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The OTUD1-Notch2-ICD axis orchestrates allogeneic
T cell–mediated graft-versus-host disease
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KEY PO INT S

•OTUD1 is a novel
deubiquitinase of
Notch2-ICD and
promotes the severity
of T cell–mediated
aGVHD.

• The OTUD1/Notch2-
ICD axis is a potential
therapeutic target for
alleviating aGVHD.
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Disorders of the ubiquitin-proteasome system (UPS) are known to influence the incidence and
mortality of various diseases. It remains largely unknown whether and how the UPS affects
the onset and progression of acute graft-verus-host disease (aGVHD) after allogeneic
hematopoietic stem cell transplantation (allo-HSCT). This study demonstrated that the deu-
biquitinase OTUD1 is an essential regulator of aGVHD. Activation of CD4+ T cells after allo-
HSCT, elevated the protein levels of OTUD1, which in turn interacted with the Notch2-ICD
(NICD) to cleave the ubiquitin of NICD at the K1770 site, thereby inducing NICD protein
accumulations in T cells. OTUD1-driven NICD signaling promoted the differentiation and
functionsofTh1andTh17cells andamplifiedthe cascadeof aGVHD.Moreover, byscreeninga
FDA-approved drugs library the study identified dapagliflozin as an inhibitor targeting the
OTUD1/NICD axis. Dapagliflozin administration significantly prolonged the survival of
aGVHDmice. This study characterized apreviously unknown roleofOTUD1 in T cell–mediated
0868
allogeneic responses and provided a promising therapeutic strategy to target OTUD1 for the alleviation of aGVHD.
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Introduction
Although the methods of allogeneic hematopoietic stem cell
transplantation (allo-HSCT) are constantly being optimized,
acute graft-versus-host disease (aGVHD) remains the main
cause of transplant–related morbidity and mortality.1,2

Currently, aGVHD is characterized by an allogeneic response
mediated by donor T cells, including uncontrolled T-cell acti-
vation and proliferation, and the release of proinflammatory
cytokines.3-5 However, intrinsic signaling activities in allogeneic
T (allo-T) cells, which drive the pathological process of aGVHD,
remain largely unknown.

Deubiquitinases (DUBs) have been recently shown to partici-
pate in the pathogenesis of diverse diseases, therefore, DUBs
represent attractive and promising therapeutic targets.6,7

However, the roles of DUBs in aGVHD after allo-HSCT have
been rarely reported. OTUD1 is a member of the Ovarian
Tumor (OTU) family and has been reported to regulate innate
antiviral8 and antifungal9 immunity, as well as breast cancer
metastasis10 and carcinoma.11 However, inhibitors of OTUD1
have not yet been developed, thus largely restricting the
studies and clinical applications related to OTUD1.

Notch signaling is required for the development and function of
lymphocytes.12 RBPJ-dependent Notch signaling plays an
VOLUME 141, NUMBER 12
indispensable role in the onset of T-cell differentiation in a
prethymic niche.13 Targeting Notch signaling by pan-Notch
inhibitors can alleviate aGVHD; however, these treatments are
associated with severe systemic side effects.14 Targeting indi-
vidual Notch receptors or ligands with antibodies or drugs is a
promising strategy to prevent allograft rejection.15,16 However,
the specific role of Notch2-ICD (NICD) in aGVHD remains
unknown. In addition, Notch2 ubiquitination can be regulated
by SCF FBW7,17 DTX318 and TRAF619; however, a DUB of
Notch2 has not been identified.

This study demonstrated that OTUD1 is a DUB of Notch2 that
regulates ubiquitination of the NICD protein at the K1770 site
and further promotes T-cell pathogenicity and aGVHD. More-
over, we identified dapagliflozin as an inhibitor targeting the
OTUD1/NICD axis, which eventually inhibited T-cell activation
and effector function and prolonged the survival of aGVHDmice.

Materials and methods
Patients and sample collection
The study includes the following 2 separate groups of patients:
154 patients who received HSCT in the First Affiliated Hospital
of Soochow University from January 2015 to December 2018
(supplemental Table 1, available on the Blood website), and a

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2022017201&domain=pdf&date_stamp=2023-03-23


D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/12/1474/2086848/blood_bld-2022-017201-m

ain.pdf by guest on 07 M
ay 2024
second group of 40 patients who received HSCT in the First
Affiliated Hospital of Soochow University from June 2019 to
February 2022 (supplemental Table 2). The clinical characteristics
of these patients were shown in supplemental Tables 1 and 2.
Informed consent was obtained from each patient and was
approved by the Ethics Committee of Soochow University. All
patients have completed clinical follow-up data. Peripheral blood
samples were collected in patients before HSCT and from 28 to
100 days after HSCT. PBMCs were isolated from peripheral blood
by Ficoll (Cytiva, Marlborough, NJ). Competitive risk analysis was
used to calculate the cumulative incidence of II to IV aGVHD and a
Gray test was used to compare the difference between 2 groups.
Kaplan-Meier survival curve analysis was used to calculate the
overall survival (OS) and a log-rank test was used to compare the
differences between 2 groups.

