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Abstract

The efficacy of allogeneic hematopoietic stem cell transplantation (allo-HSCT) is limited by 

acute and chronic graft-versus-host disease (GVHD). The impact of obesity on allo-HSCT 

outcomes is poorly understood. Here, we report that obesity had a negative and selective impact 

on acute gut GVHD after allo-HSCT in mice with diet-induced obesity (DIO). These animals 

exhibited increased gut permeability, endotoxin translocation across the gut, and radiation-induced 

gastrointestinal damage after allo-HSCT. After allo-HSCT, both male and female DIO mouse 

recipients showed increased pro-inflammatory cytokine production and expression of the GVHD 

marker ST2 (IL-33R) and MHC class II molecules; they also exhibited decreased survival 

associated with acute severe gut GVHD. This rapid onset, obesity-associated gut GVHD depended 

on donor CD4+ T cells and occurred even with a minor MHC mismatch between donor and 

recipient animals. Retrospective analysis of clinical cohorts who received allo-HSCT transplants 

from unrelated donors revealed that recipients with a high body mass index (BMI > 30) 

had reduced survival and higher serum ST2 concentrations compared to non-obese transplant 

recipients. Assessment of both DIO mice and allo-HSCT recipients with a high BMI revealed 

reduced gut microbiota diversity and decreased Clostridiaceae abundance. Prophylactic antibiotic 

treatment protected DIO mouse recipients from endotoxin translocation across the gut and 

increased inflammatory cytokine production, as well as gut pathology and mortality but did 

not protect against later development of chronic skin GVHD. These results suggest that obesity­

induced alterations of the gut microbiota may impact GVHD after allo-HSCT in DIO mice, which 

could be ameliorated by prophylactic antibiotic treatment.

One-sentence summary:

Obesity and an altered gut microbiota are associated with worsened acute graft-versus-host disease 

outcomes in mice and humans.

Editor’s Summary:

Influencing stem cell transplant outcomes
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Khuat et al. demonstrate that obesity worsens acute graft-versus-host disease (GVHD) outcomes 

in both mice and humans following allogeneic hematopoietic stem cell transplantation (allo­

HSCT). Using a diet-induced obese (DIO) mouse model, the authors observed increased lethal 

GVHD targeting the gut. DIO mice had increased gut permeability, endotoxin translocation into 

the bloodstream and pro-inflammatory cytokine production, which correlated with reduced gut 

microbiota diversity. Manipulating the gut microbiota by antibiotic treatment partially protected 

DIO mice from lethal GVHD after allo-HSCT. Clinically, the authors found that patients with a 

high body mass index showed decreased gut microbiota diversity and poorer overall survival after 

allo-HSCT.

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) remains a widely used 

curative option for treating various hematologic diseases ranging from aplastic anemia 

to cancer. However, the high incidence of acute and chronic graft-versus-host disease 

(GVHD) remain major barriers associated with this approach (1). Acute GVHD (aGVHD) is 

caused by an inflammation-driven and often rapid multi-organ attack by donor T cells, 

whereas chronic GVHD (cGVHD) has a delayed onset and is dominated by fibrosis. 

The pathophysiologies of acute and chronic GVHD are distinct, but the mechanisms are 

not exclusive of one another. Central to both are immune-driven processes initiated by 

donor T cells in the recipient. Obesity has reached pandemic proportions with more than 

one-third of U.S. adults classified as obese with a body mass index (BMI) of 30 or higher 

(2). The impact of obesity on HSCT outcomes, either allogeneic or autologous, has been 

conflicting in part due to the numerous and constantly changing variables impacting HSCT 

regimens and the increasing age of recipients, particularly when HSCT is used for the 

treatment of malignancies. Limited sample size also contributes to lack of a clear effect 

of obesity on HSCT outcomes. One clinical study showed that the mortality rate after 

autologous HSCT (auto-HSCT) was lower in overweight and obese patients compared to the 

mortality rate in normal weight patients (3). Another study showed that pre-transplantation 

BMI was associated with a significantly greater risk of grade II-IV aGVHD in patients 

undergoing allo-HSCT (4). However, obesity has also been reported to be associated with 

higher survival rates after allo-HSCT (5), making definitive conclusions difficult. The 

increasing incidence of obesity among patients requiring HSCT, given recent reports that 

obesity in certain instances can result in increased survival following cancer treatments or 

immunotherapy has necessitated careful dissection of its impact (6, 7). This is particularly 

the case with preclinical assessment, because studies have only assessed obesity in the 

context of immune reconstitution and hematopoietic recovery following syngeneic HSCT 

(8, 9). Therefore, preclinical evaluation of obesity using different murine models, combined 

with correlation using clinical data in allo-HSCT, would enable mechanistic understanding 

of the impact of obesity and assessment of possible therapeutic interventions.

Obesity results in sterile, chronic inflammation, termed “meta-inflammation”, which has 

multiple effects both on immune cells and parenchymal tissues (10). In addition to 

obvious metabolic and hormonal effects, which can be exacerbated over time, there are 

strong immunomodulatory effects associated with obesity in which pro-inflammatory innate 
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pathways are augmented concurrently with suppressed adaptive immune responses. Previous 

studies with a diet-induced obese (DIO) mouse model reported that strong systemic immune 

stimulation, applied even in the absence of transplantation, resulted in a large macrophage­

driven increase in cytokine production culminating in multi-organ pathology and death 

(11–13). However, in contrast, other reports examining obesity’s impact during cancer 

immunotherapy involving immune checkpoint blockade surprisingly described increased 

anti-tumor effects and overall survival in cancer patients (6, 7). In one study, the improved 

outcome for obesity was observed in both mouse preclinical models and human clinical 

trials (7), suggesting that, although obesity may be deleterious to human health in the long 

term, certain situations may be exist for which the meta-inflammatory state and increased 

nutrient stores are beneficial. We therefore examined the impact of obesity following allo­

HSCT on GVHD pathogenesis.

In this study, we set out to examine the impact of obesity following allo-HSCT on 

GVHD pathogenesis in mice and humans. We observed that DIO mice had increased gut 

permeability and endotoxin translocation across the gut as well as reduced gut microbiota 

diversity. Following allo-HSCT in the DIO mice, these changes resulted in accelerated 

aGVHD manifested by gastrointestinal (GI) tract pathology. DIO mice experienced severe 

aGVHD in an aGVHD model where donor and recipient mice had a major mismatch of 

major histocompatibility complex (MHC) antigens, and also in a cGVHD sclerodermatous 

model where donor and recipient mice had a minor histocompatibility antigen mismatch 

that normally does not result in aGVHD. In both mouse models, pathological assessment 

revealed substantial GI tract pathology in DIO mice correlating with lethality. The gut 

pathology depended on CD4+ T cells, because lethal aGVHD was not induced in recipients 

receiving CD8+ T cells alone or in CD8+ T cell-dependent GVHD models. Analysis of 

a clinical cohort of patients undergoing allo-HSCT showed better overall survival (OS) in 

patients with a BMI less than 30. Our results suggest that obesity has an adverse effect on 

outcomes in mice and humans after allo-HSCT.

RESULTS

Obesity exacerbates GI aGVHD in a MHC-mismatched GVHD mouse model

Control or DIO C57BL/6 mice were fed a 10%-fat diet or 60%-fat diet, respectively for 4 

to 6 months. DIO mice were heavier (fig. S1A), and the distribution of body fat differed 

between the two cohorts (Fig. 1A). Although DIO mice did not exhibit major metabolic 

dysfunction, they had significantly increased serum glucose concentrations compared to 

control mice (fig. S1B, p<0.0001). To initially assess the impact of obesity on GVHD, we 

used a total MHC-mismatch strain combination in which lethal aGVHD occurs affecting 

gut, liver, and skin (14). The mouse model involves transplantation of donor BALB/c (H-2d) 

bone marrow cells and purified T cells into lethally-irradiated control or DIO C57BL/6 

recipients (H-2b) and we refer to this model as “BALB/c → C57BL/6 + T” (Table 1). 

