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regulatory T cells in a 30-day rat model of sepsis survival
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Abstract. Sepsis is defined as life threatening organ dysfunc-
tion arising from a dysregulated host response to infection.
The outcomes of sepsis include early mortality, delayed
mortality and recovery, and depend on the inflammatory
response. Previous studies have demonstrated that regulatory
T cells (Tregs) are important in determining the outcome
of sepsis, as their suppressive function serves a role in
maintaining immune homeostasis. However, Treg-mediated
immunosuppression during the course of sepsis remains
unclear and little is known about the survival of patients
following diagnosis. Studying the survivors of sepsis may
explain the mechanisms of natural recovery. Therefore, a
30-day rat model of sepsis survival was established in the
current study. Cluster of differentiation CD4*/CD25*/forkhead
box p3* Tregs were isolated from the blood and spleens of
rats undergoing cecal ligation and puncture or sham surgery,
using flow cytometry. Proteomic analysis was performed
using nano high-performance liquid chromatography-mass
spectrometry. Several different biological pathways associ-
ated with uncommon differentially-expressed proteins were
identified in the blood and spleen survivor and sham groups.
Extracellular-regulated kinase/mitogen-activated protein
kinase, as well as integrin and actin cytoskeletal pathway
elements, including Ras-related protein 1b, talin 1 and filamin
A, were associated with Tregs in the blood. Pathway elements
associated with cell cycle regulators in the B-cell transloca-
tion gene family of proteins, tumor necrosis factor receptor
superfamily member 4, Hippo signaling, P70-S6 kinase 1,
phosphatidylinositol 3-kinase/protein kinase B signaling and
1,25-dihydroxyvitamin D3 biosynthesis were associated with
Tregs from the spleen including phosphatase 2A activator
regulatory factor 4, histone arginine methyltransferase, CD4,
major histocompatibility complex class I antigens, 14-3-3
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protein 6 and nicotinamide adenine dinucleotide phosphate
cytochrome P450 reductase. These results explain the mecha-
nism by which Tregs naturally recover and indicates that Tregs
in the blood and spleen vary. Differentially-expressed proteins
serving a role in these pathways provide additional insight for
the identification of new targets for the diagnosis and treatment
of sepsis.

Introduction

Sepsis is defined as life-threatening organ dysfunction arising
from a dysregulated host response to infection. Septic shock
is a severe form of sepsis in which circulatory, cellular and
metabolic abnormalities increase the risk of mortality more
than sepsis alone (1). Sepsis is the primary cause of mortality
among critically ill patients in intensive care units (2) and
while its incidence continues to increase, the understanding of
sepsis, as well as its diagnosis and treatment, remain limited.
However, it has been suggested that immunosuppression serves
an important role in sepsis (3).

Hotchkiss ef al (4,5) demonstrated that early mortality
occurs due to an uncontrollable inflammatory cytokine storm,
but if pro-inflammatory and anti-inflammatory responses are
rebalanced, the prognosis of patients improves, leading to
successful recovery. However, if innate and adaptive immune
functions are damaged, delayed mortality occurs due to
persistent immunosuppression and recurrent infections. The
reasons for the different outcomes of sepsis remain unknown.
Previous studies have focused on the cause of mortality in
patients with sepsis and few experiments have assessed those
who survived (2-5). Studying the survivors of sepsis may
explain the varying outcomes and mechanisms of recovery.
Furthermore, establishing natural causes of sepsis may iden-
tify the necessity for intervention in patients with sepsis. Thus,
investigations into the immune response that occurs during the
recovery stage of sepsis are required.

In the current study, a stable and reliable 30-day sepsis
survival model was established in rats. The quality and quan-
tity of regulatory T cells (Tregs) were observed dynamically to
reflect early, delayed and recovery immune status to improve
understanding of the differences in immune responses during
septic periods. Tregs are specialized immune cells that serve
important roles in the maintenance of immune homeostasis (6).
Tregs may contribute to immunosuppressive conditions during
the course of sepsis, however, their relevance during early,
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delayed and recovery stages of the disease remain unclear and
the results of previous studies are contradictory (7-10).

The proteomes of Tregs from the blood and spleens of rats
that survived sepsis were obtained using nano high-perfor-
mance liquid chromatography-mass spectrometry (nano
HPLC-MS/MS). It was proposed that differentially-expressed
proteins and their associated signaling pathways may explain
the mechanisms of recovery from sepsis. Differential protein
expression was detected in Tregs from the blood and spleens
of rats that survived sepsis and those who underwent sham
surgery and this tissue specificity may be associated with the
pathogenesis of sepsis. The current study identified the proteins
involved in sepsis and may provide novel approaches for the
clinical monitoring and treatment of patients with sepsis.

