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Acute graft-versus-host disease (GvHD) is a life-threatening complication of allogeneic hematopoietic cell 
transplantation (allo-HCT), a potentially curative treatment for leukemia. Endoplasmic reticulum (ER) stress occurs 
when the protein folding capacity of the ER is oversaturated. How ER stress modulates tissue homeostasis in the 
context of alloimmunity is not well understood. We show that ER stress contributes to intestinal tissue injury during 
GvHD and can be targeted pharmacologically. We observed high levels of ER stress upon GvHD onset in a murine allo-
HCT model and in human biopsies. These levels correlated with GvHD severity, underscoring a novel therapeutic 
potential. Elevated ER stress resulted in increased cell death of intestinal organoids. In a conditional knockout model, 
deletion of the ER stress regulator transcription factor Xbp1 in intestinal epithelial cells induced a general ER stress 
signaling disruption and aggravated GvHD lethality. This phenotype was mediated by changes in the production of anti-
microbial peptides and the microbiome composition as well as activation of pro-apoptotic signaling. Inhibition of 
inositol-requiring enzyme 1α  (IRE1α), the most conserved signaling branch in ER stress, reduced GvHD development in 
mice. IRE1α blockade by the small molecule inhibitor 4m8c improved intestinal cell viability, without impairing 
hematopoietic regeneration and T-cell activity against tumor cells. Our findings in patient samples and mice indicate 
that excessive ER stress propagates tissue injury during GvHD. Reducing ER stress could improve the outcome of 
patients suffering from GvHD. 
 

Abstract 

Introduction 
Acute graft-versus-host disease (GvHD) is a life-threaten-
ing complication of allogeneic hematopoietic cell trans-
plantation (allo-HCT). In particular, GvHD of the 
gastrointestinal tract (GI-GvHD) remains one of the most 
frequent causes of allo-HCT-related morbidity and mor-
tality.1 GI-GvHD results from a complex multi-step cross-
talk between extensive epithelial tissue damage in the 
patient and activation of the allo-reactive immune system 

transferred with the donor graft.2 Enterocytes are sub-
jected to cellular stress and undergo apoptosis. As a re-
sult, patients can develop diarrhea, dehydration, intestinal 
bleeding, hypalbuminemia, and generalized infections.2 
Recently, it has been shown that GvHD is also associated 
with changes of the microbiome diversity and composi-
tion.3 Standard treatment for GI-GvHD consists of cor-
ticosteroids or other compounds that target immune cell 
activation.4 Several factors supporting intestinal repair 
mechanisms have been identified in pre-clinical studies, 
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including IL-22,5,6 R-spondin7,8 and glucagon-like peptide 
2.9 Recently, we have demonstrated a protective role for 
bile acids, which reduce cytokine-mediated intestinal in-
jury and decrease intestinal antigen presentation.10 These 
novel developments show as a proof-of-principle that 
local regulation of repair mechanisms and inflammation 
is a successful approach to treat GI-GvHD and possibly 
other inflammatory diseases of the intestine.  
In this study, we set out to decipher the role of endo-
plasmic reticulum (ER) stress, a cellular stress reaction, 
in the context of GI-GvHD. ER stress occurs upon ac-
cumulation of unfolded proteins in the ER lumen which 
can result from hypoxia, tissue damage, or pathogen ex-
posure. These unfolded proteins are sensed by three 
molecules in the ER membrane which activate signaling 
cascades, commonly known as the unfolded protein re-
sponse (UPR).11 The most conserved UPR transducer is the 
kinase inositol-requiring enzyme 1 α (IRE1α). This kinase 
has a ribonuclease activity and splices the mRNA of the 
transcription factor X-box binding protein 1 (XBP1), which 
then translocates to the nucleus and regulates the ex-
pression of chaperones, foldases and enzymes for lipid 
metabolism.12,13 The two other UPR branches are mediated 
by the protein kinase RNA-like ER kinase (PERK) and the 
activating transcription factor 6 (ATF6).11 Their down-
stream signaling cascades lead to a reduction of the in-
tracellular protein overload. The fundamental task of the 
UPR is to assist the cell in coping with the large amount 
of unfolded proteins. However, prolonged activation of 
the UPR also activates pro-apoptotic kinases and tran-
scription factors.11,14,15 Another mechanism contributing to 
ER stress-induced cell death is mediated via regulated 
inositol-requiring enzyme 1-dependent decay of mRNA 
(RIDD).16 During this process, IRE1α splices and thus in-
activates multiple mRNA which results in cell death. 
These opposite effects of ER stress on cell fate underline 
the fact that a tight regulation of the UPR is necessary 
to maintain physiological balance and homeostasis in 
stressed cells (Figure 1A).  
Our study aimed to close the gap in understanding the 
function of intestinal UPR and its therapeutic potential in 
GI-GvHD. We observed that ER stress occurred during 
GvHD development in mice and humans and correlated 
with GI-GvHD onset and severity. Using intestinal orga-
noids and a genetic conditional knockout mouse model, 
we found that dysregulated chronic ER stress reduced in-
testinal cell viability and aggravated GvHD severity by al-
tercating anti-microbial peptide production, the 
microbiome composition and pro-apoptotic pathway ac-
tivity. Pharmacological inhibition of IRE1α, one of three ER 
stress signaling pathways, improved GvHD outcome by di-
rectly protecting the intestinal epithelium. Importantly, 
this intervention did not impair hematopoietic regener-
ation, T-cell proliferation or anti-tumor killing capacity. 

Our study proposes the inhibition of this ER stress path-
way as a novel approach for the treatment of GI-GvHD. 