The DIO recipients uniformly and rapidly succumbed to aGVHD within the first week 

after allo-HSCT; whereas the control mice developed aGVHD more slowly and some 

survived for more than 30 days (Fig. 1B–C and fig. S1C). Gross morphology indicated 

severe GI tract damage, and histological assessment showed markedly augmented aGVHD 
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pathology, specifically in the GI tract and not in the liver (Fig. 1D–G and fig. S1D). Serum 

cytokine measurements and quantification of gene expression demonstrated increased pro­

inflammatory cytokines (IL-6 and TNF), as well as increased serum concentrations of the 

GVHD marker ST2, a marker of GI tract GVHD (15, 16), in the DIO recipients following 

allo-HSCT (Fig. 1H–J). There was marked expansion of donor CD4+ T cells, but not CD8+ 

T cells, in the mesenteric lymph nodes of the DIO recipients compared to the controls (Fig. 

1K and fig. S1E). These data indicated that, in a model of aGVHD, obesity augmented 

lethal gut aGVHD pathogenesis, which was accompanied by CD4+ T cell expansion and 

overproduction of pro-inflammatory cytokines.

Obesity induces GI aGVHD even in mouse strain combinations where only delayed chronic 
skin GVHD normally occurs

Aside from differences in kinetics, aGVHD and cGVHD are delineated by different 

pathophysiological pathways with aGVHD characterized by inflammatory pathology and 

cGVHD by fibrotic pathology (1). The MHC-matched but minor histocompatibility antigen 

mismatch strain combination of B10.D2 (H-2d) donor cells into lethally-irradiated BALB/c 

recipients (H-2d) has been well-described for the delayed development of sclerodermatous 

fibrotic cGVHD in the skin that does not affect other organs (17, 18). We assessed GVHD 

outcomes of control and DIO BALB/c recipients (fig. S2A–B). Whereas control recipients 

developed the typical delayed sclerodermatous skin GVHD (Fig. 2A–C), BALB/c DIO 

recipients succumbed to a rapidly lethal gut GVHD (Fig. 2D), resembling the rapidity and 

severity observed in the DIO recipients in the BALB/c → C57BL/6 + T model (Fig. 1, 

Table 1). Clinical symptoms of the BALB/c DIO mice were consistent with aGVHD and 

included diarrhea, body weight loss, ruffled fur, and severe hunching (Fig. 2E and fig. 

S2C). This rapid appearance of lethal, acute gut GVHD occurred in both male and female 

DIO recipients; both sexes rapidly succumbed (Fig. 2F and fig. S2D). In contrast, control 

recipients of either sex had a nonlethal sclerodermatous skin cGVHD that appeared 20 days 

after allo-HSCT (fig. S2E). Similar to the DIO recipients in the BALB/c → C57BL/6 + 

T model (Fig. 1D, E), the GI tract of the BALB/c DIO mice had an markedly abnormal 

histological structure in the small intestine and colon with the destruction of the epithelial 

mucus layer and GI crypts (Fig. 2G,H). This aGVHD lethality resulted from damage to the 

GI tract, and there was no evidence of liver pathology (Fig. 2I, J and fig. S2F). Increased 

pro-inflammatory cytokines (IL-6 and TNF) were also observed, as well as increases in ST2 

(Fig. 2K–M), consistent with previously published data (15, 16).

We assessed if the increased lethality following allo-HSCT in the DIO mice was related to 

the high-fat diet rather than an increase in body weight. We compared outcomes of mice fed 

a high-fat or low-fat diet for 1 month or 4 months. Short-term consumption of the high-fat 

diet increased body weight (fig. S2G) but did not result in obesity and lethal aGVHD as was 

seen in the DIO mice fed a high-fat diet long-term (fig. S2G–I). Instead, the post allo-HSCT 

survival and inflammatory cytokine profiles of the mice fed a short-term high-fat diet were 

similar to those of mice fed a low-fat diet.

Consistent with the dependency of this aGVHD model on CD4+ T cells (19), the BALB/c 

DIO recipients had increased numbers of donor CD4+ T cells and not CD8+ T cells (Fig. 2N 
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and fig. S2J). Correlating with the increased pro-inflammatory cytokines in the serum and 

ST2 in the GI tract, the donor T cells in the DIO mice had more proliferation capability (fig. 

S3A–B). Within the CD4+ T cells in the mesenteric lymph nodes, most were T helper type 

1 (TH1), detected as T-bet+ cells, and T helper 17 (TH17), detected as RORγt+ cells (fig. 

S3C–D).

Taken together, the results from the BALB/c→C57BL/6 + T mouse model and the 

B10.D2→BALB/c + SC mouse model demonstrated that obesity altered the GVHD 

paradigm, regardless of recipient strain. Furthermore, obesity shifted GVHD pathogenesis 

from the typical skin cGVHD into a lethal rapid GI tract aGVHD associated with CD4+ T 

cell expansion and increased production of cytokines.

Obesity correlates with worse GVHD outcomes in adult patients after allo-HSCT

To build on the preclinical data demonstrating higher GVHD induction with obesity, GVHD 

outcomes in adult patients who underwent unrelated allogeneic HSCT at the University of 

Minnesota were stratified based on their BMI before allo-HSCT (Fig. 3A and table S1). The 

results showed that transplant-related mortality (TRM) at 1 year was ~ 5 times higher in 

patients with BMI >30 (26%) versus those with BMI < 30 (5%) (Fig. 3B). We also evaluated 

the patient cohort using the serum ST2 marker at baseline, that is, before conditioning 

chemotherapy or radiation prior to transplant, and BMI. We separated the cohort into two 

groups: One group had BMI > 30 and high baseline ST2, which we established as > 35 

pg/ml using recursive partitioning to set the threshold, the other group had a baseline ST2 

below this threshold. Baseline ST2 alone was not associated with survival (fig. S4), but 

patients who were both obese (BMI>30) and had a high baseline ST2 had markedly worse 

survival: 36% at 1 year versus 81% survival for all others (Fig. 3C). Histological assessment 

also revealed significantly worse GVHD severity in patients with BMI > 30 (Fig. 3D). 

Analysis of GVHD serum marker ST2 (15) with an unrelated allo-HSCT patient cohort 

(Tisch Cancer Institute at Mount Sinai) at day 7 post allo-HSCT also showed increased 

ST2 concentrations in obese patients (BMI >30) compared to those with BMI less than 30 

(table S1 and Fig. 3E–F). These results indicated that the clinical outcome data mirrored our 

preclinical findings showing that obesity correlated with poorer outcomes after allo-HSCT.

Donor CD4+ T cells mediate gut aGVHD in obese mouse recipients

GVHD induction using either the B10.D2-->BALB/c or BALB/c-->C57BL/6 strain models 

(Table 1) depends on donor CD4+ T cells (14, 17, 20). To verify that CD4+ T cells 

were responsible for increased aGVHD pathology in the DIO recipients, allo-HSCT was 

performed comparing transfer of bone marrow with whole splenocytes, or purified CD8+ 

T cells only, or purified CD4+ T cells only in the B10.D2→BALB/c model (Table 1). 

CD8+ T cell transfer did not result in any aGVHD in the DIO recipients (Fig. 4A–C). In 

contrast, transplant with either whole splenocytes (Fig. 4A–C) or CD4+ T cells (fig. S3E–F) 

resulted in lethal aGVHD but only in the DIO mice. To confirm the requirement for CD4+ 

T cell responses in gut aGVHD in the DIO recipients, we used another minor mismatch 

strain combination consisting of C3H.SW-->C57BL/6 (Table 1), which results in aGVHD 

affecting liver and skin mediated solely by CD8+ T cells (18, 20–22). The DIO and control 

recipients were transplanted with either total T cells (CD4+ and CD8+) or CD8+ T cells 
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alone (18). Using the C3H.SW->C57BL/6 model, the transfer of donor CD8+ T cells or total 

T cells into either DIO or control recipients resulted in comparable skin aGVHD (Fig. 4C–E 

and fig. S5A). In contrast to when MHC allogeneic donors (BALB/c) were used in these 

recipients (Fig. 1), there was no evidence of gut pathology or increased cytokine production 

in the DIO recipients of either CD8+ T cells or total T cells (Fig. 4F–H and fig. S5A–B). 

