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Brief Definit ive Report

Regulators of the intestinal �ora include diet 

(Kau et al., 2011), antibiotics (Willing et al., 

2011), and, importantly, intestinal inflam-

mation (Sekirov et al., 2010). As a result, the 

cause–e�ect relationships between intestinal 

in�ammation and changes in microbiota have 

been di�cult to de�ne (Maloy and Powrie, 

2011). The success of allogenic BM transplan-

tation (BMT), a standard therapy for condi-

tions such as hematopoietic malignancies and 

inherited hematopoietic disorders, is limited 

by graft-versus-host disease (GVHD) morbidity 

and mortality (Ferrara et al., 2009). With GVHD, 
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Despite a growing understanding of the link between intestinal in�ammation and resident 

gut microbes, longitudinal studies of human �ora before initial onset of intestinal in�am-

mation have not been reported. Here, we demonstrate in murine and human recipients of 

allogeneic bone marrow transplantation (BMT) that intestinal in�ammation secondary to 

graft-versus-host disease (GVHD) is associated with major shifts in the composition of the 

intestinal microbiota. The microbiota, in turn, can modulate the severity of intestinal 

in�ammation. In mouse models of GVHD, we observed loss of overall diversity and expan-

sion of Lactobacillales and loss of Clostridiales. Eliminating Lactobacillales from the �ora of 

mice before BMT aggravated GVHD, whereas reintroducing the predominant species of 

Lactobacillus mediated signi�cant protection against GVHD. We then characterized gut 

�ora of patients during onset of intestinal in�ammation caused by GVHD and found pat-

terns mirroring those in mice. We also identi�ed increased microbial chaos early after 

allogeneic BMT as a potential risk factor for subsequent GVHD. Together, these data dem-

onstrate regulation of �ora by intestinal in�ammation and suggest that �ora manipulation 

may reduce intestinal in�ammation and improve outcomes for allogeneic BMT recipients.

© 2012 Jenq et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the �rst six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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may result from reduced host-defense mechanisms in the 

post-BMT setting. Indeed, we found that levels of IgA in 

the ileal lumen were decreased after BMT, regardless of 

GVHD (Fig. 1 C).

We evaluated for e�ects on the microbiota by performing 

16S rRNA gene sequencing and evaluating microbial diver-

sity, as measured by the Shannon index (Magurran, 2004). 

Loss of diversity has been found to occur with antibiotic use 

(Dethlefsen et al., 2008; Ubeda et al., 2010) and increasing 

age (Woodmansey, 2007), and may predispose mice to dis-

ease. Mice undergoing BMT without GVHD showed little 

change in diversity (unpublished data), but phylogenetic clas-

si�cation of 16S rRNA sequences did show some expansion 

of unclassi�ed Firmicutes and Barnesiella and mild contraction 

of unclassi�ed Porphyromonadaceae (Fig. 1 D), demonstrat-

ing that radiation does produce some changes in the intestinal 

�ora composition.

In contrast, mice with GVHD showed a dramatic loss of 

bacterial diversity during the �rst 2 wk after BMT (Fig. 1 E). 

To quantify changes in the composition of the �ora, we used 

unweighted UniFrac (Lozupone et al., 2006) analyzed by the 

principal coordinate analysis (PCoA). We found that ileal 

�oras of mice with GVHD were distinct from both those of 

untreated mice and those of mice after BMT without GVHD 

(Fig. 1 F). Mice after BMT without GVHD clustered apart 

from untreated mice inconsistently (one of three experiments); 

however, comparing the �oras using the Bray-Curtis index, 

we found that GVHD increases dissimilarity from baseline 

more than BMT alone (Fig. 1 G).

We then evaluated for changes in bacterial subpopula-

tions in the setting of GVHD and found large shifts within 

the phylum Firmicutes, with a dramatic increase in Lacto-

bacillales and decreases in Clostridiales and other Fir-

micutes in the ileum (Fig. 2 A). Previously, we have shown 

that the �ora from the murine ileum is quite distinct from 

that of the large intestine, whereas samples within di�er-

ent compartments of the large intestine, including cecum 

and fresh stool pellets, are similar, although there are some 

minor changes in representation (Ubeda et al., 2010). Thus, 

we also evaluated for changes in the cecum with GVHD 

and found changes similar to those in the ileum, but of lesser 

magnitude (Fig. 2 B). At the genus level, we found marked 

ileal expansion of Lactobacillus, the dominant member of 

Lactobacillales (Fig. 2 C). Housing mice individually from 

the day of transplant to address the possibility of indi-

vidual mice in�uencing the �ora of cagemates produced 

identical results (Fig. 2 C). Within the 16S sequences as-

signed to the genus Lactobacillus, nearly all had identical 

sequence homology with Lactobacillus johnsonii, a species 

found as a commensal in humans (Pridmore et al., 2004) 

and rodents (Buhnik-Rosenblau et al., 2011), and also in 

probiotic preparations.

