inefficiencies of cohousing on changes to the microbiome,

we treated the naive B6 un-transplanted hosts with the antibi-

otics or diluent control as above and then directly gavaged

them with intestinal content from Allo B6 animals (Figure 1M)

and monitored as above. Gavage of antibiotic-treated naive B6

animals with Allo B6 stools caused dysbiosis (Figures S2E and

S2F). Un-transplanted antibiotic-treated naive B6 animals that

received dysbiotic stool gavage from Allo B6 animals showed

similar body weight gain as control un-transplanted antibiotic-

treated naive B6 controls that received PBS gavage (Figure 1N).

While clinical features of GI damage were not apparent, it is

possible that gavage of the dysbiotic stool into the antibiotic-

treated, naive un-transplanted B6 mice might cause changes

in host immunity. We therefore gavaged Allo B6 stool, the control

Syn B6 stool, PBS, or sham into antibiotic-treated animals as

above and performed systematic phenotyping of T cells (pheno-

type, cytokine, regulatory T [Treg] cells) and dendritic cells in

distant secondary lymph nodes (LNs), spleen and regional

(mesenteric) LNs on days 14 and 42 after the stool gavage

(Figures S3A and S3B). No significant differences were noted

the in the CD4+ and CD8+ subsets, PD1, CD69, CD62L, CD44,

CD4+Foxp3+ Tregs, T cell IFNg, IL-4 and IL-17A, or the CD80,

CD86, 40, PDL1, IL-6, and TNF-a expression in the CD11c+ cells)

between the cohorts. Furthermore, the local tissue T cell pheno-

type (in colon and ileum) and numbers were also similar between

all cohorts (Figure S3C).

When we analyzed histopathological changes in the small and

large intestines that may have been caused by transfer of dysbi-

otic stool, we found no evidence of damage or significant differ-

ences between the groups at 2 weeks (Figure S3D) or 6 weeks

(Figure S3E) after intestinal content gavage. These data collec-

tively demonstrate that a shift toward dysbiosis did not affect

the intestinal health of the un-transplanted naive B6 animals

and that allo-dysbiosis by itself is not deleterious in the absence

of preceding damage. Thus, dysbiosis after allo-HCT is not a

cause, but is a consequence of GVHD.

Post-transplant but not pre-transplant dysbiosis
regulates GVHD
We next addressed whether changes to the microbiome after

allo-HCT influence GVHD severity. To this end, we explored

whether host dysbiosis ‘‘before’’ transplant impacts GVHD out-

comes. B6 animals were treated with either antibiotics or

diluent controls and reconstituted with stool microbiome from

Allo B6 animals (Figure 2A). They were then lethally irradiated

(10 Gy) and transplanted with 5 3 106 BM cells and 2.5 3

106 splenic T cells from either B6 syngeneic or allogeneic

BALB/donors. Allogeneic recipients with or without antibiotics

and stool gavage showed dysbiosis and similar microbiome

between allogeneic groups, but changes from B6 mice before

HCT (Figures 2B and 2C). However, all of the allogeneic recip-

ients with or without dysbiosis prior to the transplant showed

similar mortality and clinical GVHD severity (Figures 2D and

2E). Histopathology of the intestine confirmed similar patholog-

ical GVHD severity (Figure 2F). These data suggest that the sta-

tus of the pre-transplant microbiome does not substantially

impact GVHD outcomes.
356 Immunity 56, 353–368, February 14, 2023
Pre-transplant dysbiosis does not address the issue of the

impact of the change from pre-BMT eubiosis to post-BMT

dysbiosis. Because GVHD is associated with post-transplant

dysbiosis, we examined whether prevention of post-transplant

dysbiosis would mitigate GI GVHD (Figure 3A). B6 animals

received allogeneic BMT (described in STAR Methods). Each in-

dividual recipient mouse was cohoused with an individual naive

B6WTmouse in a single cage from day 14 after HSCT. Simpson

diversity and principal component analysis (PCoA) of stools from

these recipient mice revealed that cohoused allogeneic mice

(Allo B6 cohoused with B6 for 2 weeks) had higher diversity

and different microbiota compositions from single housed allo-

geneic mice (Allo B6 not cohoused) (Figures 3B–3F) demon-

strating that the cohousing shifted the stool microbiome of Allo

B6 recipients toward the healthy microbiome. Cohoused Allo

B6 recipients demonstrated greater survival, reduced weight

loss, and milder clinical GVHD than not cohoused Allo B6

(Figures 3G–3I). Taken together, the data demonstrate that dys-

biosis pre-transplant per se are not disease enhancing, but that

promoting post-BMT eubiosis ameliorates the severity of GVHD.

The above effects could be secondary to pre-existing micro-

biota or from the experimental effects of gavage and antibiotic

use. Therefore, to determine whether dysbiotic stool has any

intrinsic pathogenic effects and eubiosis has beneficial effects

in the absence of above variables, we next compared weight

gain of GF mice with littermate GF mice that were conventional-

ized with either dysbiotic allo-stool or eubiotic syngeneic stool

(Figure 4A). GF animals that received eubiotic stool from synge-

neic mice and those that were conventionalized with dysbiotic

allo-stools demonstrated weight gain when compared with GF

controls confirming that dysbiotic microbiome by itself is not

pathogenic in the absence of prior damage (Figures 4A–4C

and S4A).

Absence of host microbiome aggravates GVHD
Our data demonstrate that changes in endogenous GI micro-

biome structure after allo-HCT are not a cause but a conse-

quence of GVHD and suggest that they might play a salutary

role after BMT.3,4,16,22,23 However, before the advent of stringent

GF facilities, and before technologies to confirm presence of mi-

crobes such as 16S sequencing, GF mice exhibited reduced

GVHD,10 suggesting an overall pathogenic role for host micro-

biome. Therefore, to elucidate the importance of microbiota

definitively, and directly, in the gut before BMT, we next hypoth-

esized that in contrast to the current paradigm, GF recipients will

demonstrate greater GVHD than normal specific pathogen-free

(SPF) animals. To rule out any potential confounding littermate

effects at birth between GF and SPF conditions, age-matched

GF B6 littermate mice were first separated into two cohorts at

4–6 weeks of age. One group was continued under stringent

GF conditions and the second group was aged under SPF con-

ditions up to age 12–14 weeks. These GF and SPF cohorts were

then irradiated and transplanted with either syngeneic B6 or

allogeneic BALB/c donors and were followed post-BMT under

stringent GF or SPF conditions, respectively. All the syngeneic

recipients from both the GF and SPF cohorts survived and

showed no signs of GVHD, demonstrating that absence of mi-

crobiome did not cause mortality in the absence of allo-reactive

T cell-mediated damage. All allogeneic recipients under SPF
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Figure 2. Pre-transplant dysbiosis or eubiosis does not have significant impact on GVHD

(A) B6 mice were treated for 2 weeks with 4 antibiotics cocktail (Figure 1G) or PBS, followed by gavaged Allo B6 intestinal content or PBS. After antibiotics

treatment and intestinal content gavage, mice received BMT.

(B and C) Stool from BMT recipients and B6 mice was analyzed by 16S rRNA gene sequencing. PCoA (B) and inverse Simpson alpha diversity index of mi-

crobiome (C) are shown. (B6 N = 5, allo N = 3, allo with Ab N = 4, allo with Ab + stool N = 4.)

(D–F) Survival rate (D), clinical GVHD score (E), and pathological GVHD score of colon (F) are shown. (D) Allo: N = 3, allo with Ab: N = 4, allo with Ab + stool: N = 4,

B6: N = 5. (E) Syn with Ab + stool: N = 6, allo: N = 5, allo with Ab: N = 5, allo with stool: N = 5, allo with Ab + stool: N = 6. (F) Syn with Ab + stool: N = 3, allo: N = 3, allo

with Ab: N = 3, allo with stool: N = 3, allo with Ab + stool: N = 2.

Two independent experiments were performed. One-way ANOVA analysis with Tukey post hoc test (C) and one-way ANOVA analysis with Dunn’s post hoc test

(F) were used to determine significance (mean ± SEM). **p < 0.01, ***p < 0.001.

