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Salmonella infection leads to severe intestinal
inflammation and increased CD4'FoxP3* Treg cells
in streptozotocin-induced hyperglycemic mice
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Abstract. Hyperglycemia promotes the growth and reproduc-
tion of bacteria, thereby increasing the probability of infection,
which also causes rebound hyperglycemia. Therefore, the inter-
actions of infection and hyperglycemia lead to the progression
and deterioration of these diseases. Type 1 diabetes mellitus
(T1IDM) is an autoimmune disease. Studies have shown that
regulatory T cells (Tregs) play a key role in maintaining
islet-specific tolerance. Treg deficiency may lead to the
development of early pancreatitis and TIDM, and sufficient
amounts of Tregs can restore this tolerance, thereby inhibiting
the occurrence of TIDM. Moreover, different subpopulations
of dendritic cells (DCs) play an important role in activating
autoreactive T cells and inducing autoimmune tolerance to
autoantigens, which are closely related to the functional diver-
sity caused by different phenotypes, maturation status, and
the immune microenvironment of DC subpopulations. In the
present study, we used streptozotocin-induced hyperglycemic
mice to model TIDM and induced a Salmonella infection in
the mouse model, leading to aggravated inflammation, which
resulted in an elevated proportion of CD103*CDI11b* DCs and
a significantly elevated proportion of CD4*FoxP3* Tregs in the
intestinal lamina propria. After co-culturing CD4* T cells and
DCs, we found that CD103*CD11b* DCs could significantly
promote the proliferation of CD4* T cells. The elevated
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proportions of CD4*FoxP3* Tregs were considered to be
correlated with the increased number of CD103*CDI11b* DCs.

Introduction

Diabetes is an important risk factor for nosocomial infections.
It is difficult to control diabetes after a concurrent infection.
The two disorders influence each other and aggravate the
disease, leading to high mortality (1). The intestinal mucosal
immune system is the first line of defense against intestinal
pathogens and external antigen infections, and the system
plays a key role in establishing and maintaining homeostasis
between the host and the external environment (2). The
intestinal mucosal immune system has unique immune cells,
including regulatory T cells and tolerant dendritic cells (DCs),
and the expression of unique pattern recognition receptors
plays a key role in maintaining intestinal tolerance to oral
antigens and intestinal commensal bacteria (3). Salmonella is
one of the main pathogens that causes diarrhea, and its patho-
genicity is mainly through the invasion of and replication in
host cells (4). Therefore, studying the mechanism of intestinal
immune system resistance to Salmonella under hyperglycemia
may provide new strategies for diabetic patients to resist intes-
tinal pathogen infection.

The main function of regulatory T cells (Tregs) is to suppress
or modulate the immune response, and these cells constitute
a key part of peripheral immunomodulation (5). Evidence has
shown that a lack of Treg regulation plays a role in many auto-
immune diseases. One previous study showed that patients with
type 1 diabetes mellitus (T1DM) have lower levels of FoxP3*
Tregs (labeled as CD4*CD25* T cells) than individuals without
diabetes (6). However, Tregs are labeled based on low CD127
expression and positive FoxP3 expression. The total number of
FoxP3* Tregs in TIDM patients is the same as in the general
population (7). FoxP3* Tregs are not a simple cell population
with common phenotypes but rather a heterogeneous mixture
of cell populations with different phenotypic subtypes, which
represent the maturation, differentiation, and activation status
of cells, or cells in an inhibited state due to different methods
or targeted effects. In this way, TIDM may involve changes in
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the number and balance of Treg subpopulations. One previous
study showed that individuals with TIDM have fewer FoxP3*
Tregs than individuals without diabetes (8).

A previous study showed that DC subpopulations are
involved in the pathogenesis of multiple autoimmune diseases,
including TIDM. In peripheral tissues, interactions between
DCs and self-reactive effector cells (ThO cells) induce hyper-
glycemia in TIDM patients (9). DCs induce the differentiation
of autoreactive T cells into pro-inflammatory effector cells
to cause the death of islet beta cells, thereby preventing the
biosynthesis of insulin. In general, DCs participate in the
maintenance of central and peripheral immune tolerance by
eliminating autoreactive T cells and inducing Treg production.
However, the changes in Tregs at the site of tissue injury and
kinetics and phenotypic changes of DCs that occur during the
induction of Treg changes have not been established (10).

