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SUMMARY

TOB1 is downregulated in inflamed mucosa of inflammatory
bowel disease patients and induces the expression of ID2 in
CD4þ T cells by Smad4/5, contributing to the restraint of
mucosal inflammation through preventing excessive T
helper 1/T helper 17 cell–mediated immune responses in
intestinal mucosa.

BACKGROUND & AIMS: TOB1 is an anti-proliferative protein of
Tob/BTG family and typically involved in the tumorigenesis and T
cell activation. Although TOB1 is associated with T helper 17
cell–related autoimmunity, its role in modulating T cell–mediated
immune responses in IBD remains poorly understood. Here, we
explored its expression and the underlying mechanisms involved
in the pathogenesis of inflammatory bowel disease (IBD).

METHODS: TOB1 and ID2 expression in IBD patients was
examined by quantitative real time polymerase chain reaction
and immunohistochemistry. IBD CD4þ T cells were transfected
with lentivirus expressing TOB1, ID2, TOB1 short hairpin RNA
and ID2 short hairpin RNA, respectively, and Tob1–/–CD4þ T
cells were transfected with lentivirus expressing Id2. Experi-
mental colitis was established in Tob1–/– mice by trini-
trobenzene sulfonic acid enema and in Rag1–/– mice
reconstituted with Tob1–/–CD45RBhighCD4þ T cells to further
explore the role of Tob1 in intestinal mucosal inflammation.
Splenic CD4þ T cells of Tob1–/– mice were sorted to determine
transcriptome differences by RNA sequencing.

RESULTS: TOB1 expression was decreased in inflamed mucosa
and peripheral blood CD4þ T cells of IBD patients compared
with healthy subjects. Overexpression of TOB1 downregulated
IBD CD4þ T cells to differentiate into Th1/Th17 cells compared
with control subjects. Severe colitis was observed in Tob1–/–

mice through trinitrobenzene sulfonic acid enema or in Rag1–/–

mice reconstituted with Tob1–/–CD45RBhighCD4þ T cells,
compared with control animals. RNA sequencing analysis
revealed ID2 as functional target of TOB1 to inhibit IBD CD4þ T
cell differentiation into Th1/Th17 cells. Mechanistically, TOB1
was associated with Smad4/5 to induce ID2 expression and
restrain Th1/Th17 cell differentiation.

CONCLUSIONS: TOB1 restrains intestinal mucosal inflamma-
tion through suppressing Th1/Th17 cell–mediated immune
responses via the Smad4/5-ID2 pathway. It may serve as a
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novel therapeutic target for treatment of human IBD. (Cell Mol
Gastroenterol Hepatol 2022;13:1201–1221; https://doi.org/
10.1016/j.jcmgh.2021.12.007)
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Iflammatory conditions with a lifelong relapsing-
remitting course in the gastrointestinal tract, resulting
from an aberrant CD4þ T cell–mediated immune responses
to the luminal microbiota in genetically susceptible hosts.1–4

Crohn’s disease (CD) and ulcerative colitis (UC) are 2 major
forms of IBD, with distinct clinical manifestations and
endoscopic and histological features. Increasing lines of
evidence have demonstrated that aberrant activation of T
helper 1 (Th1), Th2, and Th17 cells and defects of regula-
tory T cells are involved in the pathogenesis of IBD char-
acterized by increased expression of proinflammatory
cytokines (eg, interferon g [IFN-g], tumor necrosis factor a
[TNF-a], interleukin [IL]-17A).5–10 However, the underlying
mechanisms whereby the effector CD4þ T cells are regu-
lated in inflamed mucosa of IBD are not fully understood.

TOB1, originally defined by its interaction with the re-
ceptor tyrosine kinase ErbB-211, belongs to the Tob/BTG
antiproliferative family.12,13 The Tob/BTG family proteins
show high structural similarities in their N-terminal 120-
amino-acid region, namely Tob/BTG homology domain,
which likely accounts for their function in preventing cell
cycle progression and suppressing cell proliferation.13,14

Owing to the ability to inhibit cell growth, TOB1 has been
shown to be involved in the occurrence and progression of a
variety of tumors, including lung cancer, papillary carci-
noma of thyroid, breast cancer, and gastric cancer.15–19

Moreover, mice with Tob deficiency are predisposed to
spontaneously developing tumors in multiple organs (eg,
lung, liver, and lymph node), suggesting that Tob1 functions
as an important suppressor during tumorigenesis.20 In
addition, Tob1 represses the osteoblast proliferation and
bone formation through binding Smad proteins and nega-
tively regulating the BMP/Smad signaling.21

Previous studies have also emphasized the crucial roles
of TOB1 in regulating T cell activation and immune-
mediated disorders.14,22 Recently, decreased TOB1 expres-
sion in CD4þ T cells was strongly associated with the pro-
gression of multiple sclerosis (MS).23 Interestingly, Tob1–/–

mice develop more severe inflammation in the central ner-
vous system during the induction of experimental autoim-
mune encephalomyelitis, a murine model mimicking MS.24

These results imply that TOB1 acts as a negative regulator
of T cell activation and may play a protective role in the
pathogenesis of T cell–mediated autoimmunity.

In this study, we identified TOB1 as a crucial regulator in
controlling Th1/Th17 cell–mediated intestinal inflammation
of IBD and found that TOB1 expression was downregulated in
inflamed mucosa and peripheral blood (PB) CD4þ T cells of
active IBD patients compared with that in IBD patients in
remission and healthy control (HC) subjects. Transfection with
lentivirus-expressing TOB1 (LV-TOB1) could suppress IBD PB-
CD4þ T cells to differentiate into Th1 and Th17 cells. Severe
colitis was observed in Tob1–/– mice through trinitrobenzene
sulfonic acid (TNBS) enema or in Rag1–/– mice reconstituted
with Tob1–/–CD45RBhighCD4þ T cells. RNA sequencing (RNA-
seq) analysis revealed that ID2 acted as the functional target of
TOB1 to inhibit IBD CD4þ T cell differentiation into Th1/Th17
cells. Importantly, we verified that TOB1 negatively regulated
IBD CD4þ T cell differentiation into Th1/Th17 cells through
the Smad4/5-ID2 signaling pathway.
Results
TOB1 Is Downregulated in Active IBD Patients
and Refers to the Disease Activities

Given that TOB1 plays a crucial role in regulating im-
mune responses and the pathogenesis of MS14,24 and that
TOB1 is decreased in inflamed tissues of UC patients as
reported previously,25 we sought to investigate whether
TOB1 is associated with the pathogenesis of IBD. We found
that the expression of TOB1 messenger RNA (mRNA) was
downregulated in inflamed mucosa of active CD and UC
patients compared with HC subjects (Figure 1A). Consis-
tently, TOB1þ cells were decreased in inflamed mucosa of
IBD patients compared with those in normal mucosa or non-
IBD inflammatory control subjects (eg, celiac disease, Clos-
tridium difficile infectious colitis, and ischemic enteritis),
while no difference in TOB1þ cells was observed between
healthy subjects and non-IBD inflammatory control subjects
(Figure 1B). Similar trend of TOB1þCD4þ cells was
observed in inflamed mucosa of IBD patients compared with
those in healthy donors (Figure 1C). A notable decrease of
TOB1 expression was also seen in inflamed intestinal mu-
cosa of CD and UC patients, respectively, when compared
with that in the unaffected tissues from the same patients
(Figure 1D). Furthermore, we analyzed the correlation be-
tween TOB1 expression and disease severity of IBD. We
found that the levels of TOB1 mRNA in inflamed colon
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tissues were inversely correlated with CDAI and Simple
Endoscopic Score for Crohn’s Disease in CD patients, and the
Mayo index and Ulcerative Colitis Endoscopic Index of
Severity in UC patients, respectively (Figure 1E–H). Quan-
titative polymerase chain reaction (PCR) and flow cytometry
analysis further revealed that expression of TOB1 was
reduced in PB-CD4þ T cells from active IBD patients
compared with control subjects (Figure 1I).