We asked if GVHD-associated changes could be second-

ary to increased gut motility. We evaluated the e�ects of an 

osmotic laxative, as well as enteritis caused by dextran sodium 

sulfate, and found changes with both agents that were distinct 

vigorous activation of donor immune cells, most impor-

tantly T cells (Korngold and Sprent, 1978), leads to damage 

of skin, liver, hematopoietic system, and gut. The major 

sources of immune activation are histocompatibility com-

plex di�erences between donor and recipient. Combinations 

of chemotherapy and radiation also contribute, as damage 

to the intestinal epithelium results in systemic exposure to 

microbial products normally sequestered in the intestinal 

lumen (Ferrara et al., 2009).

The impact of the microbiota on GVHD is known to be 

signi�cant. Studies in mice have shown reduction of GVHD 

with gut-decontaminating antibiotics (van Bekkum et al., 

1974) and transplantation in germ-free conditions (Jones et al., 

1971). This led to e�orts to eliminate bacterial colonization 

in allogenic BMT patients, combining gut decontamination 

with a near-sterile environment (Storb et al., 1983). Initial 

reports were promising, but subsequent studies could not 

con�rm a bene�t (Petersen et al., 1987; Passweg et al., 1998; 

Russell et al., 2000). Other approaches include targeting  

anaerobic bacteria (Beelen et al., 1999) and introducing poten-

tially bene�cial bacteria (Gerbitz et al., 2004), with some  

reduction of GVHD. These initial studies, however, have 

been few in number, and no consensus exists between BMT 

centers regarding how to target the �ora. Until recently,  

a reliance on microbiological culture techniques to characterize 

�ora composition limited these studies. Culture-independent 

techniques such as ribosomal RNA (rRNA) gene sequenc-

ing have demonstrated that a large majority of the estimated 

500–1,000 bacterial species present in the human intestinal 

tract are not detected by culture techniques (Manson et al., 

2008). In this study, we readdress the relationship between 

GVHD and the microbiota in murine and human allogenic 

BMT recipients.

RESULTS AND DISCUSSION
Studies of allogeneic BMT using mouse models have char-

acterized exaggerated in�ammatory mechanisms that lead to 

acute GVHD in target organs, including the intestine 

(Reddy and Ferrara, 2008). MHC-disparate donor/host 

combinations, including those used in this study, typically 

result in robust GVHD with full penetrance and rapid ki-

netics (Schroeder and DiPersio, 2011). The B10.BR→B6 

model (H2k→H2b) used in most of our experiments is well-

established and has been used in the past by us and others 

(Blazar et al., 1997, 2000; Penack et al., 2009). On day 14, 

we evaluated histologically for evidence of GVHD and 

found villous shortening, increased lymphocytic cell in�l-

tration, crypt regeneration, crypt destruction, and epithelial 

apoptosis. The number of Paneth cells was also decreased, 

whereas goblet cells appear to be minimally a�ected (Fig. 1 A). 

We then quanti�ed copies of 16S rRNA genes to deter-

mine bacterial load. After BMT, we noticed an increase in 

bacterial load in the ileum (Fig. 1 B), but not in the cecum 

(unpublished data). This occurred both in the absence and 

presence of GVHD, suggesting that bacterial expansion 
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alloreactive CD4 T cells are su�cient 

and do not require CD8 T cells to 

produce changes in the �ora. Inter-

estingly, in two additional models 

with B10.BR hosts from The Jackson  

Laboratory and B6 hosts from Charles 

River Laboratories, we noted expansion of Enterobacteri-

ales with GVHD (Fig. 2 D). Enterobacteriales from both 

strains appears to be of the same type, an unclassified  

Enterobacteriaceae that, in our experience, is rarely detect-

able in B6 mice from The Jackson Laboratory (3 of 71 mice). 

