
Adoptive transfer of bone marrow-derived dendritic cells decreases

inhibitory and regulatory T-cell differentiation and improves
survival in murine polymicrobial sepsis

Hong-Wei Wang,1 Wen Yang,2 Lei

Gao,3 Jia-Rui Kang,1 Jia-Jian Qin,1

Yue-Ping Liu4 and Jiang-Yang Lu1

1Department of Pathology, the First Affiliated

Hospital, Chinese PLA (People’s Liberation

Army) General Hospital, Beijing, 2Department

of Gynaecology and Obstetrics, Chinese PLA

General Hospital, Beijing, 3Department of

Pharmacy, the First Affiliated Hospital, Chi-

nese PLA General Hospital, Beijing, and
4Department of Pathology, the Fourth Hospi-

tal of Hebei Medical University, Shijiazhuang,

China

doi:10.1111/imm.12423

Received 19 August 2014; revised 12

October 2014; accepted 04 November 2014.

Correspondence: Dr Jiang-Yang Lu,

Department of Pathology, the First Affiliated

Hospital, Chinese PLA General Hospital,

Beijing 100048, China.

Email: Jiang_yanglu@163.com

and

Dr Yue-Ping Liu, Department of Pathology,

the Fourth Hospital of Hebei Medical Uni-

versity, Shijiazhuang 050011, China.

Email: annama@163.com

Senior author: Hong-Wei Wang

Email: whw6626@sina.com

Summary

A decrease in the number of dendritic cells (DCs) is a major cause of

post-sepsis immunosuppression and opportunistic infection and is closely

associated with poor prognosis. Increasing the number of DCs to replen-

ish their numbers post sepsis can improve the condition. This therapeu-

tic approach could improve recovery after sepsis. Eighty C57BL/6 mice

were subjected to sham or caecal ligation and puncture (CLP) surgery.

Mice were divided into four groups: (i) Sham + vehicle, (ii) Sham + DC,

(iii) CLP + vehicle, and (iv) CLP + DC. Bone-marrow-derived DCs

(BMDCs) were administered at 6, 12 and 24 hr after surgery. After

3 days, we assessed serum indices of organ function (alanine aminotrans-

ferase, aspartate aminotransferase, creatinine, amylase and lipase), organ

tissue histopathology (haematoxylin and eosin staining), cytokine [inter-

feron-c (IFN-c), tumour necrosis factor-a, interleukin-12p70 (IL-12p70),

IL-6 and IL-10] levels in the serum, programmed death-1 (PD-1) expres-

sion on T cells, regulatory T-cell differentiation in the spleen, and the

survival rate (monitored for 7 days). BMDC transfer resulted in the fol-

lowing changes: a significant reduction in damage to the liver, kidney

and pancreas in the CLP-septic mice as well as in the pathological

changes seen in the liver, lung, small intestine and pancreas; significantly

elevated levels of the T helper type 1 (Th1) cytokines IFN-c and IL-

12p70 in the serum; decreased levels of the Th2 cytokines IL-6 and

IL-10 in the serum; reduced expression of PD-1 molecules on CD4+ T

cells; reduced the proliferation and differentiation of splenic suppressor

T cells and CD4+ CD25+ Foxp3+ regulatory T cells, and a significant

increase in the survival rate of the septic animals. These results show

that administration of BMDCs may have modulated the differentiation

and immune function of T cells and contributed to alleviate immuno-

suppression, hence reducing organ damage and mortality post sepsis.

Hence, the immunoregulatory effect of BMDC treatment has potential

for the treatment of sepsis.
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Introduction

Sepsis caused by trauma, shock and infection is the

leading cause of death among critically ill patients. It is

difficult to treat, has a high mortality rate, and poses a

challenge to practitioners of emergency medicine world-

wide. The mechanism underlying sepsis is complex.