See also Figure S3.
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conditions, as expected, demonstrated signs of GVHD with a

median survival of 7 weeks (Figures 4D–4F). However, the GF

mice that received allogeneic HSCT demonstrated greater mor-

tality, weight loss, and clinical GVHD (Figures 4D–4F).

Because allo-stool (dysbiotic microbiome) neither caused dis-

ease nor improved weight gain in GF mice, while eubiotic micro-

biome improved weight gain in GF animals, we next surmised

that GF mice transplanted with healthy microbiome will show

reduced GVHD. To this end, GF animals received allo-stool or

syngeneic stool (Figure 4G). The engraftment and fidelity of the

transplanted microbiome was confirmed (Figures S4B–S4D).

These animals were then irradiated and utilized as recipients of

either syngeneic or allogeneic BMT as in STAR Methods (Fig-

ure 4G). Syngeneic recipients that received dysbiotic micro-

biome survived, demonstrating, once again, no inherent toxicity
from the dysbiotic stool. The allogeneic recipients of dysbiotic

stool demonstrated expected GVHD mortality and clinical/path-

ological GVHD (Figures 4H–4J). By contrast, allo-recipients that

were transplanted with eubiotic healthy microbiome demon-

strated greater survival and reduced weight loss and clinical/

pathological GVHD (Figures 4H–4J). Thus, the structure of the

host microbiome is dispensable for induction of GVHD but is crit-

ical for regulation of GVHD after it has been initiated.

Loss of intestinal physiologic hypoxia causes dysbiosis
We next explored the mechanisms for development of dysbiosis

following allo-BMT. The physiologic hypoxia (low oxygen) pre-

sent at homeostasis in the intestinal milieu regulates the compo-

sition and structure of the intestinal microbiome.1 In the context

allo-BMT, host IECs demonstrate ametabolic defect in OXPHOS
Immunity 56, 353–368, February 14, 2023 357
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Figure 3. Post-transplant eubiosis ameliorates the severity of GVHD

(A) Allo B6 were cohoused with B6 at ratio of Allo B6: B6 = 1:1 from day 14 after BMT. Data are from three independent experiments.

(B–F) Stool from Allo B6 cohoused with B6 for 2 weeks, B6 cohoused with Allo B6 for 2 weeks, Allo B6 not cohoused, and B6 was analyzed by 16S rRNA gene

sequencing.

(B) Inverse Simpson alpha diversity index were shown. (Allo B6 not cohoused: N = 6, Allo B6 cohoused with B6: N = 4, B6 cohoused with Allo B6: N = 5, B6: N = 4.)

(C) PCoA were shown (Allo B6 not cohoused: N = 9, Allo B6 cohoused with B6: N = 6, B6 cohoused with Allo B6: N = 5, B6: N = 7).

(D–F) Microbiome composition (D) and taxa differentially abundant by LEfSe analysis (E and F) are shown.

(legend continued on next page)
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due to a T cell-induced disruption of mitochondrial complex II.21

We therefore hypothesized that lack of utilization of cellular O2

caused by disruption of OXPHOS in the IECs after allo-HCT

will lead to loss of physiologic hypoxia (increase in O2) and

thus cause dysbiosis by making the GI tract more permissive

for growth of aerotolerant and facultative anaerobes at the

expense of obligate anaerobes. To this end, we systematically

measured oxygen consumption of IECs, the changes in the

intestinal luminal and mucosal levels of O2 by colonoscopy,

and intestinal cellular hypoxia by pimonidazole after HSCT. B6

received either syngeneic B6 or allogeneic BALB/c transplants

as in STAR Methods. Consistent with previous reports,

CD326+ IECs harvested from the allogeneic mice on day 21 after

HSCT demonstrated a reduction in oxygen consumption rate

(OCR) when compared with IECs from syngeneic controls (Fig-

ure 5A). Furthermore, IECs from allogeneic animals did not

respond to treatment with carbonyl cyanide-p-trifluoromethoxy-

phenylhydrazone (FCCP), a mitochondrial uncoupler, when

compared with IECs from syngeneic animals demonstrating

the reduction in allo-IEC mitochondrial electron transport chain

(ETC) functions and utilization of O2 (Figure 5A). However, both

syngeneic and allogeneic IECs showed similar extracellular acid-

ification rates (ECARs, an indicator of glycolysis), with reduced

OCR/ECAR ratio (Figure S5A). This suggests that the defect in

O2 utilization should increase O2 levels, leading to a loss of intes-

tinal luminal and cellular physiological hypoxia.

To confirm the increased O2, we performed colonoscopy with

probes that directly measure oxygen levels in the colonic mu-

cosa (adjacent to IECs) and in the center the intestinal lumen of

the HSCT recipients. The O2 concentrations in deeper locations,

in the inner mucus of the colon, immediately adjacent and closer

to the IECs was greater in the allo-recipients than the controls

(Figure 5B). The oxygen levels in the lumen, further away from

the IECs initially demonstrated similar levels of oxygen in allo-re-

cipients as in the controls naive or syngeneic B6 controls early

after BMT (Figure 5B). However, 3 weeks after BMT, the allo-re-

cipients demonstrated greater levels of O2 in the intestinal lumen

when compared with the controls demonstrating a loss of hyp-

oxia in the lumen farther away from the IECs (Figure 5B). Finally,

loss of intestinal cellular hypoxia with pimonidazole was also

documented in the allo-BMT recipients at days 7 and 21 after

HSCT (Figure 5C). Thus, underutilization of the O2 by the IECs

because of T cell-inducedmetabolic defect leads to loss of intes-

tinal physiological hypoxia in GVHD.

Next, to validate whether the loss of physiological intestinal

hypoxia is exclusively from T cell-mediated GVHD and not a

consequence of strain-dependent artifacts or damage from con-

ditioning, we determined the status of intestinal hypoxia in the

non-irradiated parent into F1model (B6/B6D2F1), where allor-

eactive donor T cells cause GVHD despite absence of condition-

ing (Figures S5B and S5C). Allogeneic IECs demonstrated

increased levels of oxygen (Figure 5D). Similar loss of hypoxia

was also observed when allogeneic B6 animals were condi-
(G–I) Survival rate (G), body weight change (H), and clinical GVHD score (I) of BM

cohoused: N = 6.)

The horizontal line in box (B) represents the median with the box bounding th

and maximum values. One-way ANOVA analysis with Tukey post hoc test (B), lo

(mean ± SEM). *p < 0.05.
tioned with chemotherapy (busulfan and cyclophosphamide)

prior to HSCT (Figure 5E). By contrast, when animals were condi-

tioned with irradiation alone hypoxia was maintained (Figure 5F).

To demonstrate that the loss of physiological hypoxia is indepen-

dent of microbiome composition, we utilized mouse strains from

a different mouse supplier (Taconic, JAX). Allogeneic Taconic

B6, Taconic BALB/c, and JAX BDF1 recipients showed similar

loss of hypoxia at day 7 after BMT (Figures S5D–S5F). These re-

sults extend previous observations and demonstrate that the in-

crease in O2 concentration in the intestines is observed only in

the context of allo-T cell-mediated damage of GI tract.21 To

further determine whether this can be extended to other T cell-

mediated GI damage, we determined intestinal oxygen concen-

tration in the CD45RBhi adoptive T cell-mediated autoimmune

model of IBD. Induction of T cell-mediated autoimmune colitis

also led to loss of hypoxia in both SPF (Figures 5G and S5G)

and GF animals (Figures 5H and S5H). Thus, T cell-mediated

disruption of intestinal cell OXPHOS in the IECs leads to poor uti-

lization of cellular O2 resulting in loss of physiologic hypoxia that

promotes an environment permissive for dysbiosis.

Next, to enhance the generalizability and demonstrate that

loss of physiological hypoxia is not an artifact of the specific vi-

varium conditions, we performed the similar experiments with

different strain combinations at a second institution (MSKCC,

NY Center). Similar to the data from University of Michigan,

HCT recipients with GVHD showed loss of hypoxia in colon (Fig-

ure 6A). Changes in microbiome composition (Figure 6B) and

decreased ratio of obligate/facultative anaerobes in recipients

with GVHD (Figure 6C) were observed. These data demon-

strated GVHD induced loss of hypoxia and dysbiosis in colon

is independent of the institution, vendors, and strains.