In the present study, the elevation of the Treg proportion
in the intestinal lamina propria (LP) suggested that Tregs play
an important role in maintaining intestinal homeostasis after
infection in hyperglycemic mice. One possible reason was
that the uptake of antigens by CD103*CD11b* DCs in the LP
stimulated the proliferation of antigen-specific CD4* T cells
and induced differentiation into FoxP3* Tregs. These findings
may aid in the development of an in-depth understanding of
the TIDM cytological basis, which may provide a theoretical
basis for developing systems of TIDM immunotherapy and
better clinical application of immune cells.

Materials and methods

Animals. A total of 20 female C57BL/6 (H-2 Kb) mice
(6-8 weeks of age, weighing ~18-22 g) were purchased from
Vital River (Beijing, China). These animals were maintained
in specific pathogen-free conditions at a controlled tempera-
ture (18°C to 20°C) and humidity (40-70%) with a 12 h light
cycle, and access to standard diet and tap water ad libitum.
This study was approved by the Laboratory Animal Care
Committee of Taishan Medical University (Taian, China), and
all animal experiments were conducted in accordance with
the Guidelines of the Care and Use of Laboratory Animals of
Taishan Medical University. These mice were allocated into
4 groups (5 mice in each group): naive, without any treatment;
naive+S.T., treated with only Salmonella typhimurium; strep-
tozotocin (STZ), treated with only STZ; STZ+S.T., treated
with STZ and Salmonella typhimurium.

Induction of diabetes. STZ-induced TIDM was established
by subcutaneous administration with STZ [freshly prepared
in citrate buffer; Sigma-Aldrich/Merck KGaA (Darmstadt,
Germany)] at a dosage of 200 mg/kg body weight in
10 mice (11). Diabetes/hyperglycemia was confirmed by
testing the blood glucose level using a OneTouch® glucose
monitoring system (LifeScan Inc., Milpitas, CA, USA).

Infection with Salmonella typhimurium. A single colony of
Salmonella typhimurium used for infecting the mouse model
was inoculated onto an LB agar plate with inoculum and incu-
bated at 37°C for 12 h. A single colony was then selected and
further incubated in LB liquid medium at 37°C for another
12 h. One hundred microliters of the bacterial broth was
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transferred to a new test tube containing LB liquid medium
and further incubated at 37°C for 12 h. After diluting the bacte-
rial broth into multiple proportions and agar plate inoculation,
the bacterial cultures were incubated at 37°C for 12 h, followed
by calculating the number of bacteria (CFU). Five C57BL/6
mice in the naive and STZ groups were weighed and orally
administered 1x10® CFU Salmonella typhimurium (12).

Tissue sectioning and staining. Intestinal and pancreatic
tissues were fixed with 10% formaldehyde for 12-24 h at room
temperature. The tissues were then paraffin-embedded and
cut into 5 ym thick longitudinal sections, and stained with
hematoxylin solution for 3 min, eosin solution for 2 min at
room temperature, and observed under a light microscope
(magnification, x200; Olympus Corporation, Tokyo Japan).

Measurement of cytokines. A total of 0.3 ml blood was
collected from the mouse submandibular vein plexus without
anticoagulation, and the serum was isolated. In brief, blood
samples were refrigerated at 4°C for 1 h, and centrifuged
at 1,000 x g, at 4°C for 5 min to collect the blood serum.
Cytokines, including IL-6 (cat. no. ab100712, Abcam,
Cambridge, UK) and interferon y (IFN-vy; cat. no. abl00689;
Abcam) in the serum, were assayed by standard sandwich
ELISA in 96-well plates using a capture and detection
method, as per the manufacturer's instructions.