To further corroborate our preceding findings, we
induced experimental colitis models in wild-type (WT)
C57BL/6 mice by TNBS and oxazolone enema, respectively.
We observed that Tob1 expression was significantly
reduced in the inflamed colon tissues and lamina propria
(LP)-CD4þ T cells of TNBS- or oxazolone-induced colitis
mice compared with that of ethanol-treated control animals
(Figure 1J and K). Collectively, these data indicate that TOB1
may play a role in the pathogenesis of IBD and serve as a
biomarker for evaluating disease severity.

Previous study has demonstrated that TOB1 is highly
expressed in unstimulated PB-CD4þ T cells but is down-
regulated during activation.22 Consistently, we also
observed that TOB1 mRNA was decreased in activated CD4þ

T cells compared with naïve CD4þ T cells in vitro
(Figure 1L). Because a variety of proinflammatory cytokines
are present in inflamed mucosa of IBD patients, we then
explored whether those cytokines could modulate TOB1
expression in CD4þ T cells. We found that TNF-a, IL-1b, IL-
2, IL-6, and IL-12 could suppress TOB1 expression in CD4þ

T cells (Figure 1M). To further clarify if TNF-a, a critical
proinflammatory cytokine present in human IBD, is involved
in the downregulation of TOB1 in active IBD patients, we
measured the alternations of TOB1 mRNA expression in
intestinal mucosa of active CD patients who received an
induction therapy with anti-TNF-amAb (ie, infliximab [IFX])
and found that TOB1 mRNA increased in intestinal mucosa
of patients with active CD in the response group (CDAI
<150) at week 14 after an induction therapy with IFX
compared with that before IFX therapy, but it did not change
in gut mucosa of CD patients in nonresponse group
(Figure 1N and O). Altogether, these data suggest that
proinflammatory cytokines (eg, TNF-a, IL-1b, IL-2, IL-6, and
IL-12) enable to restrain TOB1 expression, and that
blockage of TNF-a could enhance TOB1 expression in in-
testinal mucosa.

We further found that the levels of TOB1 mRNA in normal
colon tissues were comparable among intestinal epithelial
cells and different immune cell subsets, albeit at a relatively
lower level in B cells (Figure 1P). Likewise, similar results
were also observed in immune cells from PB of healthy vol-
unteers (Figure 1Q). A previous study reported that TOB1
expression is increased in Th17 cells (CD161þIFN-g–IL-
17AþCD4þ cells) compared with Th1 cells (CD161–IL-
17A–IFN-gþCD4þ cells) after being stimulated in vitro with
anti-CD3/CD28 for 7 days.26 To delineate the expression of
TOB1 in CD4þ T cells under differential conditions, we sorted
naïve CD4þ T cells from healthy donors, cultured them
in vitro under different Th-polarizing conditions as indicated
for 5 days, and found that TOB1 was decreased in different
activated CD4þ T cells including Th1, Th2, Th17, and regu-
lator T (Treg) cells (Figure 1R), which was consistent with the
previous work.22 Taken together, these data indicate that
TOB1 is ubiquitously expressed in different immune cells of
LP mononuclear cells (LPMCs) and PB mononuclear cells
(PBMCs) and that its decreased expression may contribute to
the development of IBD.
Forced TOB1 Expression in CD4þ T Cells
Restricts Excessive Th1/Th17 Cell Immune
Responses in IBD Patients

The decreased expression of TOB1 in IBD patients
promoted us to investigate whether TOB1 affects IBD
CD4þ T cell differentiation. To this end, we isolated PB-
CD4þ T cells from active IBD patients and healthy sub-
jects and transfected them with LV-TOB1, lentivirus-
expressing TOB1 short hairpin RNA (shRNA) (LV-
shTOB1), and negative control lentiviral vector (LV-NC),
respectively. We found that the expression of TOB1 mRNA
was significantly higher in LV-TOB1–transfected CD4þ T
cells than in LV-NC–transfected CD4þ T cells, while LV-
shTOB1 transfection strongly inhibited TOB1 expression
in CD4þ T cells (Figure 2A). We then examined the
expression of cytokines and related transcription factors
in these transfected CD4þ T cells. Interestingly, we found
that LV-TOB1–transfected IBD CD4þ T cells expressed
lower levels of IFN-g, IL-17A, TNF-a, T-bet, and RORC
compared with control subjects, whereas the inhibition of
TOB1 in IBD CD4þ T cells resulted in an opposite effect
(Figure 2B–F). In addition, both IL-10 and Foxp3
expression was not affected in CD4þ T cells by LV-TOB1
or LV-shTOB1 transfection (Figure 2G and H). These
findings were further confirmed by enzyme-linked
immunosorbent assay (ELISA), showing that the
amounts of signature cytokines (eg, IFN-g, IL-17A, and
TNF-a) were significantly decreased in culture superna-
tants of LV-TOB1–transfected CD4þ T cells compared with
those in LV-NC–transfected CD4þ T cells, whereas IL-10
production was not altered when CD4þ T cells were
transfected with LV-TOB1 or LV-shTOB1 (Figure 2I–L). In
addition, we further isolated LP-CD4þ T cells from active
IBD patients and healthy subjects and transfected them
with LV-TOB1, LV-shTOB1, and LV-NC, respectively. These
transfected LP-CD4þ T cells were cultured for 48 hours
under stimulation with immobilized anti-CD3 and anti-
CD28 monoclonal antibodies (mAbs) in vitro. The
expression of IFN-g, IL-17A, and TNF-a was then assessed
in culture supernatants by ELISA, and we found that these
proinflammatory cytokines were markedly decreased in
culture supernatants of LV-TOB1–transfected LP-CD4þ T
cells but were significantly increased in LV-shTOB1–-
transfected LP-CD4þ T cells compared with those in LV-
NC–transfected LP-CD4þ T cells (Figure 2M–O). Taken
together, these data indicate that TOB1 deficiency in CD4þ

T cells results in augmenting Th1 and Th17 cell immune
responses in IBD patients, while forced TOB1 expression
in CD4þ T cells could reverse such an effect.
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Tob1 Deficiency Exacerbates TNBS-Induced
Colitis in Mice

To explore potential roles of Tob1 in the pathogenesis of
colitis in vivo, we generated Tob1–/– mice by the CRISPR/
Cas9 technique (Figure 3A–C). Western blotting analysis
confirmed the absence of TOB1 protein in the colon tissues
of Tob1–/– mice (Figure 3D). Tob1–/– mice were viable and
appeared apparently healthy over the duration of experi-
ments. By flow cytometric analysis, we found that Tob1
deficiency had no appreciable influence on the frequencies
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of B, CD4þ, and CD8þ T cells in spleen and LPMCs, although
Tob1–/– mice showed slightly higher percentage of CD3þ T
cells and lower percentage of B cells in the mesenteric
lymph node (MLN) compared with their WT littermates
(Figure 3E). Moreover, the total number of immune cells in
MLN, LPMC, and spleen was not affected by Tob1 deficiency
(Figure 3F). Therefore, these data indicate that Tob1 defi-
ciency does not affect immune cell proliferation under
physiological conditions.