Intestinal O2 levels regulate GVHD in a microbiome-
dependent and -independent manner
We determined whether the loss of physiologic hypoxia has a

direct effect on IECs that could impact GI GVHD. To analyze

the impact of increase in O2, we determined the expression of

cellular O2 sensor, HIF-1a. B6 animals received syngeneic or

allogeneic BMT (see STAR Methods). Hif-1a gene expression

was similar in the IECs harvested from allogeneic and syngeneic

animals (Figure 6A). However, the HIF-1a protein was reduced in

the IECs from allogeneic animals when compared with synge-

neic animals on day 21 after BMT (Figure 7B). By contrast, the

expression of proryl hydroxylase 3 (PHD3), a protease that regu-

late the protein level of HIF-1a, was increased in the allo-IECs

(Figures 7C and 7D)

Next, to determine whether the IEC cell-autonomous loss of

physiologic hypoxia after allo-HSCT has a microbiome-indepen-

dent effect on GI GVHD, we utilized littermate congenic IEC-spe-

cific Hif-1a gene knockout mice (Hif1afl/fl Villin1cre B6) or the WT

Hif1afl/fl B6 animals (to harmonize pre-HCT microbiome) as allo-

geneic HSCT recipients. The animals were cohoused post-BMT

to harmonize microbiome changes. The IEC-specific Hif1afl/fl
T recipients were shown. (Allo B6 were cohoused with B6: N = 18, Allo B6 not

e interquartile range. The ends of the whisker lines represent the minimum

g-rank test (G), and two-tailed Mann-Whitney test (I) were used to determine
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Figure 4. GF mice transplanted with healthy microbiome showed reduced GVHD

(A–C) Germ-free B6 (GF) mice were gavaged intestinal content from Syn and Allo-BMT-recipient mice.

(A) Body weight change is shown (GF: N = 2, GF with Syn B6 stool: N = 4, GF with Allo B6 stool: N = 5). Stool from GF with Syn or Allo B6 stool 4 weeks after stool

gavage analyzed by 16S rRNA gene sequencing.

(legend continued on next page)
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Villin1cre B6 allogeneic recipients showed greater GVHD severity

and mortality, compared with the littermate Hif1afl/fl B6 mice

despite being cohoused (Figures 7E and 7F). Taken together,

these data demonstrate that changes in O2 after allo-HSCT

directly affect host IECs, enhancing GVHD severity independent

of changes in the microbiome.

We next determined the direct functional link between the in-

crease in O2, the loss of physiologic hypoxia, observed after

allo-HSCT to the resultant dysbiosis and GVHD severity. To miti-

gate the impact of excess luminal O2 by reducing the Fenton

reaction in the IECs, we administered the iron chelator, defera-

sirox, by oral gavage after BMT (see STAR Methods).24,25 We

determined the experimental dose and timing by measuring

the level of iron in the stool from both small and large intestines

following gavage with Fe chelator (Figure S6A). We first deter-

mined whether gavaging with deferasirox altered the level of

O2 concentration in the intestines after HSCT and found that it

mitigated loss of hypoxia in the allogeneic recipients (Figure 7G).

The PCoA analysis showed different microbial composition be-

tween vehicle and deferasirox-treated allogeneic animals (Fig-

ure 7H), with an increase in microbial diversity (Figures 7I and

7J) thus demonstrating that changes in O2 directly contributed

to dysbiosis after allo-HSCT. We next hypothesized that

squelching of O2 to ameliorate dysbiosis after allo-HSCT will

lead to attenuation of GVHD mortality. Consistent with the hy-

pothesis, deferasirox-treated allogeneic animals demonstrated

reduced severity of clinical GVHD and survival (Figures 7K and

7L). The iron chelator did not show any effect on inflammatory

cytokine secretion and Treg ratio in spleen (Figures S6B

and S6C).

Because alteration of O2 affects both host IECs and the micro-

biome, we next determined whether restoring intestinal hypoxia

by Fe chelation after allo-HSCT mitigated GVHD independent of

its impact on dysbiosis. To determine microbiome-independent

effects, we utilized GF B6 animals as allo-HSCT recipients and

treated them with deferasirox or diluent control (see STAR

Methods). All transplanted mice were maintained in stringent

GF environment post-BMT. Treatment with Fe chelation amelio-

rated loss of hypoxia after BMT in the GF recipients (Figure S6D).

All syngeneic GFmice treated with either diluent control or defer-

asirox survived without GVHD. The allogeneic GF mice treated

with diluent control demonstrated severe GVHD and died within

2 weeks after BMT (Figures S6E and S6F). By contrast, defera-

sirox-treated allogeneic GF mice (Figures S6E and S6F) demon-

strated improved survival when compared with diluent treated

allo-recipients but eventually succumbed to GVHD. These data

collectively demonstrate that O2 modulation, to improve intesti-

nal physiologic hypoxia, has direct salutary effects both on host

IECs and the host microbiome to improve GI GVHD.
(B and C) PCoA (B) and microbiome composition (C) are shown (GF with Syn B6

(D–F) SPF B6 and GF B6 mice received BMT from B6 or BALB/c donor. Surviva

syngeneic: N = 2, GF allogeneic: N = 18, SPF syngeneic: N = 2, SPF allogeneic:

(G–J) GF B6 mice received BMT from B6 or BALB/c donor. Then GF mice were g

Survival rate (H) and clinical GVHD score 6 weeks after BMT (I) are shown (allo GF

histopathological score at day 7 after BMT are shown (n = 4).

Two-tailed unpaired t test (A, I, and J), log-rank test (D and H), and two-tailedMann

****p < 0.0001.

See also Figure S4.
DISCUSSION

Colonic dysbiosis is associated with human intestinal diseases,

including GI GVHD and IBD.1,9 However, whether dysbiosis is

a cause or consequence, an amplifier or a mollifier, and the

mechanisms remain elusive. Herein, we address these gaps

and demonstrate that pre-transplant dysbiosis by itself is not

pathogenic, but rather post-HCT dysbiosis is a consequence

of the changes in intestinal luminal oxygen level from the tissue

injury caused by allogeneic donor T cells after allo-HCT. We

additionally demonstrate that correction of post-transplant dys-

biosis has beneficial impact. We show that in contrast to the ex-

isting paradigm, absence of microbiome after HCT aggravates

GVHD, and thus provide clarity to the emerging data that the

structure of the microbiome after HCT, regulates the severity of

GI GVHD.3,10,16,17,21,22 These data extend previous observations

that T cell-mediated disruption of intestinal OXPHOS leads to the

loss of luminal physiological hypoxia (increase in O2),
21 which

functions as a control switch to shift the intestinal microbiome

from predominantly obligate anaerobes to facultative anaerobes

and aerotolerant microbes, thus providing mechanistic insights

into the cause of dysbiosis. Finally, targeting excess O2 with

iron chelation promoted physiologic hypoxia, mitigated dysbio-

sis, and attenuated GVHD severity, thus suggesting that Fe

chelation with available oral drugs may be a novel strategy to

clinically mitigate GVHD severity.

During homeostasis, the host IEC metabolism is dependent

on OXPHOS resulting in high epithelial oxygen consumption

and as a consequence epithelial and luminal hypoxia.1

Epithelial hypoxia helps to maintain a microbial community

dominated by obligate anaerobic bacteria at homeostasis.1,20

We build on prior observation that the disruption of host IEC

metabolism pathogenic T effector cells results in an increase

in intestinal oxygen, thereby driving an expansion of facultative

anaerobic and aerotolerant bacteria, a hallmark of dysbiosis

GVHD.4,22,23 Thus, one critical mechanism for dysbiosis, the

loss of physiologic hypoxia in a non-infectious intestinal dis-

eases such as GVHD and IBD are similar to that observed

following infection by enteric infectious pathogens.1,22 This

shared mechanism linked to tissue oxygenation in causing

dysbiosis allows for a better understanding of other diseases

associated with dysbiosis. It is however possible that the domi-

nant mechanisms of dysbiosis may be distinct in different sys-

temic diseases.

