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Abstract. Semaphorin 3A (Sema3A), a member of the Sema 
family of proteins, appears to serve an important role in sepsis 
and sepsis‑induced immunosuppression and has been regarded 
as a crucial regulator involved in cellular immune response. 
However, the role of Sema3A in CD4+ T cell anergy during 
sepsis remains to be elucidated. In the present study, the 
cecal ligation and perforation model and lipopolysaccharide 
(LPS) were used to simulate sepsis and the role of Sema3A 
in sepsis‑induced CD4+ T cell anergy was investigated in vivo 
and in  vitro. In  vivo, the serum concentration of Sema3A 
was enhanced and exacerbated sepsis‑induced T cell immu‑
nosuppression and multiple organ dysfunction syndromes 
(MODS). Administration of (‑)‑epigallocatechin‑3‑gallate, 
an inhibitor of Sema3A, markedly improved sepsis‑induced 
T cell immunosuppression and MODS. In vitro, both lymphoid 
and myeloid lineages secreted high concentration of Sema3A 
in LPS‑induced sepsis, especially in the lymphoid lineage. 
Inhibition of Sema3A alleviated T cell anergy. The NF‑κB 
signaling pathway was involved in Sema3A‑mediated auto‑
crine loop aggravating T cell immune dysfunction during 
LPS‑induced sepsis. Inhibiting Sema3A exerted significant 
improvement of sepsis‑induced immunosuppression and 
MODS, which was associated with improvement of CD4+ 
T cells anergy via regulation of the NF‑κB signaling pathway.

Introduction

Sepsis is defined as a syndrome characterized by ‘life‑threat‑
ening organ dysfunction caused by the dysregulated host 
response to an infection,’ with emphasis on multiple organ 

dysfunction syndromes (MODS) (1). In China, sepsis affects 
one‑fifth of patients admitted to intensive care units in mainland 
China with a 90‑day mortality rate of 35.5% (2). In 2015, a total 
of 1,937,299 deaths occurred across the 605 mainland Chinese 
disease surveillance points and the standardized sepsis‑related 
mortality rate was 66.7 deaths per 100,000 population (3). 
The immunological responses in patients with sepsis are 
complex, comprising concurrent pro‑ and anti‑inflammatory 
responses (4). Compelling experimental and clinical evidence 
has indicated that immunosuppression is the cause of the 
aggravation, complicated with MODS and even mortality of 
patients with sepsis (5).

Immune activation is accompanied by functional impair‑
ment of innate and adaptive immune cells, such as apoptosis 
of a large number of immune cells, CD4+ T cell anergy and 
enhancement of negative immunomodulatory cells (5,6). It has 
become more evident that the majority of patients with sepsis 
succumb not to the early, overwhelming pro‑inflammatory 
response, but to the immunosuppression‑related complications 
that occur later in their disease trajectory (7,8). Sepsis‑induced 
immunosuppression prevents patients from removing patho‑
genic microorganisms and increases their susceptibility to 
secondary infections, especially caused by opportunistic 
pathogens (9). CD4+ T cell anergy is defined by three features 
in sepsis‑induced immunosuppression: Apoptosis‑induced 
depletion leading to a decrease in the number of CD4+ T cells, 
a decrease in the CD4+ T cell proliferative response and even 
immunological paralysis and a shift from a helper T cells (Th)1 
to a Th2 cell profile, defined as Th2 immune polarization (10).

Semaphorin  3A (Sema3A) is a ligand of Neuropilin‑1 
(Nrp‑1) and serves a key role in neuraxon development (11). 
Using lipopolysaccharide (LPS)‑induced acute kidney injury 
model, Sema3A has been identified in tubular epithelial 
cells (12). Anti‑Sema3A antibodies have been reported to be 
effective in improving the survival rate in LPS‑induced sepsis 
in mouse models (13). By contrast, the suppression of Sema‑3A 
in tumor cells with a small interfering (si)RNA augments T cell 
activation (14). Thus, the objective of the present study was to 
investigate the effect of Sema3A on the CD4+ T cell anergy. This 
information will provide a potential novel target for the study of 
immune regulation in sepsis. The present study demonstrated 
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that inhibition of Sema3A significantly relieved CD4+ T cell 
anergy via regulation of the NF‑κB signaling pathway in sepsis.