Intestinal single cell preparation. Each mouse was euthanized
by cervical dislocation to dissect the small intestine. The
contents of the small intestine were then flushed by enema and
the lamina propria (LP) and mesenteric lymph node (MLN)
were removed. IEL medium and ethylenediaminetetraacetic
acid (EDTA) washing solution were used for irrigation and
rinsing on a shaker at 170 rpm at 37°C for 40 min. The suspen-
sion was filtered twice through a 30-mesh filter. The small
intestine was cut into small pieces and incubated with 5 ml
type IV collagenase on a shaker at 150 rpm at 37°C for 40 min.
MACS buffer was then added to stop the digestion, and the
mixture was passed through an oversized sieve for filtering
and homogenization. MACS buffer was also used to rinse the
filter to prevent cells from drying out, followed by centrifuga-
tion in 45% Percoll medium at 1,800 x g for 10 min at 23°C
and the supernatant was removed. MACS buffer was used to
resuspend the tissue pellet, which was filtered through a 40 ym
filter and further centrifuged at 1,800 x g for 5 min at 4°C to
discard the supernatant and the cell pellet was resuspended in
a final volume of 100 1 RPMI-1640 medium (Gibco, Thermo
Fisher Scientific, Inc., Waltham, MA, USA).

Flow cytometry. For cell surface staining, after blocking with
2.4G2 (cat. no. sc-18867; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) at 37°C for 20 min, cells were stained with
diluted (1:200) anti-CDI1lc-percp-cy5.5 (cat. no. 03212-70;
Biogems International, Inc., Westlake Village, CA, USA),
anti-MHC Class II TA + IE (cat. no. ab93561; Abcam),
anti-CD64-APC (cat. no. 139305; BioLegend, Inc., San Diego,
CA, USA), anti-F4/80-FITC (cat. no. 123108; BioLegend, Inc.),
anti-PD-LI1-PE (cat. no. 124308; BioLegend, Inc.), anti-CD8a
(cat. no. 17-0081-82; eBioscience; Thermo Fisher Scientific,
Inc.), anti-CD11b-PE (cat. no. 101207; BioLegend, Inc.),
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anti-Ly6C-e450 (cat.no0.48-5932-82; eBioscience; Thermo Fisher
Scientific, Inc.), anti-NK1.1-Biotin (cat. no. 85-13-5941-85; eBio-
science; Thermo Fisher Scientific, Inc.), and anti-CD3e-Biotin
(cat. no. 13-0031-86; eBioscience; Thermo Fisher Scientific,
Inc.) monoclonal antibodies to analyze DCs, macrophages,
monocytes, and neutrophils. For cell counting, stained cells
were collected by centrifuging at 140 x g for 5 min at 4°C, and
then quantified by flow cytometry. Phenotypic analysis and cell
counts were performed on a BD FACS Aria II Flow Cytometer
(BD Bioscience, San Jose, CA, USA) and analyzed using
FlowJo 7.6.1 (FlowJo LLC, Ashland, OR, USA).

Reverse transcription quantitative-PCR (RT-gPCR). First,
RNA was extracted from the intestinal tissue in mice
using TRIzol® (cat. no. 15596-018; Invitrogen; Thermo
Fisher Scientific, Inc.). Next, aliquots of each RNA sample
(1 ug) were reverse transcribed to produce cDNA using a
Quanti-Tect Reverse Transcription kit (Qiagen GmbH,
Hilden, Germany). RT-qPCR was performed with a
Rotor-Gene SYBR Green PCR Kit (Qiagen GmbH) on a
Rotor-Gene Q cycler (Qiagen GmbH). The reaction system
(25 ul) included 12.5 ul Rotor-Gene SYBR Green RT-PCR
Master Mix (2X), 1 ugmol/l PCR forward primers, 1 gmol/l
PCR reverse primers, 0.25 ul Rotor-Gene RT Mix, 1 ul RNA
(50 ng) and nuclease-free water. A Rotor Gene 6000 thermal
circulator (Qiagen GmbH) was used to reverse transcribe
mRNA at 55°C for 10 min. For qPCR, the mixture was then
heated at 95°C for 5 min to activate the Hot Star Taq Plus DNA
polymerase. PCR was carried out by the two-step method
(denatured at 95°C for 5 sec, then annealed and extended at
60°C for 10 sec). Samples were analyzed in triplicate, and
experiments were performed at least three times. FoxP3
used glyceraldehyde-phosphate dehydrogenase (GAPDH) as
the internal reference. The 2444 method (13) was used to
calculate the ratio of gene expression in the experimental
group relative to that in the control group with the using
the quantification cycles (Cq) as presented in the following
formula: AACq:A(:qlhe experimental group'Athhe control group? and
Acq:Cq(targe! gene)'cq(imernal reference)* FOXP3 Primer SeqUeHCGS
were as follows: forward sequence, 5'-CCTGGTTGTGAG
AAGGTCTTCG-3"; reverse sequence, 5-TGCTCCAGA
GACTGCACCACTT-3'. GAPDH primer sequences were
as follows: forward sequence, 5'-AATGGATTTGGACGC
ATTGGT-3'; reverse sequence, S-TTTGCACTGGTACGT
GTTGAT-3'. GAPDH expression was used as the internal
reference gene.