Histological assessment revealed comparable liver GVHD pathology both in control and 

DIO mice (fig. S5A, C, D, E). These results indicate that obesity may have predisposed the 

recipient mice to gut aGVHD mediated by donor CD4+ T cells.

Obesity increases gut permeability and epithelial cell apoptosis after cytoreductive 
conditioning

Either a “Western diet” (high fat, high sugar) or a high-fat diet alone predisposes mice 

to increased intestinal permeability (23–25). Given the specific targeting of the GI tract 

by aGVHD in the obese recipients, we examined the impact of a high-fat diet on 

aGVHD induction and the role of the cytoreductive conditioning regimen (total body 

irradiation, TBI). DIO mice displayed increased intestinal permeability and translocation 

of lipopolysaccharide (LPS) indicated by higher LPS-binding protein (LBP) and endotoxin 

concentrations in the serum of DIO versus control mice on day 2 after irradiation (Fig. 

5A, B). There were also increases in apoptotic cells in the intestines of DIO mice within 

48 hours of irradiation (Fig. 5C–F). There was also evidence of increased activation of the 

innate immune system with marked dendritic cell (DC) activation, indicated by increased 

MHC staining, in the DIO BALB/c mouse recipients following allo-HSCT (Fig. 5G–H 

and fig. S6A–B). Compared to CD4+ T cell transplantation in control mice, transplantation 

with CD8+ T cells in control mice resulted in a decreased number of activated DCs in the 

mesenteric lymph nodes (fig. S6C–D). These data suggest that obesity predisposed mice to 

increased intestinal permeability and cellular apoptosis following cytoreductive conditioning 

by irradiation, which resulted in increased activation of antigen-presenting DCs in the 

intestine after allo-HSCT.

Obesity correlates with a less diverse gut microbiota and GVHD-associated bacterial taxa 
in mice

The gut microbiota impacts not only cancer immunotherapy but also GVHD and HSCT 

outcomes (26, 27). High-fat diet consumption and obesity alter the gut microbiota (24, 28); 

therefore, we assessed the gut microbiota profiles in mice fed a short-term low-fat versus 

high-fat diet, as well as the gut microbiota profiles of DIO mice versus control mice in 

two mouse strains. The gut microbiota profiles of DIO BALB/c and DIO C57BL/6 mice 

before allo-HSCT were remarkably similar in terms of multiple taxonomic units (Fig. 6A). 

All DIO mice exhibited a distinct and less diverse gut microbiota profile compared to the 

control mice (Fig. 6B–C). Short-term consumption of a high-fat diet by BALB/c mice also 

resulted in a distinguishable change in gut microbiota profile (fig. S7A–B) and reduced gut 

microbiota diversity compared to mice fed a low-fat diet for the same period of time (fig. 

S7C–D).

The abundance of the family Clostridiaceae correlates with improved GVHD outcomes (27). 

We found this family of bacteria was reduced in both DIO BALB/c and DIO C57BL/6 
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mice compared to the controls (Fig. 6D–E, fig. S8A) and in mice fed a short-term high-fat 

diet compared to mice fed a low-fat diet (fig. S7E). In contrast, the relative abundances of 

GVHD-associated Akkermansia muciniphila (26, 29) were increased in BALB/c mice fed a 

short-term high-fat diet compared to mice fed a low-fat diet (fig. S7F), and in DIO BALB/c 

mice compared to the control BALB/c mice (Fig. 6A, fig. S8A). The relative abundance 

of Enterococcus, the genus that is mainly found post allo-HSCT and correlates with poor 

GVHD outcomes (30), significantly increased in the fecal samples from DIO mice post 

allo-HSCT compared to the controls (Fig. 6F, p=0.0096).

In a different patient cohort from the University of Minnesota (table S2), we evaluated 

the pre-HSCT gut microbiota profile of patients stratified by BMI. Although we did not 

observe a significant difference in gut microbiota profiles or diversity using a BMI of 30 as 

the cut-off (fig. S8B–C), we found significant microbiota alterations in obese patients with 

BMI > 30 compared to lean patients with a BMI < 25 (Fig. 6G, p < 0.05). Gut microbiota 

sequencing analysis pre-HSCT demonstrated a significant decrease of microbial diversity 

and a distinct profile in obese patients compared to lean patients (Figure 6G and fig. S8D–

E), and also a significantly lower abundance of genus Clostridium in obese patients (Fig. 

6H), consistent with a well-described risk factor for worse GVHD outcomes post-HSCT (31, 

32). These consistent gut microbiota patterns between obese mice and humans suggested 

that gut microbiota profiles as well as body fat composition may be contributing factors to 

the increase in gut aGVHD observed in DIO mouse recipients after allo-HSCT.

Prophylactic antibiotic treatment before transplant ameliorates aGVHD but not cGVHD in 
DIO mouse recipients

Given these gut microbiota differences between control and DIO mice, as well as the 

increased endotoxin translocation from the gut into the bloodstream in the DIO mice after 

total body irradiation, we hypothesized that prophylactic antibiotic administration could 

be protective provided enough time was given for restoration of intestinal permeability 

before allo-HSCT. Using the B10.D2→BALB/c + SC model, DIO and control mice were 

given a regimen of antibiotics (ampicillin, vancomycin, and neomycin) two weeks before 

HSCT, which is comparable to several months treatment in humans. Prophylactic antibiotic 

administration did not affect donor cell engraftment (fig. S9) and markedly ameliorated 

GVHD lethality; ~50% of DIO mice were protected from the rapid lethality that occurred in 

untreated DIO mice (Fig. 7A–B).

Gut microbiota assessment revealed distinct gut microbiota profiles in control mice, DIO 

mice, and DIO mice treated with antibiotics without irradiation and transplantation for 

both BALB/c and C57BL/6 mouse strains (Fig. 7C and fig. S10A–B). Whereas the 

gut microbiota of DIO mice displayed dominance of the GVHD-associated Akkermansia 
muciniphila (29) species, antibiotic treatment reduced the relative proportion of this strain 

in the gut microbiota before and after allo-HSCT (Fig. 7D). Bacterial load was significantly 

reduced in DIO mice after antibiotic administration (Fig. 7E). Furthermore, antibiotic 

treatment reduced the amounts of pro-inflammatory cytokines, ST2, and endotoxin in 

recipient DIO mice (Fig. 7F–H). Compared to untreated recipient DIO mice, antibiotic­

treated, recipient DIO mice also showed decreased DC activation (MHC+ cells) and overall 
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numbers of DCs in the mesenteric lymph nodes, but not in the spleen (fig. S11A–D). Similar 

to the control recipient mice, the antibiotic-treated DIO recipients that survived allo-HSCT 

subsequently developed sclerodermatous skin cGVHD (Fig. 7B and fig. S11E–F).

Adipocytes of BALB/c mice are radiosensitive (33), and following HSCT there was 

consistent weight loss in the DIO BALB/c recipients both with and without antibiotic 

pre-treatment and even when the mice were fed the high-fat diet. Consequently, there were 

no weight differences between the groups at the later time-points when the chronic skin 

GVHD occurred (fig. S11G).

These data indicated that gut microbiota alterations were observed in both obese mice and 

humans. In mice, the combination of a high-fat diet and higher body fat deposition resulted 

in gut microbiota alterations that played a dominant role in the induction of gut aGVHD and 

poorer outcomes, which were partially ameliorated with antibiotic prophylaxis.

