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CD4"CD25"Foxp3" Tregs control the immune response and maintain immune homeostasis. This study examined whether Tregs
can affect mouse enteritis and the Foxp3 (Forkhead transcription factor) transcriptional pathway. Mouse CD4"CD25" Treg cells
were labelled using CFSE (5,6-carboxyfluorescein diacetate succinimidyl ester) and transferred to enteritis model mice. The mice
were randomly divided into an enteritis group, a Treg-infusion group, a Treg-inhibiting group, and a control group. Histopathology,
ELISA, flow cytometry, western blot, immunohistochemistry, and immunofluorescence were performed. Our results demonstrated
that CD4"CD25" Tregs were successfully transferred. The disease activity index (DAI) scores in the Tregs-infusion group were
lower than those of the enteritis and Tregs-inhibiting groups. The number of goblet cells and inflammatory cells was reduced,
and the levels of IL-18, TNF-a, NO, and PGE2 were significantly decreased in the Tregs-infusion group compared to those in
the enteritis group (p<0.05). The number of CD4*CD25Foxp3™ Tregs and CD4"IL-17A" Thl7 cells in the mesenteric lymph
nodes differed significantly from the enteritis and Tregs-inhibiting groups (p<0.05). There were more Foxp3" Tregs and Smad3
and NFAT? infiltrated into the duodenum after adoptive transfer of CD4"CD25" Tregs, which was a significant difference relative
to the enteritis group (p<0.05). This study demonstrated that adoptive transfer of CD4"CD25" Tregs can decrease mouse enteritis.

Foxp3 expression may be improved through the Smad3 and NFAT2 signalling pathways.

1. Introduction

The enteritis remains one of the leading causes of morbidity
and mortality worldwide, despite ongoing progress in our
basic understanding of its epidemiology, pathogenesis, and
treatment [1]. The aetiology and pathogenesis of bacterial
enteritis are very complicated, and they involve immunology,
genetics, endocrinology, several environmental factors, and
so on. These results were very important in preventing and
controlling bacterial enteritis. Regulatory T cells (Tregs) are
a subpopulation of T cells that can be classified into naturally
occurring Tregs (nTregs) and induced Tregs (iTregs) based on
their origin. CD4*CD25" Tregs are the most common nTregs.
Recent studies have demonstrated that Tregs are closely
related to immunoregulation, which is involved in the body’s

immune stability [2], transplantation tolerance [3], tumour
immunity [4], allergic reactions [5], and microorganism
infection [6-9]. Reduction in the number of CD4"CD25*
Tregs, defects in surface molecule expression, and damaged
parts of the immune function are associated with intestinal
inflammation. Some studies from either selective deletion
of Foxp3 in CD4"Foxp3™ T cells or enforced expression
of Foxp3 in CD4"CD25™ T cells indicated that Foxp3 is
required for programming a normal profile of Treg cells and
is a reliable hallmark for Treg cells, especially in the mouse
[10-12]. Therefore, Foxp3, as a transcription factor, is only
expressed in mice CD4"CD25" Treg cells and is a master
regulator for the development and function of Treg cells [13].

The exact mechanism of Tregs in enteritis is not clear,
but the identification of costimulatory molecules involved in
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the function of Tregs may facilitate further characterization
of these cells [14, 15]. For example, in peripheral blood,
CD4"CD25" Tregs from IBD patients retain their suppressive
activity. However, they are increased during remission and
decreased during active disease [16]. Treg cells can suppress
inflammation and immune responses via various mech-
anisms including cell-contact-dependent and independent
pathway [17]. Given the above information, we propose
that Treg may play a role in bacterial enteritis. In previous
studies, our experimental results showed that Lactobacillus
casei regulates differentiation of Th17/Tregs cells to reduce
mouse intestinal inflammation [18]. To further study the
role of CD4"CD25" Tregs in enteritis, CD4"CD25" Tregs
were adoptively transferred through the mouse tail vein. We
evaluated the anti-inflammatory effect of CD4*CD25" Tregs
and the transcriptional regulation of FoxP3 (Forkhead tran-
scription factor 3). These results helped our understanding of
the mechanism of inflammatory diseases.