To determine whether Tob1 deficiency affects the
development of colitis, we established TNBS-induced acute
colitis model in Tob1–/– mice and WT littermates. We found
that Tob1–/– mice showed enhanced disease severity of co-
litis compared with WT littermates, as exemplified by an
excessive weight loss, shortened colon length, increased
lymphocyte infiltration, and higher levels of pathological
scores after TNBS treatment (Figure 4A–F). On the basis of
our preceding observation in IBD patients, we asked
whether the loss of Tob1 favored Th1 and Th17 cell dif-
ferentiation in inflamed colon of colitic mice. As shown in
Figure 4G and H, LP-CD4þ T cells from the colon tissues of
TNBS-induced colitic Tob1–/– mice displayed higher fre-
quencies of Th1 and Th17 cells compared with those from
WT littermates, as determined by intracellular cytokine
staining analysis. In agreement, quantitative real-time PCR
(qRT-PCR) analysis also revealed that the mRNA levels of
Ifn-g, T-bet, Il-17a, Rorgt, and Tnf-a were significantly
increased in the colon tissues of TNBS-induced colitic Tob1–/
– mice compared with those of WT control animals
Figure 1. (See previous page). TOB1 expression is decrease
from 29 patients with A-CD, 29 patients with R-CD, 31 patien
respectively, and TOB1 expression was analyzed by qRT-PCR
sentative sections from colon mucosa of non-IBD inflammatory
ease, 3 patients with Clostridium difficile infectious colitis, an
patients with A-CD (n ¼ 17), and patients with A-UC (n ¼ 16),
double staining showed co-localization of TOB1 with CD4þ cells
100 mm. (D) TOB1 expression in inflamed and unaffected colon
active UC (n ¼ 17), respectively, was examined by qRT-PCR. (E
observed to be negatively associated with CDAI and Simple End
and R ¼ –0.5308, P < .0001, respectively) and the correlation
Index of Severity, and TOB1 expression in intestinal mucosa of
.0007, respectively). (I) PB-CD4þ T cells were obtained from HC
CD (n ¼ 8), patients with A-UC (n ¼ 10), and patients with R-UC
cytometry, and MFIs (Median Fluorescence Intensity) of TOB1 e
and LP-CD4þ T cells were collected from TNBS- (n ¼ 16), oxazo
16), respectively, and Tob1 expression was examined by qRT-P
donors and cultured with plate-bound anti-CD3 mAb (5 mg/mL)
PCR was performed to analyze TOB1 expression. **P < .01 vs
healthy donors (n ¼ 10) were stimulated with various cytokines (1
qRT-PCR. Gene expression was normalized to GAPDH in each
anti-TNF mAb (ie, infliximab, IFX) treatment at weeks 0, 2, and
patients at week 14 after an induction therapy, (N) 19 patients
therapy. (P) Expression of TOB1 mRNA in intestinal mucosal biop
cells, dendritic cells (DCs), and intestinal epithelial cells (IECs)
underwent colectomy for colon cancer, and the mRNA levels of T
CD8þ T, CD19þ B cells, and CD14þ monocytes were isolated
selection, and TOB1 expression was determined by qRT-PCR. *
from 6 healthy donors and cultured with plate-bound anti-CD3
Th0, Th1, Th2, Th17, and Treg cell–polarizing conditions, respe
TOB1 expression in these CD4þ T cells. *P < .05, and **P < .01
the correlation between TOB1 expression and disease activities
2-sided Student’s t tests or analysis of variance. *P < .05, **P
(Figure 4I–M). However, no significant difference in
expression of Il-10 between WT littermates and Tob1–/–

mice was seen upon TNBS exposure (Figure 4N).
To further verify these findings, we differentiated splenic

CD4þ T cells derived from Tob1–/– mice and WT littermates
under Th0-, Th1-, and Th17-polarizing conditions in vitro.
As shown in Figure 5A, Tob1–/–CD4þ T cells generated more
IFN-g and IL-17A under Th1- and Th17-polarizing condi-
tions, respectively, compared with WT littermates. These
results were further confirmed by qRT-PCR analysis,
showing that the expression of Ifn-g/T-bet and Il-17a/Rorgt
mRNA was also enhanced in Tob1–/–CD4þ T cells in com-
parison with that in control animals under the same con-
ditions (Figure 5B). Meanwhile, we detected the
proliferation of splenic CD4þ T cells from both WT litter-
mates and Tob1–/– mice under Th0-, Th1-, and Th17-
polarizing conditions, respectively, in vitro, and found that
the proliferation of Tob1–/–CD4þ T cells was increased un-
der the Th0 condition, but did not alter under Th1 and Th17
conditions compared with WT control animals (Figure 5C).
Taken together, our data indicate that Tob1 is required for
controlling excessive TNBS-induced colitis in mice.
Tob1–/–CD45RBhighCD4þ T Cells Induce
Exaggerated Intestinal Mucosal Inflammation in
Rag1–/– Mice

With these data in hand, we further investigated whether
the loss of Tob1 in CD4þ T cells preferentially induced
d in active IBD patients. (A) Colon biopsies were collected
ts with A-UC, 30 patients with R-UC, and 31 HC subjects,
. (B) Immunohistochemistry (IHC) analysis of TOB1 in repre-
control subjects (n ¼ 9, including 3 patients with celiac dis-

d 3 patients with ischemic enteritis), HC subjects (n ¼ 13),
respectively. Scale bars ¼ 100 mm. (C) Immunofluorescence
in HC, A-CD, and A-UC samples, respectively. Scale bars ¼
tissues from the same patients with active CD (n ¼ 16) and

–H) TOB1 expression in intestinal mucosa of CD patients was
oscopic Score for Crohn’s Disease (R ¼ –0.6018, P < .0001;
analysis between Mayo score, Ulcerative Colitis Endoscopic
UC patients (R ¼ –0.5030, P < .0001; and R ¼ –0.4214, P ¼
subjects (n ¼ 11), patients with A-CD (n ¼ 11), patients with R-
(n ¼ 7), respectively. TOB1 expression was analyzed by flow
xpression were shown in each group. (J and K) Colon tissues
lone-induced (n ¼ 13) colitis mice and WT control animals (n ¼
CR. (L) Naïve PB-CD4þ T cells were sorted from 13 healthy
and soluble anti-CD28 mAb (2 mg/mL) for 24 hours, and qRT-
naïve CD4þ T cells. (M) PB-CD4þ T cells (5 � 105/mL) from
0 ng/mL) for 48 hours, and TOB1 expression was analyzed by
group. (N and O) 29 patients with active CD were receiving

6, and intestinal mucosal biopsies were collected from these
achieved clinical remission, and (O) 10 patients failed to IFX
sies was analyzed by qRT-PCR. LP-CD4þ, CD8þ T, CD19þ B
were isolated from normal colon tissues of 6 patients who
OB1 were analyzed by qRT-PCR. *P < .05 vs IECs. (Q) CD4þ,
from PB of 8 healthy donors by immunomagnetic positive

**P < .001 vs CD4þ T cells. (R) PB-CD4þ T cells were isolated
mAb (5 mg/mL) and soluble anti-CD28 mAb (2 mg/mL) under
ctively, for 5 days, and qRT-PCR was performed to analyze
vs Th0 cells. Spearman rank correlation was used to analyze
of IBD patients. Statistical analysis was performed with paired
< .01, ***P < .001, ****P < .0001.
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chronic mucosal inflammation in vivo. To address this, we
established a chronic colitis model in Rag1–/– mice by
intraperitoneal injection of CD45RBhighCD4þ T cells from
WT littermates or Tob1–/– mice according to our previous
report.27 As shown in Figure 6A–F, we found that Rag1–/–

mice reconstituted with Tob1–/–CD45RBhighCD4þ T cells
appeared with more severe loss of body weight and short-
ened colon length compared with the recipient mice
reconstituted with WT CD45RBhighCD4þ T cells. Flow cyto-
metric analysis further revealed that the lack of Tob1 in
CD4þ T cells gave rise to enhanced Th1/Th17 cell immune
responses in Tob1–/–CD45RBhighCD4þ T cell–reconstituted
Rag1–/– mice, as evidenced by higher proportions of IFN-
gþCD4þ, IL-17AþCD4þ, and TNF-aþCD4þT cells in LPMCs
(Figure 6G and H). In agreement, Rag1–/– mice reconstituted
with Tob1–/–CD45RBhighCD4þ T cells appeared an increase
of inflammatory cell (eg, CD4þ T cells and F4/80þ macro-
phages) infiltrations in inflamed colonic tissues compared
with the recipient mice reconstituted with WT
CD45RBhighCD4þ T cells (Figure 6I–K). Meanwhile, the
mRNA levels of Ifn-g, T-bet, Il-17a, Rorgt, and Tnf-a were
elevated in the colon tissues from Tob1–/–CD45RBhighCD4þ

T cell–reconstituted Rag1–/– mice compared with those
from control animals, whereas no statistical difference was
seen in the expression of Il-10 mRNA between these 2
groups (Figure 6L–Q). Collectively, these data imply that
loss of Tob1 in CD4þ T cells contributes to an enhanced
susceptibility to intestinal mucosal inflammation via aug-
menting Th1/Th17 cell immune responses.
Tob1 Suppresses Th1 and Th17 Cell
Differentiation in the Smad4/5-Id2-Dependent
Pathway