DISCUSSION

HSCT is currently used for the treatment of various disorders, particularly 

hematologic malignancies. Allo-HSCT represents one of the first examples of successful 

cellular immunotherapy. However, both aGVHD and cGVHD, which have different 

pathophysiological pathways, still represent major clinical hurdles. Advances in HLA 

typing, modifying conditioning regimens, and post-HSCT support have markedly improved 

outcomes, yet basic questions on the potential impact of age and BMI on HSCT still remain 

unclear. Patient demographics and profiles are rapidly changing with obesity reaching 

pandemic proportions. The impact of obesity both on overall health and immune status are 

complex and multifactorial. Obesity is associated with a meta-inflammatory state associated 

with general immunosuppression and is considered a poor prognostic indicator for many 

human health conditions. We and others have shown in preclinical models that obesity 

results in exacerbated inflammatory responses following systemic immunostimulation or 

sepsis culminating in a lethal production of cytokines and death from multi-organ pathology 

(11–13). However, the complexity of the effects of obesity on immune responses is 

highlighted by reports showing a potentially positive impact in cancer following immune 

checkpoint blockade due to increased anti-tumor effects and overall survival (6, 7). Thus, 

it is critical to assess the impact of obesity using different immune-mediated scenarios or 

processes.

The results presented here, using both mouse preclinical models and clinical outcomes, 

indicated that obesity has a “net” negative effect on allo-HSCT outcomes in both mice and 

humans. We found that obesity was associated specifically with increased aGVHD affecting 

the GI tract. This effect appeared restricted to the gut and relied on donor CD4+ T cells and 

was associated with increased production of proinflammatory cytokines. Thus, in contrast 

to the systemic immune stimulation models and sepsis in which obesity is associated with 

multi-organ tissue damage (lung, liver, and gut) (11), in allo-HSCT the effects of obesity 

were limited to the GI tract. We propose that this GI-selective effect of obesity is likely 

due to the use of cytoreductive conditioning that directly caused gut tissue damage as well 

as endotoxin translocation across the gut epithelia. We were surprised to find that this 
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rapid severe gut aGVHD pathology and lethality occurred in a preclinical mouse strain 

combination more commonly used to assess later skin cGVHD (17, 18). The relatively 

modest experimental alteration of adding obesity as a condition of the mouse recipient 

resulted in a greatly altered outcome such that the obesity-including model resembled a 

major MHC-mismatched strain combination. There appeared to be a critical narrow window 

in which the gut aGVHD led to lethality in DIO mice, because the survivors of aGVHD 

later developed skin cGVHD, albeit to a lesser extent compared to control recipients. This 

effect of obesity was specific for the gut because even in strain combinations that developed 

aGVHD in liver and skin, the DIO recipients did not exhibit exacerbated pathology. Obesity 

has a multifactorial impact on the GI system influencing gut motility, hormone release, gut 

permeability, and radiation sensitivity (23, 24). Our data indicated that obesity-associated 

gut microbiota alterations rendered the GI tract more vulnerable to aGVHD after allo-HSCT. 

Our study also addressed the effect of obesity on cGVHD. Our results indicated that obesity 

had a negligible effect on cGVHD, because DIO mice that were protected from gut aGVHD 

through prophylactic antibiotic treatment still manifested the fibrotic skin cGVHD. This 

was not surprising given the distinct pathologic processes between acute (inflammatory) and 

chronic (fibrotic) GVHD, as well as the immune cells involved.

The gut microbiota has been under investigation for immune effects, both positive and 

negative. In the setting of HSCT, several studies using different types of antibiotics and 

treatment strategies have resulted in different GVHD outcomes in mice and in patients (26, 

29, 34–36). Our results indicated that the restricted gut microbial diversity associated with 

obesity in both mice and humans had a negative impact on allo-HSCT outcomes. In that 

regard, the gut microbiota’s effects in DIO mice from different strains were remarkably 

similar. Indeed, both DIO mice and obese humans shared common features. Various 

regimens have been tested to define the optimal gut microbiota composition to lessen GVHD 

(26, 27). We did not observe any benefit from antibiotics for GVHD in lean mice; only in 

the DIO recipients was partial protection observed. Thus, BMI should be considered when 

testing antibiotic and gut microbiota-targeted regimens.

Intestinal microbiota changes are not only associated with obesity but also with aging (37). 

Therefore, it is important to delineate the parameters of aging and obesity on allo-HSCT 

and incorporate human-modifying factors into the mouse models because the combination 

of both aging and obesity may amplify the pro-inflammatory responses and pathology. The 

similar gut microbiota alterations, increases in markers such as ST2, and similar HSCT 

outcomes observed in both DIO mice and patients with a high BMI supported the potential 

relevance of mouse preclinical HSCT models. However, many variables arise in clinical 

HSCT that are not reflected in these mouse models.

There are several limitations to our study. One limitation relates to the patient clinical data 

used here as all but one case involved unrelated allo-HSCT, which is associated with much 

poorer outcomes (38). Thus, future studies will need to assess if obesity correlates with 

ST2 and outcomes in more commonly used and less severe allo-HSCT modalities, such 

as with related donors. In such cases, obesity may impact overall efficacy, which could 

include cancer progression and relapse. We also did not include co-morbidities that are 

often associated with obesity and that could contribute to poorer outcome. We did not 
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assess factors associated with low BMI that may contribute to better outcomes. Additionally, 

several questions remain unanswered. We did not investigate the impact of body fat content 

and metabolism on donor T cell activation and GVHD outcomes. A high-fat diet increases 

fatty acid oxidation in DIO mice (39) and fatty acid metabolism is important for T cell 

function in GVHD (40). Therefore, it raises the question of whether the obese environment 

provides resources that enhance donor T cell activation and potentially that of myeloid 

cells that contributes to GVHD pathology. Another limitation is that we did not investigate 

the mechanism by which body fat deposits versus the high-fat diet itself influenced rapid 

aGVHD. We found that non-obese mice that consumed a high-fat diet for one-month did 

not succumb to the rapid aGVHD in the minor-MHC mismatch model; whereas their 

obese counterparts did. Despite performing tests with multiple mouse strains with different 

durations of a high-fat diet and obese and lean conditions, there are many more variables to 

test. These include the duration of the high-fat diet with development of more pronounced 

metabolic alterations, the impact of age, the composition of the diet (high fat only versus 

a Western diet with high sugar as well), mouse strain susceptibility differences to the 

cytoreductive conditioning (and type) and the different strain combinations of our preclinical 

models.

The results presented here showed that obesity has a multifactorial impact on allo-HSCT, 

with an overall negative effect due to gut aGVHD. This GI-targeted aGVHD depended 

on CD4+ T cells and resulted in decreased survival in both mice and humans. In 

mice, therapeutic intervention using a prophylactic antibiotic regimen partially prevented 

or ameliorated lethal GI aGVHD. Our study indicated that obesity and the associated 

gut microbiota alterations affected immunopathology resulting from exacerbated pro­

inflammatory responses. Thus, the gut microbiota-associated alterations may represent a 

potential target for therapeutic intervention in GVHD subsequent to allo-HSCT.

MATERIALS AND METHODS

Study design

7 to 8-week-old BALB/c (H-2d) and C57BL/6 (H-2b) male and female mice were used in 

this study. For each experiment, at least two experimental replicates were performed. Mice 

were selected and assigned to their groups based on their body weights at the time each 

experiment started. Treatment with antibiotics was assigned from the beginning of each 

experiment after selecting DIO mice (half of DIO mice received antibiotics in drinking 

water, the other half consumed normal water). Histology samples were evaluated and scored 

by a pathologist in a blinded manner. All studies using mice were approved by UC Davis 

Institutional Animal Care and Use Committee (IACUC).

The study of GVHD outcomes post allo-HSCT and correlation between pre-transplant ST2 

levels and survival in patients stratified by BMI was analyzed retrospectively with data 

obtained from 37 patients (22 BMI<30, 15 BMI>30) at University of Minnesota (Table 

S1). Comparison of ST2 levels between 5 BMI<30 and 5 BMI>30 patients post unrelated 

allo-HSCT was performed at The Tisch Cancer Institute – Mount Sinai (Table S1). The 

study of obesity and microbiota diversity pre-transplant was conducted at University of 
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Minnesota from 18 patients (4 BMI<30, 14 BMI>30, Table S2). All studies were approved 

by the University of Minnesota and Mount Sinai Institutional Review Boards.

Patient cohorts

The effect of serum ST2 and obesity on post-transplant survival was assessed in 37 adult 

patients undergoing unrelated donor allo-HSCT, who subsequently developed aGVHD. 