Mice
Specific pathogen–free C57BL/6 (H2Kb) and BALB/c (H2Kd)
mice (aged 6-8 weeks) were purchased from SLAC Laboratory
Animal Center (Shanghai, China). OTUD1 knockout (KO) mice
on C57BL/6 (H2Kb) background were kindly provided by Pro-
fessor Hui Zheng, and all OTUD1-KO mice were validated by
polymerase chain reaction with genomic DNA extracted from
mouse tails according to the description given previously. All
animals were raised in specific pathogen–free conditions and in
accordance with the guidelines approved by the Institutional
Laboratory Animal Care and Use Committee of Soochow Uni-
versity. Experiments have been approved by the ethics com-
mittee of the Soochow University.

Establishment of aGVHD mice
BALB/c recipient mice received total body irradiation of
650 cGy (2 doses of 375 cGy with 4-hour interval) by an RAD
320 X-ray Irradiator. Recipient mice were injected intravenously
with 1 × 107 bone marrow (BM) cells or T cell–depleted BM cells
and 5 × 106 splenocytes or sorted 2 × 106 splenic CD4+ T cells
isolated from C57BL/6 mice. Survivals were recorded every day.
Body weight and aGVHD scores were evaluated and recorded
every 2 days.

Statistical analysis
GraphPad Prism 8.0 was used for all the statistics calculation
and figure production. Data comparisons were analyzed with
Student t test. Spearman rank correlation analysis was used in
correlation analysis. OS was analyzed by using the Kaplan–
Meier methodology and comparisons were performed by
using the log-rank test. A 2-tailed P < .05 was considered sta-
tistically significant.

Results
OTUD1 is upregulated in allo-T cells during
allogeneic responses
To clarify whether ubiquitination is involved in the T cell-driven
aGVHD, we established the syngeneic HSCT and allogeneic
HSCT mouse models and then sorted syngeneic T (syn-T) cells
and allo-T cells to analyze the transcriptome (Figure 1A;
supplemental Figure 1A). The results of GO (gene ontology)
analysis showed that the hydrolase activity and thiol-dependent
DUB in allo-T cells were significantly changed compared with
those in syn-T cells (supplemental Figure 1B-C). The levels of
TARGETING OTUD1-Notch2-ICD FOR aGVHD TREATMENT
both USP and OTUD family members were changed in allo-T
cells (Figure 1B). Given that the roles of the USP family mem-
bers in T cells have been reported,20-23 we further evaluated the
expression of the OTUD family members in allo-T cells. The
messenger RNA (mRNA) levels of Otud1, Otud4 and Otud5
were significantly upregulated in allo-T cells (Figure 1C). Inter-
estingly, the mRNA levels of both Otud1 and Otud5 were
elevated in allogeneic CD4+ T cells but not in allogeneic CD8+

T cells (supplemental Figure 1D-F). OTUD1 protein levels
increased consistently and significantly in CD4+ T cells upon
stimulation, but not in CD8+ T cells (Figure 1D). Furthermore,
we collected PBMCs from patients with non-GVHD and patients
with aGVHD after allo-HSCT. The results showed that the
mRNA levels of Otud1 were markedly upregulated in PBMCs
isolated from patients with aGVHD (Figure 1E-F). Furthermore,
we sorted CD3+ T cells from PBMCs of non-aGVHD and aGVHD
patients and found that the mRNA levels of Otud1 were
significantly upregulated in CD3+ T cells isolated from aGVHD
patients (supplemental Figure 2A-B). Consistent with the results
in mice, Otud1 mRNA levels significantly increased in CD4+ T
but not CD8+ T cells isolated from patients with aGVHD
(supplemental Figure 2C-D). These results indicated that
OTUD1 was abnormally upregulated in allo-T cells and CD4+ T
cells of patients with aGVHD.

OTUD1 levels are positively associated with the
incidence and severity of aGVHD in patients who
underwent allo-HSCT
To investigate the potential prognostic value of OTUD1 in
patients with aGVHD after allo-HSCT, additional patient speci-
mens were collected. Patients with grade 2-4 aGVHD expressed
higher levels of Otud1 in PBMCs when compared with patients
with grade 0 to 1 aGVHD after HSCT (Figure 1F), and the
receiver operating characteristic curve-based association was
significant (Figure 1G). In addition, patients with OTUD1hi had a
higher cumulative incidence of grade 2-4 aGVHD after allo-
HSCT than that of patients with OTUD1lo (Figure 1H), and
had a poor OS after allo-HSCT (Figure 1I). Thus, we believe that
OTUD1 may be a potential biomarker for predicting the inci-
dence and severity of aGVHD in patients with allo-HSCT and a
potential therapeutic target of aGVHD.

OTUD1 regulates the activation, expansion, and
allogeneic responses of CD4+ T cells
Next, we sorted wild type (WT)-CD4+ T and OTUD1-deficient
CD4+ T cells from WT and OTUD1-KO mice to perform pro-
teomic analysis (supplemental Figure 3A-C). The results of GO
analysis showed that the type I interferon signaling pathway,
T-cell activation and inflammatory responses were significantly
changed in OTUD1-deficient CD4+ T cells (supplemental
Figure 3D). OTUD1 has been reported to inhibit IFNβ produc-
tion during RNA virus infection.24 Here, in activated CD4+

T cells, OTUD1 deficiency did not affect the production of IFNβ
(supplemental Figure 3E).