Statistical analysis. Data are represented as the mean + standard
error of the mean (SEM) or standard deviation (SD). Statistical
analyses were performed using GraphPad PRISM 8.0.2.263
(GraphPad Software, La Jolla, CA, USA) by one-way analysis of
variance (ANOVA) followed by Dunnett's post hoc tests. Pearson
correlation analysis was used to analyze the relationship between
CD103*CD11b* DC cells and CD4*FoxP3* Tregs. P<0.05 was
considered to indicate a statistically significant difference.

Results

Hyperglycemic mice infected with Salmonella typhimurium
display increased inflammatory progression and mortality.
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After C57BL/6 inbred mice were fasted for 8 h, the mice
were weighed and intraperitoneally injected with 200 mg/kg
STZ solution. After 72 h, caudal vein blood was collected
from each mouse to measure the blood glucose concentration,
which was significantly higher in the experimental group
(>20 mmol/) than that noted in the control group (Fig. 1A).
The body weights of all of the mice were continuously moni-
tored. The body weight of the mice after STZ injection was
significantly reduced (Fig. 1A). After STZ injection, the mice
showed symptoms, such as polydipsia and polyuria, which
were similar to the clinical symptoms of TIDM patients.

Next, we randomly divided the C57BL/6 inbred mice into
two groups: the naive group and the naive+S.T. group. The
STZ-induced hyperglycemic mice were also randomly divided
into two groups: the STZ group and the STZ+S T. group. Animals
in the two groups of mice with Salmonella infection were
orally administered and infected with 1x10® CFU Salmonella
typhimurium according to the methods described in a previous
study (14). The results showed that the two groups of mice
infected with Salmonella typhimurium (+S.T.) had significantly
lower body weights than the naive group and the STZ group
(Fig. 1B). In addition, comparing the mortality between the mice
in the naive+S.T. group and the STZ+S.T. group, hyperglycemic
mice with Salmonella infection died earlier than mice in the
STZ group (Fig. 1B). The hyperglycemic mice with Salmonella
infection began to die on day 6 post infection and all mice were
dead on day 7 after Salmonella infection. The C57BL/6 inbred
mice with Salmonella infection (mice in the naive+S.T. group)
were all dead on day 8 after Salmonella infection (Fig. 1B),
suggesting that hyperglycemia aggravated Salmonella infection
and promoted the progression of the disease. ELISA assessment
of IFN-vy concentration in mouse serum 3 days after Salmonella
infection showed significantly higher serum IFN-y concentra-
tions in the naive+S.T. group and the STZ+S.T. group than in
the two groups of mice without Salmonella infection (Fig. 1C).
The serum IFN-y concentration of the STZ+S.T. group was
lower than the naive+S.T. group. In addition, the serum IL-6
concentration in the STZ+S.T. group was significantly higher
than that in the naive+S.T. group (Fig. 1C).

H&E staining for the detection of small intestine histopa-
thology 3 days after Salmonella infection showed increased
infiltration of lymphocytes and plasma cells in the intestinal
mucosa of the STZ+S.T. group compared to the naive+S.T.
group, with irregular villi, interstitial edema, vasodilation,
and more lymphoplasmacytic infiltration in the small intestine
observed under light microscopy. In addition, changes in the
adipose tissue around the intestinal wall were observed in the
mice, showing more lymphocyte and plasma cell infiltration in
the STZ+S.T. group than the naive-S.T. group (Fig. 1D).