2. Materials and Methods

2.1. E. coli Culture. ETEC K88 C83912 and Lactobacillus casei
ATCC393 were provided by the Institute of Microbiology,
College of Animal Science and Technology, Jilin Agricultural
University.

2.2. Experimental Animals. SPF BALB/c male mice weighing
18~20 g were purchased from Beijing HFK Bioscience CO.,
LTD (Beijing, China). The mice were housed in polystyrene
cages with stainless steel wire lids and given water and chow
ad libitum. The housing was maintained at a constant temper-
ature (21°C-22°C) with a 12-hour light-dark cycle. The mice
were utilized at 4-6 weeks of age. The protocol was approved
by the Committee on the Ethics of Animal Experiments of
the Jilin Agricultural University. The mice were euthanized
according to the laboratory animal management regulations
of China.

2.3. Experimental Design. A mouse enteritis model was
produced as previously described [19]. Enteritis group: the
mice were pretreated with 0.2 ml 1% NaHCOj;. After 30 min,
1.0 x 10® CFU/ml ETEC K88 was administered. Treg-infusion
group: CFSE-labelled CD4*CD25" Foxp3* Tregs (1.0 x 10°
cells/mouse) were adoptively transferred to enteritis mice
using tail vein injection. Treg-inhibiting group: Cyclosporine
A (CsA)+0.9% NaCl was injected into the abdominal cavity
(CsA 20 ug/g weight) [20].

2.4. Purification of Treg and Adoptive Cell Transfer. Cells
from the mesenteric lymph nodes were analyzed for
CD4"CD25" Foxp3* Treg expression using a Treg cell staining
reagent according to the manufacturer’s instructions. Briefly,
CD4" cells from mice were enriched using positive selection
with anti-CD4 microbeads and MACS. Next, we used positive
selection with anti-CD25 microbeads and MACS according
to the instructions provided by the manufacturer (BD Bio-
sciences, USA). The absolute number of cells was calculated
from the data obtained from the Attune flow cytometer and
correlated with the total cell number counted by the trypan
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blue exclusion test. We used a 1.0 x 10° dose to investigate
the effect of CD4*CD25 " Foxp3" Tregs on inflammation as
previously reported [21]. Tregs were injected intravenously in
the tail in a 200 pl suspension.

2.5. Measurement of Cytokine Levels. The concentrations of
IL-1B3, TNF-a, NO, and PGE2 in sera were determined using
ELISA kits (Lengton Biotech Co., Ltd. China) according to
the manufacturer’s protocols.

2.6. Western Blot Analysis. Total protein was drawn from
mesenteric glands using a total protein extraction sam-
ple kit (Nanjing Keygen Biotech Co., Ltd. China). Protein
quantification was performed using the BCA protein quan-
tification kit (Nanjing Keygen Biotech Co., Ltd. China).
The protein samples were resolved using SDS-PAGE. After
electrophoresis, proteins were transferred and blocked in 5%
skim milk (overnight at 4°C). The appropriate amounts of
rat anti-Smad3, NFAT2, and Stat3 mAb (Abcam, USK) were
added and blocked in the shaker for 2.5 hours at 37°C. The
membranes were washed three times with IXTBST. Goat anti-
mouse IgG (Abcam, USK) was added. The membrane protein
was posted on the X-ray film for exposure and developed in
the developing machine. The signal intensity was analysed
using grey-scale analysis software (ImageTool 3.0).

2.7. Histopathologic Examination. Tissue samples were col-
lected and set in 10% buffered formalin solution, processed
and embedded in paraffin for histopathological analysis.
Three mm thick sections were stained with haematoxylin
and eosin (H&E). Inflammatory changes were evaluated in
5 sections from each sample. Three samples from each exper-
imental group from 3 different experiments were analysed.

2.8. Immunofluorescent Analysis. Duodenum samples were
fixed with 4% paraformaldehyde and embedded in paraffin.
Paraffin sections (4-5um) were deparaffinized, rehydrated,
and underwent antigen retrieval. The sections were incubated
with rabbit anti-mouse CD4 (Abcam) and rat anti-mouse
Foxp3 (eBioscience) antibodies after blocking. Secondary
antibodies, FITC-labelled goat anti-rat Ab for Foxp3, and
Cy3 goat anti-rabbit Ab for CD4 were used. The signal was
detected using the Olympus Provis fluorescence microscope
(Nikon Eclipse Ti-SR) with 200x magnification. The mean
fluorescence intensity (MFI) was calculated using Image-Pro
Plus 6.0.