To evaluate the role of OTUD1 in the regulation of inflammatory
responses and T-cell activation, CD4+ T and CD8+ T cells iso-
lated from OTUD1-deficient and WT mice were initially tested
to assess the levels of the transcription factors T-bet (Th1),
RORγt (Th17), and GATA3 (Th2). The data showed that OTUD1
deficiency dramatically inhibited T-bet, RORγt, and GATA3
23 MARCH 2023 | VOLUME 141, NUMBER 12 1475
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Figure 1. Allogeneic response-induced upregulation of OTUD1 exacerbates aGVHD progression in HCT patients. (A) A schematic diagram of the mice experiments.
(B) Heat map showing the differential thiol-dependent deubiquitinating enzymes. (C) T cells were isolated from syn-HSCT (n = 8) and allo-HSCT mice (n = 8) and the mRNA
levels of Otud1, Otud3, Otud4, Otud5, Otud6b and Otud7b were evaluated by reverse transcription quantitative polymerase chain reaction (RT-qPCR). (D) CD4+ T cells and
CD8+ T cells purified from C57BL/6 mice were stimulated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies for 48 hours in vitro. Western blot was performed to
evaluate the protein levels of OTUD1 in CD4+ T and CD8+ T cells with or without stimulation. (E) A schematic diagram of the patients experiments. (F) PBMCs were isolated
from patients with aGVHD grade 0 to 1 (n = 109) and grade 2 to 4 (n = 57) and the mRNA levels of Otud1, Otud2, Otud4, Otud5,Otud6b, Otud7b were analyzed by RT-qPCR.
(G) ROC curve for the Otud1 mRNA level predicts aGVHD, cutoff value = 0.04633. (H) The cumulative incidence of II-IV aGVHD after HCT between Otud1hi (>0.04633) and
Otud1lo (<0.04633) patients. (I) The OS of patients with Otud1hi or Otud1lo after HCT. The cumulative incidence of aGVHD and the survival curve were analyzed by log-rank
(Mantel-Cox) test. Data in panels C,F are represented as mean ± standard deviation (SD); *P < .05, **P < .01, ***P < .001 (2-tailed unpaired Student t test). Data in panel D are
representative of 3 independent experiments and are summarized as mean ± SD of 3 experiments. HCT, hematopoietic cell transplantation; ROC, receiver operating
characteristic.
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expression in activated CD4+ T cells (Figure 2A) but not in
activated CD8+ T cells (Figure 2B). Il2 and Ifng mRNA levels
markedly decreased in OTUD1-deficient CD4+ T cells stimu-
lated with anti-CD3 and anti-CD28 antibodies (Figure 2C).
1476 23 MARCH 2023 | VOLUME 141, NUMBER 12
Consistently, the protein levels of interleukin 2 (IL-2) and inter-
feron gamma (IFN-γ) were dramatically reduced in activated
OTUD1-deficient CD4+ T cells according to the data of enzyme-
linked immunosorbent assay (ELISA) (Figure 2D). However, Ifng,
CHENG et al
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Figure 2. OTUD1 deficiency inhibits T-cell activation and proinflammatory cytokines production, alleviates aGVHD pathogenicity after allo-BMT (Bone Marrow
Transplantation). (A-B) CD4+ T cells (A) or CD8+ T cells (B) isolated from C57BL/6 mice were stimulated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies for 48
hours, and were analyzed to detect the expression of T-bet, RORγt and Gata3 by flow cytometry. (C) Naive CD4+ T cells purified fromWT or OTUD1−/− mice on B6 background
were stimulated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies for 24 or 48 hours. RT-qPCR was performed to evaluate the mRNA levels of IL-2 and IFN-γ. (D)
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were transferred into lethally irradiated BALB/c mice (n = 13 for BM, n = 20 for WT, n = 18 for OTUD1-KO). The survival of aGVHD mice was observed twice a day (J), aGVHD
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Il2, Il17a and Tnfa mRNA levels were not significantly altered by
OTUD1 deficiency in CD8+ T cells (supplemental Figure 3F).
These results indicated that OTUD1 deficiency significantly
inhibits the functions of CD4+ T cells but not CD8+ T cells.
Furthermore, OTUD1 deficiency decreased CD44 expression
on CD4+ T cells stimulated with anti-CD3 and anti-CD28 anti-
bodies (supplemental Figure 4A). Subsequently, we found that
the absence of OTUD1 significantly restrained the proliferation
of CD4+ T cells stimulated with anti-CD3 and anti-CD28 anti-
bodies (supplemental Figure 4B). Overall, OTUD1 deficiency
repressed the activation and proliferation of CD4+ T cells
in vitro.

To further test the effect of OTUD1 on the allo-responses of
CD4+ T cells, we transferred WT or OTUD1−/− CD4+ T cells into
lethally irradiated BALB/c mice and intraperitoneally injected
EdU in the schematic diagram (supplemental Figure 4C). The
proportion and number of donor-derived CD4+ T cells signifi-
cantly decreased (supplemental Figure 4D-E), indicating that
OTUD1 depletion may impair the ability of donor CD4+ T cells
to proliferate. Consistent with the in vitro results, the proportion
and number of EdU+CD4+ T cells were dramatically reduced in
BALB/c mice receiving OTUD1−/−CD4+ T cells (supplemental
Figure 4F-G). Meanwhile, the transfer of OTUD1−/− CD4+

T cells into lethally irradiated BALB/c mice resulted in a lower
production of IFN-γ (supplemental Figure 4H). Together, these
results suggested that OTUD1 deficiency subverts the prolif-
eration of CD4+ T cells in vivo.