Methods 
Mice 
BALB/c (H-2Kd) and C57BL/6 (H-2Kb) mice were purchased 
from Janvier Labs (Le Genest-Saint-Isle, France). Luci-
ferase-transgenic C57BL/6 mice (H-2Kb) were bred in the 
animal facility of the Center for Clinical Research at the 
Medical Center – University of Freiburg, Germany. Mice 
carrying a floxed Xbp1 allele (Xbp1fl/fl) have been previously 
described17 and were a kind gift from Dr. Laurie Glimcher, 
Cornell University, USA. B6. Cg-Tg(Vil1-cre)997Gum/J mice 
expressing the Cre recombinase in villus and crypt intes-
tinal epithelial cells (VilCre) were purchased from the Jack-
son Laboratory. VilCreXbp1fl/fl mice and Xbp1fl/fl littermates 
were generated by crossing these two strains. All animals 
were housed under specific pathogen-free conditions at 
the animal facility of the Center for Clinical Research (ZKF, 
Freiburg, Germany). Genotypes were confirmed via 
polymerase chain reaction (PCR). All animal protocols (G-
16/018, G-17/063, G-18/063; X-13/07J; X-15/10A; X20/06K) 
were approved by the Federal Ministry for Nature, Environ-
ment and Consumer Protection of the state of Baden-
Württemberg, Germany.  
All other methods are provided in the Online Supplemen-
tary Appendix. 

Results 
Unfolded protein response is activated during early 
graft-versus-host disease development in mice 
We first characterized the UPR activity in the intestine of 
healthy mice and after GvHD induction by quantifying the 
splicing of Xbp1, which is one of the initiating events of 
UPR signaling. We observed increased Xbp1 splicing in the 
colon of mice 7 days after allo-HCT when compared to un-
treated mice (Online Supplementary Figure S1A-C). In order 
to study the exact time course of UPR activation, we per-
formed quantification of the established ER stress 
markers Xbp1s/Xbp1u (spliced Xbp1 in relation to unspliced 
Xbp1) and Hspa5 (encoding for the chaperone GRP78, also 
known as BIP) at multiple time points after allo-HCT (Fig-
ure 1B). We further set out to distinguish whether ER 
stress was induced as a consequence of the conditioning 
treatment alone (total body irradiation [TBI]) or by the 
allo-immune reaction that marks GvHD development. We 
observed an upregulation of the UPR-related markers in 
the small intestine (Online Supplementary Figure S1D) and 
in the colon (Figure 1C) of both TBI and GvHD mice when 
compared to healthy mice. While ER stress markers were 



Figure 1. Graft-versus-host disease induction leads to endoplasmic reticulum stress in the murine intestine. (A) Schematic 
overview of the three different unfolded protein response (UPR) branches induced by endoplasmic reticulum (ER) stress, created 
with BioRender.com. (B, C) BALB/c mice received either only total body irradiation (TBI) with 10 Gy or underwent complete 
allogeneic hematopoietic cell transplantation (allo-HCT) as described in Methods with 5x106 bone marrow (BM) cells and 3x105 
CD4+ and CD8+ T cells isolated from the spleen of a C57BL/6 donor. Untreated BALB/c mice were used as a control. (B) Overview 
of the experimental setup, created with BioRender.com. (C) Quantitative real-time polymerase chain reaction (PCR) analysis of 
the mRNA expression of selected UPR marker genes in the colon with Actb as a reference gene. Samples were isolated on 
different time points after TBI or allo-HCT as indicated. The dashed line represents the expression level in untreated mice, which 

Continued on following page.

 Haematologica | 107 July 2022 

1540

ARTICLE - Targeting ER stress in graft-versus-host disease E. Haring et al.

A

C

D
E

F G

B



was set to 1. Data were pooled from n=11 mice for day 0 (d0) and n=5-7 mice/group for the other time points. The P-values were 
calculated using the ordinary one-way ANOVA with correction for multiple comparisons. Statistical comparisons between 
“GvHD” and “untreated” are highlighted in red color, statistical comparisons between “TBI” and “untreated” are highlighted in 
grey color, *P<0.05, ***P<0.0001. (D) Representative immunohistochemistry staining images for GRP78 in murine colon tissue 
sections. Sections from an untreated mouse (“no inflammation”) and from an allo-transplanted BALB/c mouse (“GvHD”) on d7 
after allo-HCT are shown. Arrows point to GRP78-expressing cells. Scale bars 100 mM. (E) Quantification of the GRP78 expression 
score. Each dot represents a single mouse, n=4-5 mice/group. The P-value was calculated using a two-tailed unpaired Mann 
Whitney U test. (F) Representative immunohistochemistry  staining images for CHOP in murine colon tissue sections. Sections 
from an untreated mouse (“no inflammation”) and from an allo-transplanted BALB/c mouse (“GvHD”) on d7 after allo-HCT are 
shown. Arrows point to GRP78-expressing cells. Scale bars 100 mM. (G) Quantification of the CHOP expression score. Each dot 
represents a single mouse, n=4-5 mice/group. The P-value was calculated using a two-tailed unpaired Mann Whitney U test. 
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induced by TBI as early as day 4, they dropped back to 
normal more rapidly than in mice with GvHD. Especially 
6-8 days after GvHD induction in our model, Xbp1s/Xbp1u 
and Hspa5 expression were significantly higher in mice de-
veloping GvHD compared to TBI mice and healthy controls 
(Figure 1C). After that time point, ER stress levels in the 
colon declined and were similar to baseline (Figure 1C) 
whereas in the small intestine a second increase was ob-
served on day 14 after allo-HCT (Online Supplementary 
Figure S1D). These data indicate an active UPR during early 
GI-GvHD development. While we observed that TBI alone 
can induce the UPR, transfer of T cells aggravated ER 
stress additionally. In line with this, immunohistochemis-
try for GRP78 showed increased expression in the colon 
of GvHD mice when compared to healthy colon tissue 
(Figure 1D to E). Although the aim of the UPR is to support 
the cellular survival in stress conditions by reducing the 
load of unfolded proteins, pro-apoptotic cascades are en-
gaged during prolonged ER stress. C/EBP homologous pro-
tein (CHOP, encoded by the gene Ddit3) is one of the 
transcription factors mediating apoptosis in the context 
of the UPR. We found that CHOP is expressed by the 
healthy colonic epithelium, especially at the top of the 
crypts. Interestingly, the expression in GvHD-developing 
mice extended to the whole crypt (Figure 1F, G). As epithe-
lial regeneration has its origin at the bottom of the crypts 
where intestinal stem cells reside, CHOP-induced apop-
tosis in this area might reduce the capacity of the intes-
tine to regenerate itself. Together, we observed that 
GI-GvHD development in mice is marked by increased 
levels of ER stress. 