To further clarify the underlying mechanisms whereby
Tob1 restrains colitis in mice and modulates CD4þ T cell
differentiation, we sorted splenic CD4þ T cells of Tob1–/–

mice and WT littermates for RNA-seq. We observed that an
Id2 was markedly downregulated in Tob1–/–CD4þ T cells
compared with that in WT control animals (Figure 7A). Id2
is a transcription factor of the HLH family and target of BMP
signals in various types of cells,28 and upregulated expres-
sion of Id2 via the BMP-responsive Smad suppresses cell
differentiation.29 A previous study demonstrated that Tob
enhances Smad DNA binding by associating with Smad2 and
Smad4, and augments Smad-mediated inhibition of IL-2
Figure 2. (See previous page). Forced expression of TOB1 i
mune responses. PB-CD4þ T cells from patients with A-CD (n
were transfected with LV-TOB1, LV-shTOB1, and LV-NC, respe
anti-CD3 mAb (5 mg/mL) and soluble anti-CD28 mAb (2 mg/mL) f
day 5, and the transfection efficiencies of LV-TOB1 and LV-shT
performed to determine the mRNA expression of IFN-g, IL-17A,
CD4þ T cells. (I-L) The culture supernatants of these transfecte
IFN-g, IL-17A, TNF-a, and IL-10, respectively, using ELISA (M-O
CD patients (n ¼ 5), A-UC patients (n ¼ 5) and normal colon tiss
respectively, were transfected with LV-TOB1, LV-shTOB1, and
plate-bound anti-CD3 mAb (5 mg/mL) and soluble anti-CD28 m
detected by ELISA in the culture supernatants of these transfec
unpaired 2-sided Student’s t tests. *P < .05, **P < .01, and ***
transcription.22 We further utilized luciferase reporter as-
says including ID2 or control vectors and found that 293T
cells transfected with TOB1-overexpressing plasmid
increased the relative luciferase activity of ID2 (Figure 7B),
proving that TOB1 induces ID2 expression. Consistently, we
observed that Id2 was reduced in splenic CD4þ T cells and
inflamed colon tissues of Tob1–/– mice (Figure 7C–E), sug-
gesting that Tob1 plays a crucial role in modulating CD4þ T
cell differentiation in an Id2-dependent manner.

The decreased expression of Id2 in Tob1–/– mice pro-
moted us to investigate whether ID2 is associated with the
development of human IBD. As shown in Figure 8A–C, we
found that the levels of ID2 mRNA and the frequencies of
ID2þTOB1þ cells were downregulated in inflamed mucosa
of active CD and UC patients compared with those in healthy
donors. Moreover, a decrease of ID2 expression was also
observed in inflamed mucosa of CD or UC patients when
compared with that in the unaffected colon tissues from the
same patients (Figure 8D and E). Interestingly, ID2 expres-
sion was increased in intestinal mucosa of CD patients in the
response group (CDAI <150) at week 14 after an induction
therapy with IFX compared with that before therapy, but it
did not alter in CD patients in the nonresponse group
(Figure 8F and G). Consistently, ID2 was observed to be
downregulated in PB-CD4þ T cells from active IBD patients
by contrast to healthy subjects (Figure 8H–J). Taken
together, these results suggest that ID2 may play a role in
the pathogenesis of IBD.

Furthermore, we also isolated CD4þ T cells from active
IBD patients and healthy individuals, and then transfected
them with LV-expressing ID2 (LV-ID2), LV-expressing ID2
shRNA (LV-shID2), and LV-NC, respectively. We observed
that the expression of ID2 was higher in LV-ID2–transfected
CD4þ T cells than that in LV-NC–transfected CD4þ T cells,
while LV-shID2 transfection strongly inhibited ID2 expres-
sion in CD4þ T cells (Figure 9A). We then found that LV-
ID2–transfected IBD CD4þ T cells expressed lower levels of
IL-17A, RORC, IFN-g, T-bet, and TNF-a compared with
control subjects, whereas the inhibition of ID2 expression in
IBD CD4þ T cells had an opposite effect (Figure 9B–F).
However, the expression of IL-10 and Foxp3 was not altered
in IBD CD4þ T cells by LV-ID2 transfection (Figure 9G and
H). These findings were further confirmed by ELISA,
showing that the amounts of signature cytokines (eg, IFN-g,
IL-17A, and TNF-a) were decreased, while IL-10 was
increased in culture supernatants of LV-ID2–transfected
n IBD CD4D T cells restricts excessive Th1/Th17 cell im-
¼ 10), patients with A-UC (n ¼ 12), and HC subjects (n ¼ 14)
ctively, and then cultured under stimulation with plate-bound
or 5 days. (A) The transfected CD4þ T cells were harvested on
OB1 were confirmed by qRT-PCR, and (B-H) qRT-PCR was
TNF-a, T-bet, RORC, Foxp3, and IL-10, respectively, in these
d CD4þ T cells were also collected for detecting the levels of
). LP-CD4þ T cells isolated from inflamed colon tissues of A-
ues of 5 patients who underwent colectomy for colon cancer,
LV-NC, respectively, and then cultured under stimulation with
Ab (2 mg/mL) for 48 hours. IFN-g, IL-17A, and TNF-a were
ted LP-CD4þ T cells. Statistical analysis was performed with
P < .001 vs LV-NC from the same group.



Figure 3. The generation and genotyping of Tob1–/– mice. (A) Tob1–/– mice were generated using the CRISPR/Cas9
technique. The 2 single guide RNAs targeting the WT and Tob1 sequence are underlined and highlighted in red, and the
protospacer adjacent motif sequences are labeled in blue. The reading frames of WT and mutant Tob1 sequence are listed
below. The 127-bp deletion in Tob1 sequence results in an early stop codon TGA. (B and C) Target loci of Tob1 were amplified
using genomic DNA templates from mouse tails of WT and Tob1–/– mice. PCR products of the targeted fragment were
subjected to (B) sequencing and (C) agarose gel electrophoresis, indicating the 127 missing bp in the Tob1–/– mice. (D) Protein
levels of Tob1 in the colon tissues of WT littermates and Tob1–/– mice were detected by Western blotting, and b-actin was
used as endogenous reference gene. (E) LPMCs and single-cell suspension of MLNs and spleens were obtained from 6- to 8-
week-old WT littermates (n ¼ 4) and Tob1–/– mice (n ¼ 4), respectively, and then stained with fluorochrome-conjugated anti-
CD3, anti-CD4, anti-CD8, and anti-B220 mAbs, respectively. The frequencies of B220þ B cells, CD3þ T cells (gated on total
cells), and CD4þ and CD8þ T cells (gated on CD3þ T cells) in LPMCs, MLNs, and spleens, respectively, were analyzed by flow
cytometry. Percentages of these cells in LPMCs, MLNs, and spleens were shown in the bar chart, respectively. (F) The total
cells in MLN, LPMC, and spleen were calculated and are presented in the bar chart. Statistical analysis was performed with
unpaired 2-sided Student’s t tests. **P < .01 vs WT control animals from the same group.
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CD4þ T cells in comparison with those in LV-NC–transfected
CD4þ T cells (Figure 9I–L). In line with these results,
overexpression Id2 in Tob1–/–CD4þ T cells resulted in
lowered expression of Th1/Th17-related cytokines (eg, Il-
17a, Rorgt, Ifn-g, T-bet, and Tnf-a) (Figure 10A–F), while no
change in Il-10 and Foxp3 expression was seen (Figure 10G
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and H). Moreover, the amounts of signature cytokines (eg,
IFN-g, IL-17A, and TNF-a) were decreased, whereas IL-10
appeared to increase but did not reach a statistical differ-
ence in culture supernatants of LV-Id2–transfected Tob1–/
–CD4þ T cells in contrast to control animals (Figure 10I–L).
Collectively, these data indicate that ID2 deficiency in CD4þ

T cells augments Th1 and Th17 cell immune responses and
that forced ID2 expression in CD4þ T cells restrains this
effect.