Elimination of donor OTUD1 alleviates the
pathogenesis of aGVHD in mice
To explore whether OTUD1 plays an essential role in the
development of aGVHD, WT or OTUD1-deficient BM cells and
splenocytes were transferred into lethally irradiated BALB/c
mice to establish the aGVHD models. Donor OTUD1 deficiency
prolonged the survival of aGVHD mice (Figure 2E), ameliorated
weight loss (Figure 2F), and decreased the aGVHD scores
(Figure 2G). In addition, donor OTUD1 deficiency attenuated
the pathogenesis of the target organs, including the skin, liver,
lung and intestine (Figure 2H-I; supplemental Figure 4I). Inter-
estingly, we further clarified that OTUD1 deficiency in donor
CD4+ T cells prolonged the survival of aGVHD mice (Figure 2J)
and lowered aGVHD scores (Figure 2K). However, OTUD1
deficiency in donor CD8+ T cells did not significantly affect the
survival (supplemental Figure 4J) and aGVHD scores
(supplemental Figure 4K) of aGVHD mice. Collectively, these
findings suggested that OTUD1 deficiency in donor CD4+ T but
not CD8+ T cells attenuates the severity of aGVHD.

OTUD1 deficiency alters T cell fate, inhibits Th1
and Th17 differentiation, and promotes Treg
differentiation after allo-BMT
To further reveal how donor OTUD1 scarcity alleviates aGVHD,
splenocytes from the recipients treated with WT or OTUD1-
deficient BM cells and splenocytes were isolated to perform
single-cell RNA sequencing (supplemental Figure 5A). Single-
cell transcriptomes of splenocytes were analyzed, and 23 tran-
scriptionally distinct cell clusters were identified (Figure 3A;
Figure 2 (continued) scores were observed and recorded every 2 days (K). Log-rank
represented as mean ± SD with biological replicates; *P < .05, **P < .01, ***P < .001 (tw
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supplemental Figure 5B). The proportion of CD4+ T cells in total
splenocytes did not change significantly (Figure 3B); however,
the ratio of CD4+ T cells/CD8+ T cells decreased (Figure 3C).
The results of gene set enrichment analysis (GSEA) of T cells
revealed that OTUD1 deficiency negatively regulated the
following KEGG (Kyoto Encylopaedia of Genes and Genomes)
pathways: allograft rejection, antigen processing and presen-
tation, the Toll-like receptor signaling pathway, and cytokine–
cytokine receptor interactions (Figure 3D). Therefore, we
reclustered T cells and identified 9 transcriptionally distinct T
cell clusters, including proliferating T cells (MKi67hiT), activated
CD3+ T cells (aCD3+T), activated CD4+ T cells (aCD4+T), acti-
vated CD8+ T cells (aCD8+T), Th1 cells, and Tc1 cells (Figure 3E;
supplemental Figure 5C). Interestingly, the proportion of Th1
(CD4+IFNγ+) cells decreased in the recipients receiving OTUD1-
KO BM cells and splenocytes (Figure 3F), indicating that donor
OTUD1 deficiency may inhibit Th1 differentiation. Furthermore,
the results of monocle analysis implicated the start-to-end dif-
ferentiation of T cells, and MKi67hi T cells were identified as a
starting point that differentiated into activated T cells, Th1 cells,
and Tc1 cells (Figure 3G-H). The results of GSEA of MKi67hi