Unfolded protein response is activated during  
graft-versus-host disease (GvHD) onset in humans and 
correlates with GvHD severity 
GI-GvHD is a major factor contributing to morbidity and 
mortality in allo-HCT recipients. In order to assess 
whether the UPR was activated in humans, we examined 
biopsies of GvHD patients for the expression of GRP78 and 
CHOP. Healthy tissue and biopsies from colitis patients 
were used as negative and positive controls, respectively. 
In the uninflamed intestine, expression of GRP78 was con-
fined to immune cells that were interspersed between 

crypts, and staining in epithelial cells was low (Figure 2A). 
Confirming a previously shown connection between ER 
stress and colitis,17 GRP78 expression in the epithelium 
was strong in colitis samples. When analyzing biopsies 
from GvHD patients, we observed increased expression in 
higher-grade GvHD compared to lower-grade GvHD (Figure 
2A and B). Similarly, healthy colon tissue showed only low 
expression of CHOP. We observed a more intensive CHOP 
signal in biopsies from patients with GvHD grade 2-3, es-
pecially from injured crypts that were undergoing cell 
death (Figure 2C). Histology data were supported by the 
analysis of a publicly available RNA sequencing data set 
(GSE134662), generated by Holtan et al.18 We found an up-
regulation of various ER stress-related genes when com-
paring gut biopsies from newly diagnosed or 
steroid-refractory GvHD to healthy tissue (Online Supple-
mentary Figure S2A, B). Gene set enrichment analysis con-
firmed a differential expression of genes matched to the 
GO term "Response to endoplasmic reticulum stress" (On-
line Supplementary Figure S2C). Collectively, our data 
show that ER stress occurs during GvHD development in 
mice and humans, and that its levels correlate with GvHD 
severity.  

Chronic endoplasmic reticulum stress aggravates 
intestinal cell death and graft-versus-host disease 
Based on our observation that the UPR is activated during 
GvHD, we investigated the cellular impact of ER stress in-
duction on the intestine using murine small intestinal or-
ganoids that were established and cultured as previously 
described.19 Exposure of organoids to the ER stress inducer 
tunicamycin resulted in cell death as observed by micro-
scopy and flow cytometry (Figure 3A-D). Release of DAMP 
from dying cells contributes to the activation of antigen-
presenting cells in the context of GvHD.20,21 We detected in-
creased concentrations of the DAMP uric acid in the 
supernatants of tunicamycin-treated organoids (Figure 3E). 
Next, we investigated if UPR pathway disruption affects 
GvHD outcome in a murine allo-HCT model. Since the 
IRE1α pathway is the most conserved branch among dif-
ferent species, we focused on the key transcription factor 
XBP1 which is downstream of IRE1α and gets activated by 
the RNase activity of this enzyme. In order to test whether 



Figure 2. Levels of endoplasmic reticulum stress markers correlate with graft-versus-host disease severity in patients. (A, B) 
Immunohistochemistry staining for GRP78 in human colon tissue samples. (A) Representative images from healthy and diseased 
colon tissues as indicated. Arrows point to GRP78-expressing cells. The colitis sample served as a positive control. Scale bars 
100 mm. (B) Quantification of the GRP78 expression score in graft-versus-host disease (GvHD) samples. Statistical analysis of n=7 
(GvHD grade 1-2) and n=5 (GvHD grade 3) patient biopsies. The P-value was calculated using the two-tailed unpaired Mann 
Whitney U test. (C) Representative images of an immunohistochemistry staining for CHOP in human healthy and diseased colon 
tissues as indicated. Arrows point to CHOP-expressing cells. Scale bars 100 mm. 
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intestinal Xbp1 plays a role for the development of GvHD, 
we crossed VilCre mice bearing the Cre-recombinase under 
the control of the Villin-promoter with Xbp1fl/fl mice carry-
ing a floxed exon 2 in the Xbp1 gene. The specific deletion 
of the exon 2 of Xbp1 in the intestine of VilCre Xbp1fl/fl mice 
(here referred to as Xbp1DIEC) was confirmed by quanti-
tative PCR analysis of the intestine in comparison to 
Xbp1fl/fl (here referred to as Xbp1+/+) littermate controls 
(Online Supplementary Figure S3A). Subsequently, we 
asked if intestinal Xbp1 deletion had an impact on the de-
velopment of GvHD. Survival of Xbp1DIEC mice after induc-
tion of GvHD was significantly reduced when compared to 
Xbp1+/+ littermate controls (Figure 3F, G). Furthermore, his-

topathological GvHD scores were increased in Xbp1DIEC 
mice in two different allo-HCT models with TBI or chemo-
therapy as a conditioning treatment (Figure 3H; Online 
Supplementary Figure S3B, C). Altogether, these data show 
that chronic ER stress induces intestinal cell death and 
results in deteriorated GvHD outcome in different murine 
models. 