Expansion of Enterobacteriaceae has been reported before 

in Japanese (Eriguchi, Y., S. Takashima, N. Miyake,  

Y. Nagasaki, N. Shimono, K. Akashi, and T. Teshima. 2010. 

ASH Annual Meeting Abstracts. Abstr. 244) and German 

(Heimesaat et al., 2010) mouse colonies. Collectively, these 

data suggest that Lactobacillales and Enterobacteriales (both 

capable of surviving in aerobic environments) may populate 

from GVHD (Fig. 2 C). Together, these results suggest that 

GVHD changes the �ora in a unique, reproducible pattern.

The �ora of mice can vary widely from colony to col-

ony. Our data presented thus far used B6 recipient mice 

from The Jackson Laboratory; we also performed BMT ex-

periments using additional strains and vendors. With BALB/c 

host mice from The Jackson Laboratory, we found an abun-

dance of Lactobacillus in mice with GVHD, although the 

�oras of BALB/c mice are dominated by Lactobacillus at base-

line (unpublished data). In the CD4-driven MHC II–disparate 

B6→BM12 model, we also found characteristic expansion 

of Lactobacillus with GVHD (Fig. 2 D). This indicated that 

Figure 1. GVHD in mice produces marked 
changes in the microbiota. (A) B6 mice were 

lethally irradiated and transplanted with 5 × 

106 B10.BR T cell–depleted BM supplemented 

with or without 1 × 106 splenic T cells. Fea-

tures of GVHD are indicated on ileal histology 

sections from day 14, including lymphocytic 

in�ltration (block arrows), crypt regeneration 

(enlarged crypts and hyperchromasia), and 

apoptosis (black arrows). Paneth cells are 

indicated (blue arrows). Bar, 20 µm. Represen-

tative images are shown from one of two 

independent experiments with similar results. 

Each dot represents an individual mouse, with 

bars indicating medians. (B) Quantitation of 

bacterial load of ileal contents on day 14 was 

performed by quantitative PCR of 16S rRNA 

gene copies. Results of a single experiment 

are shown. (C) Quanti�cation of IgA levels in 

ileal contents on day 14 was performed by 

ELISA. Results of a single experiment are 

shown. (D) Comparison of representation by 

Unclassi�ed Firmicutes, Barnesiella, and  

unclassi�ed Porphyromonadaceae from ileal 

samples. Combined results from three experi-

ments are shown. (E) Diversity of ileal �oras 

from mice with GVHD was determined by the 

Shannon index. Combined results from two 

experiments are shown. (F) Principal coordi-

nate analysis of unweighted UniFrac, of ileal 

�oras from B6 mice transplanted with synge-

neic (syn) or allogenic (allo) BM with or with-

out T cells. Combined results from three 

experiments, with data points from each  

experiment indicated by number. Mice from 

experiment three were housed individually.  

(G) Dissimilarity of ileal �oras of allo BMT 

recipient mice without and with GVHD com-

pared with untreated mice by Bray-Curtis 

index. Combined results of two (Day 7) and 3 

(Day 14) experiments are shown.
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expanding populations on GVHD 

has not been well-described.

Treatment of B6 mice with ampi-

cillin, followed by a recovery period, 

results in loss of Lactobacillus from the 

�ora, with expansion of other commen-

sal bacteria (Ubeda et al., 2010) such as 

Blautia (order Clostridiales; Fig. 3 A). 

We cultured the predominant L. john-

sonii endogenous to B6 mice from The 

Jackson Laboratory and found that re-

introduction after ampicillin treatment 

restores representation (Fig. 3 A). We 

then used ampicillin and L. johnsonii 

reintroduction as tools to test if expan-

sion of Lactobacillales with GVHD 

could have clinical repercussions. Sur-

prisingly, upon development of GVHD, 

mice treated with ampicillin before 

BMT showed loss of Blautia and emer-

gence of Enterococcus (order Lactobacil-

lales; Fig. 3 A). Mice that received 

L. johnsonii reintroduction after ampi-

cillin showed domination with L. john-

sonii and no expansion of Enterococcus 

(Fig. 3 A). We found similar results in 

the B6→BM12 model, though BM12 

mice after ampicillin treatment dem-

onstrated expansion of both Enterococcus and Enterobacteri-

aceae with GVHD (Fig. 3 B). BM12 mice that received  

L. johnsonii reintroduction after ampicillin also showed domi-

nation with L. johnsonii and no expansion of Enterococcus or En-

terobacteriaceae. This occurred even when using monoclonal 

a niche that expands with GVHD at the expense of  

obligate anaerobes, including Clostridiales and other  

Firmicutes. Whether Lactobacillales or Enterobacteriales 

expand appears to depend on the presence of these organ-

isms in the baseline �ora. The potential impact of these 

Figure 2. GVHD in mice produces marked 
changes in the microbiota. (A) B6 mice were 

transplanted with B10.BR donor BM and  

T cells as in Fig. 1. Comparison of representa-

tion by Lactobacillales, Clostridiales, and other 

Firmicutes from ileal samples. Combined  

results from three experiments are shown.  