Additionally, we also utilized kartogenin, an agonist of
Smad4/Smad5, to stimulate splenic CD4þ T cells of WT mice
in vitro and found that it powerfully induced the expression
of Id2 (Figure 11A and B), thus leading to inhibiting the
protein expression of IL-17A and IFN-g (Figure 11C and D).
Moreover, we also transfected splenic CD4þ T cells with LV-
expressing short hairpin Smad4 (LV-shSmad4) and deter-
mined whether it could modulate Id2 expression and the
role in regulating the CD4þ T cell differentiation. These
transfected CD4þ T cells were cultured for 5 days under
stimulation with immobilized anti-CD3 and anti-CD28 mAbs
in vitro. The levels of ID2 and Smad4 were reduced in LV-
shSmad4–transfected CD4þ T cells compared with control
animals (Figure 11E). Importantly, we found that the levels
of IL-17A and IFN-g were higher in culture supernatants
than control animals (Figure 11F and G). Taken together,
these data suggest that Tob1 is associated with Smad4/5 to
upregulate the expression of Id2 and further restrain Th1/
Th17 cell immune responses.
Discussion
Aberrant adaptive immune response mediated by CD4þ

T cells, especially by proinflammatory Th1 and Th17 cells,
has been regarded as one of the main drivers of intestinal
mucosal inflammation in IBD patients. Seeking for crucial
regulators of T cell activation and differentiation is thought
to be of great significance for the clinical treatment of IBD.
In the present study, we demonstrated that TOB1 plays a
key protective role in the pathogenesis of IBD by preventing
excessive Th1/Th17 cell–mediated immune responses.
TOB1 has been reported to involve in the development of
various tumors (eg, lung cancer, papillary carcinoma of
thyroid, and gastric cancer), as evidenced by decreased
TOB1 expression or higher level of TOB1 phosphorylation,
which elucidates diminished antiproliferative
activity.16,17,19,30 Moreover, reduced expression of TOB1
mRNA is also observed in PBMCs of MS patients and spinal
cords of mice with experimental autoimmune encephalo-
myelitis, indicating that TOB1 is related to the pathogenesis
of immune-related diseases.23,31 However, whether TOB1 is
implicated in the progression of IBD remains unexplored. In
this report, we observed that the levels of TOB1 were
remarkably downregulated in the inflamed mucosa and PB-
CD4þ T cells of patients with active CD and UC, and that
TOB1 expression in the colon tissues was negatively asso-
ciated with disease activity of IBD patients. Moreover, we
observed that the polarized Th1, Th2, Th17, and Treg cells
displayed lower levels of TOB1 mRNA than Th0 cells.
Because a previous study demonstrated that IL-1b
downregulates TOB1 expression in endometriotic stromal
cells,32 we speculate that excessive CD4þ T cell activation
and the presence of a variety of proinflammatory cytokines
(eg, TNF-a, IL-1b, IL-6, IL-12) are responsible for the
decreased TOB1 expression in the inflamed mucosa of pa-
tients with IBD.

TOB1 has already been demonstrated to negatively
regulate T cell activation or proliferation bymeans ofmultiple
mechanisms. TOB1 directly inhibits transcription of IL-2 gene
through interacting with Smad2/4.22 In addition, TOB1 also
interactswith iPABP to suppress the translation of IL-2mRNA
in anergic T cells.33 Currently, the function of TOB1 in
modulating the differentiation of CD4þ T cells in IBD patients
is not fully elucidated. Here, we found that LV-TOB1–-
transfected PB-CD4þ T cells displayed a damaged ability for
the differentiation toward Th1/Th17 cells, while the elimi-
nation of TOB1 in PB-CD4þ T cells from IBD patients and
healthy individuals resulted in increased expression level of
Th1/Th17 cell–related cytokines and their transcription
factors. Conversely, transfection with either LV-TOB1 or LV-
shTOB1 appeared not to affect the expression of Foxp3 and
IL-10 in CD4þ T cells cultured under Th0 conditions. Taken
together, these results indicate that decreased TOB1 expres-
sion in inflamed tissues of IBD patients may augment Th1/
Th17 cell–mediated mucosal immune responses, thus
aggravating intestinal inflammation of IBD.

The importance of TOB1 in controlling intestinal
inflammation was further evidenced by the study of Tob1–/–

mice. In our study, we found that severe colitis was present
in both Tob1–/– mice induced by rectal administration of
TNBS and Tob1–/–CD45RBhighCD4þ T cell–reconstituted
Rag1–/– mice, suggesting that Tob1 deficiency augments
the mucosal immune responses mediated by Th1/Th17 cells
in intestinal mucosa. Importantly, we ascertained the effects
of TOB1 on Th1 and Th17 cell differentiation in vitro. These
results were consistent with a previous report showing that
Tob1–/–CD4þ T cells activated by WT-APCs (Antigen Pre-
senting Cells) and MOG35-55 preferentially differentiate into
Th1/Th17 cells in vitro.24

To clarify the underlying mechanisms whereby Tob1
restrains Th1/Th17 cell differentiation, we sorted splenic
CD4þ T cells from both Tob1–/– mice and WT littermates for
RNA-seq and found that expression of Id2 was significantly
decreased in Tob1–/–CD4þ T cells than in WT cells. ID2 as an
important molecule of signaling pathways and is involved in
the development and cycle of cells and tumorigenesis.29

Moreover, ID2 is a part of the HLH transcription factors
family and target of BMP signals in various types of cells.28

Importantly, upregulated expression of Id2 via BMP-
responsive Smad suppresses cell differentiation.29 Recent
study reported that Id2 and Id3 expression in Treg cells is
required for restraining the development of fatal inflam-
matory disease.34 However, whether ID2 is related to the
development of IBD is still elusive. In this study, we
observed that ID2 was decreased in inflamed mucosa and
PB-CD4þ T cells in active IBD patients and that over-
expression of TOB1 promoted the relative luciferase activity
of ID2. Importantly, LV-ID2–transfected IBD CD4þ T cells
and Tob1–/–CD4þ T cells failed to differentiate into Th1 and
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Th17 cells, while suppression of ID2 expression resulted in
facilitating IBD PB-CD4þ T cells to differentiate into Th1 and
Th17 cells, suggesting a critical role of ID2 in modulating
IBD CD4þ T cell differentiation. Additionally, a previous
study has also demonstrated that Id2 could enhance Th1 cell
differentiation but suppress T follicular helper cell



Figure 4. (See previous page). Tob1 deficiency exacerbates TNBS-induced colitis in mice. The TNBS-induced colitis
model was established in WT littermates (n ¼ 12) and Tob1–/– mice (n ¼ 12). (A) The changes of body weight in WT littermates
and Tob1–/– mice were recorded every day over the duration of this experiment. (B) The scores of disease activity index (DAI)
were calculated daily after TNBS administration. (C) WT littermates and Tob1–/– mice were sacrificed on day 7 after TNBS
induction, and gross morphology of colons is shown. (D) The colon length of WT littermates and Tob1–/– mice is shown in the
bar chart. (E) Representative colon sections were stained with hematoxylin and eosin. Scale bars ¼ 200 mm. (F) Pathological
scores of the colon tissues were calculated and shown as indicated. (G and H) Intracellular expression of IFN-g and IL-17A in
LP-CD4þ T cells was analyzed by flow cytometry after stimulation with PMA and ionomycin for 5 hours, the percentages of
IFN-gþCD4þ and IL-17AþCD4þ T cells are shown in the bar chart. (I–N) Colon tissues were collected from colitic mice and
control animals, and the expression of Ifn-g, T-bet, Tnf-a, Il-17a, Rorgt, and Il-10mRNA was examined by qRT-PCR. Statistical
analysis was performed with unpaired 2-sided Student’s t tests. *P < .05, **P < .01, and ***P < .001 vs TNBS-treated WT
group. Data are representative of 3 independent experiments.