Intestinal deletion of Xbp1 alters anti-microbial  
peptides and microbiome composition of the intestine 
Next, we explored the mechanism by which chronic ER 
stress increased GvHD. Gene expression analysis revealed 
that multiple genes belonging to the defensin (Def) family 
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Figure 3. Chronic endoplasmic reticulum stress induces intestinal cell death and a more severe graft-versus-host disease 
phenotype. (A) Representative images of BALB/c intestinal organoids treated for 24 hours (h) with 1 mg/mL tunicamycin or vehicle 
control. (B) Quantification of living organoids after vehicle or tunicamycin treatment as in (A) performed by manual microscope 
counting. Data were normalized to the vehicle group. Statistical analysis of n=3 biologically independent experiments. The P-
value was calculated using the two-tailed unpaired Student’s t-test. (C, D) Intestinal organoids were cultured as described in 
(A). Organoids were digested and the proportion of dead cells was determined by flow cytometry. (C) Quantification of the 
percentage of dead cells. The P-value was calculated using the two-tailed unpaired Student’s t-test. (D) Representative flow 
cytometry dot plots. (E) Organoids were treated with 0.15 mg/mL tunicamycin for 12 h and afterwards allowed to rest for further 
24 h in normal medium. Levels of uric acid were measured in the supernatant medium, in which the organoids were rested. 
Concentrations were measured in total ng/mL, n=2-3 individual biological replicates/group. The P-value was calculated using the 
two-tailed unpaired Student’s t-test. (F) Transplantation model with BALB/c (H-2Kd) as donor and Xbp1DIEC or Xbp1+/+ mice as 
recipients, created with Biorender.com. (G) Survival of Xbp1DIEC and Xbp1+/+ mice after allogeneic hematopoietic cell 
transplantation (allo-HCT). Data were pooled from three independent experiments with n=14 mice/group. The P-value was 
calculated using the two-sided Mantel-Cox test. (H) Histopathology scores of the small intestine and colon from Xbp1DIEC and 
Xbp1+/+ recipients on day 14 after allo-HCT. Data are pooled from n=5 mice/group. Each dot represents a single mouse. The P-
values were calculated using the two-tailed unpaired Mann Whitney U test.
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were downregulated in Xbp1DIEC mice with GvHD when 
compared to littermate controls (Figure 4A). Amongst 
these were Defa1, Defa5, Defa20, Defa21, Defa22, Defa30, 
Defa34, Defa39, and Defa41. Defensins are anti-microbial 
peptides, secreted by Paneth cells. A decrease in defensin 
gene expression is in line with previously reported loss of 
Paneth cells in Xbp1DIEC mice.17 We next explored how the 
expression of anti-microbial peptides varied during GvHD 
development. We observed reduced mRNA expression of 
Defa1, Defa4, lysozyme (Lyz) and regenerating islet-derived 
protein 3γ (Reg3g) in untreated Xbp1DIEC mice compared to 
Xbp1+/+ littermates. GvHD induction reduced initially the 
expression of all four genes (Figure 4B). On day 14 after 
allo-HCT, anti-microbial peptide expression in Xbp1+/+ mice 
had returned to normal levels whereas it stayed signifi-
cantly lower in Xbp1DIEC mice (Figure 4B). 
Previous studies have suggested that the intestinal dys-
biosis, which is frequently observed in GvHD, results at 
least in part from the reduction of Paneth cells and their 
products in intestinal crypts.22 We hypothesized that re-
duced anti-microbial peptide expression in Xbp1DIEC ani-
mals might be accompanied by changes in the 
microbiome. We analyzed the microbiome of Xbp1DIEC and 
Xbp1+/+  control mice with or without GvHD induction. We 
observed changes on the phylum level in the untreated 
condition with a shift towards more Bacteroidetes and 
less Firmicutes in Xbp1DIEC mice (Figure 4C, D). Loss of 
Firmicutes, and specifically some Clostridia species has 
previously been linked to GvHD.23 We found that within the 
Firmicutes phylum, the Clostridia class was particularly 
reduced with decreased abundances of the families Rumi-
nococcaceae and Lachnospiraceae in Xbp1DIEC mice (Figure 
4E), the latter of which has been associated with a pro-
tective effect against lethal GvHD.24,25 In the early phase 
after allo-HCT, there were no differences in the micro-
biome composition between Xbp1+/+ and Xbp1DIEC mice (Fig-
ure 4C, D), mirroring the comparable levels of 
anti-microbial peptides that we observed at this time 
point (Figure 4B). These data indicate that ER stress sig-
naling dysregulation caused by loss of Xbp1 induces a loss 
of anti-microbial peptides, coinciding with a shift in the 
microbiome composition in the steady-state that is equiv-
alent to the microbiome disruption during lethal GvHD de-
velopment. 

Loss of Xbp1 promotes a shift towards pro-apoptotic 
unfolded protein response signaling which can be 
reversed by a pharmacological intervention 
We further hypothesized that the observed aggravated 
GvHD phenotype might be caused by upregulation of pro-
apoptotic UPR signaling in Xbp1DIEC mice. RIDD is an IRE1α-
dependent process that gets activated upon prolonged 
ER stress. IRE1α RNase activity cleaves several mRNA with 
subsequent apoptosis induction. We observed signifi-