2.9. Immunohistochemical Analysis. Duodena were collected
from each experimental group after 72 h transfer, fixed with
4% paraformaldehyde, and embedded in paraffin. Paraf-
fin sections (4-5um) were deparaffinized, rehydrated, and
treated with PBS. Antigens were retrieved. After blocking for
10 min with milk seal, the sections were incubated with anti-
Smad3\NFAT2\Stat3 (Abcam) antibodies overnight at 4°C
and treated using PBS. A rabbit-specific HRP/DAB (ABC)
Detection IHC Kit (Abcam) was used with a haematoxylin
and eosin counterstain. The average optical density (AOD)
was calculated using Image-Pro Plus 6.0.

2.10. Statistical Analyses. The results are presented as the
means + SD from six mice per group. The statistical analysis



BioMed Research International

Gating Control CD4 MAGC:s sorting CD25 MAGCs sorting
150K - 150K - 150K - 105 CD4+CD25+ T Cells
¢ 189.3%
w 10*4
i E
< 100K - : - “|100K 4 100K - o
@) Lymphocytes ... 5 103
2 60.0% o3 CD4+T Cells CD4+ TCells | 1V 3
T 2 2.6% 9 B
sod By 50K 32.6 o" 50K ] 95.4% 107
3 5 : : g T 10
T T T TV T ™ L T et ™ L | ™ ™ T ™ ™% T
50K 100K 150K 10' 10> 10° 10* 10° 10' 10> 10 10* 10° 10' 10> 10° 10* 10°
FSC-A FITC-CD4 FITC-CD4 FITC-CD4
Sample Name

Count

CFSE-PE-A

CELL-Control-001.fcs

CELL-infusion 24 h-002.fcs
CELL-infusion 48 h-003.fcs
CELL-infusion 72 h-004.fcs

< Infusion 72h I—|
= Infusion 48h Ill
~Infusion 24h
< Control
L] 1 T 1
0 2 4 6 8
CFSE+ cells index (%)

FIGURE 1: CD47CD25" Tregs by labelled CFSE were successfully transferred into the mouse body. (a) The percentage of CD4"CD25"
Tregs was 89.3%. (b) CD4"CD25" Tregs labelled with CFSE can be detected after adoptive transfer at 24 h, 48 h, and 72 h. Six mice per group

were used in the study.

was performed using the SPSS 18.0 software program.
Differences between the groups were compared using
one-way ANOVA, and the differences were considered
statistically significant at P<0.05.

3. Results

3.1. CD4"CD25" Tregs Can Be Transferred into the Mouse
Body. CD4*CD25" Treg cells from mice were first purified
using MACS, and they were 89.3% pure (Figure 1(a)). To
analyse whether the transferred Tregs can be successfully
transferred into the mouse body, CD4"CD25" Tregs were
labelled using CFSE and transferred to healthy mice. The
percentage of CD4"CD25" Tregs was tested after adoptive
transfer at 24 h, 48 h, and 72h (Figure 1(b)), and the results
showed that CD4"CD25" Tregs had be transferred into the
mouse body.

