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ABSTRACT Neuropilin-1 (Nrp-1) contributes to maintaining the stability of CD4�

CD25� regulatory T cells (Tregs). We investigated the impact of Nrp-1 on the stability
of CD4� CD25� Tregs, and the underlying signaling pathways, in a model of sepsis.
Splenic CD4� CD25� Tregs were either treated with anti-Nrp-1, transfected to silence
Nrp-1 and inhibitor of NF-�B kinase subunit beta (IKK�), or administered ammo-
nium pyrrolidine dithiocarbamate (PDTC), followed by recombinant semaphorin
3A (rSema3A), in a simulation of sepsis. After the creation of a sepsis model in mice,
anti-Nrp-1 was administered. The expression of the gene encoding forkhead box
protein P-3 foxp3-Treg-specific demethylated region (foxp3-TSDR), the apoptosis rate,
the expression of Foxp-3, cytotoxic T-lymphocyte-associated protein-4 (CTLA-4), and
transforming growth factor �1 (TGF-�1), interleukin 10 (IL-10) and TGF-�1 secretion,
and the NF-�B signaling activity of CD4� CD25� Tregs were determined. Sepsis simu-
lation with or without rSema3A increased the stability of CD4� CD25� Tregs, includ-
ing an increase in the expression of Foxp-3, CTLA-4, and TGF-�1, decreases in apo-
ptosis and the methylation of foxp3-TSDR, increases in the secretion of TGF-�1 and
IL-10, and an increase in the immunosuppressive effect on CD4� T lymphocytes. Si-
lencing of Nrp-1 or anti-Nrp-1 treatment abrogated lipopolysaccharide (LPS) stimula-
tion with or without an rSema3A-mediated effect. Sepsis simulation increased the
DNA-binding activity of NF-�B, as well as the ratios of phosphorylated IKK� (p-IKK�)
to IKK� and p-P65 to P65 in vitro and vivo. Silencing of IKK� expression or PDTC
treatment suppressed the stability of CD4� CD25� Tregs in LPS-induced sepsis.
Weakening Nrp-1 reduced the stability of CD4� CD25� Tregs by regulating the
NF-�B signaling pathway; thus, Nrp-1 could be a new target for immunoregula-
tion in sepsis.
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Sepsis can be defined as a syndrome characterized by life-threatening organ dys-
function caused by the dysregulated host response to an infection (1). As under-

standing of sepsis pathophysiology has improved, recent guidelines for the diagnosis
and treatment of sepsis have emphasized the evaluation of sepsis-induced multiple-
organ dysfunction syndromes (MODS) (1).

Sepsis is a medical emergency associated with high morbidity, high mortality, and
prolonged after-effects. 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, 1,937,299
deaths occurred at 605 disease surveillance points in mainland China, and the stan-
dardized sepsis-related mortality incidence was 66.7 deaths per 100,000 population (3).

The antagonism between the host and pathogenic microorganisms is a complex
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pathophysiological reaction, which involves localizing and controlling bacterial inva-
sion while initiating the repair of injured tissue (4). Compelling experimental and
clinical evidence has indicated that immunosuppression is the cause of such aggrava-
tion, which complicates MODS and can even lead to the death of sepsis patients (5).
However, the main pathological mechanism of sepsis-induced immunosuppression is
incompletely understood, and therefore, systematic, standardized clinical treatment for
sepsis-induced immunosuppression is lacking.

Regulatory T cells (Tregs) are subsets of CD4� T lymphocytes with negative immu-
nomodulatory function. High expression of the interleukin 2 (IL-2) receptor (CD25) and
the transcription factor forkhead box protein P-3 (Foxp-3) are essential for the devel-
opment and function of Tregs (6). They maintain peripheral immune tolerance to
prevent excessive autoimmunity and control immune responses to prevent exagger-
ated responses to infections and harmless antigens (6, 7). Due to the extensive
regulatory role of Tregs in the immune system, Tregs have considerable potential for
treating various diseases.

Patients who survive sepsis have chronic immunosuppression and are susceptible to
secondary infection (8). In agreement with these lines of evidence, we and other
research teams have reported that patients and animals with septic shock or MODS
have significantly increased frequencies of circulating Treg populations and strength-
ened stability of Tregs that correlates with immunosuppression (9, 10). However, in
sepsis, the specific pathophysiological mechanisms by which Tregs maintain their
stability and participate in sepsis-induced immunosuppression are not known. Sepsis is
associated with complications of a deregulated inflammatory response against endotoxin/
lipopolysaccharide (LPS)-mediated severe infection. In particular, LPS is released as a
consequence of infection with Gram-negative bacteria and maximizes the activation of
Toll-like receptor 4 (TLR4) signaling in sepsis. Our previous studies have demonstrated that
TLR4 is overexpressed on the surfaces of Tregs during sepsis, suggesting its involvement in
affecting the immune microenvironment and immunopathology processes by impacting
certain signaling pathways or cytokine networks (9).

