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Introduction
Allogeneic hematopoietic cell transplantation (allo-HCT) often rep-
resents the only therapeutic option to cure severe hematopoietic dis-
eases. The overall outcome of allo-HCT is largely determined by the 
frequency of relapses of the malignant disorder and the severity of 
infection- or graft-versus-host disease–associated (GVHD-associat-
ed) complications (1–3). Especially severe forms of intestinal GVHD 
are associated with high mortality rates (4). Donor T cells have 
been shown to critically promote inflammation that induces fatal 
GVHD-associated tissue damage manifesting, for example, in the 
gut (intestinal GVHD) (1, 3). While these observations indicate that T 
cells represent a potential target to mitigate GVHD development and 
severity, detailed knowledge on the cues driving donor T cell differ-
entiation into GVHD-mediating effector cell subsets is still limited.

We have previously identified the AP-1 transcription factor 
basic leucine zipper transcription factor ATF-like (BATF) to be a 

critical regulator of Th17 development and a promoter of colitis- 
associated carcinomas (5, 6). Among Th cell subsets, Th17 cells 
have been implicated in the mediation of tissue destruction in a 
wide range of inflammatory diseases including inflammatory 
bowel disease (IBD) (7–9). In support of the functional relevance 
of Th17 cell biology in intestinal inflammation, specific targeting 
of the Th17 differentiation–regulating transcription factor RORγt 
limited experimental colitis (7, 10). However, whether alloreactive 
Th17 cells promote GVHD-associated intestinal inflammation is a 
matter of controversy, since independent studies yielded partially 
contradictory results (7–9, 11–15).

In this study, we sought to functionally assess the T cell–intrin-
sic role of BATF in acute murine GVHD model systems. We found 
that BATF-expressing T cells are indispensable for intestinal 
GVHD development. However, to our surprise, our mechanistic 
studies revealed that BATF controlled the formation of a distinct 
IL-7 receptor (IL-7R) signaling–responsive GM-CSF+ T cell sub-
set, thus opening up new avenues for therapeutic interventions to 
attenuate intestinal GVHD.

Results
BATF-expressing donor T cells control acute GVHD. Interestingly, 
gene expression–profiling experiments revealed enhanced BATF 
transcript levels within intestinal GVHD–affected compared with 

Acute graft-versus-host disease (GVHD) represents a severe, T cell–driven inflammatory complication following allogeneic 
hematopoietic cell transplantation (allo-HCT). GVHD often affects the intestine and is associated with a poor prognosis. 
Although frequently detectable, proinflammatory mechanisms exerted by intestinal tissue–infiltrating Th cell subsets remain 
to be fully elucidated. Here, we show that the Th17-defining transcription factor basic leucine zipper transcription factor ATF-
like (BATF) was strongly regulated across human and mouse intestinal GVHD tissues. Studies in complete MHC-mismatched 
and minor histocompatibility–mismatched (miHA-mismatched) GVHD models revealed that BATF-expressing T cells were 
functionally indispensable for intestinal GVHD manifestation. Mechanistically, BATF controlled the formation of colon-
infiltrating, IL-7 receptor–positive (IL-7R+), granulocyte-macrophage colony-stimulating factor–positive (GM-CSF+), donor T 
effector memory (Tem) cells. This T cell subset was sufficient to promote intestinal GVHD, while its occurrence was largely 
dependent on T cell–intrinsic BATF expression, required IL-7–IL-7R interaction, and was enhanced by GM-CSF. Thus, this study 
identifies BATF-dependent pathogenic GM-CSF+ effector T cells as critical promoters of intestinal inflammation in GVHD and 
hence putatively provides mechanistic insight into inflammatory processes previously assumed to be selectively Th17 driven.
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Consecutively, we assessed the role of BATF 
in a minor histocompatibility–mismatched 
(miHA-mismatched) GVHD model system. To 
this end, we transplanted WT or Batf–/– alloge-
neic T cells into irradiated BALB.b (H-2b) mice 
(16). Importantly, BATF deficiency attenuated 
both the clinical score and signs of intestinal 
GVHD (Figure 4, A and B, and Supplemental 
Figure 3A), while GVHD-associated liver his-
topathology was indistinguishable between 
WT and Batf–/– T cell–treated mice (Figure 
4C and Supplemental Figure 3B). Together, 
donor T cell–intrinsic BATF critically promotes 
intestinal GVHD in both complete MHC– and 
miHA-mismatched model systems.

BATF drives the formation of a GVHD- 
promoting T cell pool distinct from Th17 cells. To 
shed light on the underlying mechanisms, we 
first excluded the possibility that Batf–/– CD3+ 
donor T cells either contained greater num-
bers of memory cells prior to transfer or pref-
erentially differentiated into FoxP3+ Tregs after 
transfer (Supplemental Figure 4, A and B) (17, 
18). Second, we explored the possibility that 
altered in vivo expansion, intestinal homing, or 

tissue migration accounted for attenuated GVHD formation in the 
absence of BATF (9, 16, 19). Using both bioluminescence imaging 
and flow cytometry, we observed comparable in situ T cell expan-
sion and gut-homing receptor expression profiles in both the mes-
enteric lymph node (MLN) and colonic lamina propria (cLP) within 
the first 2 weeks after allo-HCT, resulting in a BATF-independent 
pool of proliferating Ki-67+ cLP T cells (Figure 5, A–E, and Supple-
mental Figure 5, A and B). Intravital confocal microscopy studies 
revealed that cotransferred WT and Batf–/– donor T cells homed 
and transmigrated to the colonic tissue in an indistinguishable 
manner (Figure 5F). Together, these results largely exclude defec-
tive proliferation, gut imprinting (19), and transmigratory behav-
ior as key mechanisms underlying abrogated intestinal GVHD in 
the absence of BATF. However, upon clinical disease onset on day 
15, we observed that further donor T cell expansion was hampered 
in mice receiving BATF-deficient T cells (Figure 5, A, B, and E), 
implying that this failure might be secondary to the inability of T 
cells to mediate intestinal GVHD. To evaluate this option, we char-
acterized the T cell response in more detail. Sort-purified CD4+ 
cLP–resident donor T cells on day 15, i.e., around GVHD onset, 
expressed expectedly low Il17a levels in the absence of BATF, while 
IFN-γ and TNF-α gene and protein expression, respectively, in both 
MLN- and cLP-resident T cells was regulated in a BATF-indepen-
dent manner (Figure 6, A–C). In striking contrast, BATF deficiency 
abrogated donor T cell–intrinsic IL-6 and GM-CSF transcript and 
protein expression levels during early-phase (day 15) and late-
phase (day 30) GVHD (Figure 6, A–E). Interestingly, CD4+ T cells 
represented the primary source of T cell–derived GM-CSF (Figure 
6F). And importantly, BATF-dependent regulation of GM-CSF 
expression was due to a cell-intrinsic mechanism (Figure 6G) 
and encompassed multiple IFN-γ– and TNF-α–coexpressing sub-
sets, while GM-CSF– T cell subsets remained largely unaffected 

–unaffected colonic tissues from allo-HCT patients. Upregulated 
BATF expression was associated with an increased prevalence of 
apoptotic cells, indicating a more severe intestinal GVHD course 
(Figure 1, A and B). Similarly, we detected increased colonic 
Batf colonic tissue expression levels over the course of acute, 
GVHD-induced colitis in a mouse model of complete MHC– 
mismatched bone marrow transplantation (allo-BMT) plus allo-
geneic T cell transfer (Figure 1C and Supplemental Figure 1; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI89242DS1). Overall, these observations imply an 
across-species conserved regulation of BATF expression during 
acute GVHD–associated colitis.

To test the functional relevance of this finding, we compared 
GVHD development following transplantation of allogeneic WT 
and Batf–/– donor CD3+ T cells in a complete MHC–mismatched 
setting. Importantly, up to 67 days after allo-HCT, Batf–/– T cells 
elicited only mild clinical GVHD and allowed normal immune 
reconstitution and long-term survival compared with that 
observed in WT T cell–recipient mice (Figure 2, A and B, and Sup-
plemental Figure 2A). Donor T cell–restricted BATF deficiency 
significantly diminished endoscopic signs of colitis at the onset 
(day 15) and macroscopic (colon length), endoscopic, and histo-
logic signs of intestinal inflammation at full clinical manifestation 
(day 30) of GVHD (Figure 2, A–E, and Supplemental Figure 2, 
A–C), indicating overall that BATF-dependent T cells are critical 
mediators of GVHD-mediated tissue damage affecting predomi-
nately lymphoid organs and the intestines. Interestingly, Il6, but 
not Tnfa or Il17a, colon tissue expression levels were hampered 
in the absence of BATF-expressing T cells (Figure 3A). Similarly, 
Batf–/– T cells failed to upregulate systemic IL-6 serum levels, while 
TNF-α and IL-17A levels were largely indistinguishable between 
WT and Batf–/– donor T cell–receiving mice (Figure 3B).