Assessment of pre-transplant fecal microbiota diversity and its relationship with obesity was 

determined in an independent cohort of patients participating in a prospective stool sample 

collection study. For aGVHD histological assessment, formalin-fixed, paraffin-embedded 

intestinal tissues of patients with biopsy-proven aGVHD from the University of Minnesota 

were analyzed for histological severity according to Lerner criteria (41). Clinical details of 

the histological cohort have been published (42). Pre-transplant fecal samples from patients 

undergoing HSCT were collected prospectively during the course of the University of 

Minnesota Institutional Review Board-approved study MT2015–08R (Table S2). In another 

clinical study at Tisch Cancer Institute, the Icahn School of Medicine at Mount Sinai (15), 

patients from the Mount Sinai Acute GVHD International Consortium (MAGIC) underwent 

allo-HSCT and provided blood samples for a biorepository 7 days after transplant. We 

stratified 10 patients undergoing unrelated and related mismatched allo-HSCT based on their 

BMI (BMI < 30 and BMI > 30) and compared their GVHD-associated marker ST2 in their 

serum at day 7 after allo-HSCT. Serum samples from Mount Sinai patients were obtained as 

part of a natural history study of allo-HSCT recipients designed to correlate serum GVHD 

biomarkers with clinical outcomes. Briefly, clinical data including pre-transplant patient 

characteristics, weekly GVHD staging and immunosuppression medications, were collected 

weekly until day 100 post allo-HSCT. Serum samples were collected weekly until day 28 

post allo-HSCT, and then on day 56 and day 90 post allo-HSCT. Serum samples were 

aliquoted into 0.5 ml vials and stored at −80C until analyzed.

Mice and allo-HSCT

7- to 8-week-old BALB/c (H-2d) and C57BL/6 (H-2b) male and female mice used in this 

study were obtained from Taconic Biosciences (Germantown, NY, USA). All mice were 

maintained at the University of California, Davis Medical Center’s vivarium in accordance 

with Institutional Animal Care and Use Committee (IACUC) standards.

Mice were placed on a high-fat (60% fat from lard) diet or low-fat (10% fat) diet (D12492 

or D12450J, Research Diets, Inc., respectively) for 4 – 6 months to create DIO and control 

mice. Mice, 8 to 12 weeks old, in the strains B10.D2 (H-2d), BALB/c (H-2d), and C3H.SW 

(H-2b) were obtained from Jackson Laboratory (Bar Harbor, ME, USA) and used as donor 

mice. To create minor MHC-mismatched GVHD models, BALB/c mice (H2d) received 

lethal total body irradiation (TBI, 800 cGy; 137Cs source) and underwent transplantation 

with bone marrow cells with or without splenocytes (10 – 25 × 106), or purified CD4+ 

T cells (2 × 106), or purified CD8+ T cells (2 × 106) from donor B10.D2 mice (H2d); 

C57BL/6 mice (H2b) received lethal TBI (1050 cGy; X-ray source) and T cell-depleted 

bone marrow cells with or without purified CD8+ T cells (3 × 106) or purified T cells 

(3 × 106) from C3H.SW mice (H2b). To create major MHC-mismatched GVHD model, 

C57BL/6 mice (H2b) received lethal TBI (1050 cGy; X-ray source) and T cell-depleted bone 
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marrow cells with or without purified T cells (4.5–9 × 106) from donor BALB/c mice (H2d). 

Ampicillin (Cat# A5354), Neomycin (Cat# N5285), and Vancomycin (Cat# V2002) were 

from Sigma, St. Louis, MO, USA, and the antibiotics were added to drinking water at the 

final concentration of 0.5 mg/ml for 14 days before allo-HSCT.

MRI data acquisition and image analysis

Mice were anesthetized with isofluorane and oxygen then scanned on a Biospec 70/30 

7.0 Tesla small-animal MRI system (Bruker Biospin Inc) using a 60-mm quadrature 

transmitter/receiver coil for whole-body imaging. The scanning protocol consisted of the 

multi-slice with multi-echo (MSME) spin-echo sequence with a single echo and with 

respiratory gating to minimize breathing artifacts. Scan parameters were TE 7.062, TR 

775, conducted with and without chemical-selective fat suppression. Slice images were 

obtained in the coronal direction to improve spatial resolution while keeping scan time 

and TR at minimums. The in-plane matrix was 200 × 267 with a resolution of 0.3 × 0.3 

mm. Forty-four slices were acquired with a slice thickness of 0.6 mm. Field of view 

was 6 × 8 × 2.64 cm. Difference images were generated by subtracting the fat-suppressed 

images from the non-fat-suppressed images to identify the 3D distribution of fat deposits. 

Physiological monitoring (temperature and respiration) was used during the entire scan to 

ensure consistency and animal physiological stability.

aGVHD and cGVHD clinical scoring criteria

aGVHD clinical scores were determined based on weight loss (0 – 2), hunching (0 – 2), 

diarrhea (0 – 2), fur texture (0 – 2), and skin integrity (0 – 2) (43). Individual mice were 

euthanized if they had a total score over 7 out of 10 or showed severe hunching.

For sclerodermatous cGVHD, BALB/c mice were monitored for skin clinical scores and 

body weight loss after allo-HSCT as described previously (44). Briefly, skin clinical score 

was assigned as follows: 0, healthy appearance; 1, skin lesions with alopecia area < 1 cm2; 

2, skin lesions with alopecia area of 1 to 2 cm2; 3, skin lesions with alopecia area > 2 cm2. 

Tail, ear, or paw scaling represented an additional 0.3 point for each lesion. Mice with a 

clinical skin score > 3.3 (on a scale of 0 to 3.9) or with severe ischemic skin and tail lesions 

and hunching were euthanized per guidelines.

Histology and histopathology scores

Tissues harvested from the mice were placed in 10% formalin, embedded in paraffin, 

sectioned, and stained with hematoxylin and eosin. Tissue sections were evaluated and 

graded by a board-certified pathologist in a single-blinded fashion. Skin pathology was 

scored on a scale of 0 to 10, based on dermal fibrosis (0 to 2), fat atrophy (0 to 2), 

inflammation (0 to 2), epidermal interface change (0 to 2), and follicular dropout (0 to 2). 

GI pathology was scored on a scale of 0 to 4, based on the crypt epithelium apoptosis, 

lymphocyte infiltration, extent of fibrosis and inflammation, and mucosal necrosis. Fibrotic 

skin samples were assessed by Masson’s Trichrome staining with Masson’s 2000 Trichrome 

kit (SKU# KTMTR2, American MasterTech, Lodi, CA, USA). Images were visualized with 

a Vanox AHBS3 microscope with a SPlan Apo 20×/0.70 NA objective (Olympus, NY, USA) 
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and acquired with a SPOT RT color digital camera using SPOT version 4.0.2 software 

(Diagnostic Instruments, MI, USA).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

TUNEL assay was performed using ApopTag Plus Peroxidase In Situ Apoptosis Detection 

Kit (EMD Millipore, Cat No. S7101) for the detection of apoptotic cells. Briefly, the 

colon was harvested from non-irradiated and 48 hours after irradiation from lean and 

obese mice. The tissues were washed and fixed in 10% formalin and paraffin embedded. 

The manufacturers’ protocol was followed for TUNEL staining. The chromogenic DAB 

substrate labeled the apoptotic bodies with permanent, intense brown color, which was 

detected using bright field microscope (Olympus, PA, USA). For each mouse, the images 

were acquired at three regions along the proximal colon, transverse colon, and distal colon. 

From each region, between 9 – 11 high power (20× fields) were used to count the bright, 

intense brown dots (apoptotic bodies). The count was normalized with the area from where 

the images were obtained, and data were represented as apoptotic bodies per mm2.

Glucose measurement

Serum glucose was measured by Glucose HK Gen.3 kit (Cat# 04404483, Roche 

Diagnostics, Indianapolis, IN, USA) and analyzed by the COBAS INTEGRA 400 PLUS 

(Roche Diagnostics, Indianapolis, IN, USA).