Materials and methods

Animal model. A total of 110 male Sprague-Dawley rats
(weight, 300-350 g; age, 10 weeks) were purchased from
Dalian Medical University (Dalian, China) for experiments.
Rats were divided into the sham group (n=42) and sepsis
group (n=68). Rats were housed in standard conditions (room
temperature 22°C; humidity 50-65%, 12-h light/dark cycle)
and had free access to food and water. Rats were allowed to
acclimate for =7 days before experiments began. All surgical
procedures were performed using a small-animal anesthesia
machine (Raymain Instrument, Co., Ltd., Shanghai, China)
with 3% sevoflurane (Abbott Laboratories, Lake Bluff, IL,
USA). PE-50 catheters (inner diameter, 0.58 mm; outer diam-
eter, 0.96 mm; length, 8 cm; Smiths Medical UK, Kent, UK)
were inserted into the right external jugular vein and carotid
artery of the rats. Sepsis was induced via cecal ligation and
puncture (CLP) 24 h following insertion of the catheter. The
rats were anesthetized and the abdominal cavity was opened
with a 2 cm midline incision. In the sepsis group, the cecum
was exposed and ligated 2 cm from the blind end and below
the ileocecal valve, and subsequently punctured 3 times using
a 21-gauge triangular needle. A total volume of 0.2 ml fecal
material was squeezed from the cecum into the peritoneum.
The sham group underwent laparotomy alone, without surgical
manipulation of the cecum. A 2 ml volume of 0.9% normal
saline was injected intraperitoneally. The abdomen was slowly
manipulated so that the contents were diffused and the intes-
tines were arranged naturally. Following the suturing of the
abdominal cavity, 4 mg/kg 0.125% bupivacaine (Shandong
Hualu Pharmaceutical Co., Ltd., Laocheng, China) was
applied around the incision site for postoperative analgesia
in sepsis and sham rats. Following recovery from anesthesia,
fluid resuscitation consisting of a 1:1 solution of 6% hetastarch
(Eloheas, Fresenius Kabi Asia-Pacific, Ltd., Wanchai, Hong
Kong) and 5% glucose was administered through the catheters
in the right external jugular vein. A total of 20 ml/kg liquid
was administered every 12 h on the first and second days,
which was then halved until the rats resumed eating (11). All
experimental animal protocols were approved by the Animal
Care and Use Committee of Dalian Medical University.

Sepsis evaluation. All rats were monitored for 30 days. The
body weight of the rats was recorded at the same time each
day up until mortality. Rats were scored as mildly, moderately
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or severely affected with regard to appearance, alertness
and blood pressure, 24 h following CLP (Table I). Each rat
had to exhibit at least two characteristics in the appearance
and alertness categories to obtain a score for that particular
category. Blood pressure readings were recorded when the
line was clear and the trace was stable for 10 min (12). Rats
were anatomized following mortality or on day 30 when
the remaining rats were sacrificed in the survival and sham
groups.

Cytokine analysis. Blood samples (1 ml) were collected
on days 0, 1, 7, 14, 22 and 30 from 3 rats per group at each
time-point and stored in EDTA in anticoagulation tubes on
ice. Plasma was separated and stored at -80°C prior to analysis.
Lymphocytes were isolated and homogenized in 1 ml 1X PBS
and stored overnight at -20°C. Three freeze-thaw cycles were
performed to break down cell membranes and the resulting
homogenates were centrifuged for 5 min at 5,000 x g at
2-8°C. The supernatant was then removed and stored at -80°C.
Levels of interleukin (IL)-10, transforming growth factor (1
(TGF-f1) and forkhead box p3 (Foxp3) were analyzed using
ELISA kits: Rat IL-10 (cat no. CSB-E04595r), rat TGF-p1
(cat no. CSB-E04727r) and rat FoxP3 (cat no. CSB-E15075r)
(all from Cusabio Biotech, Co., Ltd., Wuhan, China). The
minimum detectable levels of these proteins are typically
<0.78, 1.56 and 7.81 pg/ml, respectively, according to the
manufacturer.