Figure 1. Intestinal GVHD is linked to BATF/Batf expression in humans and mice. (A and B) 
Quantitative gene expression analyses of human BATF transcripts in colonic tissue biopsies 
derived from allo-HCT patients. Samples were categorized by (A) the histopathologic absence 
(–GVHD, n = 30 samples) or presence (+GVHD, n = 22 samples) of GVHD-associated lesions and 
by (B) the absence (–Apoptosis, n = 32 samples) or presence (+Apoptosis, n = 20 samples) of 
GVHD severity–related epithelial cell apoptosis. Data represent the mean ± SEM of normalized 
relative BATF expression levels calculated from a standard curve. (C) Murine Batf gene expres-
sion kinetics in colonic tissue from GVHD-induced mice (days 15 and 30) after transplantation 
of 5 × 106 allogeneic T cell–depleted CD45.1 B6.SJL WT BM on day 1 into total body–irradiated  
(8 Gy) BALB/c mice the day before, followed by adoptive transfer of 0.7 × 106 C57Bl/6 alloreac-
tive WT donor CD3+ T cells (WT) or no T cells (noT) on day 2. Gene expression levels in colonic 
tissue represent the normalized relative fold-change in expression compared with day-15 
colonic tissue expression in mice without donor T cell transfer (noT), with the expression level 
arbitrarily set at 1. Data represent the mean ± SEM and were derived from day-15 noT  
(n = 13) and WT (n = 14) and from day-30 noT (n = 15) and WT (n = 12) individual mice per group 
and are derived from at least 3 independent experiments. **P < 0.01, ***P < 0.001, and  
****P < 0.0001, by unpaired, 2-sided Student’s t test (A and B) and 1-way ANOVA with  
Bonferroni’s multiple comparisons post test (C).
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cell–recipient mice were repetitively treated with either recombi-
nant GM-CSF or vehicle alone. Strikingly, GM-CSF complemen-
tation partially reconstituted both systemic and intestinal signs of 
GVHD in Batf–/– T cell–treated mice (Figure 7, A and B).

To directly assess the contribution of T cell–derived GM-CSF, 
we compared GVHD development upon transfer of WT or Csf2–/– 
donor T cells. Importantly, Csf2–/– T cell–recipient mice showed 
attenuated systemic GVHD and significantly increased survival 
rates compared with WT controls (Figure 7, C and D). Further-

in the absence of BATF (Supplemental Figure 6). Strikingly, in the 
miHA-mismatched GVHD model, GM-CSF+, but not IFN-γ+, T cell 
subsets were equally dependent on BATF (Supplemental Figure 
7, A and B). Collectively, BATF drives the generation of a unique 
intestinal donor T cell population distinct from Th17 cells and char-
acterized by GM-CSF expression.

T cell–derived GM-CSF promotes acute GVHD. To assess wheth-
er reduced GM-CSF might account for hampered GVHD forma-
tion in the absence of T cell–intrinsic BATF expression, Batf–/– T 

Figure 2. Acute GVHD is critically dependent on BATF-expressing donor T cells. (A and B) Clinical GVHD score (A) and survival (B) following transfer of 
allogeneic WT (red squares) and Batf–/– (black triangles) CD3+ C57Bl/6 donor T cells or no T cells (gray circles) into irradiated BALB/c mice after transplan-
tation of T cell–depleted CD45.1 B6.SJL WT BM. Results from 1 representative experiment (n = 5 mice/group) of at least 4 independent experiments are 
shown. (C and D) Endoscopic (C) and histologic (D) assessment of GVHD-associated colitis activity at the onset of GVHD on day 15 (C, upper row) and when 
GVHD was fully established on day 30 (C, lower row). Representative images are shown, and scatter plots summarize the pooled results of colonoscopy 
scores derived from 3 independent experiments for day 15 (n = 12 noT mice; n = 11 WT mice; n = 12 Batf–/– mice) and from 2 independent experiments for 
day 30 (n = 14 noT mice; n = 11 WT mice; n = 17 Batf–/– mice). (D) In analogy, representative histopathologic cross-sections of the colon of each individual 
group 30 days after GVHD induction (C57Bl/6 in BALB/c) are shown, while scatter plots show the pooled histology scores from 3 independent experiments 
with noT (n = 10), WT (n = 12), and Batf–/– (n = 10) mice. Scale bars: 100 μm. (E) Detection and quantification of MPO+ cells in colonic tissue sections from 
the GVHD-prone BALB/c mice described in A. Scale bars: 50 μm. Scatter plots show the mean ± SEM of MPO+ cells/HPF representing pooled data for 7 to 
8 mice per group from 3 independent experiments. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, 
unpaired Student’s t test (A) and 1-way ANOVA with Bonferroni’s multiple comparisons post test (B–E).
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T cells and specifically the relative 
and absolute pool of MLN- and cLP- 
residing IL-7RhiGM-CSF+ donor T 
cells were significantly diminished in 
the absence of BATF upon both dis-
ease onset (day 15) and during estab-
lished intestinal GVHD (Figure 8, C 
and D, and Supplemental Figure 8C). 
In contrast, both IL-7R–/loGM-CSF+ 
and IL-7RhiGM-CSF– donor T cell 
fractions were virtually unaffected by 
BATF deficiency (Supplemental Fig-
ure 8, D and E).

Consistent with an activat-
ed and proinflammatory state, the 
majority of IL-7RhiGM-CSF+ T cells 
coexpressed IFN-γ and TNF-α or 
expressed either cytokine alone in 
a largely BATF-independent man-
ner (Supplemental Figure 9, A and 
B). Interestingly, donor-derived 
intestinal T cells predominately had 
a CD44+CD62L– phenotype, i.e., 
they were enriched for T effector 
and T effector memory (Tem) cells 
in a BATF-dependent manner (Fig-
ure 8E). Together, in the absence of 
BATF, the donor colonic T cell pool 
within GVHD-prone mice largely 
lacks IL-7RhiGM-CSF+ T cells and is 
deprived of Tem cells.

IL-7–IL-7R interaction regulates 
intestinal GVHD–promoting GM-CSF+ 
Tem cells. Given the IL-7Rhi expres-
sion status of intestinal donor T cells, 
we reasoned that IL-7–IL-7R inter-
action is required for the expansion 

and/or maintenance of GVHD-promoting GM-CSF+ donor T cells, 
putatively providing a mechanistic explanation for the incomplete 
GVHD protection in the absence of Csf2–/– compared with Batf–/– T 
cells. To directly address this hypothesis, we treated GVHD-prone 
mice with an anti–IL-7R antibody until day 15, i.e., around clinical 
GVHD onset, alone or in combination with a GM-CSF–blocking 
antibody that was given over the entire course of the experiment. 
GVHD formation was compared with isotype IgG–treated mice 
and with untreated mice given Batf–/– donor T cells alone (Supple-
mental Figure 10A). Importantly, IL-7R blockade alone transiently 
attenuated GVHD (Figure 9A). However, treatment discontinua-
tion resulted in a relapse of systemic and intestinal GVHD (Fig-
ure 9, A–C). In contrast, combined antibody-mediated IL-7R and 
GM-CSF blockade strongly and persistently suppressed systemic 
and intestinal GVHD and resulted in  overall improved survival, 
indicating a beneficial, putative sequential cooperativity of both 
interventional strategies (Figure 9, A–D). Consistent with a rele-
vant role of IL-7R signaling in the formation of GM-CSF+ T cells, 
the frequency of GM-CSF+ T cells within the cLP T cell compart-
ment was significantly reduced by IL-7R blockade alone (Figure 

more, endoscopic signs of intestinal GVHD were reduced, particu-
larly during established GVHD (Figure 7E). Interestingly, both Il6 
tissue expression levels and the intestinal IL-6+ donor T cell pool 
were indistinguishable between both groups (Figure 7, F and G). 
Together, our data demonstrate that T cell–derived GM-CSF pro-
motes acute GVHD, thereby affecting survival as well as systemic 
and intestinal manifestations.