Materials and methods

Animals and ethics statement. A total of 120  inbred male 
C57BL/6J mice (obtained from the Laboratory Animal 
Center of the Chinese Academy of Medical Sciences, no. 
SCXK‑Jing‑2014‑0004), 6‑8 weeks old, 20±2 g were used for 
the in vivo study. Mice received standard care under a 12‑h 
dark/light cycle (25˚C with an atmosphere of 60%) and given 
free access to food and water, in accordance with the animal care 
guidelines of the Tianjin Medical University General Hospital 
(Tianjin, China). Before the experiment, adaptive feeding was 
carried out for 1 week. Before surgery, food and water was not 
given for 12 h. All experimental procedures complied with the 
National Institute of Health Guidelines for the Care and Use 
of Laboratory Animals (15) and were approved by the scien‑
tific investigation review board of Tianjin Medical University 
General Hospital (approval no. ZYY‑DWFL‑IRB‑001F‑01).

Sepsis model. After being anesthetized, a 0.5‑cm incision was 
made on the abdomen of mice and the cecum was exposed. 
Briefly, mice were anesthetized with isoflurane inhalation at 
the concentration of 2.5% for anesthetic induction and then 
at 1% for anesthetic maintenance until the end of the cecal 
ligation and perforation (CLP). The diameter of the puncture 
needle was 0.6 mm and it was used to induce CLP in the 
experiment. The mice were given a subcutaneous injection 
of 0.9% sterile saline solution in a volume of 40 ml/kg body 
weight following CLP.

Experimental design. The mice were randomly divided into 
six groups (n=10): Control, sham, CLP and the different 
epigallocatechin‑3‑gallate (EGCG; cat. no. 989‑51‑5; Beijing 
Solarbio Science & Technology Co., Ltd.)‑treatment groups. In 
the control group, the mice were anesthetized, but no surgery 
was carried out. For mice in the sham group, the cecum was 
exteriorized without ligation and puncture. In the CLP group, 
a midline laparotomy was performed according to the sepsis 
model described above. After CLP was obtained, the different 
EGCG‑treatment groups were immediately administered 
increasing concentrations (25, 50 and 100 mg/kg, intrave‑
nously) of EGCG, a strong inhibitor of Sema3A activity.

Isolation and culture of splenic lymphocytes. The mice 
were sacrificed by cervical dislocation. Spleens were 
harvested and prepared as single‑cell suspensions and then 
subjected to Ficoll‑Paque density gradient centrifugation (cat. 
no. LTS1092P; Tianjin TBD Science) at 4˚C, 1,500 x g for 
15 min. Lymphocytes [CD4+ T cells, CD4+CD25+ regulatory 
T cells (Tregs)], B cells and natural killer (NK) cells were 
isolated from mononuclear cells using a CD4+ T cell Isolation 
kit, mouse (cat. no. 130‑104‑454), a CD4+CD25+ regulatory 
T cell Isolation kit, mouse (cat. no. 130‑091‑041), a Pan B Cell 
Isolation kit II, mouse (cat. no. 130‑104‑443), and a NK Cell 
Isolation kit, mouse (cat. no. 130‑115‑818; all from Miltenyi 
Biotec GmbH) and autoMACS® Columns (Miltenyi Biotec 
GmbH) according to the manufacturer's instructions. Cells 
of the myeloid lineage, including macrophage (Mø) cells and 

dendritic cells (DC), were isolated from the abdominal cavity 
and femur, respectively, using a Mø Isolation kit (Peritoneum), 
mouse (cat. no. 130‑110‑434) and a Pan DC Isolation kit, mouse 
(cat. no. 130‑100‑875; both from Miltenyi Biotec GmbH) and 
autoMACS® Columns (Miltenyi Biotec GmbH) according to 
the manufacturer's instructions. Isolated cells were cultured 
in RPMI‑1640 medium (Nanjing KeyGen Biotech Co., 
Ltd.) supplemented with 10%  fetal bovine serum (FBS; 
Sigma‑Aldrich; Merck KGaA) and incubated at 37˚C with 
5% CO2, following treatment with anti‑CD3e (5 µg/ml; cat. 
no. 564378; BD Pharmingen; BD Biosciences) and anti‑CD28 
(2 µg/ml; cat. no. 562767; BD Pharmingen; BD Biosciences) 
antibodies for polyclonal activation of T cells.