Neuropilin-1 (Nrp-1) is regarded primarily as a receptor for semaphorins (Sema),
such as Sema3A, and vascular endothelial growth factor (VEGF) family members,
expressed by neuronal cells and endothelial cells. Nrp-1 plays an essential part in the
establishment of the nervous system and endothelial network during embryogenesis
(11, 12). In the immune system, Nrp-1 is expressed mainly by CD4� CD8� double-
negative cells, CD4� CD8� double-positive cells, and CD4� CD25� Tregs but is barely
detected in single-positive CD4� and CD8� thymocytes and is especially strongly
expressed in CD4� CD25� Tregs, which deserve our attention (13). Nrp-1 not only
contributes to the development of Tregs in the thymus gland but is also a key receptor
for peripheral Tregs, enabling them to maintain their stability and have a negative
immunomodulatory function (14, 15). By use of a cecal ligation and perforation (CLP)
model of sepsis in mice, tuftsin-derived T-peptide (a recombinant ligand for Nrp-1) has
been shown to weaken the stability and negative immunoregulation of CD4� CD25�

Tregs, as well as to improve the survival of mice suffering from sepsis (16). Thus, further
investigation of the impact of Nrp-1 on the stability and negative immunoregulation of
CD4� CD25� Tregs could provide a new target for the study of immune regulation in
sepsis (17).

Here, we explored the impact of Nrp-1 on the stability and negative immunoregu-
lation of CD4� CD25� Tregs, and the underlying signaling pathways, in LPS-induced
sepsis and a CLP model of sepsis in mice. We demonstrated that silencing of Nrp-1
expression or anti-Nrp-1 induction reduced the stability of CD4� CD25� Tregs in sepsis
and that Nrp-1 contributed to this function by regulating the NF-�B signaling pathway.

RESULTS
Anti-Nrp-1 weakened the stability and activity of the NF-�B signaling pathway

of CD4� CD25� Tregs in LPS-induced sepsis. In vitro, after selection, CD4� CD25�

Tregs were treated with recombinant anti-Nrp-1 in the presence of LPS. Relative to that
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of the control group, the stability of CD4� CD25� Tregs was enhanced significantly
following LPS induction. This phenomenon included increased expression of Foxp-3
(Fig. 1a to d), cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) (Fig. 1a, b, e, and f),
and transforming growth factor �1 (TGF-�1) (Fig. 1a and b) at the protein and gene
levels (P � 0.01), increased secretion levels of TGF-�1 (Fig. 1h) (P � 0.05) and IL-10 (Fig.
1g) (P � 0.05), and decreased apoptosis (Fig. 1i and j) (P � 0.01), as well as (under a
coculture condition) an enhanced immunosuppressive effect on CD4� CD25� T cells
(Fig. 1k) (P � 0.01). Upon treatment with anti-Nrp-1 (10, 100, or 1,000 ng/ml) and 24 h
of culture (especially at 100 ng/ml), expression of the foxp3, ctla4, and tgf-�1 genes was
decreased significantly (Fig. 1a) (P � 0.01), as it was upon culture with anti-Nrp-1 at
various time points (24, 48, and 72 h) (Fig. 1b). Also, at the dose of 100 ng/ml, especially
at the time point of 24 h, expression of the foxp3, ctla4, and tgf-�1 genes was decreased
(Fig. 1b) (P � 0.01). Hence, we chose 100 ng/ml and 24 h of culture as the most

FIG 1 Anti-Nrp-1 weakened the stability of CD4� CD25� Tregs through the NF-�B signaling pathway in sepsis. Treatment with recombinant anti-Nrp-1 reduced
the mRNA expression of foxp3, ctla4, and tgf-�1 in CD4� CD25� Tregs in a dose (a)- and time (b)-dependent manner. The stability of CD4� CD25� Tregs was
weakened after treatment with anti-Nrp-1 at the 100-ng/ml concentration and at 24 h of culture; this treatment also decreased the expression of Foxp-3 (c,
d) and CTLA-4 (e, f) at the protein level, the secretion levels of IL-10 (g) and TGF-�1 (h), and the antiapoptotic level of CD4� CD25� Tregs (i, j). The proliferation
of CD4� CD25– T cells was increased when they were cocultured with CD4� CD25� Tregs pretreated with anti-Nrp-1 (k). Anti-Nrp-1 significantly inhibited the
DNA-binding activity of NF-�B (l, m) and decreased the p-IKK�/IKK� and p-P65/P65 ratios (n, o). Administration of recombinant anti-Nrp-1 decreased the ratio
of p-IKK� to IKK� and the ratio of p-P65 to P65 in splenic CD4� CD25� Tregs. Data are presented as means � SD (n, 4 per group). Asterisks indicate significance
(*, P � 0.05; **, P � 0.01) by one-way ANOVA.
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appropriate dose and time point, respectively, for subsequent studies. The stability of
CD4� CD25� Tregs was also reduced significantly relative to that in the LPS induction
group after treatment with anti-Nrp-1 at 100 ng/ml and 24 h of culture (Fig. 1c to k) (P,
�0.05 or �0.01). Electrophoretic mobility shift assay (EMSA) results (Fig. 1l and m)
showed that anti-Nrp-1 inhibited the DNA-binding activity of NF-�B significantly rela-
tive to that upon LPS administration alone (P � 0.05). Western blotting (Fig. 1n and o)
showed that the ratio of phosphorylated inhibitor of NF-�B kinase subunit beta (p-IKK�)
to IKK� and the ratio of p-P65 to P65 were enhanced significantly in splenic CD4�

CD25� Tregs cultured in LPS for 24 h over those in the control group (P � 0.01).
However, administration of recombinant anti-Nrp-1 decreased these phosphorylation
ratios relative to those obtained with LPS treatment alone (P, �0.05 or �0.01).