Seminal studies suggested that GF hosts had less severe

GVHD.9,10 These studies formed a paradigm for the field of

HCT, even as they appeared to stand in contrast to emerging

data implicating strong correlation between microbiome and

GVHD. The modern-day studies, however, showing shifts in
stool: N = 7, GF with Allo B6 stool: N = 10).

l rate (D), body weight change (E), and clinical GVHD score (F) are shown (GF

N = 17).

avaged intestinal content from SPF Syn and SPF Allo-BMT-recipient mice (G).

with Syn B6 stool N = 6, allo GF with Allo B6 stool N = 4). (J) Ileum and colonic

-Whitney test (F) were used to determine (mean ± SEM). *p < 0.05, ***p < 0.001,
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Figure 5. The defect in O2 utilization in IECs leading to a loss of intestinal luminal and cellular physiological hypoxia
(A) Representative bio-energetic profiles of isolated colonic IECs from syngeneic and allogeneic mice (BALB/c / B6) under basal conditions and following

treatment with mitochondrial inhibitors (oligomycin, FCCP, rotenone/antimycin A) by Seahorse analyzer. Oxygen consumption rate (OCR) of day 21 after BMT is

shown (N = 4). Four independent experiments were performed.

(B) Quantification of O2 levels in intestine from recipients 7 and 21 days after BMT (BALB/c/ B6). Naive: N = 5, syngeneic: N = 4 (day 7 outer and day 21 outer),

N = 5 (day 7 inner), allogeneic: N = 4 (day 7 outer and day 21 outer), N = 5 (day 7 inner).

(legend continued on next page)
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Figure 6. Loss of hypoxia in colon and dysbiosis are induced by GVHD with independent of the different institution and microbiome
Lethally irradiated (1,000 cGy) 129mice received bonemarrow (53 106 cells) and purified CD5+T cells (23 106 cells) fromC57BL/6J donors in different institution

(Memorial Sloan Kettering Cancer Center).

(A) Tissue hypoxia was determined with pimonidazole (left, scale bars, 50 mm). Quantification of intestinal O2 levels in intestine from recipients (right). Samples

were collected 4, 8, 14, and 21 days after BMT (naive: N = 3, BM only: N = 4, BM + T: days 4, 8, and 14 N = 4, day 21 N = 3).

(B) Stool microbial composition was determined by 16S rRNA gene sequencing.

(C) The classification of obligate/facultative (O/F) anaerobe ratio was determined.

Two-tailed unpaired t test (A) was used to determine significance (mean ± SEM). **p < 0.01.
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microbiome or use of antibiotics as potential regulators of GVHD,

do not address the notion of stringent GF status on GVHD. We

evaluated the role of stringent GF status on GVHD and found

that complete absence of microbiome in transplanted mice

that are housed in GF conditions show greater severity and mor-

tality fromGVHD than normal SPF recipients. These data directly

demonstrate an overall salutary role for microbiome in GVHD.

The reason for the different results from the studies by van Bek-
(C) B6 received BMT from B6 or BALB/c donor. Representative images of hypoxyp

after BMT (scale bars, 50 mm).

(D) Unirradiated B6D2F1 mice received 103 107 splenocytes from syngeneic B6D

and relative fluorescent intensity in colon from recipients at 21 days after BMT (s

(E) B6 mice received chemotherapy and received 1 3 107 T cells along with 1

Representative images of hypoxyprobe staining and relative fluorescent intensity

(F) B6mice received 10 Gy total body irradiation without T cell and BM cells. Repre

from recipients 7 days after BMT (scale bars, 50 mm) (N = 4).

(G and H) CD4++CD25�CD4+4-CD4+5RBhi (CD4+5RB high) T cells or CD4++C

ferred to Rag1�/� SPF (G) or Rag1�/� GF mice (H). Hypoxyprobe staining a

transferring (scale bars, 50 mm) (SPF: N = 4, GF CD4+5RB low: N = 4, GF CD4+

(C–H) At least four independent experiments were performed. One-way ANOVA

used to determine significance (mean ± SEM). *p < 0.05, **p < 0.01.

See also Figure S5.
kum et al. is likely because those earlier studies were performed

in an era when sequencing for microbiome was not yet available

and as such the ability to confirm true GF status or the reliability

of the colony conditions to be maintained in a GF state was likely

not optimal.10,26 Furthermore, our data demonstrate that adding

back enteric microbiome mitigated GVHD severity in GF hosts,

thus definitively demonstrating a critical role for microbiome in

regulation of GVHD.
robe staining and relative fluorescent intensity in colon from recipients 21 days

2F1 or allogeneic B6 donors. Representative images of hypoxyprobe staining

cale bars, 50 mm) (N = 4).

3 107 TCD-BM cells from either syngeneic B6 or allogeneic BALB/c donors.

in colon from recipients 21 days after BMT (scale bars, 50 mm) (N = 4).

sentative images of hypoxyprobe staining relative fluorescent intensity in colon

D25�CD4+4-CD4+5RBlow (CD4+5RB low) T cells from B6 mice were trans-

nd relative fluorescent intensity in colon from recipients 8 weeks after T cell

5RB high N = 5).

analysis with Tukey post hoc test (B) and two-tailed unpaired t test (C–H) were
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Figure 7. O2 modulation after allo-HSCT improves intestinal physiologic hypoxia and GVHD

(A–D) B6 received BMT from syngeneic B6 or allogeneic BALB/c donor.

(A) Hif1a mRNA expression of isolated colonic IECs from BMT recipients 21 days after BMT (N = 4).

(legend continued on next page)

ll
Article

364 Immunity 56, 353–368, February 14, 2023



ll
Article
Our data utilizing cohousing SPF, antibiotic-treated, andGF an-

imals provide several insights into the role of dysbiosis before and

after allo-HCT. First, dysbiosis by itself, in the absence of initial

damage by alloreactive T cells, is not pathogenic, at least in the

period that acute GVHD mortality typically occurs in these sys-

tems. Second, the presence of dysbiosis prior to HCT did not

aggravate GVHD. However, promotion of eubiosis after HCTmiti-

gated GVHD. Similarly, GF mice conventionalized with healthy

stoolsmitigatedGVHD. These data, when taken together with ob-

servations that outcomes are worse in humans with use of antibi-

otics that primarily target anaerobes after HCT demonstrate that

microbiomeprimarily hasasalutary role inGVHD.Thus, promotion

of eubiosis after HCT (i.e., prebiotic or probiotic approaches with

appropriate antibiotic stewardship for growth of healthy micro-

biome, i.e., obligate anaerobe microbes) as opposed to treating

dysbiosis before (eliminating facultative anaerobes or aerobes,

i.e., only antibiotic approaches) may be a rational strategy to ther-

apeuticallymodulatemicrobiome to ameliorateGVHD. Themech-

anisms by which eubiosis after HCT may mitigate GVHD is likely

(but not limited) to generation of metabolites by obligate aerobeic

commensals that nourish the IECs, or promote immune and tissue

tolerance, or provide nutrients to healthy commensals and regu-

late themicrobial ecology bypromoting amilieu that is not permis-

sive for pathobionts.16,17,21,27–30 However, the biology of GVHD is

complex with several studies demonstrating a role for damage-

associatedmolecularpatterns (DAMPs)andpathogen-associated

molecular pattern (PAMP) production by tissue damage as ampli-

fiers of aGVH response.31,32 Therefore it is possible that dysbiosis

when characterized by expansion of pathobionts that gain access

to hosts circulation and tissues amplifies GVHD.4,22,33

The increase in, and the type of pre-transplant dysbiosis noted

in the clinical studies that correlated with outcomes suggest that

factors that lead to dysbiosis could predict worse GVHD, but do

not directly demonstrate that dysbiosis by itself directly caused

GVHD. Nonetheless, it is possible, even if unlikely based on

our GF reconstitution experiments, that there might be a

threshold for the specific type, or degree of dysbiosis, beyond

which pre-transplant dysbiosis may cause or promote GVHD.

The change in specific bacteria (Enterococcus and reduction in

Blautia) has been hard to compare between different studies,

but nonetheless, all of the studies are broadly consistent with

reduction in obligate anaerobes and an increase in proportion

of aerotolerant microbiome following GVHD. Thus, the nature

of specific microbes and their impact in the context of the wider
(B) Representative image and the relative intensity of HIF1a immunohistochemical

(scale bars, 50 mm, N = 4).