Treg analysis. A total of three rats per group at each time-point
were sacrificed on days 0, 1, 7, 14, 22 and 30. Lymphocytes
were isolated from the blood and spleen samples (rat periph-
eral blood/spleen lymphocytes isolation kit, LTS1083/1083PK;
Tianjin Haoyang Biological Manufacture Co., Ltd., Tianjin,
China) to conduct staining and flow cytometry. Anti-rat
CD4-fluorescein isothiocyanate [cat no. 11-0040, 1:200,
anti-rat CD25-phycoerythrin (PE)] (cat no. 12-0390, 1:150)
or their isotype control antibodies (cat no. 11-4724, 1:200;
cat no. 12-4724, 1:150) were added to 100 ul cell suspension
(10° cells) in the dark for 30 min at 4°C. Cells were then washed
twice with staining buffer (cat no. 00-4222). Following fixa-
tion/permeabilization (cat no. 00-5523) in the dark for 30 min
at 4°C, anti-mouse/rat Foxp3-PE-cyanine5 (cat no. 15-5773,
1:10) or its isotype control antibody (cat no. 15-4321, 1:10)
were added and incubated in the dark for 30 min at 4°C. Cells
were then washed twice with permeabilization buffer (cat
no. 00-5523) and the population of CD4*CD25* T cells and
CD4*CD25*Foxp3* Tregs was analyzed using a flow cytom-
eter with FACSDiva 7.0 software (BD Biosciences, Franklin
Lakes, NJ, USA). All antibodies, isotype control antibodies
and buffers were purchased from eBioscience; Thermo Fisher
Scientific, Inc. (Waltham, MA, USA).

Proteomic analysis. A total of 8 rats from the survival group
and 8 rats from the sham group were sacrificed on day 30
and CD4*CD25*Foxp3* Tregs were isolated from the blood
and spleen samples using a flow cytometer. Proteins were
denatured with a pH 7.4 extraction buffer consisting of § M
guanidine hydrochloride, 2 M urea and a 2% protease inhibitor
cocktail. Cells were disrupted using ultra sonication with
10 cycles of 5 sec work-time and 10 sec recovery (kHz, w) on
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Table I. Sepsis scoring rubric.
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Variable Mild Moderate Severe
Appearance Hunched Hunched Marked piloerection
Piloerection Marked piloerection Markedly bloated abdomen
No bloating Bloated abdomen Conjunctival injection
Sunken eyes
Alertness Alert Depressed level of Markedly (or absent)

Occasional interest in
environment
Moves freely

Mean blood pressure >90

(mmHg)

alertness depressed level of alertness
Little interest in No interest in environment
environment

Moves with difficulty No movement

75-90 >75

ice. Following incubation for 2 h at 4°C, the supernatant was
collected using centrifugation at 35,000 x g for 45 min at 4°C.

A total of 100 ug protein was reduced with 100 mM
dithiothreitol for 5 min at 95°C and the supernatant was
collected following centrifugation at 20,000 x g for 30 min
at room temperature. Proteins were alkylated with 50 mM
iodoacetamide (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 20 min in the dark at room temperature and then
transferred to an ultrafiltration membrane (10 kDa; Sartorius
AG, Gottingen, Germany) by centrifugation at 14,000 x g for
20 min at room temperature. The membrane was incubated
with 2 ug trypsin for 12 h in a water bath at 37°C and then
washed with 100 x1 50 mM phosphate buffer (pH 8.5) and
centrifuged three times at 14,000 x g for 20 min at room
temperature.

Peptide samples obtained from Tregs in the survival-group
blood and sham-group spleens were labeled with 16 ul
4% formaldehyde and classified as light label (L), whereas
peptide samples from Tregs in the sham-group blood and
survival-group spleens were labeled with 16 ul 4% deuter-
ated formaldehyde and classified as heavy label (H). Samples
were mixed by vortexing at 1,000 rpm for 3 min and 16 ul
sodium cyanoborohydride was added. Following 1 h agitation
at 37°C, the reaction was attenuated with 1 ul 25% ammonia.
pH was tested using 1 ul formic acid and the results indicated
that the sample was acidic. The labeled samples from the
survival-group and sham-group blood and spleens were mixed
at a 1:1 ratio prior to nano HPLC-MS/MS.

Nano HPLC-MS/MS. Nano HPLC was performed using an
UltiMate 3000 Capillary/Nano LC system equipped with
an autosampler (Dionex; Thermo Fisher Scientific, Inc.)
at room temperature. Peptide separation was performed
on a Venusil XBP C18 column (4.6x150 mm, 5 ygm, 100 A;
Tianjin Bonna-Agela, Tianjin, China) with buffers as follows:
i) Mobile phase A consisting of 2% volume/volume (v/v)
acetonitrile with 0.1% (v/v) formic acid and ii) mobile phase B
consisting of 98% (v/v) acetonitrile with 1.0% (v/v) formic acid.
Following pretreatment of the analytical column (150 mm,
75 pm inside diameter) with 98% mobile phase A, 1 g labeled
samples were loaded onto a trap column using the autosampler

at a flow rate of 7 yl/min. The gradients for separation were
as follows: 15-100 min, 6-22% mobile phase B; 100-120 min,
22-35% mobile phase B; 120-130 min, 35-8% mobile phase B
and 130-140 min, 80% mobile phase B.