In vitro studies. LPS (100 ng/ml; Escherichia coli 0111:B4; 
cat. no. L2630; Sigma‑Aldrich; Merck KGaA) induction was 
used for septic simulation. Subsequently, splenic CD4+ T cells 
were seeded on 96‑well cell‑culture plates (2x105 cells/well) 
and treated with anti‑CD3e and anti‑CD28 antibodies for 
polyclonal activation of T cells and treated with different doses 
of recombinant Sema3A polyclonal antibody (anti‑Sema3A 
antibody, 0.5, 2  and  4  µg/ml; cat. no.  201253‑T10; Sino 
Biological, Inc.), recombinant Sema3A (rSema3A, 10, 100 
and 1,000 ng/ml; cat. no. 7201; BioVision, Inc.) and EGCG 
(1, 10 and 100 µmol/l) for 24 h. The proliferative activity, 
apoptotic rate, cytokine secretion (including IFN‑γ and IL‑4) 
and Foxp‑3 expression of CD4+ T cells were determined. The 
serum levels of aspartate aminotransferase (AST), alanine 
transaminase (ALT) and creatinine (Cr), as well as arterial 
blood gas (ABG), were determined by The Central Laboratory 
of Tianjin Medical University General Hospital.

Immunofluorescence analysis. The expression of phosphory‑
lated (p)‑ikkβ/ikkβ and p‑P65/P65, the main molecules of the 
NF‑κB signaling pathway, were examined by immunofluores‑
cence microscopy (Olympus Corporation). CD4+ T cells were 
suspended in 1 ml fixation/permeabilization solution (cat. 
no. 88‑8824‑00; eBioscience; Thermo Fisher Scientific, Inc.) at 
25˚C for 30 min, and seeded on glass coverslips, washed with 
phosphate buffer saline (PBS), fixed in 4% paraformaldehyde 
(Nanjing KeyGen Biotech Co., Ltd.) at 25˚C for 15 min, and then 
blocked with 10% normal goat serum (cat. no. SL038; Beijing 
Solarbio Science & Technology Co., Ltd.) at 25˚C for 30 min. 
Following which, cells were incubated at 4˚C for 12 h with rabbit 
anti‑mouse p‑ikkβ (1:100; cat. no. ab194845), ikkβ (1:100; cat. 
no. ab97406), p‑P65 (1:100; cat. no. ab222494) and P65 (1:100; 
cat. no. ab32536) antibodies (all purchased from Abcam). The 
cells were subsequently washed and incubated at 25˚C for 
60 min with FITC/APC‑conjugated goat anti‑rabbit IgG (1:200; 
cat. no. 4030‑02; SouthernBiotech). Immunofluorescence was 
assessed by fluorescence microscopy. Data were collected and 
processed with ImageJ (v1.51j8; National Institutes of Health).

Flow cytometric analysis. To investigate the expression 
of Foxp‑3, CD4+ T  cells (1x106  cells/ml) were obtained 
post‑treatment according to the flow cytometry kit protocol. 
CD4+ T cells were suspended in 1 ml fixation/permeabiliza‑
tion solution and incubated at 25˚C for 30 min. After washing 
cells with fixation/permeabilization buffer twice, CD4+ T cells 
were stained with FITC‑conjugated anti‑mouse/rat‑Foxp‑3 
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(cat. no. MA1‑41628; eBioscience; Thermo Fisher Scientific, 
Inc.) and incubated at 25˚C for 15 min. Cells were analyzed 
using a flow cytometer (BD FACSCalibur™; cat. no. 342975; 
BD Biosciences) and FlowJo software (version 7; FlowJo LLC).