cantly decreased levels of the RIDD targets bone marrow 
stromal cell antigen 2 (Bst2), lysosomal-associated mem-
brane protein 1 (Lamp1), carboxylesterase 1F (Ces1f), so-
lute carrier family 35, member B1 (Slc35b1), ribophorin II 
(Rpn2) and heparan-α-glucosamide N-acetyltransferase 
(Hgsnat) in the intestine of Xbp1DIEC recipient mice (Figure 
4A; Figure 5A, B). Consistent with the hypothesis that 
Xbp1 deletion favors other, pro-apoptotic ER stress 
branches, Ddit3, encoding for CHOP, was upregulated 
(Figure 5C). We then explored the question of whether 
compensatory over-activation of IRE1α-related RIDD me-
diates the aggravated GvHD phenotype in mice with in-
testinal Xbp1 deletion. We employed a small molecule 
inhibitor of IRE1α, 4m8c (7-hydroxy-4-methyl-2-oxo-2H-1-
benzopyran-8-carboxaldehyde). This compound blocks 
the RNase activity of IRE1α, including RIDD, but spares its 
kinase activity. We observed that treatment of Xbp1DIEC 
mice with 4m8c restored the survival upon GvHD induc-
tion to the level observed in Xbp1+/+ littermates (Figure 
5D). Taken together, we show that selective inactivation 
of intestinal Xbp1 results in a major dysregulation of the 
UPR with a pro-apoptotic signature.  

Inhibition of IRE1α improves graft-versus-host disease 
outcome without impairing immune reconstitution or 
the graft-versus-leukemia effect 
We observed that inhibition of IRE1α reverses the toxicity 
of chronic ER stress in Xbp1DIEC mice and therefore studied 
the potential of the IRE1α inhibitor as a therapeutic com-
pound for general GvHD development and outcome. In vivo 
treatment of mice who had developed GvHD with the 
IRE1α inhibitor 4m8c ameliorated GvHD severity, as ob-
served by prolonged survival, reduced clinical GvHD signs 
and decreased histopathology score (Figure 6A, D). A 
beneficial effect, albeit not as strong as with 4m8c, was 
observed with a second IRE1α inhibitor, B-I09 (Online Sup-
plementary Figure S4A). On the contrary, inhibition of PERK 
signaling did not improve the GvHD outcome (Online Sup-
plementary Figure S4B). Given the beneficial effect of 
IRE1α inhibition over PERK inhibition, we focused on the 
effects of the former pathway in our further analysis. In 
line with the hypothesis that inhibition of IRE1α reduces 
GvHD-related intestinal apoptosis, 4m8c decreased intes-
tinal cell death in response to treatment with the pro-in-
flammatory cytokine TNF or the ER stress inducer 
tunicamycin in vitro in the small intestinal cell line MODE-
K (Figure 6E, G).  
Long-term success of allo-HCT strongly depends on an 
intact immune reconstitution that guarantees protection 
against pathogens and malignancy relapse. We therefore 
next analyzed whether IRE1α inhibition had an impact on 
peripheral blood leukocyte and thymus regeneration (Fig-
ure 7A). We found that, as expected, hemoglobin, platelets 
and white blood cells were significantly decreased in the 
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Figure 4. The deletion of intestinal Xbp1 disrupts antimicrobial peptide production and induces changes in the microbiome. (D) 
Heatmap showing the top 50 differentially expressed genes in the small intestine of Xbp1DIEC and Xbp1+/+ recipient mice on day 
14 after allogeneic hematopoietic cell transplantation (allo-HCT) performed as shown in Figure 3F. Color legend “Z-score” 
indicates the row-wise scaling of the normalized intensity, whereas “fc” indicates the log2 fold change between Xbp1+/+  and 
Xbp1DIEC recipient mice. (B) Quantitative real-time polymerase chain reaction (PCR) analysis of the mRNA expression of the anti-
microbial peptides Defa1, Defa4, Lyz and Reg3g in the indicated groups with Actb as a reference gene. Data were pooled from 
n=5-14 mice/group. Each dot represents a single mouse. The P-values were calculated using the ordinary one-way ANOVA with 
correction for multiple comparisons. (C) Simplified overview of bacteria taxonomy with a focus on the phylum Firmicutes. (D, 
E) Microbiome analysis of untreated (CTRL) and graft-versus-host disease (GVHD)-developing Xbp1DIEC and Xbp1+/+ mice on day 
5 after allo-HCT. Data were pooled from n=5 independent biological replicates. The P-values were calculated using an ordinary 
one-way ANOVA with correction for multiple comparisons. (D) Phylum composition. (E) Relative abundance of the phyla 
Bacteroidetes and Firmicutes, the class Clostridia and the families Ruminococcaceae and Lachnospiraceae.