Figure 5. Tob1 deficiency facilitates Th1 and Th17 cell differentiation in vitro. Naïve CD4þ T cells were isolated from
spleens of WT littermates (n ¼ 4) or Tob1–/– mice (n ¼ 4) using anti-mouse CD4 magnetic beads, and cultured with plate-bound
anti-CD3 mAb (5 mg/mL) and soluble anti-CD28 mAb (2 mg/mL) under Th0, Th1, and Th17 cell–polarizing conditions,
respectively. (A and B) The polarizing CD4þ T cells were harvested on day 5, and intracellular expression of IFN-g and IL-17A
was analyzed by flow cytometry and qRT-PCR after stimulation with PMA and ionomycin. Percentages of IFN-gþCD4þ and IL-
17AþCD4þ T cells are shown in the bar chart. (C) Splenic CD4þ T cells of WT and Tob1–/– mice (n ¼ 4) were labeled with CFSE
(2 mM) and stimulated with plate-bound anti-CD3 (5 mg/mL) and soluble anti-CD28 (2 mg/mL) under Th0, Th1, and Th17
cell–polarizing conditions, respectively. The cell proliferation rates were then measured by flow cytometry on day 5. Statistical
analysis was performed with unpaired 2-sided Student’s t tests. *P < .05 vs WT control animals from the same group. Data are
representative of 3 independent experiments.
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differentiation through blocking E2A expression in the
context to infection with Toxoplasma gondii.35 We suppose
that this discrepancy may arise from the different status of
CD4þ T cells and disease conditions. Besides, we also
discovered that LV-shSmad4–transfected CD4þ T cells
constrained ID2 expression. Kartogenin, an agonist of
Smad4/Smad5, was found to promote the expression of Id2
in splenic CD4þ T cells of WT mice. Collectively, these data
illustrate that Tob1 is associated with Smad4/5 to upregu-
late the expression of Id2.



Figure 6. (See previous page). Tob1–/–CD45RBhighCD4D T cells induce exaggerated intestinal mucosal inflammation in
Rag1–/– mice. Naïve CD25–CD45RBhighCD4þ T cells were sorted from spleen of WT littermates and Tob1–/– mice (n ¼ 5) and
injected intraperitoneally into 8-week-old Rag1–/– mice (5 � 105 cells/mouse and n ¼ 10, respectively). (A) Changes of body
weight in Rag1–/– mice reconstituted intraperitoneally with WT and Tob1–/–CD45RBhighCD4þ T cells, respectively, or injected
intraperitoneally with phosphate-buffered saline as negative control, were monitored weekly after T cell transfer. (B) The scores
of disease activity index (DAI) were calculated daily after T cell adoptive transfer. (C and D) Mice were sacrificed on week 7 after
T cell transfer, and gross morphology of colons is shown. (E and F) Pathological scores of the colon tissues were calculated
and are shown as indicated, and representative colon sections were stained with hematoxylin and eosin. Scale bars ¼ 100 mm.
(G) LPMCs were isolated from the colons of Rag1–/– mice transferred with WT and Tob1–/–CD45RBhighCD4þ T cells,
respectively, and intracellular expression of IFN-g and IL-17A in LP-CD4þ T cells was analyzed by flow cytometry. (H) Per-
centages of IFN-gþCD4þ and IL-17AþCD4þ T cells are shown in the bar chart. (I–K) Representative images for the detection of
CD4þ T cells and F4/80þ macrophages in colon tissues 7 weeks after T cell transfer in Rag1–/– mice by immunohistochemistry.
Scale bar ¼ 100 mm. (L–Q) Colon tissues were collected from these recipient mice 7 weeks after T cell transfer, and the
expression of Ifn-g, T-bet, Il-17a, Rorgt, Tnf-a, and Il-10mRNA was examined by qRT-PCR. Statistical analysis was performed
with unpaired 2-sided Student’s t tests. *P < .05 and **P < .01 vs Rag1–/– mice transferred with WT CD45RBhighCD4þ T cells.

Figure 7. Id2 is down-
regulated in splenic CD4D

cells of Tob1–/– mice. (A)
Compared with WT litter-
mates (n ¼ 5), RNA-seq of
splenic Tob1–/–CD4þ T cells
showed that the mRNA
levels of several anti-
inflammatory genes (eg,
Il12rb2, Il15ra, Ccr5, Lgals1,
Id2, Atf3, Entpd1, G6pdx,
Oas1g, and Trim58) were
decreased in Tob1–/– mice
(n ¼ 5). (B) Luciferase re-
porter assays using vectors
constituted with ID2 pro-
moter or control in the
presence of pGMLR-TK and
TOB1-overexpressing vec-
tor or control. (C and D) Id2
expression was reduced in
splenic CD4þ T cells and
colon tissues from TNBS-
induced colitis of Tob1–/–

mice (n ¼ 10) compared with
WT littermates (n ¼ 10). (E)
Id2 expression was
decreased in splenic CD4þ T
cells of Tob1–/– mice. Sta-
tistical analysis was per-
formed with unpaired 2-
sided Student’s t tests. *P
< .05, **P < .01, and ****P <
.0001 vs control animals.
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In conclusion, our study proves that TOB1 expression is
downregulated in IBD patients and that TOB1 induces the
expression of ID2 by Smad4/5, thus contributing to the
restraint of mucosal inflammation through preventing
excessive Th1/Th17 cell–mediated immune responses in
intestinal mucosa. Therefore, our data shed some light on a
crucial role of TOB1 in the pathogenesis of IBD, and provide
a novel therapeutic approach as to the supplementation or
forced expression of TOB1 in the treatment of IBD.
Materials And Methods
Subjects

All patients and healthy individuals were recruited from
Center for IBD Research, the Shanghai Tenth People’s Hos-
pital of Tongji University (Shanghai, China), from January
2017 to November 2021. Among them, colon biopsies were
collected from 46 patients with active CD (A-CD), 29 pa-
tients with CD in remission (R-CD), 47 patients with active
UC (A-UC), 30 patients with UC in remission (R-UC), 44 HC



Figure 9. Enhanced
expression of ID2 in IBD
CD4D T cells confines
Th1/Th17 cell immune re-
sponses. PB-CD4þ T cells
were harvested from pa-
tients with A-CD (n ¼ 8),
patients with A-UC (n ¼ 8),
and HC subjects (n ¼ 8),
transfected with LV-ID2, LV-
shID2, and LV-NC, respec-
tively, and then cultured un-
der stimulation with plate-
bound anti-human CD3
mAb (5 mg/mL) and soluble
anti-human CD28 mAb (2
mg/mL) for 5 days. (A) The
transfected CD4þ T cells
were harvested on day 5,
and transfection efficiencies
of LV-ID2 and LV-shID2
were confirmed by qRT-
PCR. (B–H) qRT-PCR was
performed to examine the
mRNA expression of IFN-g,
IL-17A, TNF-a, T-bet,
RORC, Foxp3, and IL-10 in
these CD4þ T cells. (I–L) The
culture supernatants of
these transfected CD4þ T
cells were also collected for
detecting the levels of IFN-g,
IL-17A, TNF-a and IL-10
using ELISA. Statistical
analysis was performed with
unpaired 2-sided Student’s t
tests. *P < .05, and **P < .01
vs LV-NC from the same
group.
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subjects, and 9 non-IBD inflammatory control subjects (3
patients with celiac disease, 3 patients with Clostridium
difficile infectious colitis, and 3 patients with ischemic
Figure 8. (See previous page). Expression of ID2 is decrease
from patients with A-CD (n¼ 39), patients with R-CD (n¼ 19), pa
subjects (n ¼ 23), respectively, and ID2 expression was analyzed
in representative sections from normal colon of HC subjects (n
patients with A-UC (n ¼ 16), respectively. Scale bars ¼ 100 mm.
ID2 with TOB1 cells was shown in normal colon of HC and inflam
bars ¼ 100 mm. (D and E) ID2 expression in inflamed and unaffe
and patients with A-UC (n ¼ 14) was examined by qRT-PCR. (F a
treatment at weeks 0, 2, and 6, and intestinal mucosal biopsies
infusion. (F) Nineteen patients achieved clinical remission and (G
weeks after the first infusion. Expression of ID2 mRNA in intest
and I) PB-CD4þ T cells were obtained from HC subjects (n ¼ 1
patients with A-UC (n ¼ 11), and patients with R-UC (n ¼ 9
cytometry. (J) PB-CD4þ T cells were isolated from patients with A
(n ¼ 17), and patients with R-UC (n ¼ 11), and HC subjects (n ¼
ID2 expression in PB-CD4þ T cells. Statistical analysis was pe
variance. *P < .05, **P < .01, ***P < .001, ****P < .0001.
enteritis), respectively. PB samples (10 mL) were obtained
from 35 patients with A-CD, 32 patients with R-CD, 33 pa-
tients with A-UC, 32 patients with R-UC, and 43 HC subject,
d in active IBD patients. (A) Colon biopsies were collected
tients with A-UC (n¼ 39), patients with R-UC (n ¼ 18), and HC
by qRT-PCR. (B) Immunohistochemistry (IHC) analysis of ID2