Meanwhile, the results of H&E staining on pancreatic
tissue in mice showed that the pancreatic islets of normal mice
displayed a scattered distribution, round or oval shape, regular
morphology, round islet cells, abundant cytoplasm and round
and centered nuclei, while that of diabetic mice presented
decreased number, smaller volume, increased nuclear density
of islet cells and reduced cytoplasm. No obvious changes were
observed in mice with Salmonella infection (Fig. 1E). Taken
together, the above results demonstrated that accelerated
inflammatory progression and increased mortality were found
in the hyperglycemic mice infected with Salmonella.
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Figure 1. Hyperglycemic mice infected with Salmonella show enhanced inflammatory progression and elevated mortality. (A) Continuous monitoring of blood
glucose and body weight of mice on days 0, 3, 10 and 15 after the intraperitoneal injection of STZ. (B) Daily monitoring of the body weight and the survival
in the hyperglycemic mice 15 days after STZ injection and the control mice after intragastric administration of Salmonella typhimurium. (C) ELISA detection
of serum IFN-y and IL-6 levels on day 3 after Salmonella infection. (D) H&E staining showing the histology of paraffin-embedded small intestine on day 3
after Salmonella infection (scale bar, 50 ym). Inflammatory changes in the intestinal lamina propria and adipose tissue surrounding the intestinal wall were
observed. (E) H&E staining showing the histology of paraffin-embedded pancreatic tissue on day 3 after Salmonella infection (scale bar, 50 pm). "P<0.05,
"P<0.01, ""P<0.001, """P<0.0001, compared with the naive group; “P<0.05, #P<0.01, compared with the STZ group (ANOVA). Means + standard deviation
are shown (n=5). STZ, streptozotocin; S.T., Salmonella typhimurium; IFN-vy, interferon y; IL-6, interleukin 6.

Changes in DCs, macrophages, monocytes and neutrophils
in the intestinal LP of hyperglycemic mice after Salmonella
infection. Three days after Salmonella infection, we collected
the LP from all of the mice, performed collagenase digestion,
and prepared single-cell suspensions to stain with fluorescent
antibodies. For the LP, Alexa 430 was used to label the dead
cells, and single cells were gated for analysis. Cells with
double-positive staining of IA/IE and CDl1lc were defined
as DCs. Cells with Ly6C and CDI11b expression were defined

as Ly6CMCD11b* monocytes and Ly6C™CD11b* neutrophils.
Cells with F4/80 and CD64 expression were defined as
F4/80*CD64* macrophages. The ratios of DCs and monocytes
in the LP of the STZ+S.T. group were significantly lower, and
the neutrophil ratio was significantly greater than in the naive
group (Fig. 2A and B).

Changes in the DC subpopulations in the LP of hypergly-
cemic mice after Salmonella infection. Given the significant