Figure 5. Loss of Xbp1 favors pro-apoptotic signaling. (A-D) Xbp1DIEC and Xbp1+/+ mice underwent bone marrow transplantation 
(BMT) as in Figure 3F. (A) Volcano plot showing gene expression in Xbp1DIEC vs. Xbp1+/+ recipient mice on day 14 after allogeneic 
hematopoietic cell transplantation (allo-HCT). Red circles highlight mRNA that are targets of RIDD. (B) Quantitative real-time 
polymerase chain reaction (PCR) analysis of the mRNA expression of the RIDD target genes Lamp1, Rpn1 and Bst2 in the indicated 
groups with Actb as a reference gene. Data were pooled from n=10 mice in the Xbp1+/+ group and n=7 mice in the Xbp1DIEC group. 
Each dot represents a single mouse. P-values were calculated using the two-tailed unpaired Student’s t-test. (C) Quantitative 
real-time PCR analysis of the mRNA expression of the pro-apoptotic endoplasmic reticulum (ER) stress gene Ddit3 (encodes for 
CHOP) with Actb as a reference gene. Data were pooled from n=6 mice/group. Each dot represents a single mouse. P-values 
were calculated using the two-tailed unpaired Student’s t-test. (D) Survival of Xbp1DIEC and Xbp1+/+ mice after allo-HCT and 
treatment with the IRE1α inhibitor 4m8c. Data were pooled from three independent experiments with n=13-14 mice/group. Each 
dot represents a single mouse. P-values were calculated using the two-sided Mantel-Cox test. 
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Figure 6. Pharmacological IRE1α inhibition improves graft-versus-host disease outcome in mice. (A) Transplantation model with 
C57BL/6 (H-2Kb) as donor and BALB/c (H-2Kd) as recipient. Recipient animals were treated with 10 mg/kg body weight IRE1α 
inhibitor 4m8c (from day 0 until day 10 after bone marrow transplantation [BMT]) or an equal volume of vehicle by a daily 
intraperitoneal (i.p.) injection. Schematic overview created with BioRender.com. (B) Survival of BALB/c mice transplanted and 
treated with 4m8c as shown in (A). Data were pooled from two independent experiments, n=14 mice/group. The P-value was 
calculated using the two-sided Mantel-Cox test. (C) Clinical graft-versus-host disease (GvHD) scores combined from weight loss, 
skin lesions, hunching posture, dull fur and diarrhea in BALB/c mice transplanted as shown in (A). Data were pooled from n=8 
mice/group. The P-values were calculated using the two-tailed unpaired Mann-Whitney U test. (D) Histopathology scores of the 
small intestine and colon from BALB/c mice transplanted and treated as in (A) on day 14 after allogeneic hematopoietic cell 
transplantation (allo-HCT). Data are pooled from n=7 (BM+vehicle group) and n=10 mice (BM+Tcell+vehicle and BM+Tcell+4m8c 
groups). P-values were calculated using the two-tailed unpaired Mann-Whitney U test. (E, F) Analysis of MODE-K cell viability 
after treatment with TNF (20 ng/mL) ± 4m8c (concentrations as indicated) for 48 hours (h) performed by flow cytometry. (E) 
Representative flow cytometry dot plots. (F) Quantification of the percentages of dead cells. Data were normalized to the TNF-
treated group. Statistical analysis of n=3 biologically independent experiments performed in technical duplicates or triplicates. 
The P-values were calculated using the ordinary one-way ANOVA test. (G) Analysis of MODE-K cell viability after treatment with 
0.15 mg/mL tunicamycin ± 4m8c (concentrations as indicated) for 48 hours. Quantification of the percentages of dead cells. 
Statistical analysis of n=3 independent experiments each performed in technical triplicates. Data were normalized to the 
tunicamycin treatment group. The P-values were calculated using the ordinary one-way ANOVA test.

 Haematologica | 107 July 2022 

1548

ARTICLE - Targeting ER stress in graft-versus-host disease E. Haring et al.

blood of mice on day 14 after allo-HCT when compared to 
untreated mice. By day 29, hemoglobin and platelets had 
recovered to normal levels, whereas the white blood cells, 
and specifically B and T lymphocytes remained reduced 
by about 80% (Figure 7B, C). Importantly, there was no dif-
ference between vehicle- and 4m8c-treated animals (Fig-
ure 7B, C). Peripheral blood T-cell differentiation into naïve, 
effector and central memory T cells was also not affected 
by IRE1α inhibition (Online Supplementary Figure S5A). 
Thymus pathology following TBI and GvHD development 
can impair the T-cell selection process leading to the 
emergence of an autoreactive population and a failure to 
generate functional T cells that fight cancer cells and pa-
thogens. Analysis of the thymic T cell populations showed 
that, independently of 4m8c treatment, CD4+ CD8+ double 
positive (DP), that are the most frequent population in the 
healthy thymus, represent only 8% of the cells in allo-HCT 
recipients. In the same time, the single positive CD4+ 
population had expanded to 72% (Figure 7D) after allo-
HCT. In the non-hematopoietic compartment, we ob-
served no changes in the percentages of thymus epithelial 
cells or fibroblasts in 4µ8c- compared to vehicle-treated 
animals (Figure 7E). Overall, these data provide evidence 
that hematopoietic and thymus regeneration is not af-
fected by administration of 4m8c to d29, although long-
term studies of lymphocyte regeneration and thymic 
populations would be required to provide definitive con-
firmation. 
Long-term malignancy control by allo-reactive T cells is 
essential for the success of allo-HCT. We assessed the ex-
pansion of allo-reactive T cells by bioluminescence im-
aging and flow cytometry and found that 4α8c did not 
impact T-cell expansion and differentiation in vivo (Figure 
8A-D). We next tested whether IRE1α inhibition interfered 
with the graft-versus-tumor effect. We activated  
T cells via co-culture with allogeneic bone marrow-de-
rived dendritic cells in the presence or absence of 4m8c. 
After 72 hours of activation, the T cells were incubated 

with A20 lymphoma cells and the killing efficacy was 
evaluated by flow cytometry (Figure 8E). We observed a 
similar capacity of vehicle- and 4m8c-pretreated T cells to 
eliminate A20 cells (Figure 8F). Collectively, these data 
show that pharmacological inhibition of IRE1α does not 
impair the killing capacity of allo-reactive T cells. 