¼ 13) and inflamed colons of patients with A-CD (n ¼ 17) and
(C) Immunofluorescence double staining for co-localization of
ed colon from active CD and UC patients, respectively. Scale
cted colon tissues from the same patients with A-CD (n ¼ 18)
nd G) Twenty-nine patients with active CD were receiving IFX
were collected from these patients at week 14 after the first
) 10 patients failed to response to IFX therapy before and 14
inal mucosa of these patients was analyzed by qRT-PCR. (H
3), patients with A-CD (n ¼ 11), patients with R-CD (n ¼ 10),
), respectively, and ID2 expression was determined by flow
-CD (n ¼ 17), patients with R-CD (n ¼ 12), patients with A-UC
20), respectively, and qRT-PCR was performed to determine
rformed with paired 2-sided Student’s t tests or analysis of



Figure 10. Enhanced expression of ID2 in Tob1–/–CD4D T cells restrains Th1/Th17 cell immune responses. Splenic CD4þ

T cells were harvested from Tob1–/– mice (n ¼ 6), transfected with LV-Id2 and LV-NC, respectively, and then cultured under
stimulation with plate-bound anti-CD3 mAb (5 mg/mL) and soluble anti-CD28 mAb (2 mg/mL) for 5 days. (A) The transfection
efficiency of LV-Id2 was confirmed by qRT-PCR, and (B–H) the mRNA expression of Il-17a, Rorgt, Ifn-g, T-bet, Tnf-a, Il-10, and
Foxp3 in these CD4þ T cells was detected by qRT-PCR. (I–L) The culture supernatants of these transfected CD4þ T cells were
also collected for detecting the levels of IFN-g, IL-17A, TNF-a, and IL-10, respectively, by ELISA. Statistical analysis was
performed with unpaired 2-sided Student’s t tests. *P < .05, **P < .01, ***P < .001, and ****P < .0001 vs LV-NC from the same
group.
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respectively. Table 1 summarizes the clinical features of IBD
patients and healthy volunteers. Our study was approved by
the Institutional Review Board for Clinical Research of the
Shanghai Tenth People’s Hospital of Tongji University
(SHSY-IEC-4.0/19-52/01). Written informed consent was
obtained from all participants before study.
Mice
Six-week-old male Rag1–/– mice on C57BL/6 background

were purchased from the Nanjing Biomedical Research
Institute of Nanjing University (Nanjing, China). All Rag1–/–,
Tob1–/– and WT mice were raised and bred in the specific
pathogen-free animal facility of the Tongji University. Mice
at 8–10 weeks of age were used for experiments in this
study. All animal experiments were performed following the
Guide for the Care and Use of Laboratory Animals, with the
approval of the Institutional Animal Care and Use Commit-
tee of Tongji University (SHDSYY-2018-3912).
Generation of Tob1–/– Mice
Tob1–/– mice on C57BL/6 background were gener-

ated at the Shanghai Key Laboratory of Regulatory
Biology (Shanghai, China) using the CRISPR/Cas9
technique as described previously.36 In brief, 2



Figure 11. Tob1 is associ-
ated with Smad4/5 to
induce Id2 expression and
restrain Th1/Th17 cell dif-
ferentiation. (A–D) Splenic
CD4þ T cells of WT litter-
mates and Tob1–/– mice (n ¼
6, respectively) stimulated
with kartogenin (1 mM, an
agonist of Smad4/5) and
plate-bound anti-CD3 mAb
(5 mg/mL) and soluble anti-
CD28 mAb (2 mg/mL) for 5
days. (A, B) Id2 expression
was upregulated in splenic
CD4þ T cells of WT litter-
mates and Tob1–/– mice. (C
and D) Intracellular expres-
sion of IFN-g and IL-17A in
these CD4þ T cells was
analyzed by flow cytometry.
(E–G) Splenic CD4þ T cells
from WT littermates (n ¼ 5)
were transfected with LV-
shSmad4 and LV-NC,
respectively, and then
cultured under stimulation
with plate-bound anti-CD3
mAb (5 mg/mL) and soluble
anti-CD28 mAb (2 mg/mL) for
5 days. (F and G) The
expression of ID2 was
detected by flow cytometry
(E). The culture supernatants
of these transfected CD4þ T
cells were collected for
detecting the levels of IL-
17A and IFN-g by using
ELISA. Statistical analysis
was performed with un-
paired 2-sided Student’s t
tests. *P < .05, **P < .01,
and ***P < .001.
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sequences in exon 2 of Tob1 gene were selected to
design and synthesize single guide RNAs: 50-
CCCCGTGATCGAGCAGGCATCCA-30, and 50-TTCCTACCA-
GATCGGCGAAAAGG-30. The mixture of in vitro tran-
scribed Cas9 mRNA and Tob1 single guide RNAs was
microinjected into the cytoplasm of zygotes obtained
from superovulated female C57BL/B6 mice. These
injected zygotes were then transferred into pseudo-
pregnant recipient to bring forth founder mice. To
identify the genotypes of offspring, the genomic DNA
from mouse tails was amplified by PCR (sense primer:
50-TTTTCTGGTGGAGGAGTTG-30; anti-sense primer: 50-
CAGGAGGTCGTTCACATTTA-30), and PCR products were
sent for sequencing. The founder mouse carrying a
127-bp deletion in the Tob1 genomic DNA sequence
was selected to mate with WT C57BL/6 mice to
generate heterozygous Tob1þ/-. Heterozygous Tob1þ/-

mice were then intercrossed to acquire homozygous
Tob1–/– mice and WT littermates to further research.

Quantitative Real-Time PCR
Total RNA was extracted by using TRIzol (Invitrogen,

Carlsbad, CA, USA), and reversely transcribed into comple-
mentary DNA using 5�All-in-one RT MasterMix kit (Applied
Biological Materials, Richmond, Canada) following the
manufacturer’s instructions. qRT-PCR was performed as
described previously.37 Relative expression of genes was
normalized to GAPDH, and reckoned by the 2-DDCt algorithm.