To investigate CD4+ T cell apoptosis, cells (1x106 cells/ml) 
were obtained post‑treatment according to the flow cytometry 
kit protocol. CD4+ T cells were suspended in 200 µl binding 
buffer, followed by FITC‑conjugated Αnnexin V and propidium 
iodide (cat. no. CA1020; Beijing Solarbio Science & Technology 
Co., Ltd.) in the dark according to the manufacturer's protocol, 
and then subjected to flow cytometric analysis using a flow 
cytometer (BD FACSCalibur) and FlowJo software (version 7).

Enzyme‑linked immunosorbent assay (ELISA). Supernatants 
or serum were collected for the measurement of Sema3A (cat. 
no. 011592), IFN‑γ (cat. no. HS4595) and IL‑4 (cat. no. BH‑E0800) 
levels, using ELISA kits (Shanghai Xin Fan Biotechnology Co., 
Ltd.), according to the protocols specified by the manufacturer. 
The absorbance was read in a microplate reader (Spectra MR; 
Dynex Technologies) at a wavelength of 450 nm.

Terminal deoxynucleotidyl transferase (TdT) dUTP nick‑end 
labeling (TUNEL) assay. The present study used a one‑step 
TUNEL Apoptosis Assay kit (cat. no. T2190; Beijing 
Solarbio Science & Technology Co., Ltd.) according to the 
manufacturer's instructions. CD4+ T cells were suspended in 

1 ml fixation/permeabilization solution at 25˚C for 30 min, 
and seeded on glass coverslips, washed with PBS, fixed in 
4% paraformaldehyde at 25˚C for 15 min, and then incubated 
with 20 µg/ml Proteinase K (cat. no. P9460; Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C for 30 min. Cells 
were then blocked with 10% normal goat serum at 25˚C for 
30 min. Apoptotic cells were observed and the images from 
five random fields were analyzed by immunofluorescence 
microscopy (Olympus Corporation) at x200 magnification. 
The emission wavelength of the green fluorescence was 
525 nm. Data were collected and processed using ImageJ 
software (v1.51j8; National Institutes of Health).

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. The MTT assay (Ameresco, Inc.) was used to 
evaluate the proliferative ability of CD4+ T  cells. Growth 
medium was removed and replaced with fresh medium. The 
assays were initiated by adding 10 ml MTT reagent (10 mg/ml) 
to each well and incubating the cells for 4 h at 25˚C. Finally, the 
medium was removed and 100 µl DMSO (Ameresco, Inc.) was 
added to each well. The absorbance was read in a microplate 
reader (Spectra MR; Dynex) at a wavelength of 490 nm.

Statistical analysis. Data are presented as the mean ± standard 
deviation. All experiments were performed at least four times. 
Data were analyzed by one‑way ANOVA and Tukey's post hoc 

Figure 1. Treatment with EGCG improves sepsis‑induced T cell immunosuppression and MODS. (A) The serum concentration of Sema3A was significantly 
enhanced in CLP‑induced sepsis (n=10). (B) Serum concentrations of IFN‑γ and IL‑4. Statistical analysis and representative flow cytometry images of 
proportions of early and late apoptotic stage CD4+ T cells from (C and E) 12 h to (D and F) 24 h. PI‑Annexin V‑FITC+ represent early apoptosis, while 
PI+Annexin V‑FITC+ represent late apoptosis. (G) The proliferation of CD4+ T cells. Serum concentrations of (H) AST and ALT, (I) Cr, (J) PCO2, (K) PO2 and 
(L) Lactate. Data are presented as the mean ± standard deviation, n=4 per group. One‑way ANOVA was performed for data analysis. *P<0.05, **P<0.01. EGCG, 
(‑)‑epigallocatechin‑3‑gallate; MODS, multiple organ dysfunction syndromes; ns, not significant; CLP, cecal ligation and perforation; AST, aminotransferase; 
ALT, alanine transaminase; Cr, creatinine; Sema3A, semaphorin 3A.
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test using SPSS version 24 (IBM Corp.). Unpaired Student's 
t‑test was used to evaluate significance between two groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Sema3A exacerbates sepsis‑induced T cell immunosuppres‑
sion and MODS. In vivo, the serum concentration of Sema3A 