T cells revealed that OTUD1 deficiency negatively regulated
the KEGG pathways, which positively regulated the inflamma-
tory response (Figure 3I), and positively regulated the trans-
forming growth factor β (TGF-β) signaling pathway (Figure 3J).
Donor OTUD1 scarcity reduced the proportion of CD69+ T cells
(supplemental Figure 5D). Consistently, the proportions of
IFNγ+CD4+ T cells (Th1), IL-17A+CD4+ T cells (Th17) (Figure 3K)
and IFNγ+CD8+ T cells (Tc1), IL-17A+CD8+ T cells (Tc17)
(supplemental Figure 5E) dramatically decreased when OTUD1
was deficient. In addition, the TGF-β signaling pathway is well
known to be critical for Treg (regulatory T) differentiation. We
demonstrated that the absence of OTUD1 promoted the dif-
ferentiation of Treg cells (Figure 3L). In addition, serum tumor
necrosis factor α and IL-6 were downregulated in OTUD1-
deficient cells (supplemental Figure 5F). Furthermore, OTUD1
deficiency negatively regulated the T-cell receptor (TCR)
signaling pathway and induced the downregulation of the key
proteins in TCR signaling (supplemental Figure 5G-H). In sum-
mary, donor OTUD1 deficiency inhibits T-cell activation, dif-
ferentiation, and proinflammatory cytokine production in
aGVHD mice.
OTUD1 regulates Notch2 ubiquitination and
degradation and positively correlates with Notch2
target genes
To investigate the molecular mechanism by which OTUD1 reg-
ulates T-cell pathogenicity, we firstly compared the total protein
levels in activated OTUD1-deficient CD4+ T cells with those in
WT-CD4+ T cells using proteomics analysis (supplemental
Figure 3A-C). The results of KEGG enrichment analysis showed
that OTUD1 deficiency altered Th1 and Th2 cell differentiation
(Figure 4A). To identify the target substrates of OTUD1, we
focused on the downregulated proteins and found that the levels
of Notch2 and STAT1 decreased in activated OTUD1-deficient
CD4+ T cells to some extent (Figure 4B). However, the results
of GSEA of activated CD4+ T cells indicated that OTUD1
elimination negatively regulated JAK-STAT signaling and
(Mantel-Cox) test was used to analyze the survival curve. Data in panels A-D,I are
o-tailed unpaired Student t test).
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downregulated STAT1 mRNA levels (Figure 4C). Therefore, we
evaluated whether Notch2 is a novel OTUD1 substrate protein.
We demonstrated that Notch2, but not Notch1, Notch3, or
Notch4, was degraded in vitro in activated OTUD1-deficient
CD4+ T cells (Figure 4D; supplemental Figure 6A). Next, we
assessed the impact of OTUD1 on Notch2 ubiquitination. The
results showed that knockdown of OTUD1 dramatically increased
the ubiquitination of Myc-Notch2 (Figure 4E; supplemental
Figure 6B). Furthermore, to clarify whether OTUD1-regulated
Notch2 ubiquitination depends on its DUB activity, we mutated
the amino acids C320 and H431 into A320 and Q431 in OTUD1,
respectively. We demonstrated that OTUD1 was able to deubi-
quitinate Notch2, whereas the OTUD1-AQ mutant did not
influence Notch2 ubiquitination (Figure 4F). These data revealed
that OTUD1 deubiquitinates Notch2 in a manner dependent on
its deubiquitinating enzyme activity. Furthermore, we demon-
strated that both OTUD1 and Notch2 protein levels were clearly
upregulated in Jurkat cells and CD4+ T cells upon activation
(Figure 4G-H) but were not upregulated in CD8+ T cells
(supplemental Figure 6C). In addition, OTUD1 deficiency did not
affect Notch2 protein levels in CD8+ T cells upon activation
(supplemental Figure 6D). Moreover, Notch2 target genes,
including Hes1, Hes5, Hey1 and HeyL, were all downregulated in
activated OTUD1-deficient CD4+ T cells (Figure 4I). Consistently,
OTUD1 expression levels positively correlated with Notch2
target genes in patients who underwent hematopoietic cell
transplantation (Figure 4J). Taken all together, these findings
demonstrated that OTUD1 deficiency induces the degradation
of Notch2 and inhibits Notch2 target genes.

OTUD1 interacts with NICD and cleaves ubiquitin
from the K1770 site of the NICD protein
We then sought to investigate how OTUD1 regulates Notch2.
The data indicated that OTUD1 colocalized with Notch2
(Figure 5A). Notch2 interacted with pCDH-OTUD1 in Jurkat
cells (Figure 5B). Consistent with this finding, Notch2 interacted
with OTUD1 in CD4+ T cells (supplemental Figure 6E). These
results suggested a mutual interaction between OTUD1 and
Notch2. Furthermore, we investigated the association of
OTUD1 with Notch2 in activated T cells. Interestingly, the
activation of T cells promoted the OTUD1-Notch2 interaction
(Figure 5C). Therefore, these findings suggested that OTUD1
interacts with Notch2 in resting T cells, and this association
dramatically increases in T cells upon activation.

To determine which domain of Notch2 binds to OTUD1, we
generated the following constructs: pCDH-Myc-Notch2-full
length, pCDH-Myc-Notch2-ECD, pCDH-Myc-Notch2-TMD,
and pCDH-Myc-NICD (Figure 5D). The results of confocal
microscopy showed that OTUD1 colocalized with Myc-full
Figure 3. OTUD1 deficiency subverts T-cell fate, inhibits Th1 and Th17 differen
secretion. (A) UMAP (uniform manifold approximation and projection) displays cell popula
sequencing (sc-RNA seq) (n = 2 for WT, n = 2 for OTUD1-KO). Cluster 1 (C1): CD8+ T, C2:
megakaryocyte (MK), C4: MP, C18/C7: monocyte, C12: M1, C22: M2, C3: macrophage,
proportion of clusters in aGVHD mice receiving WT or OTUD1-deficient cells. (C) The pro
OTUD1-deficient cells are shown. (D) GSEA analysis of T-cell differential genes implicated b
of T-cell reclusters in aGVHD mice receiving WT or OTUD1-deficient cells by sc-RNA seq
activated CD4+ T (aCD4+ T) and activated CD8+ T (aCD8+ T), C2: aCD8+ T, C4: helper CD4
aGVHD mice receiving WT or OTUD1-deficient cells. (G-H) Pseudotime analysis reveals the
inflammatory response (I) and TGF-β signaling pathway (J) enrichments of OTUD1-deficient
(IL-4+CD4+ T cells) (K), and Treg (CD25+Foxp3+CD4+ T cells) (L) in spleen of aGVHD mice r
n = 16 for OTUD1-KO). Data in panels K-L are represented as mean ± SD; **P < .01, ***P
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length and Myc-NICD but not with Myc-Notch2-ECD and
Myc-Notch2-TMD (Figure 5E). The data of immunoprecipitation
indicated that OTUD1 interacted with Flag-NICD (Figure 5F).
These results suggested that OTUD1 interacts with the intra-
cellular domain of Notch2 (NICD). Moreover, the ubiquitination
of Myc-NICD was enhanced when OTUD1 was knocked down
(Figure 5G). The lysine (K) sites of NICD ubiquitination have
been reported to include K1701, K1703, K1705, K1738, K1768,
K1770, and K2121.25-29 To determine which lysine sites of NICD
were involved in the ubiquitination regulation by OTUD1, we
constructed the K1701R, K1703R, K1705R, K1738R, K1768R,
K1770R, and K2121R mutants of NICD (Figure 5H). We found
that OTUD1 deubiquitinated only the K1770 site of NICD
(Figure 5I). Consistently, we demonstrated that OTUD1 over-
expression did not upregulate the protein levels of NICD-
K1770R (Figure 5I). In summary, OTUD1 interacts with NICD
and deubiquitinates NICD at the K1770 site.