The LC eluent was analyzed with positive ion
nanoflow electrospray using a Q Exactive™ Benchtop
Quadrupole-Orbitrap™ mass spectrometer (Thermo Fisher
Scientific, Inc.). The parameters of the first stage mass spec-
trum were as follows: The spray voltage of the capillary was
1.6 kV; the MS mass scan range was 300-1,800 m/sec with a
resolution of 70,000; the ion automatic gain control (AGC) was
set to 1e6 and the maximum time of ion injection was 50 ms.
The data-dependent acquisition parameters of the second
stage were as follows: The strongest ten ions of which the
MS spectrum intensity was >le4 were selected in a dynamic
exclusion; the collision energy was set to 28%; the resolution
was 17,500; the ion AGC was le4; the maximum time of ion
injection was 100 ms and selected ions were isolated with
2 m/s. MS data were collected and recorded using Xcalibur
software (version 3.0.63; Thermo Fisher Scientific, Inc.). Nano
HPLC-MS/MS analysis was performed on each sample in
triplicate.

Data analysis. The results were analyzed with MaxQuant
software (version 1.5.2.8; Max Planck Institute of
Biochemistry, Munich, Germany) using the SP Rat database
(www.uniprot.org). Cysteine residues were given a fixed modi-
fication of +57.0215 Da. The N-terminus Lys was set to +28 Da
and +32 Da dimethylated variable modifications. Peptide
retrieval was performed using trypsin complete digestion and
tolerance for up to two leaky cut sites. The parent ion mass
tolerance had a deviation of 20 ppm and the mass fragment
ion tolerance had a deviation of 0.5 Da. The control of search
results on the level of protein and peptide segments had a false
positive rate of <1%. Proteins were identified using Uniprot
Knowledgebase (www.uniprot.org) software for cellular
localization and functional analysis of proteins. Proteins with
=2 spectral counts in a technical replicate were considered
for further analysis. Peptides with a relative standard devia-
tion of <50% of protein ratios were selected. Proteins with
average ratios of <0.67 or >1.5 were differentially expressed
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Changes in body weight in the survival and sham group.
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Figure 1. Evaluation of survival model. (A) Survival rate of rats 30 days following CLP (n=16). (B) Changes in body weight in the survival and sham groups
(n=8). (C) Comparison of the maximum rates of loss and gain of body weight in the survival and sham groups. (D) Comparison of the spleen and body weight
in the survival and sham groups (n=8). Data are expressed as the mean + standard error of the mean. "P<0.05. CLP, cecal ligation and puncture. “P<0.05 vs.

Day 0; "P<0.05 vs. Sham group.

in a significant manner. The identified proteins were analyzed
using Ingenuity Pathway Analysis (IPA; www.ingenuity.com).

Statistical analysis. Data are expressed as the mean + standard
error of the mean. The differences among groups over time
were analyzed using a repeated measures analysis of variance
followed by a post hoc Fisher's least significant difference test
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was
determined to indicate a statistically significant difference.
The survival curves were generated using the Kaplan-Meier
method and compared using the log-rank Mantel-Cox test.

Results

Evaluation of the survival model. CLP caused sepsis with a
medium-severe severity, as assessed by appearance, alertness
and blood pressure defined on the first day following CLP. The
survival rate of rats following CLP was 75% on day 1, 62.5%
on day 3 and 50% on day 7 compared with 100% in the sham
group (Fig. 1A). There was a significant decrease (P=0.017) in
weight in the survival group over the 4 days following CLP, with
the minimum observed on day 6 (Fig. 1B). The highest body
weight loss compared with original weight was 8.51+2.23% and
the difference between weight loss observed in the two groups
was significant (P=0.026; Fig. 1C). In the survival group, the
anatomy of the abdomen exhibited adhesions in the abdominal

cavity and the omentum had lost shape and gloss, and trended
towards ligation of the intestine. No encapsulated abscesses
were observed in the survival group. The ratio of spleen weight
to total body weight was 2.64+0.37% in the survival group and
1.63+0.20% in the sham group. The difference between the
two groups was significant (P=0.032; Fig. 1D).

Immune performance of CD4*CD25*Foxp3* Tregs. The
concentration of IL-10 on day 1 was significantly increased
in the survival (P=0.007) and succumbed (P=0.011) groups
compared with the sham group. The difference in IL-10
concentration between animals that survived and those that
succumbed was also significant (P=0.004) however, IL-10
levels fell to baseline on day 7 (Fig. 2A). The concentration of
TGF-p1 was significantly increased in the survival (P=0.004)
and succumbed groups on day 1 (P=0.046) compared with
the sham group. However, TGF-p1 levels fell to baseline on
day 7 (Fig. 2B). The concentration of Foxp3 was significantly
increased up until day 30 in the survival group (P=0.024,
0.006,0.003,0.002 and 0.004 at day 1,7, 14 22 and 30, respec-
tively) compared with the sham group (Fig. 2C).