3.2. Adoptive Transfer of Tregs Reduces an Inflammatory
Response in ETEC K88-Infected Mice. To analyse whether
the increased Tregs number was related to the inflammatory
reaction, we carried out adoptive transfer of Tregs in mice.
Mice in the Tregs-inhibiting group started to lose weight
on the first day. However, mice in the Treg-infusion group
showed gradual weight gain (Figure 2(a)). The DAI scores
of the Treg-inhibiting group were higher than those of the
other groups, and that of the enteritis group was higher
than that of the Treg-infusion group starting at the fifth
day (Figure 2(b)). To analyse the change in inflammation,
we analysed morphological changes in the duodenum after
transfer at 72h. Uninfected control mice with transferred
Tregs showed no change in the duodenum (Figure 2(c)).
Enteritis mice showed severe destruction of the intestinal
mucosa. Infiltration of inflammatory cells, such as lympho-
cytes and neutrophils, was observed in the lamina propria
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FIGURE 2: Adoptive transfer of Tregs induces an inflammatory response in ETEC K88-infected mice. Mice infected with ETEC K88,
either with transferred Tregs or not, were euthanized. (a) Weight change. (b) Disease activity score (DAS). (c-f) Duodenum was obtained
and histological studies were carried out using H&E staining (200x). Representative images from mice that were (c) uninfected, (d) from
the enteritis group, (e) after transfer at 72 h, and (f) from the Treg-inhibiting group. Representative data from 3 independent experiments
is shown. Six mice per group were used in the study. (g) The levels of IL-18, TNF-&, NO, and PGE2 in the peripheral blood. *p<0.05 and
#%p<0.01 compared with the corresponding enteritis group, one-way ANOVA.

and mucous layers (Figure 2(d)). Tregs-infusion mice showed
a decreased inflammatory infiltrate, mainly in mucosa and
intestinal glands, and the number of goblet cells and inflam-
matory cells was reduced (Figure 2(e)). The changes in Tregs-
inhibiting mice were similar to those observed in the Tregs-
infusion group (Figure 2(f)). To study whether the reduction

of duodenal inflammation was a consequence of the Treg
transfer response, we measured the levels of inflammatory
factors in the peripheral blood using ELISA. The levels of IL-
183, TNF-a, NO and PGE2 were decreased compared to those
in the Treg-transferred mice and were significantly different
compared to the levels in the enteritis group (P<0.05)
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(Figure 2(g)). Uninfected control mice with transferred Tregs
were also studied using the same methods, but we did not
detect a statistically significant result.

3.3. Affecting the Th17/Tregs Differentiation by Adoptive Trans-
fer of Treg Cells. Thl7 and Treg cells in the mesenteric lymph
node were measured using flow cytometry. The percentage of
Thl7 cells in the Treg-infusion group was measured. It was
highly expressed in the enteritis group, and this resulted in
a significant difference (p<0.05). It was obviously expressed
in the Tregs-inhibiting group (p<0.05) (Figures 3(a) and
3(c)). According to the result of Treg analysis, Tregs were
obviously expressed in the Tregs-infusion group and poorly
expressed in the enteritis group, and the difference was
significant (p<0.05). However, Tregs were poorly expressed
in the Tregs-inhibiting group (Figures 3(b) and 3(d)). Next,
we measured the levels of CD4"CD25" Tregs in different
groups after transfer at 72h. The Foxp3 protein content
increased significantly, and its content was higher than that
of the enteritis group (p<0.05). The level of Foxp3 expression
significantly increased (p<0.05) compared to the enteritis
group (Figures 3(f), 3(g), and 3(h)). This result showed that
the dynamic expression of Th17 and Treg cells was closely
associated with the occurrence and outcome of intestinal
inflammation.

3.4. Foxp3 Expression Was Improved via the Smad3 and
NEFAT?2 Signalling Pathways. To study FoxP3 gene transcrip-
tional control, after transfer at 72 h, the Smad3 (Drosophila
mothers against decapentaplegic 3), NFAT2 (Nuclear factor
of activated T cells 2), and Stat3 (signal transducer and
activator 3) proteins were detected using western blot. The
results showed that the Smad3 and NFAT2 proteins were
obviously increased after adoptive transfer (p<0.05), and
Stat3 was obviously decreased (p<0.05) (Figure 4(a)). In the
duodenum, the expression of Smad3, NFAT2, and Smad3 was
measured using immunofluorescence. The results showed
that there was more Smad3 and NFAT?2 infiltrate in the duo-
denum after the transfer of Tregs (p<0.05, Figure 4(b)). After
transfer at 72 h, the proportion of Stat3 in the Tregs-infusion
group decreased to the control level (p<0.05, Figure 4(b)).
These results demonstrated that Smad3 and NFAT?2 play an
important role in Foxp3 transcription.