(B) Comparison of representation by Lacto-

bacillales, Clostridiales, and other Firmicutes 

from cecal samples. Combined results from 

two experiments are shown. (C) Bacterial 

composition at the genus level of ileal �ora 

on day 14 after BMT are depicted with indi-

vidual mice displayed in each bar. Results of 

three separate experiments, each displayed in 

a row, are shown. Additional untransplanted 

mice were treated with osmotic laxative or 

DSS starting on day 7 and also individually 

housed. (D) Mice were transplanted using the 

strain combinations indicated; mouse vendor 

was The Jackson Laboratory unless otherwise 

indicated. Bar graphs show bacterial composi-

tion of ileal contents at the genus level for 

individual mice on day 14.
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Thus, one mechanism by which L. johnsonii may reduce 

GVHD severity could be prevention of Enterococcus expansion 

which may exacerbate GVHD-associated intestinal damage 

and in�ammation.

We then studied the relationship between the �ora and 

GVHD in humans. We collected weekly stool samples from 

allogenic BMT patients during transplant hospitalization at 

our center. Of 9 patients who developed gut GVHD during 

hospitalization, 8 developed symptoms early, with GVHD 

onset clustering between days 18 and 21; these 8 were se-

lected for our GVHD cohort. 18 additional patients provided 

weekly samples through day 21; of these, 10 met our pro-

spective eligibility for inclusion in our non-GVHD cohort, 

with survival to at least day 30 and absence of GVHD in any 

target organ through day 100. Clinical parameters for in-

cluded patients are summarized in Fig. 4 A. Importantly, 

non-GVHD and GVHD patients had similar exposures to 

antibiotics during the period of stool collection.

BM12-speci�c donor T cells from TCR transgenic ABM 

(Sayegh et al., 2003) RAG-1 de�cient mice, suggesting that a 

broad alloreactive T cell repertoire is not required to produce 

changes in the microbiota with GVHD.

We then evaluated e�ects of �ora manipulation on 

GVHD severity, focusing on the B10.BR→B6 model. No-

tably, ampicillin treatment before BMT resulted in worsened 

GVHD survival. Histologically, these mice had evidence for 

increased GVHD pathology in the small and large intestines, 

including epithelial damage and increased in�ammation. 

Remarkably, L. johnsonii reintroduction prevented increased 

GVHD lethality and pathology (Fig. 3 C). Enterococcus has not 

been described as a potential contributor to gut GVHD, 

though enterococcal bacteremia occurs often in patients with 

GVHD (Dubberke et al., 2006). In mouse models, Enterococ-

cus can contribute to gut in�ammation by compromising 

epithelial barrier integrity (Steck et al., 2011) and stimu-

lating TNF production from macrophages (Kim et al., 2006). 

Figure 3. Composition of intestinal �ora can impact on severity of intestinal GVHD. (A) Schematic of treatment: B6 mice received ampicillin for 

1 wk, followed by a 2-wk recovery period with unmodi�ed drinking water; some were gavaged every 2 d with L. johnsonii (Lacto) of B6 �ora origin during 

recovery, followed by harvest or BMT. Ileal contents were evaluated on days 0 (no BMT) and 14 after BMT. Bar graphs show bacterial composition of ileal 

contents at the genus level for individual mice. (B) Similar to as in A, BM12 mice received ampicillin followed by recovery; some also received L. johnsonii 

reintroduction. GVHD was induced upon transplantation with BM and either wild-type CD4 T cells (500K) or ABM RAG1 KO TCR transgenic CD4 T cells 

(100K). (C) B6 mice were treated with ampicillin, and then were or were not gavaged with L. johnsonii and transplanted with B10.BR BM and T cells. (top) 

Survival data combined from two experiments with similar results. (bottom) Pathological scores of GVHD target organs on day +21.
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This suggests that large �uctuations in the microbiota early 

on may lead to an increased risk of GVHD.