BATF controls the formation of an IL-7Rhi GM-CSF+ T cell pool. 
Having shown that BATF identified to control the GM-CSF+ donor 
T cell pool in vivo, we studied whether IL-7–driven GM-CSF+ T 
cell formation was affected in the absence of BATF (20). While 
IL-7R/Il7r expression kinetics was unaltered in vitro, the pool of 
IL-7–induced GM-CSF+ T cells was diminished in the absence of 
BATF after 5 days of culture (Figure 8A, and Supplemental Figure 
8, A and B). Consistent with this in vitro kinetics, we found that, 
already by day 7, i.e., 5 days after T cell transfer, the in vivo pool 
of intestinal GM-CSF+ donor T cells was reduced in the absence 
of T cell–intrinsic BATF expression in GVHD-prone mice (Fig-
ure 8B). However, further studies revealed that both the median 
fluorescence intensity of the IL-7R expressed by GM-CSF+ donor 

Figure 3. BATF deficiency–related GVHD attenuation leads to reduced systemic and intestinal IL-6 expres-
sion. (A) Il6, Tnfa, and Il17a transcript levels in colonic tissues were determined by qPCR upon GVHD onset 
(day 15) and during (day 30) established GVHD–associated colitis following transfer of allogeneic WT (black 
bars) and Batf–/– (white bars) CD3+ C57Bl/6 donor T cells or no T cells (light gray bars). Gene expression levels 
were normalized to the expression levels that were detected on day 15 in the noT mice, with an arbitrari-
ly determined expression level of 1. Error bars represent the mean ± SEM of pooled data from at least 3 
independent experiments. Results represent Il6 expression (n = 13 noT, n = 12 WT, and n = 11 Batf–/– mice/
time point); Tnfa expression (n = 8 noT, n = 10 WT, and n = 11 Batf–/– mice/time point); and Il17a expression 
(n = 4 noT, n = 10 WT, and n = 11 Batf–/– mice/time point). (B) IL-6, TNF-α, and IL-17A serum cytokine levels in 
the mice described in A were assessed by flow cytometry on days 7, 10, 15, and 30. Error bars represent the 
mean ± SEM. Results represent pooled data from 3 independent experiments for IL-6 measurements (n = 7 
noT, n = 8 WT, and n = 12 Batf–/– individual mice/time point); TNF-α measurements (n = 3 noT, n = 4 WT, and 
n = 4 Batf–/– individual mice/time point); and IL-17A measurements (n = 6 noT, n = 6 WT, and n = 6 Batf–/– 
individual mice/time point). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 1-way ANOVA with 
Bonferroni’s and Dunn’s multiple comparisons post tests.
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ed GM-CSF deficiency alone significantly reduced systemic 
and intestinal GVHD by both endoscopic and histologic mea-
surements (Figure 10, A–C, and Supplemental Figure 11A). In 
addition, the total numbers of donor-derived cLP T cells were 
significantly lower in Csf2–/– mice than in WT donor T cell–recip-
ient mice (Figure 10D). Furthermore, the pool of Csf2–/– T cells 
expressing IFN-γ and TNF-α, respectively, was diminished com-
pared with the WT T cell pool (Figure 10E and Supplemental Fig-
ure 11B). In summary, these data fully reproduced and extended 
our results obtained with systemic antibody–mediated GM-CSF 
blockade, suggesting that IL-7–responsive GM-CSF2+ donor 
T cells directly mediate intestinal GVHD. Therefore, we rea-
soned that IL-7Rhi GM-CSF2+ donor T cells might be sufficient to 
restore intestinal GVHD in Batf–/– donor T cell–treated mice. To 
directly test this hypothesis, we sort purified CD45.1+IL-7Rhi cLP 
T cells from mice with severe intestinal GVHD and transferred 
those T cells into mice that had received CD45.2+ Batf–/– donor  
T cells lacking GVHD-inducing abilities 10 days earlier. Strik-
ingly, IL-7Rhi T cells largely reestablished systemic and intestinal 
GVHD when compared with vehicle-treated control mice (Fig-
ure 10, F–H). Interestingly, the presence of GVHD-reconstitut-
ing WT T cells did not rescue GM-CSF expression within Batf–/–  
T cells, again indicating that hampered GM-CSF expression is 
due to a T cell–intrinsic, BATF-dependent mechanism. Howev-
er, IL-7Rhi cLP WT T cells significantly increased the absolute 
pool of GM-CSF–expressing T cells (Figure 10I). Together, these 
results show that IL-7RhiGM-CSF–expressing cLP T cells are suf-
ficient to mediate intestinal GVHD and are able to reestablish 
colitis in Batf–/– donor T cell–recipient mice.

9E). However, in contrast to the combined blockade of IL-7R and 
GM-CSF, IL-7R blockade alone failed to diminish both the abso-
lute size of the GM-CSF+ LP T cell pool in GVHD-affected mice 
(Figure 9F) and the total intestinal donor T cell numbers both 
upon and after GVHD onset (Supplemental Figure 10B and Fig-
ure 9G). Finally, given the reduced Tem cell pool in the absence of 
BATF and the established role of IL-7 during the transition of regu-
lar effector cells to Tem cells (21–23) previously shown to potently 
promote GVHD (24), we wondered whether single or combined 
antibody-mediated IL-7R blockade restrained the donor-derived 
Tem cell pool. Interestingly, we found that the intestinal donor 
Tem cell pool was virtually indistinguishable between isotype con-
trol–treated mice and mice treated with the anti–IL-7R antibody 
alone (Figure 9H). This result largely excludes the possibility that 
anti–IL-7R treatment alone leads to an unselective and/or global 
depletion of Tem cells in the gut. However, combined inhibition 
of IL-7R and GM-CSF markedly reduced absolute Tem cell num-
bers, suggesting that a putatively indirect, though at least in part 
GM-CSF–driven, mechanism regulates the donor Tem cell pool 
in vivo. Collectively, these data suggest that, in addition to its role 
described in vitro, IL-7R signaling is involved in the regulation of 
GM-CSF+ T cell formation in vivo. However, the magnitude and 
GVHD-mediating potential of the GM-CSF+ T cell pool are further 
regulated by additional signals including GM-CSF itself.

IL-7RhiGM-CSF+ cLP T cells are sufficient to elicit intestinal 
GVHD. To directly demonstrate that T cells are the most relevant 
GM-CSF–producing source responsible for intestinal GVHD 
manifestation, we treated WT and Csf2–/– donor T cell–recipient 
mice with IL-7R–blocking antibodies. Strikingly, T cell–restrict-

Figure 4. BATF-expressing T cells control intestinal but not hepatic GVHD 
in a miHA-mismatched model. (A) Clinical GVHD score and survival rates 
following transfer of allogeneic WT (red squares) and Batf –/– (black trian-
gles) CD3+ C57Bl/6 donor T cells into irradiated H-2b+ BALB.b mice after 
transplantation of T cell–depleted CD45.1+ B6.SJL WT BM. Results from 1 
representative experiment are shown (n = 6 WT and n = 5 Batf–/– mice). (B) 
Representative endoscopic (upper row) and histologic cross-sectional (low-
er row) images showing GVHD-associated colitis activity during established 
GVHD on day 27. Scatter plots summarize the pooled results of colonos-
copy and histology scores for WT (n = 4) and Batf–/– (n = 5) T cell–recipient 
mice. Scale bars: 100 μm. (C) Histopathologic evaluation of GVHD-associat-
ed liver lesions (scatter plot) assesses portal inflammation of the liver, and 
representative images of histopathologic cross-sections are shown. Scale 
bars: 50 μm. Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and 
****P < 0.0001, by 2-sided, unpaired Student’s t test.
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Collectively, the results presented in this study demon-
strate that BATF drives intestinal, IL-7 signaling–responsive and 
GM-CSF–producing donor T cell formation, with an effector 
memory phenotype that promotes acute intestinal GVHD.

Discussion
T cells phenotypically defined as Th17 cells are widely distributed 
within inflamed tissues throughout the body (25). The identifica-
tion of Th17 cells and the discovery that Th17 cell–directed ther-
apeutic strategies are highly effective to attenuate tissue inflam-
mation have revolutionized the concepts of the pathogenesis of 
immune-mediated diseases (26). The transcription factor BATF 
was shown to control Th17 cell differentiation and regulate inflam-
mation-associated colon tumor formation (5, 6). In the context of 

alloreactivity-mediated tissue damage, Th17 cells have been impli-
cated in playing a disease-promoting role, although this interpre-
tation is not undisputed (11–15). The contribution of BATF-depen-
dent T cell responses in this setting has not been addressed.