The proportion of CD4*CD25" T cells, representing
lymphocytes in the blood, began to decrease 1 day following
CLP and was significantly reduced on days 7 (P=0.026) and
14 (P=0.030) in the survival group compared with the sham
group (Fig. 2D). These values increased 22 days following
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Figure 2. Immune performance of CD4*CD25*Foxp3*Tregs. The concentrations of (A) IL-10, (B) TGF-f1 and (C) Foxp3 were assessed using ELISA in
the survival, sham and succumbed groups (n=8). The proportion of CD4* CD25* T cells within the lymphocyte gate in the (D) blood and (E) spleen was
analyzed using flow cytometry at days 0, 1, 7, 14, 22 and 30 following CLP or sham surgery (n=3 in each group at each time-point). The proportion of
CD4*CD25*Foxp3* Tregs of CD4* lymphocytes in the (F) blood and (G) spleen was analyzed using flow cytometry at days 0, 1, 7, 14, 22 and 30 following
CLP or sham surgery (n=3 in each group at each time-point). Data are expressed as the mean + standard error of the mean. "P<0.05 vs. the sham group;
#P<0.05 vs. the survival group. d, day; IL-10, interleukin-10; TGF-$1, transforming growth factor f1; Foxp3, forkhead box P3; CD, cluster of differentiation;

CLP, cecal ligation and puncture.

CLP and by day 22, the proportion of CD4*CD25 T cells
was not significantly different in the survival group compared
with the sham group (Fig. 2D). The proportion of CD4*CD25
T cells representing lymphocytes in spleen samples also
decreased following CLP and were significantly reduced on
days 1-30 (day 1, P=0.060; day 7, P<0.001; day 14, P=0.004;
day 22, P=0.018 and day 30, P=0.048) compared with the sham
group (Fig. 2E). The proportion of CD4*CD25*Foxp3* Tregs
among CD4* T cells in the blood were significantly increased
on days 1-30 in the survival group compared with the sham
group (day 1, P=0.048; day 7, P=0.048; day 14, P=0.049;
day 22, P=0.027 and day 30, P=0.043; Fig. 2F). The propor-
tion of CD4*CD25*Foxp3* Tregs from CD4* T cells in the
spleen samples were also increased following CLP on days 7

(P=0.026) and 14 (P=0.030), followed by a decrease on day 22
in the survival group compared with the sham group (Fig. 2G).
However, the proportion of CD4*CD25"Foxp3* Tregs on
day 30 remained significantly higher in the survival group
compared with the sham group (P=0.009; Fig. 2G).

Proteomics of CD4*CD25*Foxp3* Tregs. Protein ratios of
CD4*CD25*FoxP3* Tregs were determined in the spleen
and blood of the survival and sham groups. There were 10
differentially-expressed proteins identified in the blood and of
these, nine were higher and one was lower in the survival group
following CLP compared with the sham group (Table IT). There
were 18 proteins differentially expressed in the spleen, 17 of
these were lower and one was higher in the survival group
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Table II. Proteins identified in blood CD4*CD25*FoxP3* Tregs, which are differently expressed between survival and sham
groups.

H/L Ratio Ratio of

(mean + standard standard

Entry name Gene Protein deviation) deviation
Q62636 RAPI1B Ras-related protein Rap-1b 1.52+0.04 0.03
COJPT7 FLNA Filamin A 1.53+0.11 0.07
G3V852 TLN1 Talin 1 (isoform CRA_b) 1.53+0.60 0.39
B2GVB9 FERMT3 Fermitin family homolog 3 1.66+0.13 0.08
P02091 HBB Hemoglobin subunit -1 1.80+0.46 0.26
Q566D6 PSIP1 PC4 and SFRS1-interacting protein 1.88+0.32 0.17
B1H216 HBZ Hemoglobin subunit T 1.88+0.51 0.27
B2RYQ5 ERH Enhancer of rudimentary homolog 1.90+0.61 0.32
Q63011 N/A Zero B-globin (Fragment) 2.22+0.17 0.08
Q4KLJ1 SRSF7 Serin/arginine rich splicing factor 0.54+0.12 0.22

(isoform CRA_a)

n=8 in each group. CD, cluster of differentiation; H/L, heavy/light; Tregs, regulatory T-cells. Heavy group, Tregs from the blood of the sham
group; Light, Tregs from the blood of the survival group.

Table III. Proteins identified in the spleen CD4*CD25*FoxP3* Tregs, which are differentially expressed between survival and
sham groups.