Discussion 
Acute GvHD affects about 50% of allo-HCT recipients with 
more than 10% of all patients suffering from a severe course 
of the disease.1 Recent efforts to improve the efficacy of 
treatment and prophylaxis range from blockade of T-cell ac-
tivation,26,27 to inhibition of cytokine signaling28,29 and epigen-
etic therapies.30  
In this study, we hypothesized that intestinal ER stress 
could be a target for novel GvHD therapies. We observed an 
upregulation of multiple ER stress markers following irradi-
ation and GvHD induction. This is in line with a previous re-
port showing upregulation of chaperones after allogeneic 
transplantation.31 Upregulation of ER stress markers has also 
been observed in the lacrimal gland, small intestine, skin 
and liver of mice developing chronic GvHD.32 In an extended 
analysis of a publicly available RNA sequencing data set 
(GSE134662),18 we found increased expression of several UPR 
genes in human GvHD samples compared to healthy tissue. 
Furthermore, we found that the expression of two ER stress 
markers, GRP78 and CHOP, directly correlated with GvHD 
severity in a cohort of patients at our center. The association 
of ER stress marker expression with higher-grade GvHD in 
patients strengthens the implication that modulation of in-
testinal UPR might be a successful treatment approach. 
We next hypothesized that chronic unresolved ER stress 
might aggravate GvHD. We performed experiments using 
murine intestinal organoids as an in vitro model, and with a 
conditional knockout model of the transcription factor Xbp1 
in vivo. Induction of ER stress by a chemical compound in-



Figure 7. IRE1α inhibition does not impair thymic and peripheral blood regeneration. (A-E) BALB/c mice underwent 
transplantation and were treated with 4m8c as described in Figure 6A. On day 14 and day 29 after allogeneic hematopoietic cell 
transplantation (allo-HCT), leukocyte subpopulations and phenotype in the peripheral blood was analyzed. In addition, thymus 
reconstitution was assessed on day 29. Data were pooled from n=4 mice in the untreated group and n=9 mice each for the other 
groups. Each dot represents a single mouse. P-values were calculated using the two-tailed unpaired Student’s t-test. ns: not 
significant. (A) Schematic overview of the experiment, created with BioRender.com. (B) Hemoglobin, platelet and white blood cell 
count including differentiation into granulocytes, monocytes and lymphocytes from mice treated as shown in (A). (C) 
Percentages of leukocyte subpopulations assessed by flow cytometry. Pre-gating on single cells – living cells – CD45+ was 
performed. Neutrophils were defined as CD11b+ Ly6G+. Monocytes were defined as CD11b+ Ly6G–. (D) Percentages of double 
positive (DP, CD4+CD8+), single CD4+, single CD8+ and double negative (DN, CD4–CD8–) T cells in the thymus of recipient mice. 
Pre-gating on single cells- living cells – CD45+ – CD3+ was performed. (E) Percentages of medullary thymic epithelial cells (mTEC, 
CD45– EpCAM+ Ly51+), cortical thymic epithelial cells (cTEC, CD45- EpCAM+ Ly51–) and fibroblasts (CD45–CD140+) in the thymus of 
recipient cells. Pre-gating on single cells and living cells was performed.
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Figure 8. IRE1α inhibitor treatment does not affect alloreactive T-cell expansion. (A, B) BALB/c mice underwent transplantation 
as described in Figure 6A using luciferase-transgenic T cells. (A) Representative bioluminescence (BLI) images from several time 
points. (B) Quantification of the BLI measurement is shown. Signal was quantified from the whole body in photons/sec/mouse. 
Data were pooled from n=6 mice/group. Each dot represents a single mouse. One representative result from three independent 
experiments is shown. (C, D) Flow cytometry analysis of T cells isolated from recipient spleens and colons on day 14 after 
allogeneic hematopoietic cell transplantation (allo-HCT) (C57BL/6 in BALB/c model). (C) Representative flow cytometry dot plots 
from the spleen are shown. (D) Combined data pooled from n=5-6 mice/group for the percentage of donor CD4+ and CD8+ T cells 
in the spleen (upper panel) and colon lamina propria (lower panel). Each dot represents a single mouse. One representative 
result from two independent experiments is shown. P-values were calculated using the two-tailed unpaired Student’s t-test. ns: 
not significant. (E) C57BL/6 CD8+ T cells were activated in a co-culture with allogeneic BALB/c bone marrow-derived dendritic 
cells in the presence or absence of 5 mM 4m8c for 72 hours (h). CD8+ T cells were then incubated with GFP+ A20 lymphoma cells 
and the percentage of dead cells after 24 h of culture was assessed by flow cytometry. Schematic overview created with 
BioRender.com. (F) Percentage of dead A20 cells alone or at three different co-culture ratios with CD8+ T cells activated as 
described in (E). The experiment was repeated three times with four or five replicates each. One representative result is shown. 
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duced cell death in intestinal organoids with an increased 
release of the DAMP uric acid. Production of uric acid as a 
consequence of tissue damage during the conditioning 
treatment has been shown to promote GvHD by activating 
antigen-presenting cells.20,21 Short-term ER stress induces 
a stress-associated transcriptomic reprogramming with 
genes related to cellular signaling, expression regulation, 
metabolism, the cytoskeleton and others being 
upregulated.33 Among these are multiple inflammation-as-
sociated genes, in particular chemokines, cytokines and 
acute phase proteins.33 Higher expression of these mediators 
due to chronic activation of the UPR might perpetuate the 
tissue damage during GvHD by supporting the characteristic 
inflammatory microenvironment of the disease. 
Deletion of Xbp1 led to a global dysregulation of the UPR in 
mice developing GvHD and was associated with a signifi-
cantly decreased survival rate and increased GvHD histo-
pathology. In a preclinical model of liver injury, mice with 
liver-specific deletion of Xbp1 showed initially a similar UPR 
activation after chemical ER stress induction with tunicamy-
cin when compared to wild-type animals. However, this ac-
tivation was significantly prolonged indicating the 
development of chronic ER stress in these animals.34 UPR 
dysregulation by Xbp1 deletion changes the composition of 
the intestinal epithelium. Previous studies by Kaser et al. 
show that mice with a Xbp1 deletion in the intestinal epithe-
lium had a loss of Paneth and goblet cells with rising age 
while at the same time intestinal stem cells and transit-
amplifying cells appeared increased.17,35 Upon GvHD induc-
tion, a loss of Paneth cell occurs and its severity is a 
predictive marker of GvHD outcome.22,36,37 In our study, this 
loss was more pronounced in animals with a selective dele-
tion of Xbp1 with multiple defensin subtypes, which are pro-
duced by Paneth cells, being amongst the most differentially 
regulated genes in Xbp1DIEC mice. One additional mechanism 
by which ER stress might modulate intestinal inflammation 
is by altering the microbiome. The microbiome has become 
increasingly important for the understanding of GvHD pa-
thology. Several studies in mice and humans show that 
GvHD severity and mortality are correlated with reduced 
microbial diversion and a shift from protective towards det-