Silencing of Nrp-1 expression suppressed the stability of CD4� CD25� Tregs

during LPS-induced sepsis. CD4� CD25� Tregs were isolated from normal splenic
tissue and cultured under LPS-induced (100 ng/ml) sepsis conditions for 24 h. Recom-
binant Sema3A (rSema3A) treatment significantly upregulated the gene and protein
expression levels of Foxp-3 (Fig. 2a, b, and h), CTLA-4 (Fig. 2a, d, and h), and TGF-�1 (Fig.
2a and c) in splenic CD4� CD25� Tregs over those in the control group and the LPS
induction group (P, �0.05 or �0.01). Knockdown of Nrp-1 expression in splenic CD4�

CD25� Tregs, by transfection with short hairpin Nrp-1 (sh-Nrp-1) using lentiviral infec-
tion, resulted in a significant decrease in the stability of CD4� CD25� Tregs, including
significantly suppressed expression of Foxp-3 (Fig. 2a, b, and h), CTLA-4 (Fig. 2a, d, and
h), and TGF-�1 (Fig. 2a and c) at the protein and gene levels, and an increased
apoptosis level (Fig. 2e and h) relative to that with LPS induction alone (P � 0.01) or
transfection with the sh-control group (P, �0.05 or �0.01). Furthermore, silencing of
Nrp-1 expression significantly suppressed the rSema3A-induced increase in the stability
of CD4� CD25� Tregs (P � 0.01). Methylation of foxp3-TSDR (encoding forkhead box P-3
[Foxp-3]–Treg-specific demethylated region [TSDR]) (Fig. 2f and g) in CD4� CD25� Tregs

was decreased by LPS stimulation from that in the control group (P � 0.05). Silencing
of Nrp-1 expression upregulated the methylation of foxp3-TSDR (P � 0.05) over that
with LPS treatment alone. EMSA and Western blotting (Fig. 2i to l) showed that the
silencing of Nrp-1 expression inhibited the DNA-binding activity of NF-�B and reduced
p-IKK�/IKK� and p-P65/P65 ratios from those obtained with LPS treatment alone
(P � 0.05) or transfection with the sh-control group (P � 0.05). Silencing of Nrp-1
expression suppressed the rSema3A-induced increase in the DNA-binding activity of
NF-�B, as well as the p-IKK�/IKK� and p-P65/P65 ratios (P � 0.05). However, relative to
LPS treatment alone, rSema3A did not further enhance the DNA-binding activity of
NF-�B (P � 0.05); it only increased the phosphorylation of IKK� and P65 (P � 0.05).

Silencing of IKK� expression inhibited the rSema3A-mediated increase in the
stability of CD4� CD25� Tregs in LPS-induced sepsis. The stability of CD4� CD25�

Tregs was further enhanced significantly following rSema3A treatment (Fig. 3a to g) over
that in the control group and the LPS induction-alone group (P, �0.05 or �0.01).
Knockdown of IKK� expression in splenic CD4� CD25� Tregs (by transfection with
sh-IKK� using lentiviral infection) resulted in a significant decrease in the stability of
CD4� CD25� Tregs from that upon LPS induction alone (P, �0.05 or �0.01) or LPS
induction and transfection with the sh-control group (P, �0.05 or �0.01). Furthermore,
silencing of IKK� expression significantly suppressed the rSema3A-induced increase in
the stability of CD4� CD25� Tregs (P, �0.05 or �0.01). Silencing of IKK� expression
upregulated the methylation of foxp3-TSDR (Fig. 3h and i) over that upon LPS treatment
with or without rSema3A (P, �0.05 or �0.01).

PDTC suppressed the stability of CD4� CD25� Tregs in LPS-induced sepsis.
Ammonium pyrrolidine dithiocarbamate (PDTC) is a membrane-permeant moiety that
inhibits NF-�B activation in various cell types (18). The stability of CD4� CD25� Tregs

was enhanced significantly in LPS-induced sepsis with or without rSema3A treatment
(Fig. 4a to g), but especially following rSema3A treatment, over that in the control
group (P � 0.01). PDTC treatment suppressed the effect of LPS with or without an
rSema3A-mediated increase in the stability of CD4� CD25� Tregs relative to that
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obtained upon LPS treatment with or without rSema3A (P, �0.05 or �0.01). PDTC
treatment upregulated the methylation of foxp3-TSDR (Fig. 4h and i) over that obtained
upon LPS treatment with or without rSema3A (P, �0.05 or �0.01).