(C) Egln3 (Phd3) mRNA expression of isolated colonic IECs from BMT recipients

(D) Representative image of immunoblot and the relative protein density for PHD3

(N = 4).

(E and F) Hif1afl/fl mice and Hif1afl/fl Vil1cre mice received BMT from BALB/c don

N = 6, Hif1afl/fl Vil1cre: N = 4).

(G–L) B6 received BMT fromBALB/c donor mice. BMT recipients were orally treat

and relative fluorescent intensity in colon from recipients 21 days after BMT (scale

recipients were analyzed by 16S rRNA gene sequencing. PCoA (H), inverse Simp

stool from recipients 21 days after BMT were shown (Allo B6 vehicle: N = 7, All

recipients (Allo B6 vehicle: N = 24, Allo B6 deferasirox: N = 10).

Representative plots and a graph summarizing the results of at least two indepe

tailed Mann-Whitney test (B, D, F, and L), or log-rank test (E and K) (mean ± SEM

See also Figure S6.
ecology will need to be assessed in future studies with GF mice

monocolonized or polycolonized with depletion of specific

microbe of interest to directly assess their pathogenic or benefi-

cial effects, alone, and in the context of other microbes. Howev-

er, our observations, regarding the hypoxia loss in GVHD and the

development of dysbiosis, are consistent across vendor source,

different strains, multiple model systems, and under different

experimental conditions from different institutions.

It remains unknown whether the degree of GVHD severity af-

fects microbiome contents in a specific manner. However, our

data, consistent with previous data, have shown that there is a

general loss of diversity. It remains to be determined whether

themeasurement such as the specific and absolute loss of diver-

sity can be consistently quantified and compared across

different patients and contexts, and to formally assess and rule

out that the degree of dysbiosis may directly cause GVHD. Addi-

tionally, the improvement of survival in cohousing experiments

could be confounded by the social, behavioral, or neurological

effects of cohabitation, besides, or in addition to, changes in mi-

crobiome. These potential variables will need to be investigated

in carefully designed future studies.

During homeostasis, despite being in a relative hypoxic envi-

ronment, intestinal metabolism is directed toward OXPHOS, re-

sulting in high epithelial oxygen consumption. Disruption of

OXPHOS in the IECs by alloreactive T cells, reduces oxygen con-

sumption.21 Our data now extend these observations and pro-

vides a potential novel therapeutic approach. It demonstrates

that increase in luminal oxygen makes the intestinal environment

less permissive for obligate anaerobes, thus promoting dysbio-

sis. The excess tissue oxygen levels is also corroborated by

lower expression of the O2 sensor HIF-1a in the IECs.34–36 It is

likely that the lack of O2 consumption might also contribute by

direct free radical injury to the IECs and increase GVHD severity.

Administration of oral iron chelator reduced excess luminal O2,

promoted physiological hypoxia, improved microbial diversity,

reduced dysbiosis, and ameliorated GI GVHD but did not alter

donor T cell immune responses in the host. Moreover, oral Fe

chelation also modestly improved GVHD survival in GF animals

demonstrating microbiome-independent effects. Thus, squelch-

ing of excess O2 by Fe chelation improved GI GVHD largely in a

microbiome-dependent, but also, to a modest degree, in a

microbiome-independent manner. The specific mechanisms

for microbiome-independent effects of Fe chelation on host tis-

sues, such as ferroptosis, will need further investigation.37,38
staining with intestinal tissue fromBMT recipients 21 days after BMT are shown

on day 21 after BMT (N = 3).

and b-actin with colonic IECs fromBMT recipients 21 days after BMT are shown

or. Survival rate (E) and clinical GVHD (F) score are shown (Hif1afl/fl allogeneic:

ed with deferasirox (20mg/kg) and vehicle every day. (G) Hypoxyprobe staining

bars, 50 mm). Four independent experiments were performed. Stool from BMT

son alpha diversity index of microbiome (I), and microbiome composition (J) in

o B6 deferasirox: N = 9). Survival rate (K) and clinical GVHD score (L) of BMT

ndent experiments are shown. Two-tailed unpaired t test (A, C, G, and I), two-

) were used to determine significance. *p < 0.05, **p < 0.01.
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Furthermore, Fe chelation likely impacts Fe availability to mi-

crobes directly affecting the structure of microbiome.39 None-

theless, our data thus provide a novel role for tissue O2 as a

mechanism for dysbiosis and Fe chelation as a therapeutic

target for amelioration of non-infectious immune-mediated in-

testinal diseases.

Limitations of the study
The study did not address the impact of alterations of oxygen

levels on the changes in specific bacterial genus and species.

This will need to be carefully dissected in future studies. The

lack of deleterious effects of dysbiosis on theGI tract of the hosts

were limited to a relatively short duration (6 weeks). The impact

on long-term GI or general health of the host will need to be ad-

dressed. The effect of the absence or variations in key host im-

mune cell functions such as cytokines, effector responses that

affect the host response to dysbiosis and on GVHD severity

was not addressed in this study. Iron chelation likely directly im-

pacts the host microbial ecology, such as alterations in sidero-

phore producers. Our study demonstrates a cause for dysbiosis

in murine models, but the direct relevance of intestinal ambient

oxygen levels to human GI GVHDwill need to be analyzed in pro-

spective human studies.
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PE anti-mouse CD274 (B7-H1, PD-L1) antibody BioLegend Cat# 124307, RRID:AB_2073557

PE anti-mouse IL-6 antibody BioLegend Cat# 504503, RRID:AB_315337

PerCP/Cyanine5.5 anti-mouse CD45.2 antibody BioLegend Cat# 109827, RRID:AB_893352

APC anti-mouse/human CD44 antibody BioLegend Cat# 103011, RRID:AB_312962

APC anti-mouse CD279 (PD-1) antibody BioLegend Cat# 135209, RRID:AB_2251944

APC anti-mouse IL-4 antibody BioLegend Cat# 504105, RRID:AB_315319

ROR gamma (t) Monoclonal Antibody

(AFKJS-9), APC,

Thermo Fisher Scientific Cat# 17-6988-82, RRID:AB_10609207

APC anti-mouse CD11c antibody BioLegend Cat# 117309, RRID:AB_313778

APC anti-mouse TNF-alpha antibody BioLegend Cat# 506307, RRID:AB_315428

APC/Cyanine7 anti-mouse CD4 antibody BioLegend Cat# 100413, RRID:AB_312698

HIF1A-human antibody GeneTex Cat# GTX127309, RRID:AB_2616089)

HIF Prolyl Hydroxylase 3 Antibody Novus Biologicals Cat# NB100-139, RRID:AB_2096716

Mouse Anti-Actin, beta Monoclonal Antibody,

Unconjugated, Clone mAbcam 8226

Abcam Cat# ab8226, RRID:AB_306371

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074, RRID:AB_2099233

HIF-1 alpha Antibody Novus Biologicals Cat# NB100-479, RRID:AB_10000633

Goat Anti-Rabbit IgG H&L (HRP polymer) abcam Cat# ab214880

Chemicals, peptides, and recombinant proteins

Ampicillin Sigma Aldrich Cat# A9393

Kanamycin sulfate Sigma Aldrich Cat# 60615

Metronidazole Sigma Aldrich Cat# M1547

Vancomycin Sigma Aldrich Cat# SBR00001

Neomycin Sigma Aldrich Cat# N1876

Deferasirox Sigma Aldrich Cat# SML2673-50

HBSS (10X), no calcium, no magnesium,

no phenol red

Gibco Cat# 14185052

(Continued on next page)
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Sodium bicarbonate Sigma Aldrich Cat# S6014