rimental bacterial species.38,39 A protective role has been 
shown for the phylum Firmicutes and specifically for 
members of the Clostridia class.24,25 The beneficial effects of 
these bacteria could be attributed to the generation of anti-
inflammatory metabolites, such as short-chain fatty acids. 
To the best of our knowledge, this study is the first one to 
describe the intestinal microbiome composition in Xbp1DIEC 
mice. We observed that these mice have reduced abun-
dancy of Firmicutes compared to their wild-type litter-
mates. In particular, the Clostridia class including the 
Lachnospiraceae family were decreased. These changes 
closely resemble the changes observed during GvHD induc-
tion. One possible explanation for this dysbiosis is, that the 
intestinal environment is changed due to the reduced 
numbers of Paneth cells, and the lower concentrations of 
their anti-microbial products, defensins, lysozyme and 
Reg3γ. In our view, these data support the hypothesis that 
there are pre-existing changes in the microbiome in Xbp1DIEC 
mice that predispose to GvHD development. 
The UPR provides multiple targets for signaling modulation 
by inhibition of specific branches. We proposed that specific 
UPR signaling inhibition might aid in modulating ER stress 
signaling from pro-apoptotic to cell-protective pathways. 
Here, we used 4m8c and B-I09, inhibitors of IRE1α RNase ac-
tivity, and GSK2606414 as a PERK inhibitor. Administration 
of IRE1α inhibitors, but not the PERK inhibitor, showed a 
beneficial effect in GvHD-developing mice. Mechanistically, 
4m8c decreased TNF-associated intestinal cell death. A 
crosstalk between IRE1α and TNF signaling has been docu-
mented previously.40 ER stress can induce the expression of 
various pro-inflammatory cytokines.41 Indeed, administration 
of 4m8c in a murine model of rheumatoid arthritis decreased 
disease severity by blocking pro-inflammatory cytokine se-
cretion.42 At the same time, TNF is known to induce ER 
stress.43 It is conceivable that pro-apoptotic UPR employs 
at least in part the same pathways as TNF signaling so that 
inhibition of IRE1α can ameliorate the cytotoxic effects of 
both. Interestingly, 4m8c showed a higher protective effect 
in GvHD animals, compared to B-I09. These differences 
might be due to variations in bioavailability after intraperi-
toneal injection. Another potential consideration would be 
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their specificity. Both compounds have been developed as 
potent and specific inhibitors of IRE1α RNase activity, and 
little is known about potential off-target effects. In a pre-
vious study, 4m8c was reported to have anti-oxidant capa-
city in endothelial and pancreatic cells by inhibiting 
xanthine/xanthine oxidase-catalyzed superoxide production 
and angiotensin II-induced ROS production.44 In light of this 
report, it is conceivable that 4µ8c has combined beneficial 
effects in GvHD due to IRE1α inhibition, and an anti-oxidative 
effect, which makes it a particularly interesting compound 
for further testing. 
Besides having influence on signaling in intestinal cells, sys-
temic IRE1α inhibition might potentially have effects on im-
mune cell reconstitution and immune responses against 
pathogens and malignant cells. Our data show that 4m8c did 
neither cause alterations in platelet and hemoglobin re-
covery, nor on lymphocyte differentiation and effector 
memory development. Furthermore, we did not observe a 
change in T-cell expansion and cytokine production upon 
administration of 4m8c. The capacity to kill A20 lymphoma 
cells was also not affected. These data are in line with pre-
vious reports, showing that dendritic cells, which were ac-
tivated in the presence of the IRE1α inhibitor B-I09, were 
capable of eliciting strong anti-tumor responses in T cells.45 

In addition, a direct anti-tumor effect of B-I09 against 
chronic lymphocytic leukemia cells has been reported.46 In-
terestingly, specific inhibition of IRE1α significantly inhibited 
influenza A viral replication in cell lines.47  In light of these 
publications, our results provide encouraging evidence that 
4m8c treatment might spare anti-viral and anti-tumor re-
sponses while diminishing GvHD severity, even though 
further in vivo studies are necessary to provide additional 
confirmation. 
Contrary to acute GvHD pathogenesis, donor B cells play an 
essential role in the context of chronic GvHD. These cells 
secrete antibodies in high quantities and are therefore 
highly dependent on a properly functioning UPR and are 
sensitive to ER stress; additionally it was found that XBP1 is 
essential for plasma cell differentiation.48 It is therefore con-
clusive that several attempts were made to target ER stress 
and the UPR in the setting of chronic GvHD. The adminis-
tration of the IRE1 inhibitor B-I09 was found to reduce clini-
cal features in a cutaneous model of chronic GvHD, with 
infiltrations of the skin by donor T cells and dendritic cells 
being reduced.49 In another study, the use of the chemical 
chaperone 4-phenylbutyric acid (4-PBA) led to the ameli-
oration of chronic GvHD-induced fibrosis.32 Based on our 
data, we propose that excessive ER stress and the activation 
of the UPR are mechanisms which mediate tissue injury 
during intestinal GvHD. Our study provides the first evidence 
that administration of an IRE1α inhibitor is a pharmacologi-

cal intervention that reduces intestinal GvHD in mice and 
should be considered for testing in GvHD patients. 
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