Anti-Nrp-1 alleviated sepsis-induced immunosuppression and renal injury by
suppressing the stability of CD4� CD25� Tregs in CLP-induced sepsis. CD4� CD25�

Tregs were isolated from spleens at 24 h after CLP. Relative to that for the control group,
the stability of CD4� CD25� Tregs was enhanced significantly in CLP-induced sepsis.
This phenomenon was shown by increased expression of Foxp-3 (Fig. 5a, b, and d),
CTLA-4 (Fig. 5a, c, and d), and TGF-�1 (Fig. 5a and e) at the protein and gene levels
(P � 0.01), increased secretion of IL-10 and TGF-�1 (Fig. 5e) (P � 0.01), and upregulated
methylation of foxp3-TSDR (Fig. 5f and g) (P � 0.01). Anti-Nrp-1 treatment suppressed
the stability of CD4� CD25� Tregs relative to that seen in the CLP-induced sepsis alone
group (P, �0.05 or �0.01). We assessed sepsis-induced immunosuppression by mea-
suring the levels of IL-10, TGF-�1, gamma interferon (IFN-�), and IL-4 in serum (Fig. 5e).
Sepsis significantly promoted the secretion of anti-inflammatory cytokines (IL-10, TGF-

FIG 2 Transfection with sh-Nrp-1 using lentiviral infection reduced the mRNA expression of foxp3, ctla4, and tgf-�1 in CD4� CD25� Tregs upon LPS stimulation
with or without rSema3A (a). Shown are statistical figures and representative immunofluorescence images of Foxp-3 (b, h) and CTLA-4 (d, h) expression at the
protein levels, the apoptotic level of CD4� CD25� Tregs (e, h), the secretion levels of IL-10 and TGF-�1 (c), the methylation of foxp3-TSDR (f, g), statistical figures
and representative EMSA images of the DNA-binding activity of NF-�B (i, j), and statistical figures and representative Western blot images of p-IKK�/IKK� and
p-P65/P65 ratios (k, l). Data are presented as means � SD (n, 4 per group). Asterisks indicate significance (*, P � 0.05; **, P � 0.01) by one-way ANOVA. (g, h,
j, l) 1: control; 2: LPS; 3: LPS � sh-Nrp-1; 4: LPS � sh-control; 5: LPS � sh-Nrp-1 � rSema3A; 6: LPS � sh-control � rSema3A.
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FIG 3 Transfection with sh-IKK� using lentiviral infection reduced the mRNA expression of foxp3, ctla4, and tgf-�1 in CD4�

CD25� Tregs stimulated with LPS with or without rSema3A (a). Shown are statistical figures and representative immunoflu-

(Continued on next page)
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�1, and IL-4) and inhibited the secretion of a proinflammatory cytokine (IFN-�) relative
to that in the control group (P � 0.01), and anti-Nrp-1 alleviated sepsis-induced immu-
nosuppression (P � 0.01). Acute kidney injury (AKI) is a common injury in sepsis.
Histology (Fig. 5h and i) revealed that CLP increased the infiltration of inflammatory
cells, tissue edema, and necrosis of renal tubular epithelial cells. Intravenous (i.v.)
injection of different concentrations of anti-Nrp-1 could gradually improve tissue
performance in sepsis-induced AKI. In particular, administration of anti-Nrp-1 at
5 mg/kg of body weight led to only mild infiltration of inflammatory cells in renal tissue.

DISCUSSION

Tregs are a negative immunomodulatory type of CD4� T lymphocyte. They must
maintain their own stability, adaptability, and immunomodulatory function throughout
their lives to suppress excessive inflammation and fatal autoimmunity (6–8). The
characteristic transcription factor Foxp-3 is an important determinant for Treg stability
(7). Therefore, the stability of Foxp-3 expression is also a key factor in determining the
dynamic equilibrium and homeostasis of the immune system. We and other scholars
have demonstrated that increased expression of Foxp-3 in Tregs is correlated positively
with the mortality of mice suffering from sepsis (9, 16). In the present study, we also
showed that sepsis meaningfully increased Foxp-3 expression in CD4� CD25� Tregs at
both the protein and gene levels. By use of CLP and subsequent Pseudomonas
aeruginosa lung infection in a mouse septic model, the stability of Nrp-1� Foxp-3� Tregs

was increased meaningfully during the early and late phases of murine sepsis (17).
Nrp-1 expression in anergic conventional CD4� T cells was associated with their ability
to differentiate into Foxp-3� Tregs that suppress disease in the immune system (18, 19).
We demonstrated that silencing of Nrp-1 expression or anti-Nrp-1 induction reduced
the Foxp-3 expression of CD4� CD25� Tregs in sepsis. Sema3A is a specific ligand of
Nrp-1 and has a key role in neuraxon development through the Sema3A–Nrp-1
signaling pathway (20). In LPS-induced AKI, Sema3A was found in tubular epithelial
cells and showed higher expression after LPS treatment (21). Anti-Sema3A antibodies
have been shown to improve survival in LPS-induced sepsis in mice (22). Toll-like
receptor (TLR) engagement can induce Sema3A expression, thereby completing an
“autocrine loop” in LPS-induced sepsis. Sema3A is expressed by activated T cells and
downmodulates T-cell activation in vitro (23). By use of a mouse model of collagen-
induced arthritis, Sema3A has been shown to increase the ability of CD4� NP-1� Tregs