Since the 1970s, an excessive inflammatory response has

been considered the major cause. However, extensive

anti-inflammatory therapy has neither improved the situ-

ation nor decreased the mortality rate; it may have even

led to treatment failure.1 It is now generally agreed that,

during the early stages of sepsis, the body combats the

infection by secreting large amounts of pro-inflammatory
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cytokines, such as tumour necrosis factor-a (TNF-a)
and interleukin-1b (IL-1b), which in turn induce the

overriding systemic inflammatory response syndrome.

The body then reacts to counter this excessive response

through innate mechanisms. The aberrant development

of this anti-inflammatory response causes immunosup-

pression, which increases vulnerability to unavoidable

opportunistic infections and eventually leads to multiple

organ damage and death.2

Dendritic cells (DCs) are unique cells capable of acti-

vating naive T lymphocytes. They are potent profes-

sional antigen-presenting cells, the main activators of

the T-cell immune response, and the bridge connecting

the innate and adaptive immune responses.3 In recent

years, animal models and clinical studies have shown

that the excessive inflammatory response in sepsis

results in massive apoptosis-induced depletion of DCs,

wherein the number of mature and activated DCs

decreases significantly. Hence, the immune functions of

DCs, namely antigen presentation and activation of T-

lymphocyte proliferation and differentiation, are also

compromised, which eventually results in suppression of

the adaptive immune response.4–6 The decrease in the

number of DCs is an important cause of post-sepsis

immunosuppression and opportunistic infection, and it

is closely associated with an unsatisfactory prognosis in

sepsis.7,8 Therefore, replenishing the number of DCs

during sepsis has potential as an immunoregulatory

treatment for sepsis.

Toliver-Kinsky et al.9 increased the production of DCs

by administering Flt3 ligand (Flt3L) and subsequently

decreased infection in burn wounds and mortality rates

in burn-sepsis models. Their study further showed that

Flt3L could promote DC function by improving local

and systemic adaptive immune responses, thereby effi-

ciently preventing opportunistic infection and sepsis in

burn victims.10 In a previous study, we administered

continuous injections of Flt3L to increase the number of

lung DCs, which resulted in a significant reduction in

lung damage in severe sepsis models, improved lung

function, and a decreased mortality rate in experimental

animals.11 However, Flt3L might influence the prolifera-

tion and differentiation of other immunocytes, besides

DCs. Hence, our previous study did not illustrate a

direct relation between the decreased number of DCs

and severe sepsis-induced immunosuppression and organ

damage.

To address this issue, bone marrow cells from naive

mice were induced in vitro to differentiate to bone-mar-

row-derived DCs (BMDCs). The BMDCs were adminis-

tered to caecal ligation and puncture (CLP) septic mice.

The effects of this treatment on T-cell differentiation and

inflammatory responses as well as on the therapeutic out-

come were determined to provide evidence that targeting

DCs provides successful immunotherapy for sepsis.

Materials and methods

Animals

Adult male C57BL/6 (I-Ab MHC class II) mice

(6–8 weeks old; 22–25 g) were purchased from the Labo-

ratory Animal Centre, Beijing, China. The animals were

allowed to acclimatize for at least 7 days before use in

experiments. They were housed in a controlled environ-

ment and provided with standard rodent chow and water,

but were fasted overnight before experiments. Animal

care complied with Chinese regulations (SYXK2002-006)

for the protection of animals used for experimental and

other scientific purposes.

Cell preparation

The preparation of BMDCs was described previously.12

Briefly, DCs were prepared by culturing bone marrow

(BM) cells obtained from C57BL/6 naive mice at 37° in a

5% CO2 atmosphere. BM cells were flushed from the

femurs and tibias. After lysis of red blood cells, whole

BM cells were cultured in complete medium containing

murine granulocyte–macrophage colony-stimulating fac-

tor (400 U/ml; PeproTech, Rocky Hill, NJ), IL-4 (200 U/

ml; PeproTech) and 10% fetal bovine serum.