First, we performed gene expression analyses and found that 
BATF expression is strongly induced within GVHD-affected colonic 
tissues derived from mice and humans undergoing allo-HCT. Giv-
en that BATF is predominately expressed by lymphoid lineages (6), 
we hypothesized that BATF-expressing T cells might contribute to 
this enhanced expression, prompting us to study the functional rele-
vance of donor T cell–intrinsic BATF in GVHD manifestation. Here, 
using both complete MHC– and miHA-mismatched GVHD models, 
we demonstrate that BATF is indispensable for the manifestation of 
intestinal GVHD. While homing of Batf–/– T cells to the small intes-

Figure 5. BATF is dispensable for early, but not late, donor T cell expansion. (A and B) Donor T cell expansion was assessed by in vivo BLI in GVHD-prone 
mice (C57Bl/6 in BALB/c) after adoptive transfer of luciferase-expressing WT and Batf–/– CD3+ T cells. (A) Representative images show 3 mice of 6 inde-
pendently analyzed mice/group. (B) Mean values ± SEM of emitted photons detected (n = 6 mice/group). (C) WT (red squares) and Batf–/– (black triangles) 
CD3+C57Bl/6 T cells were transferred into CD45.1+ allo-BMT BALB/c mice. On day 12, α4β7+ and CCR9+ expression of MLN-resident H-2d–CD45.1–CD3+CD4+ 
donor T cells was assessed by flow cytometry. Scatter plots represent the mean ± SEM of the indicated subsets derived from 2 experiments (n = 8 WT and 
n = 7 Batf–/– mice). (D and E) Absolute CD45.2+CD3+CD4+ donor T cell numbers (C57Bl/6 in BALB/c) within MLN (day 15) and cLP (day 15 and day 30) were 
calculated by flow cytometry. Error bars represent the mean ± SEM of pooled data. (D) n = 6 mice/genotype and (E) n = 19 WT mice and n = 20 Batf–/– mice 
(day 15); n = 28 WT mice and n = 21 Batf–/– mice (day 30). (F) Allo-HCT (Rag1–/– BM) BALB/c mice received a 1:1 mixture of CFSE+ WT and CTY+ Batf–/– CD4+ T 
cells. One hour later, donor T cell tissue homing and migration were assessed by in vivo confocal microscopy (2 representative images are shown; Hoechst-
stained nuclei are shown in blue, dextran-AF647–stained vasculature in white, CFSE-stained WT T cells in green, and CTY-stained Batf–/– T cells in orange, 
with the latter 2 indicated by colored arrows). Bar graph indicates donor T cell frequencies (n = 5 ROI/mouse; n = 6 mice/genotype). *P < 0.05, **P < 0.01, 
and ****P < 0.0001, by 2-sided, unpaired Student’s t test (B–D and F) and 1-way ANOVA with Bonferroni’s multiple comparisons post test (E).
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tine was described to be hampered under syngeneic conditions (9), 
we found the initial expansion and homing of alloreactive T cells 
to the cLP compartment to be largely unaffected in the absence of 
BATF. However, upon GVHD onset, the size of the donor colonic 
T cell population became increasingly BATF dependent. Hence, we 

reasoned that attenuated T cell proliferation might be secondary 
to the hampered T cell–intrinsic potential to induce and promote 
colitis. Interestingly, in addition to Th17 differentiation, we found 
that T cell–intrinsic GM-CSF and IL-6 expression of donor colonic T 
cells was highly dependent on BATF, while Th1 differentiation was 

Figure 6. Donor T cells express IL-6 and GM-CSF in a BATF-dependent manner. (A) Il6, Csf2, Ifng, Tnfa, and Il17a gene expression in FACS-purified, 
donor-derived LP WT (black) and Batf–/– (white) CD4+ T cells from GVHD-prone mice (C57Bl/6 into BALB/c) were quantified on day 15. Expression rep-
resents normalized, relative fold-change expression compared with WT T cells (set at 1). Error bars represent the mean ± SEM of 3 samples per group from 
2 independent experiments, with 6 mice per genotype. (B–E) Assessment of the pool of (B) GM-CSF–, IFN-γ–, and TNF-α–expressing H2d–CD45.2+CD4+ 
donor MLN T cells (day 15); (C) IFN-γ– and TNF-α–expressing, donor-derived CD45.2+CD3+CD4+ cLP T  cells (day 15); and (D) IL-6– and (E) GM-CSF–expressing 
CD45.2+CD3+CD4+ cLP T cells (days 15 and 30) from the GVHD-prone mice described in A. Bar graphs show the mean ± SEM of 6 mice per genotype (B); (C) 
IFN-γ (n = 10 WT and n = 11 Batf–/– mice) and TNF-α (n = 8 WT and n = 11 Batf–/– mice); (D) day 15 (n = 8 WT and n = 10 Batf–/– mice) and day 30 (n = 8 WT 
and n = 8 Batf–/– mice); (E) day 15 (n = 16 WT and n = 17 Batf–/– mice) and day 30 (n = 21 WT and n = 22 Batf–/– mice) from 3 independent experiments (C–E). 
(F) GM-CSF+ and IFN-γ+ H2d–CD45.2+CD4+ and CD8+ cLP donor T cells, respectively, from GVHD-prone mice were assessed by flow cytometry (day 15). Bar 
graphs show the mean ± SEM of 6 mice per genotype. (G) Rag1–/– BMT BALB/c mice received CD45.1+ WT and CD45.2+ Batf–/– donor C57Bl/6 T cells in a 1:1 
mixture (day 2), and GM-CSF+ H2d–CD45.1+ WT and CD45.2+ Batf–/– CD4+ T cell frequencies were determined (day 15). Representative contour plots and bar 
graph show the mean ± SEM (n = 7 mice). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student’s t test (A–E) and 1-way 
ANOVA with Bonferroni’s multiple comparisons post test (F).
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While pathogenic Th17 cells were shown to be driven by IL-23 
(30), GM-CSF+ T cell–promoting signals are less well defined. 
Recently, IL-7 was described to control the formation of murine 
GM-CSF+ T cells in a STAT5-dependent manner (20, 31). Impor-
tantly, we found that the IL-7–driven GM-CSF+ T cell pool in vitro 
was diminished in the absence of BATF. In line with a functional 
role of IL-7–IL-7R interactions in regulating the GM-CSF+ T cell 
pool also in vivo, we observed that anti–IL-7R–mediated block-
ade persistently reduced the fraction of GM-CSF+ T cells within 
the donor T cell compartment. However, this treatment only tran-
siently attenuated GVHD and failed to permanently restrain the 
absolute size of the GM-CSF+ donor T cell pool. More pronounced 
GVHD-reducing effects resulting from IL-7/IL-7R blockade in 
vivo were reported by others and might be due to the continuous 
treatment regimen used in contrast to the transient anti–IL-7R 
antibody treatment method applied in our experimental setting 
(32). However, even continuous blockade of the IL-7–IL-7R inter-
action led to improved thymus-dependent immune reconstitution 
when compared with the control antibody–treated group (32). 
In line with this result, transient IL-7R blockade did not globally 
perturb intestinal T cell homeostasis. However, GVHD was suffi-
ciently suppressed by a combined IL-7R and GM-CSF blockade, 
thus suggesting that a synergistic mechanism inhibits the forma-
tion, expansion, and functionality of intestinal GM-CSF+ donor 
T cells. Importantly, studies using Csf2–/– T cells confirmed that 
T cells themselves are the most important source of GM-CSF, as 
the reduction in intestinal GVHD mirrored the results obtained 

unaffected, as previously described (6). Functional studies involv-
ing cytokine reconstitution experiments with Batf–/– donor T cell–
recipient mice and cytokine inactivation studies using Csf2–/– donor 
T cells clearly supported the idea that GM-CSF promotes the mani-
festation of GVHD-associated colitis. GM-CSF has been implicated 
as a critical T cell–derived effector cytokine that drives immune- 
mediated diseases such as multiple sclerosis (27, 28). Mechanisti-
cally, because of the absence of GM-CSF receptor expression by T 
cells themselves, it was suggested that the pathogenicity of T cell–
derived GM-CSF is largely mediated through the recruitment and 
activation of inflammatory antigen-presenting cells via the upreg-
ulation of IL-1β, IL-6, and IL-23 expression, thereby further invig-
orating the expansion and maintenance of GM-CSF+ T cells in a 
positive feedback loop (27–29). Consistent with a T cell–extrinsic, 
but GM-CSF–dependent, aggravation of GVHD, we found that the 
absence of T cell–intrinsic BATF expression and hence diminished 
GM-CSF+ T cell numbers led to a reduced recruitment of myeloper-
oxidase-positive (MPO+) myeloid cells to the gut.

Despite the GVHD-aggravating effects exerted by GM-CSF 
alone, GVHD attenuation induced by BATF-deficient donor 
T cells exceeded the reduced GVHD severity observed in the 
absence of T cell–intrinsic GM-CSF expression. One explanation 
for this discrepancy might be our finding that Csf2–/–, in contrast to 
Batf–/–, T cells are still able to express IL-6. In addition, IL-6 tissue 
expression levels in GVHD-affected colon were affected by T cell–
restricted BATF, but not GM-CSF deficiency. Future studies need 
to further explore the functionality of IL-6 in these T cells.