NICD is essential for OTUD1–mediated T-cell
pathogenicity and aGVHD progression
We then clarified the effect of inhibition of Notch signaling on
T-cell activation, effector function and proliferation. The data
showed that DAPT (GSI-IX), a γ-secretase inhibitor that is known
to inhibit Notch signaling, markedly reduced the proportion of
CD69+CD4+ T cells (supplemental Figure 7A), effector CD4+

T cells (CD44+CD62L−), (supplemental Figure 7B), and
Ki67+CD4+ T cells (supplemental Figure 7C), and down-
regulated the production of IFN-γ and IL-2 (Figure 6A). To
further determine whether OTUD1 regulates T-cell activation
and function through Notch2, we blocked Notch signaling with
DAPT or knocked down Notch2 using short hairpin RNAs
against Notch2. We noticed that OTUD1 was unable to activate
TCR signal transduction when Notch2 was inhibited or knocked
down (Figure 6B-C). Furthermore, NICD was overexpressed in
aGVHD mice transferred with WT or OTUD1-KO BM cells and
splenocytes (Figure 6D). The results showed that NICD over-
expression augmented aGVHD-related mortality (Figure 6E),
enhanced aGVHD scores (Figure 6F), and aggravated patho-
logical damage to the target organs in aGVHD mice (Figure 6G-
H). These results indicated that NICD aggravates the severity of
aGVHD alleviated by OTUD1 deficiency in vivo. Thus,
we demonstrated that NICD is essential for OTUD1 to regulate
both TCR signal transduction in activated T cells and the
development of aGVHD in mice.

Targeting the OTUD1/NICD axis with dapagliflozin
restricts T-cell activation and effector function,
attenuating the severity of aGVHD in mice
To identify potential inhibitors of OTUD1, we performed drug
screening using computer-aided drug design technology. The
tiation, promotes Treg differentiation, and restricts proinflammatory factor
tions in the spleen of aGVHD mice receiving WT or OTUD1-deficient cells by sc-RNA
CD4+ T, C8/C9: proliferating T (MKi67hi T), C6/C11/C0/C19/C5/C10: neutrophil, C16:
C14/C20: DC, C15: basophil, C17: B cell, C21: GC-B cell, C13: erythrocyte. (B) Cell
portion of CD4+ T cells and CD8+ T cells in T cells of aGVHD mice receiving WT or
y sc-RNA seq shows the KEGG signaling pathways. (E) UMAP displays cell populations
(C0/C3/C6/C9: proliferating T (MKi67hi T), C7/C8: activated CD3+ T (aCD3+ T), C5:

+ T cell (Th1), C1: cytotoxic CD8+ T cell (Tc1)). (F) Cell proportion of T-cell reclusters in
ordering of T-cell clusters along the pseudotime trajectory. (I-J) GSEA analysis showed
T cells. (K-L) The percentage of Th1 (IFNγ+CD4+ T cells), Th17 (IFNγ+CD4+ T cells), Th2
eceiving WT or OTUD1-deficient cells are analyzed by flow cytometry (n = 10 for WT,
< .001 (2-tailed unpaired Student t test). DC, dendritic cell; MP, myeloid progenitors.
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key catalytic sites of OTUD1, including Asp317, Cys320, and
His431, have been reported.30 The 3D structure of the OTUD1
protein has been established (supplemental Figure 8A). The
results of analysis of the 3D map provided by the SiteMap
module of Schrödinger suite 2015 showed that the spatial
positions of the amino acid residues of the catalytic triad of
OTUD1 were located in a very close proximity to site 1 (white
sphere) with high druggability (Figure 7A; supplemental
Figure 8B). Furthermore, the fingerprints of the interactions
between the US Food and Drug Administration–approved drugs
and OTUD1 binding site 1 (supplemental Figure 8C) were used
to screen for potential inhibitors targeting OTUD1 based on their
docking scores. In addition, we screened various drugs that
inhibited both NFAT activity measured by NFAT-luciferase assay
(supplemental Figure 8D) and the activation of T cells in vitro
(supplemental Figure 8E). Furthermore, we investigated the
effects of potential inhibitors targeting OTUD1, which were
initially identified by screening, on the protein levels of Flag-
NICD. The results showed that empagliflozin, dapagliflozin,
regorafenib, and dasatinib monohydrate significantly down-
regulated the protein levels of Flag-NICD (Figure 7B;
supplemental Figure 8F). Interestingly, dapagliflozin treatment
dramatically increased the ubiquitination of Flag-NICD
(Figure 7C), indicating that dapagliflozin may be an efficient
inhibitor of OTUD1. Both low and high doses of dapagliflozin
induced considerable degradation of the Flag-NICD proteins
(Figure 7D). Moreover, the molecular docking diagram of
dapagliflozin and OTUD1 supported their association (Figure 7E).
We demonstrated that dapagliflozin impaired the production of
IFN-γ and IL-2 in CD4+ T cells (Figure 7F). Dapagliflozin treat-
ment significantly prolonged the survival of aGVHD mice
(Figure 7G), decreased the aGVHD scores (Figure 7H), and
attenuated the pathogenesis of the target organs, including the
intestine, lung, liver, and skin (Figure 7I). Thus, we believe that
dapagliflozin is a functional inhibitor targeting OTUD1 and is
able to restrict T-cell activation and effector function to efficiently
alleviate the severity of aGVHD in mice.
022-017201-m
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Discussion
This study demonstrated that targeting of DUB OTUD1 is a
promising strategy to treat aGVHD. Thus, the study provides
evidence supporting the feasibility of the design of the drugs
that target the ubiquitin-proteasome system to prevent
aGVHD.31 Inhibition of the proteasome by bortezomib (an irre-
versible proteasome inhibitor) attenuates aGVHD by limiting the
production of proinflammatory cytokines, suppressing T-cell
proliferation and allogeneic responses32 or impairing dendritic
Figure 4. OTUD1 absence destabilizes Notch2 and restrains the Notch2 signaling in
CD4+ T cells stimulated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies
differential proteins that affect Th1 and Th17 differentiation according to KEGG analysis.
mice compared with WT CD4+ T cells shows JAK-STAT signaling pathway by sc-RNA s
incubated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies and the protein
HEK293T cells were transfected with Myc-Notch2, control short hairpin RNA (shRNA) (sh
precipitated with anti-Myc beads and the ubiquitination levels of Notch2 were evaluated b
plasmids and incubated with anti-CD3 (0.1 μg/mL) antibodies and Notch2 proteins were
analyzed by western blot. (G) Jurkat E6.1 cells were stimulated with anti-CD3 antibody (0.1
then assessed by western blot. (H) CD4+ T cells isolated from C57BL/6 mice were stimul
levels of Notch2 were evaluated by western blot. (I) CD4+ T cells isolated from WT or O
antibodies for 24 hours and then the mRNA levels of Hes1, Hes5, Hey1 and HeyL were by
HCT patients (n = 104) were analyzed by RT-qPCR, the correlation between OTUD1 expr
panel I are represented as mean ± SD; *P < .05, **P < .01, ***P < .001 (2-tailed unpaired
and are summarized as mean ± SD of 3 experiments. HCT, hematopoietic cell transplan
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cell activation.33 Therefore, proteasome inhibition is a potential
treatment for aGVHD. However, both bortezomib and ixazomib
treatments also have side effects, which increase the risk of
infection, thrombocytopenia, cardiotoxicity, and neutropenia.34

In a randomized BMTCTN clinical trial, bortezomib was
reported to lack in clinical activity in limiting aGVHD.35 There are
limitations in translating findings from murine BMT models to
human transplantation. In addition, distinct diseases may be
associated with different characteristic alterations in the
ubiquitin-proteasome system. Thus, different treatment schemes
should be customized according to different characteristics.

Interestingly, the DUB OTUD1 is abnormally upregulated in
allogeneic T cells. Currently, A20 is one of the few reported
DUBs that influence GVHD.36 However, the mRNA levels of A20
do not change significantly in allo-T cells, and the molecular
mechanism by which A20 influences aGVHD remains unex-
plored. In addition, OTUD1 mRNA levels before allo-HSCT can
be used to predict the cumulative incidence of aGVHD and OS
of patients after HSCT. In the in vitro assay, OTUD1 protein
levels were dramatically upregulated in CD4+ T cells upon
stimulation, but were not in CD8+ T cells. Thus, targeting
OTUD1 may be a potential strategy to hamper aGVHD while
retaining GVL activity. OTUD1-deficient CD4+ T cells lost the
capacity to proliferate in vitro. The results of a mixed lympho-
cytes responses assay demonstrated that donor CD4+ T cells
did not proliferate in recipient mice in the absence of OTUD1.
Moreover, in aGVHD mice, the lack of donor OTUD1 signifi-
cantly prolonged the survival of recipient mice, and 9/10 mice
survived over 100 days. These data suggested that the DUB
OTUD1 may play a critical role in initiating the pathogenesis of
aGVHD. Consistent with the in vitro data, donor OTUD1 defi-
ciency impaired CD4+ T-cell activation, effector function, and
the secretion of inflammatory cytokines in aGVHD mice. Inter-
estingly, the absence of donor OTUD1 also inhibited the acti-
vation and effector function of CD8+ T cells. TGF-β signaling
pathway is well known to be critical for Treg differentiation, and
OTUD1 was reported to regulate SMAD7 stability, thereby
inhibiting TGF-β signaling in breast cancer metastatic mice.10

Interestingly, the results of GSEA of MKi67hi T cells revealed
that OTUD1 deficiency positively regulated the TGF-β signaling
pathway in aGVHD mice. We demonstrated that the absence of
OTUD1 promotes the differentiation of Treg cells, indicating
that the changes in CD8+ T cells may be influenced by Treg
cells in aGVHD mice.