The culture medium was changed after 4 days of cul-

turing, and lipopolysaccharide (1 lg/ml; Escherichia coli

0111:B4; Sigma, St Louis, MO) was added to the medium

and incubated for 2 days. The cells were then pelleted,

resuspended in the complete medium, and incubated for

20 min at 4°, after which the adherent cells were

removed. The cells were resuspended and counted, and

the concentration was adjusted. The harvested cells were

collected into a syringe at 5 9 106 cells per 200 ll for

later use.

CLP model

Mice were subjected to sham or CLP surgery as previ-

ously described.13 Briefly, mice were anaesthetized with

pentobarbital (40 mg/kg, intraperitoneally), a small

abdominal midline incision was made, and the caecum

was exposed. The caecum of CLP mice was mobilized,

ligated and punctured through both surfaces once with a

22-gauge needle. The abdomen was then closed. Mice

were divided randomly into four groups (20/group) as

follows. (i) Sham + vehicle: Sham mice were given intra-

peritoneal (i.p.) injections of 200 ll of the saline solution

used for BMDCs. (ii) Sham + DC: Sham mice received

i.p. injections of 5 9 106 BMDCs at 6, 12 and 24 hr after

surgery. (iii) CLP + vehicle: CLP mice were given i.p.

injections of the saline solution used for BMDCs. (iv)

CLP + DC: CLP mice were given i.p. injections of

5 9 106 BMDCs at 6, 12 and 24 hr after surgery.
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Mice were killed 3 days after surgery. The blood, liver,

lung and spleen were harvested for the assessment of

organ injury, T-cell subsets and inflammatory factors, as

described below. In another set of experiments, mice (20/

group) were randomly divided as described above, and

their mortality was monitored for up to 7 days after

sham or CLP surgery and vehicle or BMDC transfer.

Quantification of organ function and injury

Blood samples were centrifuged (1610 g for 3 min at

room temperature) to separate the serum. All serum sam-

ples were stored frozen and were analysed within 24 hr

by a veterinary clinical laboratory using standard labora-

tory techniques. Liver injury was assessed by measuring

changes in serum alanine aminotransferase (ALT; a spe-

cific marker for hepatic parenchymal injury) and aspar-

tate aminotransferase (AST; a non-specific marker for

hepatic injury). Renal dysfunction was assessed by mea-

suring the rise in serum creatinine (an indicator of

reduced glomerular filtration rate and hence of renal fail-

ure). In addition, serum levels of amylase and lipase were

determined as measures of pancreatic injury.

Light microscopy

For histological examination, tissue slices of the lung,

liver, small intestine and pancreas were fixed in 10% for-

malin and then placed in fresh formalin for an additional

24 hr. Paraffin-embedded tissue was prepared using rou-

tine histological techniques, and 5-lm-thick sections were

stained with haematoxylin and eosin (H&E) for light

microscopy analysis. H&E-stained tissue sections were

evaluated by two senior pathologists who were blinded to

the experimental conditions. Images were captured with

an Olympus BX40F microscope (Olympus, Melville, NY),

and digital photographs were obtained with a Sony 3CCD

colour video camera (Sony, Tokyo, Japan).

Cytokine testing

Serum levels of interferon-c (IFN-c), TNF-a, IL-12p70,

IL-6 and IL-10 were determined using a cytometric bead

array (BD Biosciences, Mountain View, CA). Testing

standards and cytometric capture bead assays were pre-

pared according to the instructions provided in the kit

manual. Samples were acquired and analysed using a

FACSCalibur flow cytometer (BD Biosciences). Data

analysis was performed using the cytometric bead array

software (BD Biosciences).