Isolation of T cell subsets

T cells labelled with Thy1.2 antibody (clone 30-H12, eBiosciences, San Diego, CA) were 

depleted from the bone marrow using rabbit complement (CL 3442, Cedarlane Laboratories, 

Burlington, Canada). Mouse T cells, CD8+ T cells, and CD4+ T cells were isolated after 

negative selection using EasySep Mouse T cell isolation kit (Cat# 19851A), EasySep Mouse 

CD8+ T cell isolation kit (Cat# 19853A), and EasySep Mouse CD4 T cell isolation kit (Cat# 

19852). We used EasySep Magnet (Cat#18001) from StemCell Technologies (Vancouver, 

Canada) as the magnet for cell isolation.

Antibodies and flow cytometry analysis

Flow cytometry was performed as described previously. In brief, single-cell suspensions 

(1 million cells) were first incubated with Fc Block (BD Pharmingen, San Diego, CA, 

USA) for 10 minutes, then co-incubated with antibodies for 20 minutes at 4°C, followed 

by washing with staining buffer (PBS + 1% fetal bovine serum). Flow cytometry analysis 

was performed with the LSRFortessa cell analyzer (BD Biosciences, San Jose, CA, 

USA), and data were analyzed using FlowJo v10 software (FlowJo, Ashland, OR, USA). 

We used the following fluorochrome-conjugated monoclonal antibodies purchased from 

Biolegend (San Diego, CA, USA): CD45-Pacific Blue (30-F11), CD3-BV785 (17A2), 

CD4-BV711 (RM4–5), CD8-BV605 (53–6.7), CD86-FITC (GL-1), CD11c-PE/Cy7 (N418), 

I-A/I-E-APC/Cy7 (M5/114.15.2), T-bet-APC (4B10). We used the following fluorochrome­

conjugated monoclonal antibodies purchased from from BD Biosciences (San Jose, 

CA, USA): CD229.1-PE (30C7), RORγt-PE-CF594 (Q31–378). We used fluorochrome­
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conjugated monoclonal antibodies purchased from Invitrogen (San Diego, CA, USA): 

Ki-67-eFlour™ 450 (SolA15).

For Annexin V and propidium (PI) staining, single-cell suspensions (1 – 5 × 106 cells/ml 

were stained with Annexin V-Pacific Blue (Biolegend Cat# 640918, San Diego, CA, USA). 

Cells then were incubated in dark for 15 minutes and stained with PI (Life Technologies, 

Ref# P3556) following manufacturer’s protocol and were analyzed by flow cytometry within 

10 minutes.

Quantitative polymerase chain reaction (q-PCR)

RNA was extracted from the GI and liver tissue using Qiagen RNeasy Mini kit (Cat# 74104, 

Qiagen, Valencia, CA, USA) according to manufacturer specifications. RNA was quantified 

using Qubit 4 RNA Broad range (ThermoFisher Scientific, Grand Island, NY, USA) and 

converted to cDNA using High Capacity RNA-to-cDNA kit (Ref# 4387406, Applied 

Biosystems, Foster City, CA, USA) following standard protocols. qPCR was performed 

on a StepOnePlus Realtime PCR System Applied Biosystems, Foster City, CA, USA) with 

Power SYBR Green PCR Master Mix (Ref# 4367659, Applied Biosystems, Foster City, 

CA, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (PPM02946E, Qiagen, 

Valencia, CA, USA) was used as the housekeeping gene.

ELISA and cytometric bead array (CBA)

Serum cytokines were measured by CBA flex set kits (BD Biosciences, San Jose, CA, 

USA): mouse TNF (Cat# 558299) and mouse IL-6 (Cat# 558301). Serum samples 

were diluted 1:4 using the assay diluent solution provided in the kit. Capture beads 

and detection beads were added as described in the manufacturer’s protocol. Cytokine 

concentration was measured by flow cytometry with the LSRFortessa cell analyzer (BD 

Biosciences, San Jose, CA, USA). Mouse LBP and ST2 in the serum were measured using 

ELISA kits from Biometec GmbH, Greifswald, Germany (Cat# 043) and Invitrogen (by 

ThermoFisher Scientific, San Diego, CA, USA, Cat# 88–9334-88), respectively. Human ST2 

concentrations were measured as previously described (15).

Mouse gut microbiota analysis

DNA was isolated using the Qiagen DNeasy PowerSoil kit (Qiagen) with the following 

modifications. After addition of buffer C1, samples were incubated at 65oC for 10 minutes 

then subjected to homogenization using a Biospec Mini-Beadbeater (Biospec Products) for 2 

minutes. An additional wash step with 100% ethanol was included preceding the wash with 

kit buffer C5. Samples were eluted in 100 μl of buffer C6. Primers 319F 

(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG(spacer)GTACTCCTACGGGAG

GCAGCAGT) and 806R 

(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(spacer)CCGGACTACNVGG

GTWTCTAAT) were used to amplify the V3-V4 domain of the 16S rRNA using a two-step 

PCR procedure. In step one of the amplification procedure, both forward and reverse primers 

contained an Illumina tag sequence (bold), a variable length spacer (no spacer, C, TC, or 

ATC for 319F; no spacer, G, TG, ATG for 806R) to increase diversity and improve the 

quality of the sequencing run, a linker sequence (italicized), and the 16S target sequence 

Khuat et al. Page 15

Sci Transl Med. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(underlined). Each 25 μl PCR reaction contained 1 Unit Kapa2G Robust Hot Start 

Polymerase (Kapa Biosystems), 1.5 mM MgCl2, 0.2 mM final concentration dNTP mix, 0.2 

μM final concentration of each primer, and 1 μl of DNA for each sample. PCR conditions 

were an initial incubation at 95°C for 3 min, followed by 25 cycles of 95°C for 45 s, 50°C 

for 30 s, 72°C for 30 s, and a final extension of 72°C for 3 min. In step two, each sample 

was barcoded with a unique forward and reverse barcode combination using forward primers 

(AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTCGTCGGCAGCGTC) 

with an Illumina P5 adapter sequence (bold), a unique 8 nt barcode (N), a partial matching 

sequence of the forward adapter used in step one (underlined), and reverse primers 

(CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGTGGGCTCGG) with an 

Illumina P7 adapter sequence (bold), unique 8 nt barcode (N), and a partial matching 

sequence of the reverse adapter used in step one (underlined). The PCR reaction in step two 

contained 1 Unit Kapa2G Robust Hot Start Polymerase (Kapa Biosystems), 1.5 mM MgCl2, 

0.2 mM final concentration dNTP mix, 0.2 μM final concentration of each uniquely 

barcoded primer and 1μl of the product from the PCR reaction in step one diluted at a 10:1 

ratio in water. PCR conditions were an initial incubation at 95°C for 3 min, followed by 8 

cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and a final extension of 72°C for 3 

min. The final product was quantified on the Qubit instrument using the Qubit Broad Range 

DNA kit (Invitrogen) and individual amplicons were pooled in equal concentrations. The 

pooled library was cleaned utilizing Ampure XP beads (Beckman Coulter), then the band of 

interest was further subjected to isolation by gel electrophoresis on a 1.5% Blue Pippin HT 

gel (Sage Science). The library was quantified by qPCR followed by 300-bp paired-end 

sequencing using an Illumina MiSeq instrument (Illumina) in the Genome Center DNA 

Technologies Core, University of California, Davis. DNA extractions and library preparation 

were performed by the UC Davis Host Microbe Systems Biology Core Facility.

Heatmaps were generated with R package ‘pheatmap’. Boxplots and volcano plots were 

created with R. The linear discriminate effect size (LEfSe) program was used to identify 

differentially abundant taxa between the groups (45). The LEfSe program uses the Kruskal­

Wallis sum-rank test to detect taxa with significant differential abundance in relation to class 

and then biological significance is determined by pairwise tests between subclasses using 

the Wilcoxon rank-sum test. Finally, linear discriminate analysis is used to estimate effect 

size of each differentially abundant taxa and taxonomic cladograms generated to highlight 

significant differences in taxa.