Figure 7. GM-CSF aggravates intestinal GVHD. (A and B) Assessment of systemic (clinical score, A) and intestinal (endoscopic score, B) GVHD of allo-BMT 
BALB/c mice that received Batf–/– donor CD3+ T cells (red line and triangles) on day 2 (C57Bl/6 in BALB/c). Batf–/– T cell–treated mice received either daily 
i.p. injections (150 ng/injection) of recombinant GM-CSF (rGM-CSF) or vehicle only (red triangles and blue squares, respectively). As controls, noT mice 
(BMT only) received GM-CSF (gray line). Data from 2 independent experiments (n = 6 noT + rGM-CSF, n = 16 Batf–/– + rGM-CSF, and n = 11 Batf–/– + vehicle- 
only mice) are shown. (C–E) Systemic GVHD (clinical score, C), survival rates (D), and intestinal GVHD (endoscopic score, E) were assessed on day 28 in 
allo-BMT BALB/c mice treated with C57Bl/6 WT (red line and squares), Csf2–/– (blue line and triangles), or no (noT, gray line) CD3+ donor T cells. Data from 
2 independent experiments were pooled (n = 10 noT, n = 9 WT, and n = 13 Csf2–/– mice). (F) Il6 gene expression levels were determined by qPCR analysis of 
colonic tissues 28 days after GVHD induction (C57Bl/6 in BALB/c), as described in C. Gene expression levels represent the normalized, relative fold-change 
of expression detected in noT mice (the expression level was arbitrarily set at 1). Bar graphs represent pooled data from 2 independent experiments (n = 
9 noT; n = 8 WT, and n = 12 Csf2–/– mice. (G) IL-6–expressing, donor-derived CD45.2+CD3+CD4+ LP T cell frequencies were determined by flow cytometry 28 
days after GVHD induction, as described in F. Bar graphs indicate the mean ± SEM and represent pooled data from 2 independent experiments (n = 8 WT 
and n = 4 Csf2–/– mice). Representative contour plots show intracellular IL-6 levels in CD45.2+CD3+CD4+ cLP T cells. *P < 0.05, **P < 0.01, and ***P < 0.001, 
by 2-sided, unpaired Student’s t test (A–E and G) and 1-way ANOVA test with Dunn’s multiple comparisons post test (F).
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provides a mechanistic link between the IL-7–driven immune 
response and the occurrence of acute GVHD. GM-CSF has been 
shown to drive tissue inflammation in various immune-mediated  
disease models (40). Importantly, our results demonstrate that 
in GVHD, donor T cell–derived GM-CSF itself promotes sys-
temic and intestinal GVHD, especially after pathogenic donor T 
cell differentiation, and hence GVHD manifestation, have taken 
place. Given our data, we propose a model in which host tissue–
derived IL-7 (e.g., produced by intestinal epithelial cells [41, 42], 
hepatocytes [43], and hair follicle cells [44]) critically instructs 
donor T cells under the T cell–intrinsic control of BATF to become 
IL-7Rhi Tem cells that mediate intestinal GVHD at least in part by 
expressing GM-CSF. Hence, therapeutic targeting of the IL-7R/
BATF/GM-CSF axis might represent a future option to mitigate 
acute, life-threatening intestinal GVHD.

with systemic antibody–mediated GM-CSF neutralization. Final-
ly, reconstitution studies functionally demonstrated that intesti-
nal GVHD–derived IL-7Rhi cLP T cells were able to reconstitute 
GVHD-associated colitis in Batf–/– donor T cell–treated mice.

Collectively, our study identifies and characterizes a dis-
tinct T cell subpopulation that, in GVHD biology, exerts a thus-
far unappreciated mechanism of tissue damage via IL-7–driven, 
BATF-dependent formation of IL-7RhiGM-CSF+ T cells. Inter-
estingly, IL-7 has been repeatedly implicated in promoting T cell 
recovery after allo-HCT, and its value is currently being tested 
in clinical studies (33–35). However, there is emerging evidence 
that IL-7 might cause more harm than benefit, given the posi-
tive association between elevated serum levels and acute GVHD 
development and relapse (32, 36–39). With the identification of 
IL-7RhiGM-CSF+ T cells as important drivers of GVHD, our study 

Figure 8. BATF controls the formation of IL-7RhiGM-CSF+ T cells. (A) GM-CSF+CD4+ T cell frequencies by intracellular flow cytometry on day 5 of in vitro cul-
ture under IFN-γ–neutralizing conditions, with or without IL-7. Bar graph represents pooled data from 4 independent experiments and indicates the mean 
± SEM. Without IL-7 (–), n = 10 WT and n = 7 Batf–/– mice; with IL-7 (+), n = 16 WT and n = 12 Batf–/– mice. (B) GM-CSF–expressing, donor-derived CD45.2+ 

CD3+CD4+ cLP T cell frequencies ex vivo in GVHD-prone mice after WT and Batf–/– CD3+ donor T cell transfer (C57Bl/6 into BALB/c). Bar graph indicates the 
mean ± SEM of 4 individual mice per group from 1 experiment. (C and D) Flow cytometric contour plots display IL-7R and GM-CSF levels of (C) MLN (day 15), 
cLP (days 15 and 28), and (D) cLP (day 27) donor-derived CD4+ T cells after GVHD induction by C57Bl/6 WT (red) and Batf–/– (black) CD3+ T cell transfer into 
(C) BALB/c and (D) BALB.b mice, respectively. Histograms show the IL-7R expression status of GM-CSF+CD45.2+CD4+ T cells compared with IL-7R isotype 
control staining (gray-shaded area). Mean values ± SEM represent frequencies (top) and absolute numbers of IL-7RhiGM-CSF+ cells within CD45.2+CD4+ 
donor T cells found in the MLN (C) and cLP (C, days 15 and 28; D, day 27). Results for WT mice (C, MLN and cLP, day 15: n = 7; cLP, day 28: n = 7; D, n = 4) and 
Batf–/– mice (C, MLN and cLP, day 15: n = 7; cLP, day 28: n = 4; D, n = 5) from 1 of 2 experiments are shown. (E) Relative frequencies and absolute numbers of 
CD45.2+CD3+CD4+IL-7RhiCD44+CD62L– cLP T cells (Tem cells) of the indicated genotypes 28 days after GVHD induction (C57Bl/6 into BALB/c), as described 
in B, were assessed by flow cytometry. Bar graphs indicate the mean ± SEM (n = 7 WT mice and n = 4 Batf–/– mice). *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001, by 1-way ANOVA with Bonferroni’s multiple comparisons post test (A and B) and unpaired Student’s t test (C–E).
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(Eppendorf) using a QuantiFast SYBR Green PCR Kit (QIAGEN) accord-
ing to the manufacturers’ instructions and as previously described (45). 
The following gene-specific primer sets to detect human transcripts 
were used: BATF, forward, 5′-GACAAGAGAGCCCAGAGGTG-3′, 
reverse, 5′-TTCTGTGTCTGCCTCTGTCG-3′; 18S ribosomal RNA, for-
ward, 5′-ACCGATTGGATGGTTTAGTGAG-3′, reverse, 5′-CCTACG-
GAAACCTTGTTACGAC-3′. Expression of BATF was normalized to 18S 
ribosomal RNA. The expression levels represent relative units and were 
calculated from a standard curve plotting 3 different concentrations of 
log dilutions against the PCR cycle number as previously described (45).

Methods
Human studies. Human colonic tissue biopsies (n = 52) were collected 
during colonoscopy of allo-HCT patients. Colonoscopies were per-
formed at the Department of Hematology and Oncology and Gastro-
enterology of the University Hospital Regensburg.