Flow cytometry analysis

The spleens were cut into pieces with scissors, ground, then

filtered through a 200-mesh stainless steel screen to remove

blood cells for the preparation of the mononuclear cell sus-

pension. The cell concentration was adjusted to

1 9 106 cells/ml with RPMI-1640 medium (containing

10% fetal bovine serum). Cells in one replicate tube of the

mononuclear cell suspension were added to allophycocya-

nin-labelled anti-mouse CD3e, FITC-labelled anti-mouse

CD4, Peridinin chlorophyll protein-labelled anti-mouse

CD8a and phycoerythrin-labelled anti-mouse programmed

death-1 (PD-1, CD279) antibodies and incubated for

30 min at 4° before flow cytometry analysis. Mononuclear

cells from the other replicate tube were mixed with FITC-

labelled anti-mouse CD4 and Peridinin chlorophyll

protein-Cy5.5-labelled anti-mouse CD25 antibodies and

incubated for 15 min at room temperature in the dark.

Membranes were permeabilized with a permeabilization

medium, after which the cells were resuspended in PBS,

added to allophycocyanin-labelled anti-mouse Foxp3 anti-

body, incubated for 30 min at 4°, and analysed using flow

cytometry.

All antibodies and IgG isotypes were purchased from

BD Pharmingen (San Diego, CA). A FACSCalibur cell

sorter (BD Biosciences) was used for data acquisition,

and FLOWJO software (Tree Star Inc., Ashland, OR) was

used for data analysis.

Statistical analysis

The results were presented as the mean � standard devia-

tion (SD). Group differences were compared by one-way

analysis of variance. When a significant difference was

found, multiple comparisons were made using the Bon-

ferroni method with type I error adjustment. In a sepa-

rate set of experimental mice, mortality rates among the

four groups at each time-point were compared using

Fisher’s exact test. Bonferroni’s method was used to

adjust for multiple comparisons if the overall mortality

rates were significantly different. In experiments involving

histology or flow cytometry, the figures shown are repre-

sentative of at least three experiments performed on dif-

ferent days. All statistical assessments were two-sided, and

P-values < 0�05 were considered significant. Statistical

analyses were performed using SPSS 15�0 statistics soft-

ware (SPSS Inc., Chicago, IL).

Results

BMDC transfer ameliorates impaired organ function
caused by CLP

Organ damage in the liver, kidney and pancreas of the

experimental animals was assessed in terms of changes in

the serum levels of ALT, AST, creatinine, lipase and amy-

lase in the experimental mice. On the third day after CLP

surgery, there was no significant change in the serum lev-

els of ALT, AST, creatinine, lipase and amylase in the
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Sham groups. Compared with levels in the Sham + vehicle

group, the serum levels of ALT, AST, lipase, amylase and

creatinine were higher in the CLP + vehicle group (AST

and creatinine P < 0�01; ALT, lipase and amylase

P < 0�05). Compared with levels in the CLP + vehicle

group, the serum levels of ALT, AST, creatinine and amy-

lase were lower in the CLP + DC group (ALT, AST and

amylase P < 0�05; creatinine P < 0�01), and the serum level

of lipase was also slightly lower (P > 0�05) (Fig. 1a–e).
These results demonstrate that BMDC treatment reduced

damage in the liver, kidney and pancreas in the CLP-sepsis

mouse model.

BMDC transfer reduces histological organ injury
caused by CLP

We histologically examined the effect of BMDC transfer

on organ injury 3 days after sham or CLP surgery and

vehicle or BMDC transfer using H&E-stained tissue sec-

tions (representative photomicrographs are shown in

Fig. 2). No evident pathological changes in the lung, liver,

small intestine or pancreatic tissues were observed in the

Sham groups. When compared with the Sham + vehicle

group (data not shown), the CLP + vehicle group exhib-

ited significant pathological organ changes, including

pulmonary interstitial oedema; capillary tube expansion,

hyperaemia and haemorrhage in alveolar cavities; partial

collapse of the pulmonary alveolus; a significant decrease

in pulmonary ventilation (Fig. 2ai); necrosis and exfolia-

tion of small intestinal villi; extensive and acute inflam-

matory cell infiltrates in intestinal mucosa; interstitial

oedema in the intestinal wall (Fig. 2bi); focal degenera-

tion and extensive inflammatory cell infiltration in hepa-

tic tissues (Fig. 2ci); and focal degeneration and necrosis

in pancreatic tissues (Fig. 2di). The pathological changes

in the organs of the CLP + DC group were less severe

than those in the CLP + vehicle group: the extent of pul-

monary interstitial oedema; decrease in pulmonary venti-

lation; and necrosis of small intestinal villi, hepatic cells

and pancreatic acinar cells were all markedly reduced

(Fig. 2, aii–dii). These results demonstrate that BMDC

treatment efficiently reduced pathological damage to the

lung, liver, small intestine and pancreas in the CLP-sepsis

mouse model.