to suppress the growth of CD4� T cells (24). We demonstrated that rSema3A treatment
further significantly upregulated the stability of CD4� CD25� Tregs, especially Foxp-3
expression, at the protein and gene levels, over that seen with LPS-induced sepsis
alone. Silencing of Nrp-1 expression or anti-Nrp-1 induction had helped to weaken the
effect of LPS with or without an rSema3A-mediated effect. Treg stability is also reflected
in stable expression of surface markers (e.g., CTLA-4) and cytokines (e.g., IL-10, TGF-�1)
that have a negative immunomodulatory role, the ability to resist apoptosis, and a stable
immunosuppressive effect on CD4� T lymphocytes and other immune cells (6, 25, 26).
Knockdown of Nrp-1 expression in splenic CD4� CD25� Tregs (by transfection with sh-Nrp-1
using lentiviral infection) or anti-Nrp-1 induction resulted in significant decreases in the
expression of CTLA-4, IL-10, and TGF-�1 at the protein and gene levels, an increase in
apoptosis, and a decrease in the immunosuppressive effect on CD4� T lymphocytes.

The stability of Tregs, including the stability of Foxp-3 expression and the negative
immunosuppression function of Tregs, is dependent on the methylation status of
foxp3-TSDR (27). Tregs are more stable with an increase in demethylation in this region.

FIG 3 Legend (Continued)
orescence images of Foxp-3 (b, e) and CTLA-4 (c, e) expression at the protein level, the apoptotic level of CD4� CD25� Tregs

(d, e), the secretion levels of IL-10 and TGF-�1 (f), the proliferation of CD4� CD25– T cells when cocultured with CD4� CD25�

Tregs (g), and the methylation of foxp3-TSDR (h, i). (e, i) 1: control; 2: LPS; 3: LPS � IKK�; 4: LPS � sh-control; 5: LPS � sh-IKK�
� rSema3A; 6: LPS � sh-control � rSema3A. Data are presented as means � SD (n, 4 per group). Asterisks indicate
significance (*, P � 0.05; **, P � 0.01) by one-way ANOVA.
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FIG 4 Treatment with PDTC reduced the mRNA expression of foxp3, ctla4, and tgf-�1 in CD4� CD25� Tregs stimulated with LPS
with or without rSema3A (a). Shown are statistical figures and representative immunofluorescence images of Foxp-3 (b, e) and

(Continued on next page)
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This region specifically is demethylated completely in stable Tregs but is heavily
methylated in all other types of blood cells (27, 28). The high demethylation of
foxp3-TSDR ensures the stability of Foxp-3 expression and the negative immunosup-
pression function of Tregs (27). Using a new methylation-sensitive real-time reverse
transcription-quantitative PCR (RT-qPCR) method and deep amplicon sequencing,
Tatura and colleagues demonstrated that natural Tregs and most induced Tregs were
stable and exhibited demethylated foxp3-TSDR and that both Treg populations were
functionally suppressive in healthy mice and mice suffering from sepsis (17). In the
present study, we also found that LPS-induced sepsis alone or with rSema3A mean-
ingfully decreased the methylation status of foxp3-TSDR in CD4� CD25� Tregs and
increased the demethylation of foxp3-TSDR. We demonstrated that knockdown of Nrp-1
expression or anti-Nrp-1 induction resulted in a significant decrease in the demethyl-
ation of foxp3-TSDR and that these treatments could abolish the effects of LPS with or
without rSema3A treatment.

Studies have demonstrated that the NF-�B signaling pathway and its transcription
factors, in particular the canonical signaling subunits IKK�, c-Rel, and P65 (RelA), are
important in Treg biology, including Treg differentiation in the thymus gland, and that
they maintain their own peripheral stability and have a stable negative immunomodu-
latory function (29–31). Although NF-�B has been reported to bind to the regulatory
sequence of foxp3 and to have a complex interaction with foxp3, few studies have
shown that NF-�B contributes to the stability of Tregs in sepsis. Using TLR4�/� mice and
CLP-induced sepsis, we found that sepsis-induced increases in the quantity and activity
of Tregs were attenuated under urinary tract infection (UTI) treatment, but not in
TLR4�/� mice, and that this effect could be attributed to the TLR4/NF-�B signaling
pathway (9). P65 is critical for the acquisition of the effector state of Tregs independently
of the surrounding inflammatory environment. Unexpectedly, P65-deficient Tregs also
displayed reduced stability, and cells that lost Foxp-3 produced inflammatory cytokines
(30). Mice with a knockout of either Ubc13, an E2 ubiquitin ligase activating IKK�, or
IKK� itself in Tregs developed a spontaneous autoimmune syndrome, associated with
the conversion of Tregs into effector-like T cells and a reduction in Treg survival (31). We
also showed that sepsis meaningfully increased the DNA-binding activity of NF-�B, as
well as the p-IKK�/IKK� and p-P65/P65 ratios in vitro and in vivo. Silencing of IKK�

expression or PDTC treatment suppressed the stability of CD4� CD25� Tregs in LPS-
induced sepsis. Several Nrp-1 ligands, including tuftsin and MY1340, can regulate down-
stream NF-�B signaling pathway by binding Nrp-1 to regulate tumor growth (32). We
demonstrated that silencing of Nrp-1 expression or anti-Nrp-1 induction reduced the
DNA-binding activity of NF-�B, as well as the p-IKK�/IKK� and p-P65/P65 ratios, in sepsis
and that they could simultaneously reverse induction by LPS and block the effect of
rSema3A.