In conclusion, our �ndings demonstrate the in�uence of 

in�ammation on the structure of the intestinal microbiota 

after allogenic BMT in both mice and humans. The �ora, in 

turn, can modulate severity of intestinal in�ammation. Our 

mouse experiments indicate that antibiotic exposure before 

BMT, which occurs commonly in patients with hematologic 

malignancies, may be a risk factor for subsequent intestinal 

GVHD. This may be remedied with targeted �ora reintro-

duction to potentially reduce the severity of gut GVHD.

MATERIALS AND METHODS
Mouse BMT experiments. All mouse procedures were performed in ac-

cordance with institutional protocol guidelines at Memorial Sloan-Kettering 

Cancer Center (MSKCC). Mice were maintained according to National 

Institutes of Health Animal Care guidelines, under protocols approved by the  

MSKCC Institutional Animal Care Committee describing experiments speci�c 

to this study. Mouse BMT experiments were performed as previously de-

scribed (Penack et al., 2010). Mice received 11 Gy divided in 2 split doses 3–4 h 

apart. All BMT experiments were performed at Memorial Sloan-Kettering 

We �rst examined the e�ects of GVHD on �ora diver-

sity. We found that before GVHD, patients had �ora diver-

sity similar to controls but lost diversity over time, particularly 

after GVHD onset (Fig. 4 B). Thus, GVHD is associated with 

loss of �ora diversity in humans, similar to in mice.

We then looked for bacterial populations that changed 

with the onset of GVHD. Interestingly, we discovered in-

creases in Lactobacillales and decreases in Clostridiales, a pat-

tern identical to our �ndings in mice. Other populations, as 

well as classi�cations at the family or genus level, were otherwise 

not signi�cantly changed (unpublished data). Importantly, we 

did not identify these shifts in non-GVHD patients (Fig. 4 C), 

suggesting that these �ora changes were indeed a result of 

GVHD rather than BMT or antibiotic exposure.

Our sample size did not identify speci�c populations as 

potential risk factors for subsequent GVHD. Patients who 

later developed GVHD, however, did have signi�cantly greater 

microbial chaos early after BMT (before our observed GVHD-

associated changes), which we quanti�ed using the Bray-Curtis 

dissimilarity index (Magurran, 2004) over time (Fig. 4 D). 

Figure 4. GVHD produces marked changes in the microbiota of humans, and the microbiota may affect risk of developing GVHD. (A) Sum-

mary of clinical parameters of non-GVHD and GVHD patients. (B) Flora diversity, by Shannon index, of stool samples after BMT. Individual measurements 

of diversity are displayed, as well as moving averages and P values calculated for 10-d intervals. (C) Contribution of bacterial populations in samples  

during two time periods, days 0 to 13 and 14 to 21 after BMT. (D) Microbial chaos of stool samples by mean Bray-Curtis time index from pre-BMT to  

day 13 after BMT.
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Quanti�cation of gut �ora bacterial density. Gut �ora bacterial density 

was quanti�ed as previously described (Ubeda et al., 2010).

IgA quanti�cation. Ileum contents were resuspended in 1 ml of a 3:1 

mixture of PBS/0.1 M EDTA containing soybean trypsin inhibitor (type II-S; 

Sigma-Aldrich) at a concentration of 0.1 mg/ml. The mixture was centri-

fuged at 12.000 rpm for 10 min, and the supernatant was collected for the 

assay. Plates were coated with 100 µl/well of rat anti–mouse IgA (Southern-

Biotech) at a dilution of 1:1,000 in 50 mM carbonate bu�er, pH 9.6. After 

blocking and washing of plates, 100 µl/well serial dilutions of the previously 

prepared mouse intestinal samples were added and plates were incubated 

overnight at room temperature. Bounded antibody was detected by incubat-

ing plates at 37°C for 1 h with goat anti–mouse IgA-HRP conjugate at a di-

lution of 1:1,000 in PBS-T-0.1% BSA. Plates were developed with 2, 

2-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (Sigma-Aldrich) and 

0.03% H2O2 (Sigma-Aldrich), and optical density was determined using a 

Vmax microplate reader (Molecular Devices) at 405 nm kinetically for 20 min 

at 14-s intervals. Total ileum content IgA was calculated using a mouse IgA 

standard (Kappa TEPC 15; Sigma-Aldrich).