was significantly enhanced in CLP‑induced sepsis by >4‑fold 
at 24 h after CLP (P<0.01; Fig. 1A). CLP was immediately 
followed by intravenous administration of EGCG at different 
concentrations. The 50 mg/kg dose, in particular, had a clear 
ability to improve sepsis‑induced T cell immunosuppression 
and MODS compared with the CLP‑induced sepsis group. The 
serum concentrations of IFN‑γ and IL‑4 produced by CD4+ 
T cells were measured to identify the polarization of Th1/Th2 
cells (Fig. 1B). Following treatment with 25 and 50 mg/kg 

Figure 3. Sema3A‑mediated autocrine loop impairs T cell immune dysfunction during LPS‑induced sepsis. (A) Anti‑Sema3A antibodies dose‑dependently 
improved the proliferation of CD4+ T cells. (B) rSema3A dose‑dependently impaired the proliferation of CD4+ T cells. (C) EGCG treatment dose‑dependently 
improved the proliferation of CD4+ T cells. (D) Secreted levels of IFN‑γ and IL‑4 from CD4+ T cells. (E) Statistical analysis and (F) representative immunoflu‑
orescence images of the apoptotic CD4+ T cells (scale bar, 50 µm). Data are presented as the mean ± standard deviation, n=4 per group. One‑way ANOVA was 
performed for data analysis. *P<0.05, **P<0.01. LPS, lipopolysaccharide; EGCG, (‑)‑epigallocatechin‑3‑gallate; OD, optical density; Sema3A, semaphorin 3A.

Figure 2. LPS increases the concentration of Sema3A in both lymphoid and myeloid lineages. Secretion levels of Sema3A from (A) T cells, (B) Tregs, 
(C) B cells, (D) NK cells, (E) Mø cells and (F) DC. Data are presented as the mean ± standard deviation, n=10 per group. One‑way ANOVA was performed 
for data analysis. *P<0.05, **P<0.01. LPS, lipopolysaccharide; Tregs, regulatory T cells; Mø, macrophage; DC, dendritic cells; NK, natural killer; Sema3A, 
semaphorin 3A.
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EGCG, IFN‑γ levels were significantly enhanced (P<0.01), 
while IL‑4 levels were significantly lowered (P<0.01), but 
the serum concentrations of IFN‑γ and IL‑4 were both 
significantly reduced following treatment with 100 mg/kg 
EGCG (P<0.01). The early apoptotic rate of CD4+ T cells 
was significantly decreased when animals were treated with 
50 mg/kg EGCG (P<0.01) from 12 to 24 h, but 100 mg/kg 
EGCG significantly increased the early apoptotic rate of CD4+ 
T cells, especially at the 24 h time point, with the early apop‑
totic rate reaching >90% (P<0.01), there were no significant 
differences in early and late apoptosis between the control 
and 50 mg/kg EGCG groups (P>0.05) at the 12 to 24 h time 
points (Fig. 1C‑F). The proliferative ability of CD4+ T cells 
was significantly enhanced with 50 mg/kg EGCG treatment 
compared with the CLP group (P<0.01) and was similar to that 
of the control group. CD4+ T cell proliferation of the 100 mg/kg 
EGCG treatment group was significantly lower than that of the 
LPS‑treatment group and even of the control group (P<0.01; 
Fig. 1G). CLP‑induced sepsis impaired organ function, as 
indicated by the significantly increased serum levels of AST 
(Fig. 1H), ALT (Fig. 1H), Cr (Fig. 1I) and Lac (Fig. 1L), but 
the levels of PCO2 (Fig. 1J) and PO2 (Fig. 1K) were signifi‑
cantly decreased (P<0.01), administration of 50 mg/kg EGCG 
following CLP significantly improved the appellate quotas of 
organ function (P<0.01), however, 100 mg/kg EGCG aggra‑
vated organ dysfunction when compared with the CLP group 
(P<0.01).