Effect of BMDC transfer on cytokine levels in the
serum following CLP

Serum levels of individual cytokines are indicative of

the existing balance between pro-inflammatory and
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Figure 1. Effect of bone-marrow-derived den-

dritic cell (BMDC) transfer on organ function

and injury. Blood samples were obtained from

mice 3 days after sham or caecal ligation and

puncture (CLP) surgery and vehicle or BMDC

transfer. Using standard laboratory techniques,

the samples were tested for: (a) alanine amino-

transferase (ALT), (b) aspartate aminotransfer-

ase (AST), (c) creatinine, (d) amylase and (e)

lipase. The results are presented as the

mean � SD (n = 5 for each group). Error bars

indicate the SD. *P < 0�05; **P < 0�01.
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anti-inflammatory reactions. As shown in Table 1, the

serum levels of IFN-c, TNF-a, IL-12p70, IL-6 and IL-10

determined 3 days after surgery in the two Sham groups

were not significantly different (all P > 0�05). The serum

levels of the pro-inflammatory cytokines IFN-c and IL-

12p70 and the anti-inflammatory cytokines IL-6 and IL-10

were higher in the CLP + vehicle group than in the

Sham + vehicle group (all P < 0�05). The levels of IFN-c
and IL-12p70 were higher in the CLP + DC group than in

the CLP + vehicle group (both P < 0�05); the levels of

TNF-a were slightly higher in the CLP + DC group than in

the CLP + vehicle group, although the difference was not

statistically significant (P > 0�05). The levels of IL-6 and

IL-10 in the CLP + DC group were significantly lower than

those in the CLP + vehicle group (both P < 0�05).

Effect of BMDC transfer on regulatory T-cell
differentiation

Regulatory T (Treg) cells play a major role in sup-

pressing immune reactivity in infectious disease and

injury. The differentiation of splenic CD4+

CD25+ Foxp3+ Treg cells was analysed by flow cytom-

etry. Mononuclear cells were gated based on their size

and particles within the FSC and SSC plots (Fig. 3a,

R1), after which CD4+ T cells were gated (Fig. 3a,

R2) to determine the percentage of CD4+

CD25+ Foxp3+ Treg cells (Fig. 3b, R3). The percent-

age of CD4+ CD25+ Foxp3+ Treg cells was signifi-

cantly higher (P < 0�01) in the CLP + vehicle group

than in the Sham + vehicle group. The percentage of

(a i) (a ii)

(b i) (b ii)

(c i) (c ii)

(d i) (d ii)

Figure 2. Pathological damage in organs. Tis-

sue samples taken 3 days after surgery were

prepared by routine histological techniques

and stained with haematoxylin & eosin (H&E)

for light microscopy analysis. Lung (a i), small

intestine (b i), liver (c i), and pancreatic (d i)

sections from mice in the caecal ligation and

puncture (CLP) + vehicle group. Lung (a ii),

small intestine (b ii), liver (c ii), and pancreatic

(d ii) sections from mice in the CLP + den-

dritic cell (DC) group. The extent of pulmo-

nary interstitial oedema; decrease in

pulmonary ventilation; and necrosis of liver

cells, small intestine villi and pancreatic acinar

cells were all markedly reduced in the

CLP + DC group, relative to damage in the

CLP + vehicle group. Original magnification:

9 400. Figures are representative of results

from each experimental group.
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CD4+ CD25+ Foxp3+ Treg cells was significantly lower

(P < 0�01) in the CLP + DC group than in the

CLP + vehicle group (Fig. 3c). These results show that

BMDC treatment reduced the proliferation and differ-

entiation of splenic CD4+ CD25+ Foxp3+ Treg cells in

the CLP-sepsis mouse model.