FBS GeminiBio Cat# 100-106

0.5 M EDTA Solution Lonza Cat# 51201

Red blood cell lysing buffer Sigma Aldrich Cat# R7757

DTT Gold Biotechnology Cat# DTT

Percoll PLUS GE Healthcare Cat# 17-5445

PMA Sigma Aldrich Cat# P1585

Ionomycin Sigma Aldrich Cat# I3909

LPS Sigma Aldrich Cat# L2654

Protein Transport Inhibitor Cocktail eBioscience Cat# 00-4980-03

IC Fixation Buffer eBioscience Cat# 00-8222-49

Permeabilization Buffer (10X) eBioscience Cat# 00-8333-56

RIPA Lysis and Extraction Buffer Thermo Scientific Cat# 89901

ECL Western Blotting Substrate Thermo Scientific Cat# 32106

Goat Serum, New Zealand origin Gibco Cat# 16210064

ImmPACT� DAB Substrate Kit, Peroxidase (HRP) VECTOR labolatories Cat# SK-4105

ProLong� Gold Antifade Mountant with DAPI Invitrogen Cat# P36931

Seahorse XF Media Agilent Cat# 102353-100

D-(+)-Glucose Sigma Aldrich Cat# G7021

FCCP abcam Cat# ab120081

Oligomycin A Sigma Aldrich Cat# 75351

Rotenone Tocris Cat# 3616

Antimycin A from Streptomyces sp. Sigma Aldrich Cat# A8674

Critical commercial assays

MagAttract PowerMicrobiome DNA/RNA EP QIAGEN Cat# 27500-4-EP

Quant-iT� PicoGreen� dsDNA Assay Kits

and dsDNA Reagents

Invitrogen Cat# P7589

MiSeq Reagent Kits v2 illumina Cat# MS-102-2003

NuPAGE� 4 to 12%, Bis-Tris, 1.0–1.5 mm,

Mini Protein Gels

Invitrogen Cat# NP0321BOX

Immobilon�-PSQ Membrane, PVDF, 0.2 m,

8.5 cm x 10 m roll

Millipore Cat# ISEQ85R

Hypoxyprobe-Red549 Kit Hypoxyprobe Cat# HP7

RNeasy Micro Kit QIAGEN Cat# 74004

High-Capacity cDNA Reverse Transcription

Kit with RNase Inhibitor

Applied Biosystems Cat# 4374966

Iron Assay Kit Sigma Aldrich Cat# MAK025

Deposited data

Code used for analysis for 16S rRNA sequencing:

https://doi.org/10.5281/zenodo.7401507.

zenodo https://doi.org/10.5281/zenodo.7401507.

Experimental models: Organisms/strains

Mouse: C57BL/6 Charles River Laboratories Cat# 027, RRID:IMSR_CRL:027

Mouse: BALB/c Charles River Laboratories Cat# 028, RRID:IMSR_CRL:028

Mouse: BDF1 Charles River Laboratories Cat# 099, RRID:IMSR_CRL:099

Mouse: B6.129S7-Rag1tm1Mom/J The Jackson Laboratories Cat# 002216, RRID:IMSR_JAX:002216

Mouse: BDF1 The Jackson Laboratories Cat# 100006, RRID:IMSR_JAX:100006

Mouse: B6.Cg-Tg(Vil1-cre)1000Gum/J The Jackson Laboratories Cat# 021504, RRID:IMSR_JAX:021504

Mouse: 129S1/SvImJ The Jackson Laboratories Cat# 002448, RRID:IMSR_JAX:002448

Mouse: C57BL/6NTac Taconic Biosciences Cat# B6 F, RRID:IMSR_TAC:b6

Mouse: BALB/cAnNTac Taconic Biosciences Cat# BALB-F, RRID:IMSR_TAC:balb

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Hif1afl/fl Gift from Yatrik M. Shah N/A

Oligonucleotides

RNA sequence, mouse Gapdh:

50-TGACCTCAACTACATGGTCTACA-30

and 50-CTTCCCATTCTCGGCCTTG-30

This paper N/A

RNA sequence, mouse Hif1a:

50-CAGTCACCTGGTTGCTGCAA -30

and 50-CAGTCACCTGGTTGCTGCAA -30

This paper N/A

RNA sequence, mouse Egln(Phd3):

50-TGCTGAAGAAAGGGCAGAAG -30

and 50-GCACACCACAGTCAGTCTTTA-30

This paper N/A

Software and algorithms

FlowJo BD https://www.flowjo.com, RRID:SCR_008520,

version 10.2

mothur Schloss et al.40 https://mothur.org/, RRID:SCR_011947,

version 1.40.2 and 1.42.3

LEfSe Segata et al.41 http://huttenhower.sph.harvard.edu/galaxy,

RRID:SCR_014609, version 1.1.2

ggpubr https://cloud.r-project.org/web/

packages/ggpubr/index.html

https://CRAN.R-project.org/package=ggpubr,

RRID:SCR_021139, version 0.4.0

ggplot2 Wickham42 https://cran.r-project.org/web/packages/ggplot2/

index.html, RRID:SCR_014601version 3.3.5

R R Foundation http://www.r-project.org/, RRID:SCR_001905,

version 4.1.3

ImageJ Schindelin et al.43 https://imagej.net/software/fiji/, RRID:SCR_003070,

version 1.53c

Seahorse Wave Desktop Software Agilent https://www.agilent.com/en/products/cell-

analysis/software-download-for-wave-

desktop, RRID:SCR_014526, version 2.6.1.53

Graph Pad Prism Graph Pad Software Inc http://www.graphpad.com/, RRID:SCR_002798,

version 8.0.0,

Excel2016 Microsoft https://www.microsoft.com/en-us/microsoft-

365/excel, RRID:SCR_016137, version 2105
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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, Reddy

Pavan (Pavan.Reddy@bcm.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Unprocessed 16s rRNA sequencing reads were deposited at the NCBI Short Read Archive (SRA) and are accessible via BioProject

PRJNA910578.

The code used for analysis for 16S rRNA sequencing is available at https://doi.org/10.5281/zenodo.7401507.

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

Mice
C57BL/6 (027, B6, H-2Kb, CD4+5.2), BALB/c (028, H-2Kd), and BDF1 (099, H-2Kb/d) were purchased from Charles River Labora-

tories. B6.129S7-Rag1tm1Mom/J(002216, Rag1-/-) mice, BDF1 (100006, B6D2F1/J), B6.Cg-Tg(Vil1cre)1000Gum/J mice(021504),
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and 129 (002448, 129S1/SvImJ) were purchased from the Jackson Laboratory. Taconic B6 (B6-F, C57BL/6NTac) and Taconic

BALB/c (BALB-F, BALB/cAnNTac) were purchased from Taconic. Hif1a-floxed mice (Hif1afl/fl, C57BL/6 background)44 containing

the loxP site were crossed with Vil1cre mice (C57BL/6 background) to generate intestinal epithelial cells specific HIF1a-null mice

(Hif1afl/fl Vil1-cre mice). Germ free (GF) C57BL/6 mice and Rag1-/- GF mice were raised and housed in ISOcage Positive isolators

(Techniplast) at the germ-free mouse facility at the University of Michigan. Germ-free status was verified by aerobic, anaerobic

cultures, and gram stain. 6-12 weeks old female mice used for experiments. All mice were kept under specific pathogen-free

(SPF) conditions or GF conditions and cared for according to regulations reviewed and approved by the University of Michigan

Committee on the Use and Care of Animals (PRO00009494), which are based on the University of Michigan Laboratory Animal

Medicine guidelines. Mouse studies from MSKCC followed the respective Institutional Animal Care and Use Committee guidelines

(99-07-025) and were kept under specific pathogen-free (SPF) conditions. B6 mice 6-8 weeks old were treated with 2 weeks of

antibiotics cocktail (ampicillin 1mg/ml (A9393, Sigma Aldrich) + kanamycin 1mg/l (60615, Sigma Aldrich) + metronidazole 1mg/ml

(M1547, Sigma Aldrich) + vancomycin 0.5mg/l (SBR00001, Sigma Aldrich) plus 3% stevia or ampicillin 1 mg/ml + neomycin

1mg/ml + metronidazole 1mg/ml + vancomycin 0.5mg/ml in filtered double distillated drinking water. BMT recipients were orally

treated with deferasirox (20mg/kg, SML2673-50, Sigma Aldrich) and vehicle every day until day21 after BMT. For the co-housing

experiments, mice were co-housed in a ratio of 1:1 naı̈ve mice, B6 Ab, and BMT mice respectively. For Figure 1A, Allo B6 and B6

were co-housed. For Figure 1G, SynB6 or Allo B6 were co-housed with B6Ab. For Figure 3A, the design of the experiment is

same as Figure 1A. For the fecal microbiota transplant, mice were gavaged by 10 doses of intestinal content from recipient mice

for 2weeks. Each gavage day one BMT mouse whole intestinal content was collected and homogenized in sterile PBS. 200ul of

the solution was gavaged to each recipient mouse.