MOLECULAR MEDICINE REPORTS 19: 5377-5385, 2019

Naive Naive+S.T. STZ

0.64 99.4 0.45

98.6 1.23

99.2

CcD64 — > >

99.6

CD11b ——>

5381
STZ+S.T.
0.34
B Il Naive
B Naive+S.T.
2.5 - = STZ
20 B STZ+S.T.
*%k
K= 1.5 1 *hk "
E * i *
1.0
0.5 »
0.0 -

CD11C ——>

Macrophages  DCs Neutrophils  Monocytes

Figure 2. Changes in DCs, macrophages, monocytes and neutrophils in the LP of hyperglycemic mice after Salmonella infection. (A) Flow cytometry
analysis evaluating the changes in TA/IE*CDI11c* double staining in DCs, Ly6C"CDI11b* in monocytes, Ly6C™CDI11b* in neutrophils, and F4/80*CD64* in
macrophages of the LP in different groups of mice on day 3 after Salmonella infection. (B) Graph constructed using GraphPad PRISM showing the changes
in DCs, monocytes, neutrophils, and macrophages in the LP. "P<0.05, “P<0.01, ““P<0.001 (ANOVA). Means =+ standard deviation are shown (n=5). STZ, strep-
tozotocin; S.T., Salmonella typhimurium; DCs, dendritic cells; LP, intestinal lamina propria.
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Figure 3. Changes in DC subpopulations in the LP of the hyperglycemic mice after Salmonella infection. (A) Flow cytometric analysis showing the changes in
the DC subsets in the LP of different groups of mice on day 3 after Salmonella infection. (B) Graph constructed using GraphPad PRISM showing the changes
in the DC subpopulations, CD103*CD11b- DCs, CD103*CD11b* DCs and CD103-CD11b* DCs in the LP. "P<0.05, ““P<0.001 (ANOVA). Means + standard
deviation are shown (n=5). STZ, streptozotocin; S.T., Salmonella typhimurium; DCs, dendritic cells; LP, intestinal lamina propria.

reduction of DC ratios in the LP of hyperglycemic mice on
day 3 after Salmonella infection, we further analyzed the
changes in the DC subpopulations and divided the DCs in
the LP into CD103*CD11b- DC, CD103*CD11b* DC and
CD103°CD11b* DC subpopulations according to their CD103
and CD11b expression. The proportion of CD103*CD11b* DCs
was significantly increased in the hyperglycemic mice after
Salmonella infection, compared with the normal control mice

whereas no significant changes in the other two DC subpopu-
lations were observed in the LP (Fig. 3A and B).

Changes in CD4*FoxP3* Tregs in the LP and MLN of mice
with STZ-induced diabetes after Salmonella infection. On
day 3 after Salmonella infection, we compared the percentage
of CD4*FoxP3* Tregs in the LP between the STZ+S.T. group
and the naive group and observed a significant increase in the
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Figure 4. Changes in CD4*FoxP3* Tregs in the LP and MLN of mice with STZ-induced diabetes after Salmonella infection. (A) Flow cytometric analysis
showing the changes in CD4*FoxP3* Tregs in the LP of different groups of mice on day 3 after Salmonella infection. The cells were divided into Helios*
Tregs and Rorgt" Tregs based on their Helios and Rorgt expression. (B) Graph constructed using GraphPad PRISM showing the changes in CD4*FoxP3*
Tregs, CD4*FoxP3*Helios* Tregs, and CD4*FoxP3*Rorgt* Tregs in the LP. (C) Flow cytometric analysis showing the changes in CD4*FoxP3* Tregs in the
MLN of different groups of mice on day 3 after Salmonella infection; the analysis of Treg proliferation based on ki67 expression. (D) Graph constructed using
GraphPad PRISM showing the changes in CD4*FoxP3* Tregs and ki67* Tregs in the MLN. (E) mRNA expression of mouse intestinal FoxP3 on day 3 after
Salmonella infection (n=5). The experiment was repeated 3 times. Means + standard error of the mean are shown. (F and G) Three days after Salmonella
infection, we sorted CD103*CDI11b* DCs (5x10* cells/well) from the LP and cocultured them with eFlur450-labeled OT-IT CD4* T cells (1x10° cells/well) in the
presence of OVA ;)3 330 (10 pg/ml) for 96 h in vitro. The dilution of eFlur-450 in CD4* T cells was analyzed. The histogram shows the number of CD4* T cells
counted by flow cytometry. (H) Correlation of CD103*CD11b* DC cells and CD4*FoxP3* Treg cells. "P<0.05, “P<0.01, “"P<0.001, “*P<0.0001 (ANOVA),
"P<0.00001. Means + standard deviation are shown (n=5). Tregs, regulatory T cells; STZ, streptozotocin; S'T., Salmonella typhimurium; DCs, dendritic

CD4* FoxP3* T cells (%)

cells; LP, intestinal lamina propria; MLN, mesenteric lymph nodes.

percentage of CD4*FoxP3* Tregs in the LP of the hypergly-
cemic mice after Salmonella infection. Subpopulation analysis

showed that the percentage of Helios* Tregs was increased,
and the Rorgt* Treg proportion was decreased (Fig. 4A and B).
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In contrast, a prominent decline in the CD4"FoxP3* Treg
proportion in the MLN was detected in hyperglycemic mice
infected with Salmonella, which was caused by affected Treg
proliferation due to the decline in the percentage of ki67* Tregs
(Fig. 4C and D).