4. Discussion

CFSE (5,6-carboxyfluorescein diacetate succinimidyl ester)
fluorescent markers have been successfully applied in cell
proliferation, cell toxic effect, and cell tracking studies. To
study CD4"CD25" Tregs proliferation in mice, CD4*CD25"
Tregs in mouse mesenteric lymph nodes were separated using
immune magnetic beads. The results showed that the pro-
portion of CD4"CD25" Tregs was 89.3%. The CD4"CD25"
Tregs were labelled using CFSE adoptive transfer to mice
through the tail vein. After transfer at 24 h, 48h, and 72h,
CD4"CD25" Tregs were successfully transferred into the
mouse body.

After adoptive transfer, the weight of the transfer mouse
group increased gradually, the DAI reduced, and duodenal

pathological histology inspection found that the intestinal
goblet cells and inflammatory cells decreased. IL-la and
TNF-« are proinflammatory cytokines secreted by helper T
cells, dendritic cells, and other cells during inflammation,
and they can induce the occurrence and expansion of
inflammation. NO and PGE2 are inflammatory mediators.
In this study, the levels of IL-la, TNF-«, NO, and PGE2
in the peripheral blood of the Treg-infusion group were
significantly lower. These results demonstrated that adoptive
transfer of Tregs can reduce the mouse intestinal inflamma-
tory reaction.

Th17 cells are proinflammatory cells that secrete inflam-
matory factors such as IL-17a. RORyt (retinoid-related
orphan receptor-y) is a specific transcriptional regulator
required for Th17 cells differentiation. Tregs function in the
negative regulation of the immune system, and they play a
critical role in immune self-tolerance. Tregs express FoxP3
[22], which is important in the development and outcome
of various diseases, including cancer, infectious diseases,
and transplantation immunity [23, 24]. Tregs and Th17 cells
have been described as two distinct subsets and have the
opposite effects on autoimmunity [25]. In our previous
study, we revealed that a Thl7/Tregs imbalance exists in
mice with ETEC-induced intestinal inflammation. In this
study, we investigated whether the Th17/Tregs functional
imbalance existed after CD4*CD25" Tregs were adoptively
transferred. Th17 cells numbers were significantly lower, and
the CD4"CD25"Foxp3" Treg cells numbers were significantly
higher. This result demonstrated that the differentiation of
Th17 and Treg cells was regulated after adoptive transfer. CsA
isakind of immunosuppressant, and previous studies showed
that Treg can be effectively inhibited in peripheral blood
[20]. After transfer at 72 h, the number of CD4"CD25" Tregs
obviously increased and the difference was significant. This
result showed that the transfer of CD4"CD25"Foxp3™ Tregs
plays an important role.

Foxp3 is a master regulator in the development and
function of Treg cells [10-12]. Stable Foxp3 expression does
not act as an on/offswitch [26, 27], but it is a prerequisite
for the maintenance of the transcriptional and functional
programme established during Tregs development. However,
Foxp3 expression is regulated at the molecular level by focus-
ing on factors, such as NFAT, Smad, and STAT. Some studies
showed that FoxP3 expression is controlled by transcription
factors. For example, Smad3 binds to intronic enhancer 1
of the Foxp3 locus -85bp upstream of the transcriptional
start site [28, 29]. NFAT2 binding to the enhancer region
substantially increased at later times, and it was responsible
for maintaining Foxp3 expression [30, 31]. In this study, the
expression of Smad3 and NFAT?2 in the Treg-infusion group
was significantly higher than that in the enteritis group, but
the expression of Stat3 was lower than that in the enteritis
group. This result showed that Smad3 and NFAT2 have a
positive impact on the regulation of Foxp3 transcription.

A limitation of the present study is the need for further
confirmation of the results; for example, treatment with
Smad3 and NFAT?2 inhibitors in the cell culture supernatant
and knocking down the expression of certain genes (such
as Smad3 and NFAT2) could provide further support for
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our results. Despite this limitation, the present data sig-
nificantly contribute to the understanding of the underly-
ing anti-inflammatory mechanisms of Adoptive transfer of
CD4*CD25" Tregs.

5. Conclusions

This study suggests that the transfer of CD4"CD25" Tregs
can stabilize Foxp3 gene expression, which can influence
the differentiation of Th17/Tregs, and mouse enteritis was
reduced.
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