Lymphoid and myeloid lineages secrete high concentra‑
tion of Sema3A during LPS‑induced sepsis. Cells of the 

lymphoid lineage (including T cells, Tregs, B cells and NK 
cells) were isolated from normal spleen tissue and cultured 
under LPS‑induced (100 ng/ml) septic conditions for 2‑24 h. 
LPS treatment significantly upregulated the concentration of 
Sema3A in T cells (Fig. 2A), Tregs (Fig. 2B), B cells (Fig. 2C) 
and NK cells (Fig. 2D), especially after 24 h (P<0.05 or 0.01). 
Tregs did not secrete Sema3A significantly until 8 h (P<0.01). 
Cells of the myeloid lineage, including Mø cells and DC, were 
isolated and cultured under LPS‑induced (100 ng/ml) septic 
conditions from 2 to 24 h. Compared with cells of the lymphoid 
lineage, the time required for the myeloid lineage to secrete 
high concentrations of Sema3A was significantly delayed by 
LPS‑induced sepsis, Mø cells did not secrete Sema3A signifi‑
cantly until after 6 h (P<0.01; Fig. 2E). DC did not secrete 
Sema3A significantly until after 6 h of LPS induction (P<0.01; 
Fig. 2F).

Inhibition of Sema3A‑mediates autocrine loop‑alleviated 
T cell immune dysfunction during LPS‑induced sepsis. T cells 
were isolated, treated with LPS (100 ng/ml) to induce sepsis 
and further exposed to anti‑Sema3A antibody, rSema3A 
and/or EGCG for 24  h. Compared with LPS induction 
alone, the proliferative ability of CD4+ T cells was enhanced 
following anti‑Sema3A antibody treatment (P<0.05; Fig. 3A) 
and was significantly enhanced with EGCG treatment 
(P<0.01; Fig. 3C), buT cells were unable to reach the level of 
the control group. The proliferative ability of CD4+ T cells was 
further inhibited following treatment with rSema3A (P<0.05; 
Fig. 3B). Compared with LPS induction alone, treatment with 
anti‑Sema3A antibody or EGCG could alleviate the polariza‑

Figure 4. Sema3A‑mediated autocrine loop impairs T cell immune dysfunction during LPS‑induced sepsis via the NF‑κB signaling pathway. Statistical 
analysis and representative immunofluorescence images of the phosphorylation levels of (A and B) ikkβ and (C and D) P65 in CD4+ T cells. Scale bar, 50 µm. 
Data are presented as the mean ± standard deviation, n=4 per group. One‑way ANOVA was performed for data analysis. **P<0.01. LPS, lipopolysaccharide; p‑, 
phosphorylated; Sema3A, semaphorin 3A; EGCG, (‑)‑epigallocatechin‑3‑gallate.
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tion of Th1/Th2 cells (Fig. 3D) and apoptosis (Fig. 3E and F) 
of T cells, specifically promoting IFN‑γ secretion (P<0.01; 
Fig. 3D), as well as inhibiting IL‑4 secretion (P<0.01; Fig. 3D) 
and apoptosis (P<0.01; Fig. 3E and F). Compared with LPS 
induction alone, Sema3A could further impair polarization of 
Th1/Th2 cells and apoptosis of T cells, including inhibiting 
IFN‑γ secretion (P<0.01; Fig.  3D), as well as promoting 
IL‑4 secretion (P<0.01; Fig.  3D) and apoptosis (P<0.01; 
Fig. 3E and F) until they reached the levels of the LPS induc‑
tion alone.

NF‑κB signaling pathway is involved in Sema3A‑mediated 
autocrine loop aggravating T cell immune dysfunction during 
LPS‑induced sepsis. In  vitro, CD4+ T  cells were treated 
with LPS (100 ng/ml)‑induced sepsis for 24 h, the ratio of 
p‑ikkβ/ikkβ (Fig. 4A and B) and p‑P65/P65 (Fig. 4C and D) 
were significantly enhanced when compared with the control 
group (P<0.01). The ratio of p‑ikkβ/ikkβ and p‑P65/P65 were 
significantly decreased with anti‑Sema3A or EGCG treatment 
when compared with the LPS‑induced sepsis group (P<0.01), 
but were unable to reach the level of the control group. The 
ratio of p‑ikkβ/ikkβ and p‑P65/P65 were further significantly 
enhanced following rSema3A with or without EGCG treatment 
when compared with the LPS induction alone group (P<0.01).