Hematopoietic cell transplantation model
Transplantations were performed as previously described.31 Briefly, Splenic T cells from donors were enriched, and T-cell-depleted

BM (TCD-BM) was depleted of T cells by autoMACS (Miltenyi Biotec) utilizing CD90.2 microbeads (130-121-278, Miltenyi Biotec) or

CD5 microbeads (130-049-301, Miltenyi Biotec). The details of HCT model were described in Table S1. The mice were randomly

assigned to syngeneic, allogeneic or treatment groups in each experiment.

Colitis models
For the T-cell transfer induced colitis model, isolated splenic T cells fromB6mice were stained with DAPI (#422801, 1mM, Biolenged),

APC-Cy7 anti-CD4+ (560246, GK1.5, 1:100, BD Biosciences, San Jose, CA), APC anti-CD25 (101910, 3C7, 1:100, Biolegend), FITC

anti-CD4+4 (103006, IM7, 1:100, Biolegend) and PE anti-CD4+5RB (103308, C363-16A, 1:100, Biolegend). CD4++CD25-CD4+4-

CD4+5RBhi cells were sorted with the MoFlo Astrios cell sorter (Beckman Coulter) and intraperitoneally injected into Rag-1-/- SPF

or GF recipients.

METHOD DETAILS

Systemic and histopathological analysis of GVHD
Survival after HCT was monitored daily and assessed the degree of clinical GVHD weekly, as described in Table S2.45 Histopatho-

logical analysis of the liver, gastrointestinal (GI) tract, and lung, which are the primary GVHD target organs, was performed as

described utilizing a semi-quantitative scoring system implemented in a blinded manner by a single pathologist (C.L.).46 A pathology

scoring of GVHDwas used to assess the following abnormalities known to be associated with GVHD. Small intestine: villous blunting,

crypt regeneration, loss of enterocyte brush border, luminal sloughing of cellular debri, crypt cell apoptosis, outright crypt destruc-

tion, and lamina propria lymphocytic infiltrate; colon: crypt regeneration, surface coloncytes, colonocyte vacuolization, surface co-

lonocyte attenuation, crypt cell apoptosis, outright crypt destruction, and lamina propria lymphocytic infiltrate. The scoring system

denoted 0 as normal, 0.5 as focal and rare, 1.0 as focal and mild, 2.0 as diffuse and mild, 3.0 as diffuse and moderate, and 4.0 as

diffuse and severe. Scores were added to provide a total score for each specimen. Only after scoring was performed were codes

broken and data compiled. After scoring, the codes were broken, and the data compiled.

DNA extraction, 16S rRNA gene sequencing and data analysis
The University ofMichiganMicrobiome Core extracted DNA and prepared and sequenced the amplicon libraries. DNAwas extracted

using an Eppendorf EpMotion liquid handling system and the QiagenMagAttract PowerMicrobiome kit (previouslyMoBio PowerMag

Microbiome, 27500-4-EP, Qiagen) kit and protocol. DNA (1 ml) was quantified with the Quant-iT PicoGreen dsDNA Assay kit (p7589,

Invitrogen).

The University of Michigan Microbiome Core prepared and sequenced the amplicon libraries. Extracted DNA was amplified with

dual-index primers targeting the V4 region of the 16S rRNA gene, as previously described47 with the following PCR conditions: 2 min

at 95�C, 30 cycles x [95�C for 20 s, 55�C for 15 s, and 72�C for 5 min], followed by 72�C for 10 min. Libraries were prepared as

previously described,48 with minor modifications: the final library concentration was 5.5 pM and 15% PhiX spike-in was added

to increase diversity. Sequencing was performed on an Illumina MiSeq using the 500 cycles MiSeq Reagent Kit V2 (catalog no.

MS-102-2003) with modifications described in the Schloss MiSeq SOP.47
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Paired-end 16S V4 sequences were processed using the software Mothur40 (version 1.40.2 for first sequencing run, version 1.42.3

for subsequent run). The Schloss MiSeq SOP47 as of August 2019 was followed to reduce PCR and sequencing errors. The se-

quences were aligned to a reference alignment based on SILVA release 132. After pre-clustering and chimera removal with vsearch,

the remaining sequences (as well as the OTUs later) were classified to RDP taxonomy49 based on RDP training set no 16.50 The bac-

terial 16S V4 sequences were phylotyped into genus bins to make community composition bar plots and clustered into 97% identity

OTUs, with OTU abundance compiled for subsequent statistical analysis. These steps also followed the Schloss MiSeq SOP. Based

on OTU abundance, PCoA was plotted and alpha diversity estimated with inverse Simpson. Differentially abundant taxa were deter-

mined with LEfSe version 1.1.241; cladograms and LDA scores of LEfSe results were plotted using the same software.

The relative abundance of bacterial OTUs grouped by oxygen sensitivity were compared by summing the relative abundance of

known obligate anaerobes (Actinomyces, Bacteroides, Clostridium, Faecalibacterium, Blautia, Ruminococcus, Parabacteroides,

and Bifidobacterium), facultative anaerobes (Escherichia/Shigella, Klebsiella, Salmonella, Enterococcus, Lactobacillus, and Staph-

ylococcus), and unclassified. Differences in relative abundance between experimental groups were evaluated with Wilcoxon signed-

rank tests using the ggpubr (version 0.4.0) and ggplot243 (version 3.3.5) R packages in R version 4.1.3. Unprocessed 16s rRNA

sequencing reads were deposited at the NCBI Short Read Archive (SRA) and are accessible via BioProject PRJNA910578. The

code used for analysis for 16S rRNA sequencing is available at https://doi.org/10.5281/zenodo.7401507.

Intestinal epithelial cells and intraepithelial cells isolation
Luminal contents from dissected colon and ileum were flushed with CMF buffer; Ca2+/Mg2+ free HBSS (14185052, Thermo Fisher

Scientific) supplemented with 25mM sodium bicarbonate (S6014, Sigma-Aldrich) and 2% FBS (100-106, Gemini Bio Products,

USA). Intestines were then minced into 5mm pieces, washed with CMF buffer four times, transferred to CMF with 5mM EDTA

(51201, Lonza), and incubated at 37 �C for 40 minutes (shaking tubes every 10 minutes). Supernatants containing IECs were then

transferred through 100 mM cell filter followed by incubation on ice for 10 minutes to allow sedimentation. Supernatants were again

transferred through a 75 mM cell filter.

Preparation of lymphocytes single cell suspension and flow cytometry
Systemic lymph nodes (axillary and inguinal), mesenteric lymph nodes and spleens were mechanically disrupted. Red blood cells

were lysed (R7757, Sigma-Aldrich). For intra epithelial lymphocytes (IEL) isolation, intestines were minced in HBSS buffer

(141850, Gibco) supplemented with 2.5% heat-inactivated FBS (100-106, Gibco) (HBSS+) and washed with magnetic stirring at

37�C. Intestine pieces were then incubated in HBSS+/1 mM DTT (DTT, Gold Biotechnology) at 37�C followed by additional washes

and incubation in HBSS+/1mM EDTA (51201, Lonza). The supernatant was then layered on a 75%/40% Percoll Plus (17-5445, GE

Healthcare) gradient to collect enriched IELs.