H/L ratio Ratio of
Entry (mean =+ standard standard
name Gene Protein deviation) deviation
D3ZK97 H3F3C Histone H3.3C 0.12+0.04 0.34
FIM2K3 SUMO2 Small ubiquitin-related modifier 2 0.13+0.02 0.16
A7LNF8 RTI1.A RT1 class 1, Al (Fragment) 0.14+0.05 0.37
Q9Z0V5 PRDX4 Peroxiredoxin-4 0.18+0.02 0.12
Q3KR55 U2AF1 Splicing factor U2AF 35 kDa subunit 0.20+£0.06 0.31
Q5XI17 SNRPB Small nuclear ribnucleoprotein-associated 0.25+0.05 0.20

proteins B and B'

S5RZMS COX2 Cytochrome ¢ oxidase subunit 2 0.26+0.03 0.10
B2RYQ2 PPP2R4 Phosphatase 2A activator regulatory factor 4 0.27+0.05 0.17
P68255 YWHAQ 14-3-3 protein 0 0.27+0.01 0.03
Q5RKIJ9 RABI10 Ras-related protein Rab-10 0.34+0.00 0.13
Q6PDV1 LYZ2 Lysozyme C-2 0.35+0.05 0.14
P62329 TMSB4X Thymosin -4 0.41+0.03 0.07
Q63009 PRMTI1 Protein arginine N-methyltransferase 1 0.41+0.03 0.10
FILVRO IGLONS IgLON family member 5 0.43+0.06 0.13
Q6B345 S100A11 S100 calcium-binding protein A1l 0.45+0.05 0.10
Q5XIP6 FEN1 Flap endonuclease 1 0.45+0.11 0.23
P00388 POR NADPH-cytochrome P450 reductase 0.47+0.01 0.02
P05540 CD4 T-cell surface glycoprotein CD4 2.40+0.30 0.13

n=8 in each group. CD, cluster of differentiation; H/L, heavy/light; Tregs, regulatory T-cells. Heavy group, Tregs from the spleen of the sham
group; Light, Tregs from the spleen of the survival group.

compared with the sham group (Table III). It was identified  (P<0.05; Fig. 3A). The pathways exhibiting the most signifi-
using IPA analysis that 12 biological pathways were associ-  cant associations included the extracellular signal-regulated
ated with the 10 differentially-expressed proteins in the blood  kinase/mitogen-activated protein kinase (ERK/MAPK),as well
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Figure 3. Significant biological pathways associated with differentially expressed proteins of CD4*CD25*Foxp3* Tregs in the (A) blood and (B) spleens
of the survival group. P<0.05=-log(P-value)>1.301. Foxp3, forkhead box P3; CD, cluster of differentiation; ERK/MAPK, extracellular signal-regulated
kinase/mitogen-activated protein kinase; FAK, focal adhesion kinase; Fcy, purine cytosine permease; BTG, B-cell translocation gene; p70S6K, P70-S6 kinase 1;
PI3K/AKT, phosphatidylinositol 3-kinase/protein kinase B; NO, nitric oxide; ROS, reactive oxygen species; ILK, integrin-linked kinase; BER, base excision

repair; CHK, serine/threonine-protein kinase; Treg, regulatory T-cell.

as integrin and actin cytoskeletal signaling pathways (Fig. 3A),
in which Ras-related protein 1b (Rap-1b), talin-1 (TInl) and
filament protein A (Flna) were associated (Table II). A total
of 25 signaling pathways were identified by IPA in the spleen
group (P<0.05). The pathways exhibiting the most significant
association with the differentially-expressed proteins included
the B-cell translocation gene (BTG) family of proteins
that regulate cell cycle pathways, OX40 signaling, Hippo
signaling, P70-S6 kinase 1 (P70S6K) signaling, biosynthesis
of 1,25-dihydroxyvitamin D3 (VD3) and phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) signaling (Fig. 3B).
Differential factors generating these results included protein
phosphatase 2A activator regulatory subunit 4 (PPP2R4),
protein arginine N-methyltransferase 1 (PRMT1), T cell
surface glycoprotein CD4 (CD4), RT1.A, 14-3-3 protein 6
(Ywhaq) and nicotinamide adenine dinucleotide phosphate
(NADPH)-cytochrome P450 reductase (Table I11).

Discussion

A long-term survival model of sepsis was successfully estab-
lished in rats using modified CLP procedures, screening for
sepsis manifestation and changes in body weight, cytokines
and anatomy (13,14) to determine the mechanism by which
survivors recover from sepsis without treatment. The current
study investigated the immune status and function of Tregs
and demonstrated that they are different during the early (first
1-3 days), delayed (7 days later) and recovery (day 30) stages
of sepsis (5).