Sema3A‑mediated autocrine loop enhances the expression 
of Foxp‑3 during LPS‑induced sepsis. In vitro, CD4+ T cells 
were treated with LPS (100 ng/ml)‑induced sepsis for 24 h, 
the expression of Foxp‑3 (Fig. 5A and B) was significantly 
enhanced when compared with the control group (P<0.01). 
The expression of Foxp‑3 was significantly decreased with 
anti‑Sema3A antibody or EGCG treatment when compared 
with the LPS‑induced sepsis group (P<0.01), but was unable 
to reach the level of the control group, especially following 

exposure to EGCG. The expression of Foxp‑3 was further 
significantly enhanced following treatment with rSema3A 
with or without EGCG treatment when compared with the 
LPS induction alone (P<0.01).

Discussion

Sepsis is a life‑threatening disease that causes severe MODS 
and leads to mortality in the majority of patients with severe 
sepsis‑induced MODS (1). Yamashita et al  (13) generated a 
specific Sema3A monoclonal antibody that could successfully 
neutralize Sema3A activity and showed that administration 
of this specific antibody before LPS injection significantly 
increased the survival rate of LPS‑treated mice (16). Treatment 
with inhibitor neutralization approaches to reduce Sema3A, such 
as exposure to EGCG or siRNA interference, has been shown to 
alleviate acute organ damage (12,17). In the current study, it was 
demonstrated that administration of EGCG markedly improved 
sepsis‑induced MODS, as evidenced by a reduction in the serum 
levels of AST, ALT, Cr and Lac and an increase in the levels 
of PCO2 and PO2. Pasterkamp et al (18) showed that the selec‑
tive monooxygenase inhibitor EGCG, is not a specific Sema3A 
inhibitor, but attenuated the repellant effects of Sema3A and 
Sema3F in vitro in a dose‑dependent manner. E. coli sepsis is 
associated with a marked upregulation of sema3A and down‑
regulation of Sema3F expression (19). Thus, EGCG was used 
to perform in vivo experiments that may have some limitations, 
such as the role of Sema3F may be further weakened.

Fresh specimens from liver, kidney and lung, as well 
as the cells in the circulatory system of septic patients who 
succumb in intensive care units, show a progressive, profound, 
apoptosis‑induced loss of adaptive immunocytes and espe‑
cially a rapid decrease of T‑lymphocytes levels, resulting in an 
decreased ability to clear life‑threatening pathogens (8,20,21). 

Figure 5. Sema3A‑mediated autocrine loop enhances the expression of Foxp‑3 in CD4+ T cells during LPS‑induced sepsis. (A) Statistical analysis and 
(B) representative flow cytometry images protein levels of Foxp‑3. Data are presented as the mean ± standard deviation, n=4 per group. One‑way ANOVA was 
performed for data analysis. **P<0.01. LPS, lipopolysaccharide; Sema3A, semaphorin 3A; EGCG, (‑)‑epigallocatechin‑3‑gallate.



MOLECULAR MEDICINE REPORTS  23:  302,  2021 7

The highest level of Sema3a mRNA can be observed in T, 
B  and NK cells of the lymphoid lineage  (13,14,16,22,23). 
Myeloid and monocytic cells also express Sema3a, but at a 
lower level (22,23). The in vitro findings of the present study 
showed that both lymphoid and myeloid lineages secreted 
high concentrations of Sema3A during LPS‑induced sepsis. 
The concentrations of Sema3A of the T, B and NK cells were 
significantly upregulated with more rapidity compared with 
Tregs, Mø cells and DC. In vivo, the serum concentrations of 
Sema3A were significantly enhanced in CLP‑induced sepsis. 
Administration of EGCG had the ability to improve the 
immune dysfunction of CD4+ T cells.