Upon removal, tissue was either stored at –80°C or directly conveyed 
for RNA isolation using an RNeasy Mini Kit (QIAGEN), followed by 
cDNA synthesis using Moloney murine leukemia virus reverse transcrip-
tase (Promega) according to the manufacturers’ instructions. Quantita-
tive PCR (qPCR) analyses were performed on a Mastercyler Ep Realplex 

Figure 9. IL-7–responsive GM-CSF+ colonic T cells drive intestinal GVHD. (A–D) Antibody-mediated systemic blockade of IL-7R and GM-CSF affects clinical 
and intestinal GVHD manifestations in the complete MHC-mismatched model (C57Bl/6 into BALB/c). WT CD3+ T cell–recipient mice were given anti–IL-7R 
(αIL-7R) until day 15, either alone (gray line and triangles) or in combination with continuously administered anti–GM-CSF (αGM-CSF) (blue line and dia-
monds). As controls, WT donor T cells were continuously treated with isotype IgG antibody (red line and squares), or Batf–/– donor T cells were transplanted 
alone without further treatment (black line and triangles). The clinical GVHD score (A), the colonoscopy score and representative endoscopic images (B), 
the histology score and representative histopathologic images of GVHD-associated colitis on day 28 (C), and the survival rates (D) are shown. Scale bars: 
100 μm. Data from 2 independent experiments were pooled and include (A, B, and D) WT isotype IgG (n = 19), WT anti–IL-7R (n = 9), WT anti–GM-CSF/anti–
IL-7R (n = 17), and untreated Batf–/– (n = 4) mice; and (C) WT isotype IgG (n = 8), WT anti–IL-7R (n = 9), WT anti–GM-CSF/anti–IL-7R (n = 8), and untreated 
Batf–/– (n = 4) mice. Shown are the relative frequencies (E) and absolute numbers (F) of cLP CD45.2+CD3+CD4+GM-CSF+ T cells, the absolute numbers of 
donor-derived cLP T cells (G), and CD44+CD62L– (Tem) T cells (H) in CD45.2+CD3+CD4+ cLP T cells 28 days after GVHD induction (C57Bl/6 into BALB/c), which 
were treated with isotype IgG antibody, anti–IL-7R antibody alone, or in combination with anti–GM-CSF antibody, as described in A. A representative 
experiment of 2 experiments is shown and involved WT isotype IgG (n = 7), WT anti–IL-7R (n = 8), and WT anti–GM-CSF/anti–IL-7R (n = 7) mice. Data in 
A–E represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student’s t test (A) and 1-way ANOVA with 
Bonferroni’s multiple comparisons post test (B–H).
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Ubc-luc+ mice (LTPA Ubc-luc+:Tyr C/C [C57BL/6]; PerkinElmer) were 
provided by Stefan Wirtz and intercrossed with Batf–/– mice.

Induction and monitoring of murine GVHD. Ten- to twelve-week-
old female H-2d+ BALB/c (complete MHC–mismatched model) or 
H-2b+ BALB.b (miHA-mismatched model) mice were lethally irradi-
ated with 8 Gy via total body irradiation (TBI). Twenty-four hours lat-
er, mice were i.v. injected with 5 × 106 T cell–depleted BM cells from 
allogeneic CD45.1/Ly5.1+ B6.SJL-Ptprca Pepcb/BoyCrl mice or with BM 
cells from allogeneic CD45.2 B6.129S7-Rag1tm1Mom/J Rag1–/– mice. 
T cell depletion of BM cells was achieved using anti-CD90.2 magnetic 
microbeads (Miltenyi Biotec) according to the manufacturer’s instruc-
tions and routinely yielded T cell frequencies of less than 2% of the 
initial population. Forty-eight hours after irradiation, mice received 
i.v. injections of 0.7 × 106 (complete MHC–mismatched model) or  

In parallel, colonic tissue sections were analyzed for the presence 
or absence of histopathologic signs of intestinal GVHD during the clin-
ical examination by a clinical pathologist trained in GVHD-associat-
ed gastrointestinal histopathology. Histopathologic scoring of colitis 
activity and the presence of GVHD-associated apoptotic events was 
performed as previously published (46) and as described in detail in 
the histology section below.

Mice. Female BALB/cJRj, Ly5.2+ (CD45.2+) C57Bl/6 mice were 
obtained from Elevage Janvier, and congenic Ly5.1+ (CD45.1+) B6.SJL- 
Ptprca Pepcb/BoyCrl mice were obtained from Charles River Labora-
tories. Mice were used at 7 to 12 weeks of age. Batf–/– mice (B6.129S- 
Batf tm1.1Kmm/J) were described previously (6). Csf2–/– (GM-CSF) mice on 
a C57Bl/6 background were provided by G. Dranoff (Dana-Farber Can-
cer Institute, Boston, Massachusetts, USA) and Georg Weber (47, 48). 

Figure 10. IL-7RhiGM-CSF+ colonic T cells are sufficient to reestablish intestinal GVHD. (A–E) Effects of antibody-mediated IL-7R blockade on GVHD 
manifestations were dependent on T cell–intrinsic GM-CSF. C57Bl/6 WT (red squares) or Csf2–/– (blue diamonds) donor CD3+ T cells were transplant-
ed into allo-BMT BALB/c mice and treated with anti–IL-7R 3 times per week until day 15. GVHD scores (A), colonoscopy scores on day 28 (B), histology 
scores, and representative colon cross-sections (C) of GVHD colitis are shown. (D and E) Total donor CD45.2+CD3+CD4+ T cells (D) and absolute numbers of 
IFN-γ+CD45.2+CD3+CD4+ donor cLP T cells in the GVHD-prone mice described in A were assessed by intracellular flow cytometry. In A and B, pooled data are 
from 2 independent experiments (n = 13 WT + anti–IL-7R and n = 14 anti–IL-7R + Csf2–/– mice). In C, data are from 1 experiment (n = 5 WT + anti–IL-7R and 
n = 8 anti–IL-7R + Csf2–/– mice). In D and E, data are from 1 experiment (n = 8 WT + anti–IL-7R and n = 5 Csf2–/– + anti–IL-7R mice). (F–I) Allo-BMT (CD45.2+ 
Rag1–/– BM) BALB/c mice received allogeneic CD45.2+CD3+C57BL6 Batf–/– T cells. (F) Ten days later, as a second transfer, mice received i.v. either 2 × 105 
alloreactive B6.SJL CD45.1+CD3+IL-7Rhi cLP T cells (red squares; n = 6) that were sort purified from mice with established intestinal GVHD 28 days after 
GVHD induction or that were treated with PBS (vehicle) only (blue diamonds, n = 5). Clinical GVHD scores (F), colonoscopy scores (G), histology scores, and 
representative colon cross-sections (H) of GVHD colitis on day 47, i.e., 35 days after the second transfer. (I) Absolute numbers of CD45.1+CD4+GM-CSF+ WT 
(red) and CD45.2+CD4+GM-CSF+Batf–/– (blue) cLP T cells. The left bar (blue only) depicts GM-CSF+CD4+ T cells from vehicle-only–treated mice, while the right 
bar (blue and red) displays the absolute pool of GM-CSF+ cLP donor CD4+ T cells present in mice that received both CD45.1+IL-7Rhi cLP WT (red) and Batf–/– 
donor T cells (blue). Scale bars: 100 μm. **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-sided, unpaired Student’s t test. P values in G and H were also 
determined by 2-sided, unpaired Student’s t test.
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taken with a confocal microscope (Leica SP 8) using the laser lines 405 
nm, 488 nm, 552 nm, and 633 nm to excite Hoechst, CFSE, CTY, and 
Alexa Fluor 647, respectively. At least 5 independent regions of inter-
est (ROI) per mouse were used to enumerate differentially labeled T 
cells homed and migrated to the cLP compartment.

In vivo administration of agonistic proteins or blocking antibodies 
during murine GVHD. Recombinant GM-CSF reconstitution studies 
were performed by daily i.p. administration of 150 ng recombinant, 
carrier-free mouse GM-CSF protein (BioLegend) dissolved in a vol-
ume of 100 μl, starting on day 5 and maintained until day 28. Controls 
were treated with sterile PBS (vehicle) alone.

For IL-7R blockade experiments, i.p. injections (300 μg/injec-
tion) of anti–mouse IL-7R antibody (clone A7R34; BioXcell) were 
given 3 times per week, starting on the day of BMT (day 1) until day 
15, either alone or in combination with systemic GM-CSF neutraliza-
tion by additional administration (300 μg/injection) of an anti-mouse 
GM-CSF antibody (MP1-22E9; BioXcell) administered 3 times per 
week throughout the experiment in a total volume of 100 μl. Con-
trol-treated mice received an isotype control rat IgG2a antibody (clone 
2A3; BioXcell; 300 μg/injection) or vehicle alone (PBS) 3 times per 
week over the entire course of the experiment.

Reconstitution studies by adoptive donor T cell transfer. For the 
reconstitution experiments, female BALB/c mice were lethally irra-
diated (day 0) and consecutively transplanted with 5 × 106 T cell–
depleted BM cells from allogeneic CD45.2 B6.129S7-Rag1tm1Mom/J 
Rag1–/– mice (day 1). Twenty-four hours later, 0.7 × 106 alloreactive 
CD45.2+CD3+ Batf–/– T cells were given i.v. (day 2). Ten days later (day 
12), Batf–/– T cell–recipient mice were rechallenged via i.v. transfer of 
2 × 105 CD45.1+ congenically marked, allogeneic CD3+IL-7Rhi T cells 
that were isolated from the cLP cell suspensions from mice with estab-
lished acute intestinal GVHD induced by the transplantation of alloge-
neic CD45.1+ donor T cells 28 days before, as described above. GVHD 
development in IL-7Rhi LP T cell–recipient and PBS-recipient (vehicle 
only) mice was continuously monitored.