Human fecal microbiota analysis

Pre-transplant fecal samples from patients undergoing HSCT were collected prospectively 

during the course of the University of Minnesota Institutional Review Board-approved study. 

Patients were included in this analysis if they had a fecal sample collected at baseline (pre­

conditioning). Of the 26 total patients who met these criteria, 11 were female and 15 were 

male. For the analyses, these patients were stratified into lean (BMI < 25; N = 4), overweight 

(BMI 25–30; N = 8), and obese (BMI > 30; N = 14). The median age of the recipients 

was 60 years (range 25 – 73 years). Fecal samples were submitted to the University of 

Minnesota Genomics Center (UMGC) for DNA extraction and sequencing, performed using 

the Illumina NeoPrep library system. Sequencing was performed on an Illumina HiSeq with 
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the 2×125 v4 kit. Raw forward reads were quality controlled and converted to FASTA using 

SHI7 v0.9.9 (46), with a quality filter threshold of 37 and length 80. Bacterial taxonomic 

assignments were identified by aligning all processed reads against a custom database of 

human-associated bacterial species and genera obtained from the comprehensive NCBI 

RefSeq database release 87 (47). Alignments were performed at 98% identity using the 

exhaustive, optimal alignment tool BURST (https://github.com/knights-lab/BURST). Rare 

operational taxonomic units (OTUs) (less than 1% prevalence) and low-depth samples ( < 

20,000 counts) were removed in R, and alpha diversity metrics were calculated on rarefied 

OTU tables using QIIME2 v2018.6.0. All other analyses were performed in R using the 

packages vegan and ggplot2 after centered log ratio (CLR) transformation.

Statistics

Mouse weight loss, skin clinical scores, and quantitative tumor burdens were analyzed by 

two-way analysis of variance (ANOVA) with Tukey’s post hoc test for comparison among 

groups. Nonparametric Mann-Whitney test was used to compare two unpaired groups. A p 
value of < 0.05 was considered significant. Kaplan-Meier survival curves were analyzed by 

a log-rank test. Data were graphed and statistically analyzed using GraphPad Prism V6.02 

(GraphPad Software, Inc., CA, USA).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Obesity accelerates acute GVHD in a major mismatched mouse model.
C57BL/6 male mice (H2b) received total body irradiation (TBI) (1050 cGy) and T cell­

depleted bone marrow (BM) cells with or without purified T cells (4.5 – 9 × 106) from donor 

BALB/c mice (H2d). Control + T, control mice transplanted with BM and T cells; DIO + 

T, DIO mice transplanted with BM and T cells. (A) Magnetic resonance images (MRI) of 

nontransplant control and DIO C57BL/6 mice. (B) Survival rates (n = 10–12 mice/group) 

displayed as Kaplan-Meier curves analyzed by a log-rank test. (C) Acute GVHD (aGVHD) 

clinical scores (n = 10–12 mice/group). Statistical significance was determined by two-way 

analysis of variance (ANOVA) with Tukey’s post hoc test for comparison among groups. 

(D-F) Hematoxylin and eosin (H&E) staining of small intestine samples, colon samples, 

and liver samples at day 6 post allo-HSCT. Black arrows indicates mucosal necrosis. Scale 

bars: 200μm, 50μm. (G) Pathology scores for GI tract and liver at day 6 post allo-HSCT 

Khuat et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(n = 5 mice/group). (H) Serum IL-6 and TNF concentrations at day 6 post allo-HSCT (n = 

6–7 mice/group). (I) Relative expression of the genes encoding IL-6 and TNF in the small 

intestine at day 6 post allo-HSCT (n = 7– 8 mice/group). (J) Serum ST2 concentration 

at day 6 post allo-HSCT (n = 4 mice/group). (K) Number of donor CD4+ T cells in the 

mesenteric lymph nodes at day 8 post allo-HSCT (n = 4 mice/group). Bar graphs depict 

mean ± standard error of mean (s.e.m). Each experiment was performed at least twice. In 

panel G – K, nonparametric Mann-Whitney test was used to compare two unpaired groups. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.
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Figure 2. Obesity induces GI tract acute GVHD in a mouse model of sclerodermatous chronic 
GVHD.
Lean (control) or obese (DIO) female BALB/c mice (H2d) received total body irradiation 

(TBI) 800 cGy and underwent transplantation with bone marrow (BM) cells with or without 

splenocytes (10–25 × 106) from donor B10.D2 (H2d) mice. Control mice were a healthy 

weight. BM only, recipient of bone marrow cells without splenocytes; 25M SC, recipient of 

bone marrow cells + 25 × 106 splenocytes; 10M SC, recipient of bone marrow cells + 10 × 

106 splenocytes. (A) Chronic GVHD (cGVHD) score of control mice with sclerodermatous 
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GVHD. (B, C) Representative images of trichrome staining of the skin from control mice 

transplanted with bone marrow cells only and control mice transplanted with bone marrow 

cells + splenocytes showing evidence of sclerodermatous cGVHD. Tissues were from mice 

at day 55 post allo-HSCT. Black arrow indicates collagen deposition. Scale bars, 200μm 

or 50μm. (D) Survival rates of control and DIO mice receiving 10 × 106 or 25 × 106 

splenocytes, shown as Kaplan-Meier curves (n = 9–12 mice/group). (E) Acute GVHD 

(aGVHD) clinical scores (n = 9 −12 mice/group). (F) Survival rates of control and DIO mice 

of different sexes (n = 4 mice/group), shown as Kaplan-Meier curves. (G-I) Hematoxylin 

and eosin (H&E) staining of small intestine samples, colon samples, and liver samples at day 

6 post allo-HSCT. Black arrows indicate the destruction of crypt structures in the gut. Scale 

bars, 200μm or 50μm. (J) Pathology scores for GI tract and liver at day 6 post allo-HSCT (n 

= 6–8 mice/group). (K) Serum IL-6 and TNF concentrations at day 6 post allo-HSCT (n = 6 

mice/group). (L) Relative expression of genes encoding IL-6 and TNF in the small intestine 

at day 6 post allo-HSCT (n = 5–6 mice/group). (M) Serum ST2 concentrations at day 6 

post allo-HSCT (n = 6–7 mice/group). (N) Number of donor CD4+ T cells in the mesenteric 

lymph nodes at day 7 post allo-HSCT (n = 7 mice/group). Bar graphs depict mean ± s.e.m. 

Each experiment was performed at least twice. In D and F, Kaplan-Meier survival curves 

were analyzed by a log-rank test. In E, clinical scores were analyzed by 2-way analysis of 

variance (ANOVA) with Tukey’s post hoc test for comparison among groups. In panels J 

and K, nonparametric Mann-Whitney tests were used to compare two unpaired groups. *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. Obesity correlates with lower survival rate after mismatched allo-HSCT in human 
patients.
(A) Patient characteristics from one cohort at University of Minnesota stratified by BMI 

above or below 30. The numbers of patients with each characteristic are indicated in 

parentheses. (B) Shown is transplant-related mortality (TRM) in the days after mismatched 

allo-HSCT for the cohort described in A. (C) Shown is survival outcome for patients 

after allo-HSCT; 11 of 37 patients had a BMI > 30 and high ST2 serum concentrations. 

Kaplan-Meier survival curves were analyzed by a log-rank test. (D) Pathology scores for 

intestinal biopsies of patients in the cohort described in A are. shown. Statistical significance 

was analyzed by nonparametric Mann-Whitney test. (E) Patient characteristics for the cohort 

from the Tisch Cancer Institute stratified by BMI are shown. (F) Shown are serum ST2 

concentrations at day 7 post allo-HSCT for the 10 patients described in panel E. Statistical 

significance was analyzed by nonparametric Mann-Whitney test. *p < 0.05.
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Figure 4. Acute GVHD in obese mouse recipients is mediated by donor CD4+ T cells.
(A, B) Female BALB/c lean (control) and obese (DIO) mice received total body irradiation 

(TBI) 800 cGy and underwent transplantation with bone marrow (BM) cells and with 

either whole splenocytes (SC) or purified CD8+ T cells from B10.D2 mice. Shown are 

survival rates (A) and serum IL-6 and TNF concentrations at day 6 post allo-HSCT (B) 

(n = 3–4 mice/group). Kaplan-Meier survival curves were analyzed by a log-rank test. 