The current study identified 10 differentially-expressed
proteins in the blood of the survival/sham groups and 18 differ-
entially-expressed proteins in the spleen of the survival/sham
groups. The differentially-expressed proteins and their associ-
ated biological pathways differed between Tregs isolated from
the blood and spleen.

The ERK/MAPK signaling pathway serves an
important role in transducing cellular information about
meiosis/mitosis, growth, differentiation and carcinogenesis
within a cell. Membrane-bound receptor tyrosine kinases
(RTKSs) are growth factor receptors, which are the starting
point of this pathway. Mitogens, including TGF-f1, epidermal
growth factor and insulin, activate the ERK signaling
pathway. Lipopolysaccharide also stimulates the activation
of ERK/MAPK signaling in monocytes/macrophages and
endothelial cells (15-17). Phosphorylated RTKSs activate Ras,
which initiates a kinase cascade, beginning with Raf. This
then activates and phosphorylates MAPK, which activates
and phosphorylates ERK. This kinase cascade regulates cell
growth, differentiation, environmental stress, inflammatory
responses and other important cellular physiological/patho-
logical processes (18-20).

The current study demonstrated that the Ras-associated
protein Rap-1b serves a role in the ERK/MAPK pathway.
Rap-1b is a member of the Ras superfamily, which is a 22-kDa
small GTP-binding protein activated by cAMP-dependent
protein kinase. Rap-1b is a key component in the signaling
pathway mediated by RTKs (21). It has been demonstrated
that Rap-1b phosphorylation serves a role in the biological
processes associated with initial cytoskeleton formation and
remodeling (21).

RTK activation of Ras and Raf may occur via alternate
pathways. For example, integrins, which are cell surface
glycoproteins involved in cell-cell and cell-extracellular
matrix interactions, activate ERK via a focal adhesion
kinase-mediated pathway (22,23). These interactions form the
basis of diverse effects including cell migration, anchorage,
growth and differentiation (24). The actin cytoskeleton serves
an important role in many dynamic processes, including cell
motility, axon guidance, cytokinesis and phagocytosis. These
cellular remodeling events require precise regulation of actin
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filament assembly/disassembly and organization (24). Integrin
signaling is a pathway that controls rearrangement of the actin
cytoskeleton (24). It has been suggested that the actin cyto-
skeleton may regulate receptor signaling, which is particularly
important for the B-cell receptor and dysregulated signaling
may result in autoimmunity and malignancy (25).

Talin-1 is another differentially-expressed protein, which
was the first cytoskeletal protein identified as binding directly to
integrin (26,27). Talin serves an important role in the dynamic
process of cell adhesion by directly interacting with integrin
and the cytoskeleton (26,27). Stem cells with disrupted talin
genes cannot form focal adhesions (28). Filamin A was identi-
fied in non-muscle cells as the first actin cross-linking protein
and acts to stabilize the cytoskeleton, transduce biological
signals and also participates in cell dynamics (29-33).

Rap-1b,talin and filamin A are involved in the ERK/MAPK,
integrin and actin cytoskeleton signaling pathways, which all
interact with each other. Elevated levels of these three proteins
suggest that Tregs from the blood continue to proliferate,
aggregate and undergo adhesion and phagocytosis 30 days
following CLP. Furthermore, Tregs may possess strong
immunosuppressive functions. The results of the current study
indicated this, as they identified an increased percentage of
Tregs using flow cytometry and increased FoxP3 concentra-
tion using ELISA.

BTG family members containing a specific BTG domain
inhibit cell proliferation (34). BTG regulates cell cycle progres-
sion, inhibits proliferation, promotes apoptosis and stimulates
differentiation in multiple cell types. The BTG family of
proteins inhibit cell proliferation by methylation. PRMT1
is a differentially-expressed protein that serves a key role in
this process. The BTG family proteins interact with PRMT1
to increase its methyl-transferase activity (34-36). PRMT1
activity is essential for growth factor-induced cell differen-
tiation, whereas blocking PRMT1 with the Box-C domain of
BTG1/2 induces apoptosis (35,36).

0X40 is a T cell activator that may promote the survival
and prolong the immune response of CD4* T cells at sites of
inflammation. The co-stimulatory OX40 ligand is a member of
the tumor necrosis factor super family and possesses a trans-
membrane segment, as well as an extracellular region (37).
0X40 signaling synergizes with Toll-like receptors to inhibit
Tregs (37). Vu et al (38) demonstrated that co-stimulation with
0X40 inhibits Tregs.

The RT1 complex is a rat major histocompatibility (MHC)
antigen containing a class of highly polymorphic gene clusters.
Among them, the most typical are the MHC class I (RT1.A)
and class II (RT1.B) antigens. RT1.A is expressed at a high
density on lymphocytes (39,40). Tregs from the spleen of sepsis
survivors expressed CD4 and RT1.A, two proteins involved in
the OX40 signaling pathway, suggesting it may be a key nega-
tive regulator of sepsis.