Histology. For the human studies, intestinal GVHD within colon-
ic tissue samples from allo-HCT patients was graded histological-
ly according to Lerner (54). Lerner grade 0 was categorized as “no 
GVHD” versus any observed grades of GVHD. Apoptosis was semi-
quantitatively scored by 2 expert pathologists. The number of apop-
totic cells per high-power field (HPF) was counted, and 0–1 apoptotic 
cells per HPF were scored as grade 0, whereas 2–4, 5–7, and more than 
7 apoptotic cells per HPF were scored as grades 1, 2, and 3, respective-
ly, and were hence considered positive for apoptosis. By this approach, 
occasionally occurring apoptotic events were not misinterpreted to be 
caused by or related to intestinal GVHD. 

For the murine studies, the whole colon was removed, intensively 
flushed, and rinsed ex vivo to remove feces as described below. Parts 
of the distal colon and the liver were fixed in 4.5% formaldehyde, 
dehydrated in alcohol, and embedded in paraffin. Sections were cut 
at a thickness of 3 μm. For pathological analysis, colon and liver sec-
tions were stained with H&E using a standard protocol. Cross-sections 
were evaluated on a Zeiss Axio Imager.A1 microscope. Histomor-
phological changes were assessed in a blinded manner by clinically 
trained pathologists experienced in murine histopathologic studies. 
The histology scores reflect the degree of colonic tissue inflammation 
assessed semiquantitatively within a well-oriented, representative 
area of each sample, as previously described (55): 0 (no or minimal 

5 × 106 (miHA-mismatched model) alloreactive CD3+ T cells that were 
magnetically enriched from total mononuclear splenocyte prepara-
tions of C57Bl/6 WT, Batf–/–, Ubc-luc+, Ubc-luc+ Batf–/–, and Csf2–/– mice, 
respectively, using the Mouse Pan T Cell Isolation Kit II (Miltenyi Bio-
tec) according to the manufacturer’s instructions. In cotransfer stud-
ies, Rag1–/– BM was transplanted, followed by transfer of 0.35 × 106 
congenically marked WT and 0.35 × 106 congenically marked Batf–/– T 
cells 24 hours later. Clinical GVHD scores were assessed every other 
day and included 6 parameters: body weight, posture, activity, skin 
and fur texture, and stool consistency. The severity of the individual 
parameters was scored on a range from 0 for no manifestation to 2 for 
severe manifestation. If an individual mouse reached a combined dis-
ease score above 8, the mouse was euthanized (49, 50).

In vivo bioluminescence imaging. In vivo bioluminescence imaging 
(BLI) was performed as previously described (51). In brief, 10 minutes 
after i.p. injection of 100 μl VivoGlo Luciferin (1.5 mg/ml; Promega) 
into mice that were GVHD prone as a result of adoptive transfer of 
allogeneic C57Bl/6 donor T cells transgenically expressing luciferase 
under the control of the ubiquitin promoter, bioluminescence over 
the abdominal region was recorded over a period of 5 minutes using 
an IVIS Lumina II charge-coupled imaging system (Caliper Life Sci-
ence, PerkinElmer) every 3 to 4 days, beginning 4 days after irradia-
tion. During the procedure, animals were anesthetized via inhalation 
of ambient air supplemented with 3 % isoflurane. Images were further 
analyzed and processed using Living Image Software 2.5 (Caliper Life 
Science, PerkinElmer).

Mouse colonoscopy. Macroscopic assessment of the murine colon 
was performed using an Image 1 S3 Mini-Endoscope (Karl Storz) as 
previously described (52). The procedure was performed on mice that 
were anesthetized by inhalation of ambient air supplemented with 
3% isoflurane. Colitis activity was determined by applying a modi-
fied murine endoscopic score of colitis severity (MEICS) assessing 
thickening of the bowel wall, changes in vascularity, granularity of the 
mucosal surface, and stool consistency, with each scored from 0 to 3, 
with a maximum total score of 12, as previously described (5).

Adoptive transfer with intravital confocal microscopy. Intravital 
confocal microscopy analyses upon adoptive transfer of T cells were 
performed according to a previously published study (53). Briefly, 
BALB/c mice were irradiated with 8 Gy and transplanted with 5 × 106 
BM cells from Rag1–/– mice. Nine days later, mice were anesthetized 
via i.p. ketamine-xylazine administration. To counterstain preexisting 
cells, Hoechst dye was injected i.v. prior to T cell transfer. For counter-
staining of the vasculature, dextran–Alexa Fluor 647 (dextran-AF647) 
(Thermo Fisher Scientific) was directly injected into the ileocolic 
artery together with the cells, as described below. To this end, allo-
reactive CD4+ T cells were magnetically enriched from mononuclear 
splenocyte preparations of naive CD45.1 B6.SJL WT or CD45.2 Batf–/– 
mice using the mouse CD4 Isolation Kit (Miltenyi Biotec). WT T cells 
were labeled with CFSE, while Batf–/– T cells were labeled with Cell-
Trace Yellow (CTY) using the CellTrace CFSE and CellTrace Yellow 
Cell Proliferation kits, respectively, according to the manufacturer’s 
instructions (Thermo Fisher Scientific). After median laparotomy and 
direct cannulation of the ileocolic artery, 1 × 106 labeled T cells of each 
genotype were together adoptively transferred by intra-arterial injec-
tion. Colonic tissue homing of transferred T cells was assessed 1 hour 
later. For this, and after exteriorization of the colon, the colonic muco-
sal tissue was aligned onto a transparent glass Petri dish. Images were 
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able Aqua Dead Cell Stain (LIVE/DEAD Fixable Aqua Dead Cell Stain 
Kit; Life Technologies, Thermo Fisher Scientific) within the live gate 
were used for further downstream analyses. Acquired data were fur-
ther analyzed using FlowJo 7.6.5 software.

In vitro T cell cultures. After Ack buffer lysis–mediated red blood 
cell removal, splenocytes were magnetically enriched for CD4+ T cells 
by negative selection following the manufacturer’s instructions (CD4+ 
T Cell Isolation Kit II; Miltenyi Biotec). Afterward, CD4+ T cells were 
stained with anti-CD4 and anti-CD25 antibodies, and CD4+CD25– 
naive T cells were sort purified using a BD FACSAria II cell sorter located 
at the Cell Sorting and Immunomonitoring Core Unit of the University 
Hospital Erlangen, Friedrich-Alexander University Erlangen-Nurem-
berg. The purity of sorted CD4+CD25– T cells was regularly greater than 
98%. Naive CD4+ T cells (106 cells/ml) were cultured in supplemented 
RPMI 1640 medium (10% FCS, 1% penicillin-streptomycin, 1% nones-
sential amino acids, 1% L-glutamine, and 0.1 % β-mercaptoethanol) and 
activated with 10 μg/ml plate-bound anti-CD3 (clone 145-2C11; BioX-
cell) and 1 μg/ml soluble anti-CD28 (clone 37.51; BioXcell) antibodies. 
T cell cultures were additionally supplemented with 10 μg/ml soluble 
anti–IFN-γ (clone XMG1.2; BioXcell) antibody, either alone or together 
with 2 ng/ml recombinant IL-7 (rIL-7) (R&D Systems). On days 3 and 5, 
respectively, 106 T cells/ml were replated in the presence of complete 
RPMI 1640 medium supplemented with either anti–IFN-γ (10 μg/ml) 
antibody alone or in combination with rIL-7 (2 ng/ml).

Intracellular cytokine staining. Isolated cLP cells and in vitro– 
differentiated CD4+ T cells, respectively, were extensively washed, 
and then 106 cells/ml were cultured in supplemented DMEM medi-
um (containing 10% FCS, 1% penicillin-streptomycin, 1% nonessen-
tial amino acids, 1% L-glutamine, and 0.1 % β-mercaptoethanol) in 
the presence or absence of 50 ng/ml PMA and 1 μM ionomycin for 4 
hours. Brefeldin A (1 μg/ml) was added for the last 3 hours of cultur-
ing (all purchased from Sigma Aldrich). After staining of extracellular 
proteins with fluorochrome-labeled antibodies, intracellular cytokine 
staining was performed as previously described (6). In brief, cells were 
fixed through incubation with a fixation buffer containing 2% parafor-
maldehyde (PFA) for 15 minutes at room temperature. After addition-
al washing steps to remove excess PFA, cells were permeabilized by 
sequential washing steps in FACS buffer containing 0.05 % saponin 
(Sigma Aldrich), followed by intracellular cytokine staining (30 min) 
with fluorochrome-labeled anti-cytokine antibodies dissolved in 
FACS buffer containing 0.5 % saponin.