Conclusions. Silencing of Nrp-1 expression or anti-Nrp-1 treatment could alleviate
sepsis-induced immunosuppression and AKI. This effect was related to a reduction in
the stability of CD4� CD25� Tregs via regulation of the NF-�B signaling pathway. We
propose a promising new target for treating the stability of CD4� CD25� Tregs, which
may reverse (at least in part) sepsis-induced immunosuppression.

MATERIALS AND METHODS
Animals and ethical statement. Inbred male C57BL/6J mice (6 to 8 weeks old; weight, 20 � 2 g;

catalog no. SCXK-Jing-2014-0004; Laboratory Animal Center of the Chinese Academy of Medical Sciences,
Beijing, China) were used. All procedures were undertaken in accordance with the Guide for the Care and
Use of Laboratory Animals (33). The study protocol was approved by the Scientific Investigation Board of
Tianjin Medical University General Hospital (TMUaMEC2014002) in Tianjin, China.

FIG 4 Legend (Continued)
CTLA-4 (c, e) expression at the protein level, the apoptotic level of CD4� CD25� Tregs (d, e), the secretion levels of IL-10 and TGF-�1
(f), the proliferation of CD4� CD25– T cells when cocultured with CD4� CD25� Tregs (g), and the methylation of foxp3-TSDR (h, i).
(e, i) 1: control; 2: LPS; 3: LPS � PDTC; 4: LPS � PDTC � rSema3A; 5: LPS � rSema3A. Data are presented as means � SD (n, 4 per
group). Asterisks indicate significance (*, P � 0.05; **, P � 0.01) by one-way ANOVA.
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Isolation of splenic CD4� CD25� Tregs. Spleens were harvested and prepared as single-cell
suspensions. Then they were subjected to Ficoll-Paque density gradient centrifugation (Nanjing KeyGen
Biotech, Nanjing, China). CD4� CD25� Tregs and CD4� CD25� T cells were isolated from mononuclear
cells using mouse CD4� CD25� Treg isolation kits (containing a 1-ml cocktail of biotin-conjugated

FIG 5 Treatment with anti-Nrp-1 reduced the mRNA expression of foxp3, ctla4, and tgf-�1 in CD4� CD25� Tregs in a sepsis model in mice (a). Shown are statistical
figures and representative immunofluorescence images of Foxp-3 (b, d) and CTLA-4 (c, d) expression at the protein level, the levels of secretion of IL-10, TGF-�1,
IFN-�, and IL-4 in serum (e), statistical figures and representative EMSA images of the DNA-binding activity of NF-�B (f, g), and the effects of anti-Nrp-1
(administered at different concentrations) on histopathological changes (magnification, �200) in the renal tissues of mice with CLP-induced sepsis (h, i). (d, g)
1: control; 2: LPS; 3: anti-Nrp-1(0.5 mg/Kg); 4: anti-Nrp-1(2.5 mg/Kg); 5: anti-Nrp-1(5 mg/Kg). Data are presented as means � SD (n, 4 per group). Asterisks indicate
significance (*, P � 0.05; **, P � 0.01) by one-way ANOVA.
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monoclonal antibodies against mouse CD8a, CD11b, CD45R, CD49b, and Ter-119, 2 ml of anti-biotin
microbeads, 1 ml of a phycoeryanate [PE]-conjugated mouse CD25 antibody, and 1 ml of anti-PE
microbeads) and a MiniMACS separator (both from Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. Isolated cells were cultured in RPMI 1640 medium (Nanjing
KeyGen Biotech, Nanjing, China) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis,
MO, USA).

Sepsis model. After the induction of anesthesia, a 0.5-cm incision was made on the abdomen of each
mouse, and the cecum was exposed. The area between the distal pole of the cecum and the ileocecal
junction was ligated. A single puncture was made through the cecum. The diameter of the puncture
needle was 0.6 mm, and it was used to induce CLP. The abdominal incision was closed using simple running
sutures. Mice were given 0.9% sterile saline solution (40 ml/kg of body weight, subcutaneously [s.c.]) after CLP.

Construction and transfection of shRNA targeting Nrp-1 and IKK�. The sequences of the shRNA
targeting Nrp-1 (5=-AACCAGACACAGCTTCTTCCCAGTATATTCAAGAGATATACTGGGAAGAAGCTGTGATCTG
TTTTTTC-3=) and IKK� (5=-GATCCAAGACTTGAATGGAACGGTGACTCGAGTCACCGTTCCATTCAAGTCTTTTTT
TG-3=) were designed by Sigma-Aldrich. A control shRNA duplex (Mission; Sigma-Aldrich) was used as the
negative control. Recombinant retroviruses were packaged using 293T cells by following the protocol of
the BD Retro-X universal packaging system (Clontech, Toyobo, Osaka, Japan). After 48 h, the supernatant
was collected and diluted serially. The supernatant containing the optimal concentration of viral particles
was used for knockdown experiments. Transfection was carried out using the ViraDuctin lentivirus
transduction kit (Cell Biolabs, San Diego, CA, USA).