Toll‑like receptor (TLR) engagement can induce Sema3A 
expression, thus completing an autocrine loop in LPS‑induced 
sepsis  (23). Sema3A is expressed by activated T cells and 
downmodulated T cell activation in vitro (22). Nrp‑1, primarily 
regarded as a receptor for Sema proteins (such as Sema3A) 
and as a co‑receptor for vascular endothelial growth factor 
family proteins, is expressed by neuronal and endothelial 
cells and has been reported to serve an essential role in the 
establishment of both the nervous system and the endothelial 
network during embryogenesis (24). NP‑1 is also involved in 
initial cell‑cell contact between T cells and antigen presenting 
cells (25). Tumor and T cells both express NP‑1 and the cluster 
formation between tumor and T cells increases with reduced 
Sema‑3A expression in tumor cells; this effect is rescued by 
adding a blocking anti‑NP‑1 antibody (14). The present study 
demonstrated that administration of the inhibitor alleviated 
T cell anergy during LPS‑induced sepsis. The proliferative 
ability, polarization of Th1/Th2 cells and apoptosis of CD4+ 
T cells was improved with anti‑Sema3A and EGCG treatment, 
but they were unable to recover normal levels. Using a mouse 
model of collagen‑induced arthritis, Sema3A can increase the 
proportion of CD4+NP‑1+ T cells and this group of cells is able 
to inhibit the growth of CD4+ T cells as well as Tregs (26), 
a full‑time negative immunomodulatory type of the CD4+ 
T lymphocyte subpopulation (27,28). The characteristic tran‑
scription factor, Foxp‑3, is certainly an crucial determinant for 
the stability of Tregs (29). Previous studies have demonstrated 
that increased expression of Foxp‑3 in Tregs is positively associ‑
ated with the mortality of septic mice (6,21,23,29). The present 
study demonstrated that the Foxp‑3 expression of CD4+ T cells 
was impaired by rSema3A treatment, while anti‑Sema3A or 
EGCG treatment inhibited the expression of Foxp‑3, especially 
EGCG. Catalano et al (26) showed that treatment of Sema3A 
increases IL‑10 concentration in serum. IL‑10 serves a key role 
in induced immunosuppression, including sepsis. Therefore, 
IL‑10 may also be involved, whereby rSema3A may enhance 
the stability of Tregs by increasing the secretion of IL‑10.

TLR engagement by pathogen‑associated molecular 
pattern is a key mechanism of cellular immune responses 
requiring NF‑κB activation (30). Previous studies have demon‑
strated that the NF‑κB signaling pathway and its transcription 
factors [in particular, the canonical signaling subunits, ikkβ, 
c‑Rel and P65 (RelA)], occupied a critical role in CD4+ T cell 
biology (31,32). PlexinA4, as a negative regulator in CD4+ 
T cell activation, is a receptor of Sema3A that guides the 
development of the nervous system and regulates the function 
of the immune system (23). Plexins resemble TLRs in their 
evolutionary conservation from flies to mammals, a plexina4 

knockouT cell model exhibits defective inflammatory cytokine 
production upon activation by a spectrum of TLR agonists and 
bacteria (23). Sema3A‑plexinA4 interaction affects the activa‑
tion of Rac1, which is known to promote NF‑κB activation and 
cytokine production in TLR‑stimulated macrophages  (33). 
Unfortunately, the present study did not delve into specific 
receptors on the cell surface.

The present study demonstrated that the NF‑κB signaling 
pathway is involved in a Sema3A‑mediated autocrine loop, 
aggravating T cell immune dysfunction during LPS‑induced 
sepsis. In vitro, the ratios of p‑ikkβ/ikkβ and p‑P65/P65 of 
CD4+ T cells were significantly enhanced when treated with 
LPS and decreased with anti‑Sema3A antibody or EGCG 
treatment. The phosphorylation levels should be detected as 
early as possible, especially within 24 h or even a few minutes 
after the test. The present study conducted a preliminary 24 h 
phosphorylation detection and future studies will explore the 
phosphorylation level in depth.
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