The Hippo signaling pathway controls tissue growth and
homeostasis and serves an essential role in innate immu-
nity (41-43). Transcriptional co-activator YAP1 (YAP) is a
major downstream effector of this pathway that translocates
into the nucleus upon dephosphorylation, whereby it induces
expression of the genes that promote cell proliferation and
inhibit apoptosis (44,45). It has been demonstrated that YAP
is a functional link between the Hippo signaling pathway and
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PI3K-mammalian target of rapamycin (mTOR), providing a
molecular basis for the coordination of the two pathways (46).
mTOR is a serine/threonine kinase that regulates multiple
cellular functions in response to amino acids and growth factors.
mTOR regulates mRNA translation and cell cycle progression
via phosphorylation of p70S6K, a serine/threonine kinase that
phosphorylates the ribosomal S6 subunit, a component of the
40S subunit of eukaryotic ribosomes (47,48). Additionally,
mTOR is a key factor in PI3K/AKT signaling and activates
downstream substrates to regulate cell growth (47,48). PI3Ks
are a family of lipid kinases, which are inositol lipid products
serving an important role in the signal transduction pathways
of cytokines, growth factors and other extracellular matrix
proteins (49). AKT inhibits apoptosis by phosphorylating
the Bad component of the Bad/B-cell lymphoma-extra large
(Bcl-XL) complex, thus facilitating cell survival. Furthermore,
AKT activates IkB kinase, leading to nuclear factor kB acti-
vation and enhancing cell survival (50). AKT is involved in
numerous cellular processes, including energy storage, cell
cycle progression, protein synthesis and angiogenesis (49,50).

Protein phosphatase 2A (PP2A) is a ubiquitous enzyme
that promotes basal phosphatase activity to serve as a negative
regulator of cell growth and division (51,52). The 14-3-3 family
of highly conserved proteins bind to phosphorylated serine
or threonine peptides to regulate cell growth and metabolic
processes (53). The present study demonstrated that Ppp2r4
and Ywhaq were differentially expressed and this differential
expression was associated with upregulation of the Hippo,
P70S6K and PI3K/AKT signaling pathways to balance cell
apoptosis and proliferation.

VD3 is the biologically active form of vitamin D and
is considered to be a hormone. While the classic role of
vitamin D is the regulation of calcium and metabolism in
bone, it also exhibits immunomodulatory effects by targeting
various immune cells, including monocytes, macrophages,
dendritic cells and T- and B-lymphocytes (54,55). As well
as being targets, immune cells express vitamin D-activating
enzymes, allowing local conversion of inactive vitamin D
into VD3 within the immune system (56). The identity of the
enzyme that catalyzes the hydroxylation of VD3 at carbon
25 remains unclear. However, it has been suggested that
cytochrome P450 (CYP) is the rate-limiting enzyme in this
pathway and hydroxylates VD3 to calcidiol (57). Cytochrome
P450 oxidoreductase is a differentially-expressed protein and
is the essential electron donor for all CYP enzymes and is
responsible for CYP activation (58,59). In Tregs in the spleen,
antiproliferative pathways, including cell cycle regulation by
BTG family proteins, coexist with proliferative pathways,
such as VD3 biosynthesis signaling. This indicates that Tregs
in the spleen may be rebalanced 30 days following CLP. Flow
cytometry demonstrated that the percentage of splenic Tregs
recovered to baseline levels by day 30.

In conclusion, the present study investigated the quality
and quantity of Tregs in a long-term survival model of
sepsis. Surviving rats that appeared to have recovered from
sepsis exhibited a higher level of Tregs based on the results
of cytokine analysis 30 days following CLP. The changes
observed in Tregs harvested from the blood and spleen
varied. Several biological pathways were identified using
a proteomics approach. Uncommon proteins differentially
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expressed between the blood and spleen resulted in different
pathways being highly expressed. The ERK/MAPK, integrin
and actin cytoskeleton signaling pathways were upregulated in
the blood, whereas signaling pathways associated with BTG
family proteins (cell cycles regulators), OX40, Hippo, P70S6K,
PI3K/AKT and VD3 biosynthesis were upregulated in the
spleen. These results not only explain the mechanism by which
Tregs naturally recover but also indicate that changes in Tregs
differ between the blood and spleen. Differentially-expressed
proteins serving a role in these pathways provide insight into
novel targets for sepsis detection and therapy. Further studies
on a larger sample set are required to verify the results of the
current study and to confirm the roles of individual differen-
tially-expressed proteins.
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