Notch signaling plays a critical role in the initiation and devel-
opment of aGVHD, and targeting individual Notch receptors or
activated CD4+ T cells. (A) Top 20 of KEGG pathway enriched for OTUD1-deficient
compared with WT CD4+ T cells by the proteomics. (B) Heat map presenting the
(C) GSEA analysis of T-cell differential genes in OTUD1-deficient CD4+ T of aGVHD
eq. (D) CD4+ T cells isolated from WT or OTUD1−/− mice on B6 background were
levels of Notch2, Notch1, Notch3 and Notch4 were evaluated by western blot. (E)
CON) or OTUD1shRNA (shOTUD1) plasmids. Myc-Notch2 proteins were immuno-
y western blot. (F) Jurkat E6.1 cells were transfected with OTUD1-WT or OTUD1-AQ
immunoprecipitated with anti-Notch2 antibodies, the ubiquitination of Notch2 were
μg/mL) for 24 or 48 hours in vitro and the protein levels of OTUD1 and Notch2 were
ated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL) antibodies and the protein
TUD1−/− mice were stimulated with anti-CD3 (2 μg/mL) and anti-CD28 (0.4 μg/mL)
RT-qPCR. (J) The mRNA levels of Hes1, Hes5, Hey1 and HeyL in PBMCs isolated from
ession level and Hes1, Hes5, Hey1 and HeyL expression levels was analyzed. Data in
Student t test). Data in panels D-H are representative of 3 independent experiments
tation.
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with Flag-NICD, HA-ub, pCDH-OTUD1 plasmids were incubated with potential drugs (100 nM) as indicated for 24 hours, and then the protein levels of Flag-NICD were
evaluated by western blot. (C) HEK293T cells transfected with Flag-NICD, HA-ub, pCDH-OTUD1 plasmids were incubated with potential drugs (100 nM) as indicated for
24 hours, and then Flag-NICD proteins were immunoprecipitated with anti-Flag beads and the ubiquitination of Flag-NICD was analyzed by western blot. (D) HEK293T cells
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ligands effectively attenuates side effects caused by pan-Notch
inhibitors.14-16 NICD was expressed at a high level in Paneth
cells after irradiation.24 Consistently, Notch2 was expressed at a
high level in CD4+ T cells but not in CD8+ T cells. The inter-
action of OTUD1 and Notch2 increased in T cells upon activa-
tion. OTUD1 was able to release ubiquitin from Notch2 and
stabilize the Notch2 protein. Furthermore, OTUD1 interacted
with the intracellular domain Notch2 (NICD) and regulated the
ubiquitination of NICD. We demonstrated that OTUD1 mainly
regulated the ubiquitin moiety at the K1770 site of the NICD
protein. Moreover, OTUD1 overexpression activated TCR–
mediated signal transduction, which was dependent on NICD,
and NICD overexpression rescued the attenuation of aGVHD in
mice receiving OTUD1-deficient cells.

The key catalytic sites of OTUD1 include Asp317, Cys320 and
His431.30 Thus, based on these catalytic sites, we screened
potential drugs from the US Food and Drugs Administration–
approved drug library based on their binding to the catalytic
sites of OTUD1. Interestingly, dapagliflozin was identified as a
potential drug inhibitor targeting OTUD1. Dapagliflozin treat-
ment increased the ubiquitination of NICD, thus leading to the
degradation of the NICD proteins. In addition, dapagliflozin
treatment inhibited T-cell activation and the production of
proinflammatory cytokines. Furthermore, administration of
dapagliflozin dramatically prolonged the survival of aGVHD
mice. As a selective SGLT2 inhibitor, dapagliflozin is a potent
agent for treatment of type 1 and type 2 diabetes,37,38 and stage
4 chronic kidney disease,39 and has been shown to significantly
attenuate heart failure.40,41 The adverse events of dapagliflozin
treatment were similar to those observed in the placebo group.40

In aGVHD mice, the recipients treated with 10 mg/kg
dapagliflozin survived longer than mice treated with 1 mg/kg
dapagliflozin, with no apparent cytotoxicity or side effects.

Targeting DUBs is a promising strategy to prevent aGVHD.
Over 100 deubiquitinating enzymes have been identified in
mammals. Approximately 61 small molecule inhibitors of deu-
biquitinating enzymes have been reported, corresponding to
29 different DUBs,42 which account for only ~30% of all
mammalian DUBs, indicating potential availability of many
undiscovered drugs that target the deubiquitinating enzymes.
In summary, the data of the present study contribute to further
understanding of the pathogenesis of aGVHD and provide new
insight into future aGVHD treatments.
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aGVHDmice by HE staining (scale bar, 100 μm; arrows, infiltrating lymphocytes; triangles,
curve (G). Data in panel F are represented as mean ± SD; *P < .05, **P < .01 (2-tailed
experiments and data in panel D are summarized as mean ± SD of 3 experiments.
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