Single cell suspensions were resuspended in FACS wash buffer (2% bovine serum albumin in PBS). Cells were stained with con-

jugated monoclonal antibodies (mAbs): fluorescein isothiocyanate (FITC)–conjugated mAbs to CD8+ (100705, clone 53-6.7,

BioLegend), IL-17A (506907, clone TC11-18H10.1, BioLegend), CD25 (101907, clone 3c7, BioLegend), CD11c (117305, clone

N418, BioLegend) and CD8+0 (104705, clone 16-10A1, Biolegend); phycoerythrin (PE)-conjugated mAbs to CD62L (104407, clone

MEL-14, BioLegend), CD69 (104507, clone H1.2F3, BioLegend), IFNg (505807, clone XMG1.2,BioLegend), FoxP3 (126403,

clone MF-14, BioLegend), CD4+0 (553791, clone 3/23, BD Pharmingen), CD274 (124307, PD-L1, clone 10F.9G2, BioLegend),

IL-6 (504503, clone MP5-20F3, BioLegend); PerCP-Cy5.5 to CD4+5.2 (109827, clone 104, BioLegend); APC-conjugated mAbs to

mouse CD4+4 (103011, clone IM7, BioLegend), CD279 (PD-1, 135209, clone 29F.1.A12, BioLegend), IL4 (504105, clone 11B11,

BioLegend), RORgt (17-6988-82, clone AFKJS-9, Invitrogen), CD11c (117309, clone N418, BioLegend), TNFa (506307, clone

MP6-XT22, BioLegend); and APC-Cy7 to CD4+ (100413, clone GK1.5, BioLegend). For cytokine analysis, cells were treated with

RPMI containing 10% FBS, phorbol 12-myr-istate 13-acetate (PMA) (10 ng/mL, P1585, Sigma-Aldrich)/Ionomycin (1mM, I3909,

Sigma-Aldrich) cocktail or lipopolysaccharide (LPS, 500ng/mL, L2654, Sigma-Aldrich) in the presence of protein transport inhibitor

cocktail (X500, 00-4980-03, eBioscience) at 37�C for 6 hours. For intracellular staining, cells were fixed with FoxP3 staining buffer

set (FoxP3 and RORgt) or IC fixation buffer (for cytokines, 00-8222-49, eBioscience) and permeabilized with permeabilization buffer

(00-8333-56, eBioscience) according to the manufacturer protocol. Cells were analyzed using the Attune NxT flow cytometer.

Immunoblot analysis
Isolatedmitochondria or IECs were lysed in RIPA buffer (89901, Thermo Scientific). Equal amounts of proteins were loaded on 4-12%

SDS-PAGE gel (NP0321, Invitrogen), electrophoresed and subsequently transferred to a PVDFmembrane (ISEQ85R, Millipore) using

a Bio-Rad semi-dry transfer cell (20 V, 1 h). Blots were incubated with anti-HIF1a (GTX127309, polyclonal, 1:1000, GeneTex), anti-

PHD3 (NB100-139, 1:1000, Novus Biologicals), and anti-b actin (8226, mAbcam8226, 1:3000, Abcam) primary antibodies overnight

at 4oC. Incubation with secondary anti-rabbit-HRP (7074S, Cell Signaling Technology) was performed at room temperature for 1

hour. Bound antibody was detected using Super Signal ECL substrate (32106, Thermo Scientific) and quantitated using

ChemiDoc MP Imaging system (BioRad). Densitometric analysis was performed using Image J42 (v 1.53c).

Immunohistochemistry staining
For Hif1a staining, colonic tissues were processed, embedded in paraffin, and cut into 5 mm sections. Slides were de-paraffinized,

and heat-induced antigen retrieval was performed with 10 mM sodium citrate buffer. Endogenous peroxidases were quenched with
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3.0% hydrogen peroxide for 15 min. Primary anti-Hif1 a (NB100-479, Novus Biologicals) was diluted 1:200 in PBST containing 10%

goat serum (16210064, Thermo Fisher Scientific) and incubated for 60 min at room temperature. Bound anti-body was detected

using an anti-rabbit HRP labeled polymer (ab214880, abcam) incubated for 30 min and ImmPACT DAB (SK-4105, VECTOR labola-

tories). Slides were then counterstained with hematoxylin, dehydrated, and covered. For hypoxia staining, recipient mice were

administered pimonidazole (PMDZ, HP7) from Hypoxyprobe, Inc. by intraperitoneal injection 30 min prior to sacrifice. Colon and

ileum samples were paraffin-embedded and stained according to the manufacturer’s instructions and counterstained with DAPI

(P36931, Thermo Scientific).51

Seahorse analysis
IECs were resuspended with complete seahorse XF assay medium (103335-100, Aglient) with 17.5 mM glucose (G7021, Sigma-

Aldrich), 1 mM sodium pyruvate (S8636, Sigma-Aldrich), 2 mM glutamine (GLL02, Caisson Labs), 2 %BSA (BP1600-100, Fisher

Scientific), 10uM Y-27632 and 1% penicillin-streptomycin (516106, Sigma-Aldrich) adjusted to pH 7.4. Cells were plated at

8 3 104 cells per well in a Seahorse assay plate, pretreated with matrigel (354262, Corning). Cells were equilibrated to 37 �C for

30 min before assay. Respiration profile was assessed in 96XF instrument with Mitostress assay as indicated upon cell treatment

with 5 mM FCCP (ab120081, abcam), 7.5mM oligomycin A (75351, Sigma-Aldrich), 4mM Rotenone (3616, Tocris), and 4mM antimycin

A (A8674, Sigma-Aldrich). Seahorse Wave Desktop Software (version 2.6.1.53) was used for data analysis.

Measurements of oxygen concentration in colonic mucosa
C57BL/6 mice post HCT day7 and day 21 were subject to be determined oxygen concentration levels in the colonic mucosa. The

oxygen Pst1 optode microsensors (Presens) at the tip of a fiber optic cable were used. The optode was inserted into the mouse’s

colon at a depth of one to three cm via an endoscope (Karl Storz). Before oxygen measurements, mice were anesthetized with

4% isoflurane and then received 2% isoflurane during the oxygen measurement. The colon was insufflated with nitrogen gas to

expunge both extraneous oxygen and oxygen that had leached into the rectumwhen insertion of the endoscope. Visual assessments

of when the microsensor contacted with the colonic mucosa using a camera attached to the endoscope. Oxygen concentrations

were recorded with a PreSens Microx TX3 Trace Micro fiber optic O2 transmitter and Presens’ Oxyview TX3 v. 5.31 software using

default parameters. Prior to measurements, a two-point calibration of the microsensor was conducted with air-saturated water and

100 ml of anoxic water that was attained by the addition of one gram of sodium sulfite (Acros Organics) and 50 mL of 500 mM cobalt

nitrate solution (Acros Organics). Mouse body was kept on a 37�C heating pad with a Gaymar T-pump system. To prepare the colon

for imaging, the colon was flushed with water. Oxygen concentration readings from the mucosa that remained stable for at least 30

seconds were recorded. Readings from three to five locations in the colon were then obtained for each mouse; readings from each

location were subsequently averaged to obtain a mean oxygen concentration for each mouse.52

RNA isolation and RT-PCR
RNA isolation and RT-PCR: Total RNA from single-cell suspensions was isolated using the RNeasy Kit (74104, QIAGEN) and reverse

transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (4374966, Applied Biosystems). The following

primers and PowerUP SYBR green polymerase were used to detect the following transcripts:; 50-TGACCTCAACTACATGGTC

TACA-30 and 50-CTTCCCATTCTCGGCCTTG-30 (Gapdh), 50-CAGTCACCTGGTTGCTGCAA -30 and 50-CAGTCACCTGGTTGCTG

CAA -30 (Hif1a), 50-TGCTGAAGAAAGGGCAGAAG -30 and 50-GCACACCACAGTCAGTCTTTA-30 (Egln: Phd3). All reactions were per-

formed according to manufacturer’s instructions. All primers were verified for the production of a single specific PCR product via

melting curve analysis

Quantification of iron in intestinal content
The intestinal content in colon and ileum from allogeneic recipient mice were collected after euthanized. Then, the intestinal contents

were processed according to the manufacturer‘s instruction of Iron Assay Kit (MAK025, Sigma-Aldrich).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using Graph Pad Prism (v8.0.0, Graph Pad Software Inc) and Excel2016 (version2105) to do

the graph figures and statistics. P values <0.05 were considered as significant: P values >0.05 were considered as non-significant

(* p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001). All sample sizes and statistical tests used are detailed in each figure legend. All

replicates are biological replicates. No data were excluded. All experiments in vitro and in vivo were performed twice or more than

twice. Data shown as ±SEM according to figure legend.
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