(C-H) Female lean (control) and obese (DIO) C57BL/6 mice (H2b) received TBI (1050 

cGy) and T cell-depleted bone marrow cells with either purified T cells or purified CD8+ 

T cells (3 × 106) from C3H.SW (H2b) mice. (C) Representative images of control and DIO 

mice developing skin GVHD at day 33 post allo-HSCT. (D) Hematoxylin and eosin (H&E) 

staining of skin samples from control and DIO mice transplanted with purified CD8+ T 

cells at day 36 post allo-HSCT. Black arrows indicate inflammatory cell infiltration. Scale 
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bar, 200μm. (E) Pathology scores of skin samples from control and DIO mice transplanted 

with purified CD8+ T cells at day 36 post allo-HSCT (n = 5 – 6 mice/group). (F) H&E 

staining of GI tract samples from control and DIO mice transplanted with purified CD8+ 

T cells at day 36 post allo-HSCT. Scale bar, 200μm. (G) Pathology scores of GI tract 

samples from control and DIO mice transplanted with purified CD8+ T cells at day 36 post 

allo-HSCT (n = 3–4 mice/group). (H) Comparison of pathology scores of GI tract samples 

for CD8+ T cell-dependent minor MHC mismatch model (C3H.SW into C57BL/6) and 

CD4+ T cell-dependent major MHC mismatch model (BALB/c into C57BL/6) (n = 3 – 5 

mice/group). Bar graphs depict mean ± s.e.m. Each experiment was performed at least twice. 

In B, E, G, and H, nonparametric Mann-Whitney test was used to compare two unpaired 

groups. *p < 0.05, **p < 0.01, ***p<0.001, ns, not significant.
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Figure 5. Increased intestinal permeability and apoptosis in obese mice after irradiation.
(A-F) Control lean and obese DIO BALB/c mice received 800 cGy of total body irradiation 

(TBI). (A) LPS-binding protein (LBP) serum concentrations for control and DIO mice at 

day 2 post-irradiation (7–8 mice/group). (B) Endotoxin serum concentrations for control and 

DIO mice at day 2 post-irradiation (3 mice/group). (C) Relative gene expression at day 2 

post-irradiation (normalized to control mice + 800 cGy). (D) Percentage of Annexin V+ 

PI- cells in the intestine at day 2 post-irradiation (n = 7–8 mice/group). (E) Representative 

images of TUNEL-positive cells in the colon of nonirradiated control and DIO mice, and 
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irradiated control and DIO mice. Black arrows indicate apoptotic cells revealed by TUNEL 

staining. Scale bar, 50μm. (F) Quantification of TUNEL-positive apoptotic bodies/mm2 

in control and DIO mice at day 2 post-irradiation (4 mice/group). (G) Representative 

immunohistochemical images of MHC II abundance in the intestine of control and DIO 

BALB/c mice transplanted with B10.D2 mouse bone marrow (BM) + splenocytes at day 6 

post allo-HSCT. Scale bars, 300μm (left) and 200μm (right). (H) Representative histogram 

and quantification of mean fluorescence intensity (MFI) of the MHC II+ cell population 

gated on CD45+ CD19- CD11c+ cells in the mesenteric lymph nodes at day 4 post 

allo-HSCT (n = 3–4 mice/group). Bar graphs depict mean ± s.e.m. Each experiment was 

performed at least twice. Nonparametric Mann-Whitney tests were used to compare two 

unpaired groups. *p < 0.05.
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Figure 6. Obesity correlates with restricted gut microbiota diversity and GVHD-associated 
bacterial taxa.
(A) Taxonomic profiles of fecal samples from nonirradiated control and DIO C57BL/6 

mice (n = 4 mice/group) and nonirradiated control and DIO BALB/c (n = 6 mice/group). 

Each row represents an operational taxonomic unit (OTU). (B) Operational taxonomic units 

in control and DIO BALB/c mice. (C) Operational taxonomic units in control and DIO 

C57BL/6 mice. (D) Fold change in family Clostridiaceae for control and DIO BALB/c 

mice. (E) Fold change in family Clostridiaceae for control and DIO C57BL/6 mice (n = 
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5–6 mice/group). (F) Fold change in Enterococcus abundance in control and DIO BALB/c 

mice at day 4 post allo-HSCT (B10.D2→BALB/c + SC model, n = 7 – 8 mice/group). 

(G) Gut microbiota α-diversity for patients in the University of Minnesota cohort with a 

BMI<25 (n=4) or a BMI>30 (n=14) before allo-HSCT, shown by Pielou’s evenness index. 

(H) Abundance of Clostridium in lean and obese patients in the University of Minnesota 

cohort before allo-HSCT. Nonparametric Mann-Whitney tests were used to compare two 

unpaired groups. *p < 0.05, **p < 0.01.
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Figure 7. Antibiotic administration before transplant ameliorates acute GVHD in obese 
recipients.
BALB/c mouse recipients were transplanted with bone marrow (BM) cells and 25 × 106 

splenocytes from B10.D2 donor mice. Where indicated, the antibiotics (Abx) ampicillin, 

neomycin, and vancomycin (0.5 mg/ml) were added to drinking water for 14 days before 

allo-HSCT. (A) Kaplan-Meier survival curves after allo-HSCT were analyzed by a log-rank 

test (n = 7 mice/group). (B) aGVHD and cGVHD clinical scores are shown (n = 7 

mice/group). Data were analyzed by 2-way analysis of variance (ANOVA) with Tukey’s 
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post hoc test for comparison among groups. (C) Principal component (PC) analysis of 

weighted and normalized UniFrac distances of fecal microbiota from control, DIO, and 

antibiotic-treated DIO mice. (D) Relative abundance of Akkermansia muciniphila in fecal 

samples of control, DIO, and antibiotic-treated DIO BALB/c mice before allo-HSCT and at 

day 4 after allo-HSCT (n = 3–6 mice/group). (E) Bacterial load comparison and bacterial 

taxa of fecal microbiota from untreated DIO and antibiotic-treated DIO BALB/c mice. 

Chart for antibiotic-treated mice is shown to scale and enlarged. (F) Serum IL-6 and 

TNF concentrations at day 6 post allo-HSCT (n = 5–7 mice/ group). (G) Serum ST2 

concentrations at day 6 post allo-HSCT (n = 6–8 mice/group). (H) Endotoxin serum 

concentrations at day 4 post allo-HSCT (n = 6–8 mice/group). Bar graphs depict mean 

± s.e.m. Each experiment was performed at least twice. In D, F, G, and H, nonparametric 

Mann-Whitney tests were used to compare two unpaired groups. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.
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Table 1.
Mouse models of allo-HSCT.

Recipient mice received a conditioning regimen (total body irradiation) prior to transplant. Donor mice were 

lean; recipient mice were lean (control) or obese (DIO). BM, bone marrow.

Model Recipient Donor MHC 
incompatibility

Transplanted cells Published GVHD model

BALB/c → C57BL/6 + T C57BL/6 BALB/c Major BM + T cells Acute, GI, liver and skin, lethal (14, 
16)

B10.D2 → BALB/c + SC BALB/c B10.D2 Minor BM + splenocytes Chronic, sclerodermatous (44, 48)

B10.D2 → BALB/c + CD8 BALB/c B10.D2 Minor BM + CD8+ T cells B10.D2BALB/c is CD4-dependent. 
CD8 T cells are not the cause of 
GVHD in this strain combination.

B10.D2 → BALB/c + CD4 BALB/c B10.D2 Minor BM + CD4+ T cells Chronic, sclerodermatous (19)

C3H.SW → C57BL/6 + 
CD8

C57BL/6 C3H.SW Minor BM + CD8+ T cells Acute, skin and liver (22, 49)

C3H.SW → C57BL/6 + T C57BL/6 C3H.SW Minor BM + T cells (50)
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