Serum cytokine analysis. Blood was collected by cheek puncture  
after BMT. Sera were generated by whole-blood centrifugation, fol-
lowed by quantification of IL-6, IL-17A, IFN-γ, and TNF-α sera levels 
using a cytometric bead array (CBA) with a BD Enhanced Sensitivity 
CBA Mouse Flex Set system, a CBA Mouse Flex Set system, and a BD 
Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences), respectively, 
according to the manufacturer’s instructions. Samples were run on 
FACSCanto II and FACS Fortessa II flow cytometers. Data were ana-
lyzed using FCAP Array, version 3.0.1 software (BD Biosciences).

Isolation of RNA and cDNA synthesis. Total RNA was isolated 
from flow cytometry–sorted donor cLP–resident CD4+ T cells using 
an RNeasy Micro Kit (QIAGEN) or from whole colon tissue using the 
NucleoSpin RNA Isolation Kit (Macherey Nagel). cDNA was generated 
using the iScript cDNA Synthesis Kit (Bio-Rad) according to the man-
ufacturer’s instructions. For qPCR analysis, iQ SYBR Green Supermix 
(Bio-Rad) was used according to the manufacturer’s instructions.

signs); 1 (mild signs); 2 (moderate signs); or 3 (severe signs). Micro-
scopic visualization of hepatic GVHD manifestation was scored from 
0 to 3 by assessing inflammation- and bile duct–associated lesions, 
respectively, as previously described (55).

Immunohistochemistry. Immunohistochemical analysis was per-
formed on formalin-fixed and deparaffinized tissue sections from the 
distal mouse colon using the tyramide signal amplification (TSA) Cy3 
System (PerkinElmer), as recommended by the manufacturer and as 
described previously (56). In brief, for antigen retrieval, sections were 
treated for 20 minutes with heated citrate buffer (10 mM, pH 6). Then, 
tissue sections were blocked with Protein Block, Serum-Free (product 
X090930-2; Dako). The primary antibody rabbit anti-MPO (ab9535; 
Abcam) was used at a 1:200 dilution in 2% BSA with TBST and incu-
bated overnight at 4°C. The biotinylated secondary goat anti-rab-
bit antibody (58-065-144; Dianova) was used at a 1:1,000 dilution. 
Nuclei counterstaining was performed with Hoechst 33342 (Molecular 
Probes) in a 1:5,000 dilution. Images were recorded using the Leica 
DMI 4000 B fluorescence microscope.

For quantification of MPO+ cells, representative colonic tissue 
areas were identified, and images under ×400 magnification represent-
ing a HPF were recorded. Collectively, images of 8 mice derived from 
at least 3 independent experiments per group were taken, followed by 
enumeration of the number of MPO+ cells per HPF by an experienced 
scientist blinded to the origin and source of the scored images.

Isolation of cLP T cells. After mice were sacrificed, colon specimens 
were removed, flushed, and rinsed with PBS to remove feces, and then 
cut into small pieces and again washed using HBSS supplemented 
with 1% EDTA (0.5 mM). After this, colonic tissues were digested with 
DNase I (0.5 mg/ml), collagenase D (1 mg/ml) and dispase II (6 Units/
ml) solution (all from Roche) containing 5% FCS. Next, digested colonic 
tissue was further subjected to a density centrifugation step with 80% 
and 40% Easycoll (Biochrom) in order to separate and isolate the LP cell 
fraction, followed by additional washing steps using cell culture media.

Flow cytometry and cell sorting. Mononuclear single-cell or T cell 
suspensions were stained with the following multicolor antibody pan-
els for surface proteins and intracellular cytokines: anti-CD3ε (clone 
145-2C11; eBioscience); anti-CD4 (clone GK1.5; BD Biosciences); 
anti-CD8 (clone 53-6.7; BD Biosciences); anti-CD19 (clone MB19-1; 
eBioscience); anti-CD25 (clone PC61.5; eBioscience); anti-CD45.1 
(clone A20; BD Biosciences); anti-CD69 (clone H1.2F3; BD Biosci-
ences); anti-CD3 (clone 17A2; BioLegend); anti-CD4 (GK 1.5; Bio-
Legend); anti-CD8a (clone 53-6.7; BioLegend); anti-CD45.1 (clone 
A20; BioLegend); anti-CD45.2 (clone 104; BioLegend); anti-CD44 
(clone IM7; BioLegend); anti-CD62L (clone MEL-14; BioLegend); 
anti-CD127 (clone A7R34; BioLegend); anti–GM-CSF (clone MP1-
22E9; BioLegend); anti–IL-17A (clone TC11-18H10.1; BioLegend); 
anti–IFN-γ (clone XMG1.2; BioLegend); anti–TNF-α (clone MP6-
XT22; BioLegend); anti–IL-6 (clone MP5-20F3; BioLegend); 7-AAD 
Viability Staining Solution (eBioscience); anti-H2kd (clone SF1-1.1; 
BioLegend); anti-α4β7 (clone DATK32; BioLegend); anti-CCR9 (clone 
CW-1.2; BioLegend); anti–Ki-67 (clone SolA15; eBioscience, Thermo 
Fisher Scientific); and anti-FoxP3 (clone FJK-16s; eBioscience). Both 
Ki-67 and FoxP3 were stained using a FoxP3 Staining Kit (eBioscience) 
according to the manufacturer’s recommendations.

Cells were analyzed using BD FACSCanto II and FACSFortessa II 
flow cytometers (BD Biosciences). After exclusion of doublets, 7-amino- 
actinomycin D–negative cells or cells negative for LIVE/DEAD Fix-
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ed human colonic tissue samples, performed analyses related to 
human colon biopsies, and helped with the interpretation and crit-
ical discussion of the results. SRJ, SW, GFW, SV, and AB provid-
ed critical reagents and mice and helped with the interpretation 
of the results. MBH and TL performed histopathologic analyses. 
SZ performed intravital confocal microscopy studies with the help 
of TV. MFN and AM provided critical advice and helped with the 
interpretation and critical discussion of the results. KH and EU 
designed the study, performed analyses, and interpreted results. 
KH directed the study and wrote the manuscript, with contribu-
tions from all authors.
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Primers to perform quantitative expression analyses of murine 
transcripts via qPCR were synthesized by Eurofins Genomics. The fol-
lowing primer sequences were used: Hprt, forward, 5′-TGGATACAGG-
CCAGACTTTGTT-3′, reverse, 5′-CAGATTCAACTTGCGCTCATC-3′; 
Batf, forward, 5′-GGAAGATTAGAACCATGCCTC-3′, reverse, 
5′-CCAGGTGAAGGGTGTCGG-3′; Ifng, forward, 5′-ATCTGGAG-
GAACTGGCAAAA-3′, reverse, 5′-TGAGCTCATTGAATGCTTGG-3′; 
Csf2, forward, 5′-ATCAAAGAAGCCCTGAACCT-3′, reverse, 5′-GTGT
TTCACAGTCCGTTTCC-3′; Tnfa, forward, 5′-CTTGTGGCAGGG-
GCCACCAC-3′, reverse, 5′-CCATGCCGTTGGCCGGAGG-3′; Il6, 
forward, 5′-CCGGAGAGGAGACTTCACAG-3′, reverse, 5′-TTCTG-
CAAGTGCATCATCGT-3′; and Il17a, forward, 5′-GCTCCAGAAGG-
CCCTCAGA-3′, reverse, 5′-AGCTTTCCCTCCGCATTGA-3′. In addi-
tion, a primer pair for Il7r (QT00103922) was obtained from QIAGEN.

Statistics. Statistical analyses were performed using GraphPad 
Prism 5 (GraphPad Software). Statistical significance was determined 
by an unpaired, 2-sided Student’s t test, a 1-way ANOVA followed by 
Bonferroni′s multiple comparisons post test, or a 1-way ANOVA Krus-
kal-Wallis test followed by Dunn’s multiple comparisons post test. Dif-
ferences in survival rates between 2 groups were assessed by log-rank 
test. The sample size and number of mice used per experiment were 
dependent on availability and chosen in compliance with the commit-
tees approving the experiments. We did not perform randomization of 
samples or mice. Except for the histopathologic scoring data generated 
by a pathologist, the scientists performing the experiments were not 
blinded to the study design. No specific exclusion criteria were applied 
in this study. In most instances, data represent the mean ± SEM. A  
P value of less than 0.05 was considered statistically significant.

Study approval. Human studies were conducted after written 
informed consent was provided by the donor patients. All human 
studies were performed according to Declaration of Helsinki princi-
ples and approved by the ethics committee of the University Hospital 
Regensburg. All animal experiments were approved by the govern-
ment of Mittelfranken in Bavaria, Germany.
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