CD4� CD25� Tregs were transduced with a sh-Nrp-1 or sh-IKK� vector according to manufacturer
protocols. The transfection efficiencies of sh-Nrp-1 and sh-IKK� in CD4� CD25� Tregs were evaluated by
RT-qPCR using a SYBR green PCR mixture. The sequences of the primers (forward and reverse, respec-
tively) used were as follows: 5=-ACACCCACTCCTCCACCTTT-3= and 5=-TTACTCCTTGGAGGCCATGT-3= for
the mouse glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH), 5=-AAAGGAAACTCACCCTAACT
GT-3= and 5=-TGGAATCTCGTGAAGCGAG-3= for mouse Nrp-1, and 5=-CGGGATCCGACCACCAGCCTGCCTA
CC-3= and 5=-CGGAATTCGTGGAACCCAGTATGAGTG-3= for mouse ikk�.

RT-qPCR amplification consisted of 1 min of denaturation at 95°C, followed by 40 cycles of 15 s at
95°C and 40 s at 60°C, and was done in a Sequence Detection System (Agilent Technologies, Santa Clara,
CA, USA).

Experimental design. In vitro, LPS (100 ng/ml; Escherichia coli 0111:B4; Sigma-Aldrich) induction was
used for sepsis simulation. Subsequently, splenic CD4� CD25� Tregs were seeded onto 96-well cell culture
plates (2 � 105 cells/well) and were treated first with anti-CD3e (5 �g/ml; BD Pharmingen, San Diego, CA,
USA) and anti-CD28 (2 �g/ml; BD Pharmingen) antibodies for polyclonal activation of T cells and then
with a recombinant Nrp-1 polyclonal antibody (10, 100, and 1,000 ng/ml; R&D Systems, Minneapolis, MN,
USA) for 24, 48, or 72 h. CD4� CD25� Tregs were transfected with sh-Nrp-1or sh-IKK� to silence Nrp-1 or
IKK� or were administered PDTC (Beyotime, Shanghai, China) at 25 �g/ml to inhibit NF-�B, followed by
rSema3A (300 ng/ml; BioVision, Heidelberg, Germany). In vivo, after creation of the sepsis model, different
concentrations of anti-Nrp-1 were administered (intravenously [i.v.]) immediately. Then the TSDR,
apoptosis rate, Foxp-3/CTLA-4/TGF-�1 expression, secretory capacity (IL-10, TGF-�1), and activity of the
NF-�B signaling pathway of CD4� CD25� Tregs were determined.

RT-qCR. Total RNA was purified from 1 � 106 cells/group using the NucleoSpin RNA II kit (Macherey-
Nagel, Düren, Germany) according to the manufacturer’s instructions. mRNA expression of foxp3/ctla4/
tgf-�1 was measured by RT-qPCR using a SYBR green PCR mixture. The sequences of the primers (forward
and reverse, respectively) used were as follows: 5=-CAGCTGCCTACAGTGCCCCTAG-3= and 5=-CATTTGCC
AGCAGTGGGTAG-3= for mouse foxp3, 5=-CGCAGATTTATGTCATTGATCC-3= and 5=-TTTTCACATAGACCCCT
GTTGT-3= for mouse ctla4, and 5=-AACAATTCCTGGCGTTACCTT-3= and 5=-GAATCGAAAGCCCTGTATTCC-3=
for mouse tgf-�1.

PCR amplification consisted of 1 min of denaturation at 95°C, followed by 40 cycles of 15 s at 95°C
and 40 s at 60°C, and was undertaken in a Sequence Detection System (Agilent Technologies).

Immunofluorescence analyses. The expression of Foxp-3 and CTLA-4 in CD4� CD25� Tregs was
examined by immunofluorescence microscopy (Olympus, Tokyo, Japan). CD4� CD25� Tregs were seeded
on glass coverslips, washed with phosphate-buffered saline (PBS; Nanjing KeyGen Biotech, Nanjing,
China), fixed in 4% paraformaldehyde (Nanjing KeyGen Biotech) for 30 min, and then incubated with
rabbit anti-mouse Foxp-3/CTLA-4 antibodies (Abcam, Cambridge, MA, USA) for 20 min at 4°C. The cells
were subsequently washed and incubated with fluorescein isothiocyanate (FITC)/allophycocyanin (APC)-
conjugated goat anti-rabbit IgG (Jackson, Southern Biotechnology Associates, and Molecular Probes) for
30 min at 4°C. For the determination of intranuclear Foxp-3 levels, CD4� CD25� Tregs were suspended in
1 ml of a fixation/permeabilization solution (eBioscience, San Diego, CA, USA) for 2 h at 4°C in the dark.
Immunofluorescence was assessed by immunofluorescence microscopy (Olympus). Data were collected
and processed with ImageJ (Bethesda, MD, USA).