Consistent with the results of flow cytometry, mRNA
expression of FoxP3 (a typical transcription factor of Tregs)
was significantly increased in the hyperglycemic mice after
Salmonella infection (Fig. 4E). Meanwhile, we sorted the
CD103*CD11b" DCs, CD103*CD11b* DCs and CD103'CD11b*
DCs from the LP and cocultured them with CD4* T cells from
OT-II mice. After 4 days, we found that when infected with
Salmonella, CD103*CDI11b* DCs from STZ-induced diabetic
mice could promote the expansion of CD4* T cells with a
stronger efficiency (Fig. 4F and G).

Furthermore, we sorted out CD103*CD11b* DC cells
(Fig. 3) and CD4*FoxP3* Tregs (Fig. 4A and B), and conducted
Pearson correlation analysis on the known data, which showed a
positive correlation between the percentage of CD103*CDI11b*
DCs and CD4*FoxP3* Tregs (Fig. 4H; P<0.05).

Discussion

Diabetes is characterized by chronic hyperglycemia, which
is closely related to the environment of hyperglycemia in
the human body. Continuous high glucose increases plasma
osmotic pressure, resulting in chemotaxis, adhesion and
phagocytosis of immune cells, such as leukocytes and mono-
nuclear macrophages (15). The patient's humoral and cellular
immunity decline, and the body's resistance is reduced.
Hyperglycemia is also a good medium for bacterial growth
and reproduction (16). The chance of infection is not only
increased but also difficult to control. In addition, infection
puts the human body in a state of stress, and blood glucose
reactivity is increased and is difficult to control, thereby aggra-
vating the infection.

The present study evaluated the changes in different
immune cells and cell subpopulations in the intestinal LP of
hyperglycemic mice after Salmonella infection and showed
that Salmonella infection significantly increased the number of
neutrophils in the hyperglycemic mice, which had significant
inflammation. In addition, cytokine detection showed that the
serum IL-6 concentration was elevated in the hyperglycemic
mice after Salmonella infection, confirming the above finding.
H&E staining for the intestinal histopathology revealed a
significant infiltration of inflammatory cells in the intestinal
tissues of hyperglycemic mice after Salmonella infection.
Combined with the mortality data, hyperglycemic mice with
Salmonella infection died earlier than the C57BL/6 mice
with Salmonella infection, suggesting that hyperglycemia
disrupted immune tolerance and accelerated the occurrence
and progression of the bacterial infection.

In this process, we analyzed the changes in the DC subpopu-
lations in the LP and showed that the number of DCs in the LP
was reduced in the hyperglycemic mice after Salmonella infec-
tion. In the LP, the CD103*CD11b* DC ratio was reduced in the
hyperglycemic mice after infection. DCs are a morphologically,
structurally, and functionally heterogeneous cell population
and a key regulatory component that regulates both intrinsic
and adaptive immune responses. DCs are the most potent of
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the antigen-presenting cells (APCs) (17). They stimulate initial
T cell proliferation and play an important role in inducing
Treg production (18). The microenvironment of the intestine
allows for the regulatory function of DCs in the intestine (19).
Experimental evidence has shown that the maintenance of intes-
tinal tolerance depends on DCs. Intestinal DCs capture antigens
in different ways (20). CD103- DCs are the major DC subpopula-
tion in the LP that engulf antigens. However, this subpopulation
does not stimulate the proliferation of antigen-specific CD4*
T cells in vitro (21). The other DC subpopulation in the LP,
CD103* DC, can induce CD4* T cell proliferation, although this
subpopulation has a weaker ability to engulf the antigen than the
CD103" DC subpopulation (22,23).