Table 1.Clinical Characteristics of IBD Patients and HC Subjects

Biopsy Samples Blood Samples

HC Subjects Patients With CD (A/R) Patients With UC (A/R) HC Subjects Patients With CD (A/R) Patients With UC (A/R)

Number of patients 44 75 (46/29) 77 (47/30) 43 67 (35/32) 65 (33/32)

Sex
Male 20 35 (21/14) 38 (25/13) 21 30 (14/16) 32 (15/17)
Female 24 40 (25/15) 39 (22/17) 22 37 (21/16) 33 (18/15)

Age, y 33.2 ± 8.5 31.5 ± 8.7 35.1 ± 12.3 31.2 ± 7.2 31.8 ± 7.1 34.8 ± 9.6

Disease duration, mo 42.7 ± 13.6 44.8 ± 19.5 36.8 ± 15.5 41.4 ± 15.3

Disease location (CD)a

L1 21 (13/8) 9 (5/4)
L2 9 (4/5) 10 (4/6)
L3 45 (29/16) 48 (26/22)
L4 0 0

Disease extent (UC)a

E1 10 (6/4) 9 (5/4)
E2 31 (17/14) 27 (15/12)
E3 36 (24/12) 29 (17/12)

Current therapy
Mesalamine 22 (13/9) 29 (18/11) 27 (15/12) 30 (17/13)
Biologics 35 (25/10) 12 (10/2) 31 (22/11) 15 (10/5)
Azathioprine 21 (14/7) 27 (17/10) 17 (12/5) 24 (15/9)
Methotrexate 8 (5/3) 0 8 (6/2) 0
Glucocorticoids 19 (19/0) 31 (28/3) 16 (11/5) 27 (23/4)

CDAI (mean ± SEM) 228.3 ± 49.4/102.5 ± 27.8 211.9 ± 35.7/90.7 ± 20.4

Mayo Score (mean ± SEM) 6.8±1.9/1.7±0.5 5.2 ± 1.4/1.4 ± 0.5

Values are n or mean ± SEM, unless otherwise indicated.
A/R, active/remission; CD, Crohn’s disease; CDAI, Crohn’s disease activity index; HC, healthy control; IBD, inflammatory bowel disease; UC, ulcerative colitis.
aAccording to the Montreal classification system.
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Lentivirus-Mediated CD4þ T Cell Transfection
LV-TOB1 (transcript ID: NM_0057494, CDS: 444-1481)

or LV-shTOB1 (target sequence: 50-GCAGTATTCTAACCAG-
CAATT-30) and LV-ID2 (transcript ID: NM_002166, CDS: 51-
452) or LV-shID2 (target sequence: 50-CCCACTATTGT-
CAGCCTGCAT-30) were constructed in Hanbio Tech
(Shanghai, China). PBMC were separated from EDTA anti-
coagulated PB of IBD patients and healthy donors by Ficoll-
Paque PLUS (GE Healthcare, Uppsala, Sweden) gradient
centrifugation.38 CD4þ T cells were then isolated from
PBMCs using anti-human CD4 magnetic beads (BD Bio-
sciences, San Diego, CA, USA) and cultured in complete
RPMI-1640 medium under stimulation with immobilized
anti-human CD3 mAb (5 mg/mL) and soluble anti-human
CD28 mAb (2 mg/mL) (eBioscience, San Diego, CA) for 48
hours.39 These preactivated CD4þ T cells were reseeded in
24-well plates at a density of 1 � 105/well, and added with
LV-TOB1, LV-shTOB1, LV-ID2, LV-shID2, and LV-NC,
respectively (multiplicity of infection ¼ 180), followed by
centrifugation at 800 g for 2 hours at 37�C. After that, the
24-well plates containing CD4þ T cells and lentivirus were
transferred into incubator of 37�C, and cultured for another
5 hours. Subsequently, these transfected CD4þ T cells were
cultured with immobilized anti-human CD3 mAb (5 mg/mL)
and soluble anti-human CD28 mAb (2 mg/mL) in complete
RPMI-1640 medium for 5 days. Finally, these cells were
harvested, and that qRT-PCR was executed to determine the
transfection efficiency and levels of various cytokines and
related transcription factors. In addition, cytokines (eg, IFN-
g, IL-17A, TNF-a, and IL-10) released into the supernatant
were also detected by ELISA according to the manufac-
turer’s instructions.

TNBS-Induced Colitis in Mice
TNBS-induced colitis in mice was conducted as described

previously.40,41 In brief, male Tob1–/–mice andWT littermates
weremildly anesthetizedby intraperitoneal injection of 1.25%
pentobarbital sodium after fasting for 24 hours. TNBSmixture
(3.75 mg TNBS dissolved in 150 mL 50% ethanol per mouse)
(Sigma-Aldrich, St. Louis, MO, USA) was then slowly adminis-
tered into the rectum of anesthetized mice through a poly-
ethylene catheter. These mice were maintained in a
perpendicular position for 2 minutes to assure the diffuse
distribution of TNBS mixture in colon. As control animals,
Tob1–/– mice and WT littermates were treated with 50%
ethanol alone using the same protocol. The changes of weight
and fecal consistency were monitored daily after TNBS in-
duction. Day 7 post-TNBS/ethanol administration, mice were
sacrificed. Colonic tissues were collected for hematoxylin and
eosin staining, RNA analysis and isolation of LPMC from all
mice. The histological grading of TNBS colitis was scored from
0 to 4 as described previously.

T Cell Adoptive Transfer Colitis Model in Rag1–/–

Mice
The chronic colitis model was established according to

our previous report.27 Briefly, splenic CD4þ T cells were
separated from Tob1–/– mice and WT littermates using anti-
mouse CD4 magnetic beads (BD Biosciences). After surface
staining, naïve CD25–CD45RBhighCD4þ T cells of WT litter-
mates and Tob1–/– mice were sorted from splenic CD4þ T
cells on a BD FACSAria II Flow Cytometer and then trans-
ferred intraperitoneally into 8-week-old Rag1–/– mice (5 �
105 cells/mouse), respectively. These recipient Rag1–/– mice
were monitored weekly for clinical characteristics such as
weight loss and diarrhea. These recipients were sacrificed
after 7 weeks of T cell adoptive transfer. Then, the severity
of colitis was assessed according to the changes of clinical
characteristics. Colon tissues were collected for hematoxylin
and eosin staining, RNA analysis, and LPMC isolation,
respectively.

Separation of LPMCs
LPMCs were isolated following the way as detailed in our

previous study.42 Concisely, the washed colon pieces were
incubated in phosphate-buffered saline containing 1 mM
EDTA and 5% fetal bovine serum at 37�C to eliminate in-
testinal epithelial cells for 2 � 20 minutes. After that, the
remaining colon tissues were minced, and digested in 10 mL
5% fetal bovine serum-RPMI-collagenase A (1 mg/mL;
Sigma-Aldrich) at 37ºC for 30 minutes. LPMCs were then
harvested from the interphase by density gradient centri-
fugation for further assays.

Flow Cytometric Analysis
For cell surface staining, LPMCs and single-cell sus-

pension of spleen and MLN were obtained from Tob1–/–

mice and WT littermates, first incubated with Fc Block (BD
Biosciences), and then stained with fluorochrome-
conjugated mAbs against CD3, CD4, CD8, and B220,
respectively, for 30 minutes at 4�C.43 Concomitantly, the
Live/Dead Fixable Dead Cell stain kits (Invitrogen,
Eugene, OR) was used to exclude dead cells. For intra-
cellular staining of TOB1, PBMCs were harvested and
performed surface staining, followed by fixation and per-
meabilization for 30 minutes at 4�C. After 3 washes,
PBMCs were performed with anti-TOB1 mAbs for 30 mi-
nutes at 4�C, then 3 washes, and incubated with donkey
anti-mouse IgG (Alexa Fluor 488) for 30 minutes at 4�C.
For intracellular cytokine staining, CD4þ T cells or LPMCs
were treated with PMA (50 ng/mL; Sigma-Aldrich) and
ionomycin (750 ng/mL; Sigma-Aldrich) for 5 hours at
37�C, along with the stimulation of brefeldin A (3 mg/mL;
eBioscience) for the last 3 hours. Subsequently, these cells
were harvested and processed for surface staining, fol-
lowed by fixation and permeabilization for 30 minutes at
4�C. After 3 washes, intracellular staining was performed
with fluorochrome-conjugated anti-ID2, anti-IFN-g, anti-
IL-17A, anti-TNF-a, anti-IL-10, and anti-Foxp3 mAbs. All
stained samples were analyzed on a BD FACSCanto II Flow
Cytometer. All data were processed using FlowJo software
(Version 10.0.7; Tree Star; Ashland, OR).

Statistical Analysis
All data were analyzed using Prism 6.0 (GraphPad Soft-

ware; San Diego, CA, USA). Statistical comparisons between
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different groups were performed using unpaired or paired
Student’s t tests, and 1-way analysis of variance. Spearman
rank correlation was used to analyze the correlation be-
tween TOB1 expression and disease activities of IBD pa-
tients. Data were shown as mean ± SEM, and P < .05 was
considered as statistical significance.
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