ELISA. Supernatants or serum samples were collected for the measurement of IL-10, TGF-�1, IFN-�, and
IL-4 levels using enzyme-linked immunosorbent assay (ELISA) kits (ExCell Bio, Shanghai, China) strictly
according to manufacturer protocols. Pi (100 �l) was added to terminate the colorimetric reaction. Absor-
bance was read in a microplate reader (Spectra MR; Dynex Technologies, Chantilly, VA, USA) at 450 nm.
Concentration curves using standards for IL-10 and TGF-�1 were plotted from 0 pg/ml to 1,000 pg/ml.

TUNEL assay. We used a one-step terminal deoxynucleotidyl transferase (TdT) dUTP nick-end
labeling (TUNEL) apoptosis assay kit (detection of FITC-dUTP fluorescence; Solarbio, Beijing, China)
according to the manufacturer’s instructions. CD4� CD25� Tregs were fixed in 4% paraformaldehyde for
25 min. After a wash with PBS, 100 ml of proteinase K (20 pg/ml) was added dropwise to the samples,
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followed by incubation at room temperature for 5 min. After a wash with PBS, 100 ml of equilibration
buffer was added to the cells, which were then incubated for 30 min at room temperature. Finally, 50 ml
of TUNEL detection liquid was added dropwise to each sample, followed by incubation for 50 min at
37°C. Immunofluorescence was analyzed by immunofluorescence microscopy (Olympus). The emission
wavelength was 525 nm (green fluorescence). Data were collected and processed using ImageJ software.

MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Ameresco,
New York, NY, USA) was used to evaluate the proliferative ability of CD4� CD25– T cells. CD4� CD25�

Tregs, in each group, were cocultured with conventional CD4� CD25– T cells for 24 h at a 1:1 ratio. The
medium was removed and replaced with fresh medium. The assays were initiated by adding 10 ml of the
MTT reagent (10 mg/ml) to each well and incubating the cells for 4 h. Finally, the medium was removed,
and 100 ml of dimethyl sulfoxide (DMSO; Ameresco) was added to each well. The absorbance was read
in a microplate reader (Spectra MR; Dynex, Richfield, MN, USA) at a wavelength of 490 nm.

EMSA. CD4� CD25� Tregs were harvested, nuclear extraction was performed, and extracts were used
for the electrophoretic mobility shift assay (EMSA) (Thermo Scientific, Rockford, IL, USA). A biotin-3=-
end-labeled DNA oligonucleotide probe (forward, 5=-AGTTGAGGGGACTTTCCCAGGC-biotin-3=; reverse,
5=-GCCTGGGAAAGTCCCCTCAACT-biotin-3=) corresponding to the sequence of the NF-�B binding site
was incubated with the nuclear extracts. An anti-NF-�B p50 antibody was used to detect NF-�B activity
by DNA binding. To determine whether the shifted bands were specific for NF-�B, a mutated probe and
a biotin-free probe were used to perform EMSA. After incubation, both target and free DNA samples were
resolved on 5% polyacrylamide gels.

Western blot assay for p-IKK�/IKK� and p-P65/P65 ratios. CD4� CD25� Tregs were lysed in 1�
NuPAGE LDS lysis buffer (Life Technologies, Carlsbad, CA, USA) with or without phosphatase inhibitors
(Life Technologies) and were then incubated for 10 min at 95°C. The bicinchoninic acid (BCA) assay (Life
Technologies) was used to measure protein concentrations. Equal amounts of protein extracted from
CD4� CD25� Tregs were first separated by 10-to-15% SDS–PAGE (Boster, Wuhan, China) and then
transferred to nitrocellulose membranes. Membranes were blocked with 3% bovine serum albumin (BSA;
Boster) for 2 h at room temperature and then incubated overnight at 4°C with primary antibodies (1:1,000
dilution) against p-IKK�, IKK�, p-P65, and P65 (Abcam, Shanghai, China). The membranes were then
incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (Abcam)
secondary antibodies at room temperature for 1.5 h. Data were collected and processed using the
LabWorks imaging and analysis system (UVP, CA, USA).

Methylation-specific qPCR. The methylation of foxp3-TSDR was determined by methylation-specific
qPCR as described by Tatura and colleagues (17).

Histology. Renal tissues were collected and fixed in 4% formaldehyde for 48 h and were then
transferred in 70% ethanol. Paraffin-embedded sections were cut, stained with hematoxylin and eosin
(H&E), and then blindly analyzed by light microscopy (magnification, �200; Olympus, Tokyo, Japan).

Statistical analysis. Data are presented as means � standard deviations (SD). Data were analyzed by
one-way analysis of variance (ANOVA) (n, 4 per group) using SPSS Statistics, version 24 (IBM, Armonk, NY,
USA). The Student-Newman-Keuls test was used to evaluate the significance of differences between two
groups. A P value of �0.05 or �0.01 was considered significant.

Data availability. The data that support the findings of this study are available from the corre-
sponding authors upon reasonable request.
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