Studies have shown that FoxP3* Treg function is reduced
in type 1 diabetes mellitus (TIDM), but their conclusions are
based on the Treg phenotypes found in the peripheral circu-
lation rather than the Treg phenotypes at the site of tissue
injury (8). To better understand the loss of immune tolerance in
T1DM, the key question that needs to be answered is whether
the reduction of the Treg inhibitory effect is due to changes
in the immune system caused by the development of TIDM
or if Treg dysfunction is involved in disease onset. In this
study, the CD4*"FoxP3* Treg ratio in the intestinal LP of the
Salmonella-infected hyperglycemic group was significantly
higher than in the Salmonella-infected control group on day 3
after Salmonella infection. Additionally, the hyperglycemic
mice infected with Salmonella presented increased mRNA
expression of FoxP3 (a typical transcription factor of Tregs);
while without western blot analysis, we could not conclude
that the hyperglycemic mice infected with Salmonella had
more FoxP3. Further analysis of the changes in the subpopu-
lations indicated an increase in the Helios* Treg ratio and
decrease in the Rorgt" Treg ratio. The increase in the Helios*
Treg ratio may be negative feedback from the inflammatory
response in the body while the decrease in the Rorgt" Treg
ratio may lead to an aggravation of intestinal inflammation.
These two Treg changes might occur at different times, with
the Rorgt" Treg reducing first to aggravate the inflammation
and the Helios* Treg increasing subsequently to prepare to
suppress the aggravation of the inflammation. Moreover, the
CD4*FoxP3* Treg ratio in the mesenteric lymph nodes (MLN)
was significantly decreased in hyperglycemic mice after
Salmonella infection, which was caused by decreased ki67
expression in Tregs after Salmonella infection, suggesting a
decreased number due to altered Treg proliferation ability. In
addition, Boehm et al (24) showed that depletion of FoxP3
could promote intestinal inflammatory responses, suggesting
that FoxP3 plays an important but complex function during
this progress.

We sorted the CD103*CD11b- DCs, CD103*CDI11b*
DCs and CD103-CD11b* DCs from the LP and cocultured
them with CD4* T cells from OT-II mice. We found that
when infected with Salmonella, CD103*CD11b* DCs in
STZ-induced diabetic mice could promote the expansion
of CD4* T cells with a stronger efficiency. This correlation
analysis showed that the elevation of CD4*FoxP3* Tregs was
correlated with the increased number of CD103*CD11b* DCs
in this model. As the only DC subset that presents food protein
and bacterial antigens to T cells, intestinal CD103* DCs have
attracted the attention of immunologists due to their functions
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in oral tolerance. Distinct from CD103" DCs, these CD103*
DCs express high levels of CCR6, CCR7, TLRS and TLRY,
but low levels of costimulatory molecules and inflammatory
molecules (25). Chemokines are important regulators in the
maintenance of intestinal immune tolerance. CD103* DCs
can migrate into the MLN in a CCR7-dependent manner,
where they present intestinal antigens to T cells and induce
the expression of homing-associated molecules CCR9 and
04p7 on T cells (26). CD103* DCs are the only population that
can induce the expression of homing-associated molecules
on T cells and B cells in the intestine. The expression of
homing-associated molecules CCR9 and a4f7 could help
T cells and B cells home back into the intestinal mucosa.
Alternatively, CD103* DCs can function by inducing Tregs.
CD103* DCs may promote the induction of FoxP3* Tregs by
TGF-p and retinoic acid. They may also help IDO catalyze
tyrosine and then release hazardous metabolites, thus inhib-
iting effector T cells and inducing Tregs (27). CD11b* DC
could induce the differentiation of antigen-specific naive CD4*
T cells into regulatory CD4* T cells by secreting IL-10 and
IL-27, which causes oral tolerance (28).

In summary, the Treg ratio in the intestinal LP was elevated,
which may be due to the stimulation of antigen-specific CD4*
T cell proliferation and their differentiation into FoxP3* Tregs
to maintain intestinal homeostasis after CD103*CD11b* DC
capture of Salmonella in the LP. With more in-depth studies
on T1DM target organs, Treg-mediated immune regulation in
T1DM will be more clearly revealed, providing a fundamental
basis for establishing a methodology to treat hypergly-
cemia-associated infectious diseases. However, additional
sample numbers are needed to verify the relationship between
CD4*FoxP3* Tregs and CD103*CDI11b* DCs.
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