16S rRNA gene ampli�cation, 454 pyrosequencing. For each sample, 

3 replicate 25-µl PCRs were performed. Each PCR contained 50 ng of 

puri�ed DNA, 0.2 mM dNTPs, 1.5 mM MgCl2, 1.25 units of Platinum Taq 

DNA polymerase, 2.5 µl of 10× PCR bu�er, and 0.2 µM of each primer de-

signed to amplify the V1-V2 (Ubeda et al., 2010; Fig. 1 and Fig. 2) or V1-V3 

(Fig. 3 and Fig. 4) 16S rRNA variable regions, as described in the Human 

Microbiome Project Provisional 16S 454 Protocol (http://www.hmpdacc 

.org/tools_protocols/tools_protocols.php). The cycling conditions used 

were: 94°C for 3 min, followed by 25 cycles (cecum and fecal samples) or  

28 cycles (ileum samples) of 94°C for 30 s, 52°C (V1-V2) or 56°C (V1-V3) for 

30 s, and 72°C for 1 min. Replicate PCRs were pooled and amplicons were 

puri�ed using the QIAquick PCR Puri�cation kit (QIAGEN). PCR prod-

ucts were sequenced on a 454 GS FLX or 454 GS FLX Titanium platform 

following the recommended procedures (Roche).

Sequence analysis. Sequence data were compiled and processed using 

MOTHUR (Schloss et al., 2009). Sequences were aligned to the 16S rRNA 

gene, using as a template the SILVA reference alignment and the Needle-

man-Wunsch algorithm with the default scoring options. Potentially chime-

ric sequences were removed using the ChimeraSlayer program. To minimize 

the e�ect of pyrosequencing errors in overestimating microbial diversity, 

rare abundance sequences that di�er in 1 or 2 nt from a high abundant  

sequence were merged to the high abundant sequence using the pre.cluster 

option in MOTHUR. Sequences were grouped into OTUs using the aver-

age neighbor algorithm. Sequences with distance-based similarity of 97% or 

greater were assigned to the same OTU. Mouse samples were processed and 

sequenced as individual experiments, and resulting sequences were analyzed 

together with all other samples within each �gure panel. Human samples 

were processed and sequenced in batches, and resulting sequences were ana-

lyzed together. Sequences from all experiments have been deposited in the 

Sequence Read Archive of National Center for Biotechnology Information, 

submission number SRA049925.

Determining diversity, phylogenetic classi�cation, dissimilarity, 

microbial chaos, and UniFrac PCoA. OTU-based microbial diversity 

was estimated by calculating the Shannon diversity index (Magurran, 2004) 

using MOTHUR. Phylogenetic classi�cation was performed for each se-

quence, using the Bayesian classi�er algorithm described by Wang et al. 

(2007) with the bootstrap cuto� at 60%. A phylogenetic tree was inferred using 

clearcut on the 16S sequence alignment generated by MOTHUR. Micro-

bial chaos was quanti�ed by mean Bray-Curtis time index, calculated as fol-

lows: Bray-Curtis dissimilarity index (Magurran, 2004) between temporally 

adjacent samples was quanti�ed using MOTHUR and divided by the length 

of the time interval (in days) between samples, starting with the last sample 

obtained before the transplant and all samples obtained until day 13. Unweighted 

with the exception of the BALB/c into B6/CR experiment in Fig. 2 D, 

which was performed at University of Minnesota. All mice were obtained 

from The Jackson Laboratory, with the exception of B6 mice from Charles 

River in Fig. 2 D, and ABM mice (Sayegh et al., 2003) in Fig. 3 B, which 

were provided by M. Sayegh (Brigham and Women’s Hospital and Chil-

dren’s Hospital Boston, Boston, MA) and had been backcrossed onto a B6 

background for at least 20 generations, and then crossed on a RAG-1–de�cient 

background derived from The Jackson Laboratory, previously backcrossed 

10 times to B6 background. Mice were either co-housed three to �ve mice/

cage in all experiments, or were housed individually as indicated in experi-

ment three of Fig. 1 F and Fig. 2 C.

GVHD clinical and histological scoring. Mice were monitored daily 

for survival and weekly for GVHD clinical scores (Cooke et al., 1996). 

Small intestine, large intestine, and liver samples were evaluated histo-

logically for evidence of GVHD and scored as previously described (Hill 
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