Table 1. Serum cytokine concentrations determined 3 days after surgery1

Groups IL-6 IFN-c TNF-a IL-12p70 IL-10

Sham + vehicle 18�5 � 5�4 75�8 � 21�2 32�3 � 13�5 82�8 � 25�5 40�1 � 20�2
Sham + DC 20�1 � 7�8 91�1 � 32�2 35�5 � 16�6 92�1 � 24�8 32�3 � 12�6
CLP + vehicle 43�2 � 16�8* 115�6 � 41�2* 42�1 � 21�4 110�1 � 36�7* 128�8 � 44�1*
CLP + DC 26�3 � 15�7** 136�5 � 44�7** 54�1 � 18�4 135�1 � 32�7** 50�4 � 30�9**

CLP, caecal ligation and puncture; DC, dendritic cell; IFN-c, interferon-c; IL-6, interleukin-6; TNF-a, tumour necrosis factor-a.
1Values represent the mean � SD, n = 5 for each group; units: pg/ml.

*P < 0�05, CLP + vehicle versus Sham + vehicle.

**P < 0�05, CLP + DC versus CLP + vehicle.
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Figure 3. Effect of bone-marrow-derived dendritic cell (BMDC) transfer on regulatory T-cell differentiation. Spleen mononuclear cells were
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The percentage of positive cells was determined by flow cytometry. Representative dot plots showing spleen mononuclear cells (a, R1), CD4+

T-cell subsets (a, R2), CD4+ CD25+ Foxp3+ regulatory T (Treg) cells (b, R3), and the percentage of CD4+ CD25+ Foxp3+ Treg cells (c). Error

bars indicate the SD. **P < 0�01.
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Effect of BMDC transfer on inhibitory T-cell
differentiation

PD-1 is expressed on lymphocytes, particularly T cells,

and is an inducible negative regulator of T-cell activity.

The expression of PD-1 on splenic T cells was analysed

with flow cytometry. Mononuclear cells were gated based

on their size and particles within the forward scatter

(FSC) and side scatter (SSC) plots, after which the CD3e-
positive T cells in the mononuclear cells were gated to

determine the percentage of CD4+ PD-1+ (Fig. 4a, R1)

and CD8+ PD-1+ T cells (Fig. 4b, R2) among the CD3+

T cells. Relative to percentages in the Sham + vehicle

group, the percentages of CD4+ PD-1+ and CD8+ PD-1+

T cells increased significantly (all P < 0�01) in the

CLP + vehicle group. Relative to the percentage in the

CLP + vehicle group, the percentage of CD4+ PD-1+ T

cells decreased significantly (P < 0�01) in the CLP + DC

group, while the percentage of CD8+ PD-1+ T cells also

decreased, but not significantly (P > 0�05) (Fig. 4c,d).

These results show that BMDC treatment reduced the

expression of PD-1 on T cells, particularly on CD4+ T

cells, and reduced the differentiation of suppressor T

cells.

Effect of BMDC transfer on CLP-induced mortality

As described in the Materials and methods section, an

additional 80 mice were divided into the four treatment

groups (20 mice/group) and monitored for mortality for

up to 7 days after sham or CLP surgery and vehicle or

BMDC transfer. In the two sham groups (vehicle or

BMDC transfer), all mice survived until the end of the

observation period. Fatality in mice from the CLP + vehi-

cle group was observed on day 1, and only 30% of the
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mice survived to day 7. On the other hand, the survival

rate of mice in the CLP + DC group was 60% on day 7,

and the mortality rate from day 3 to day 7 in this group

was much lower than that in the CLP + vehicle group

(all P < 0�05) (Fig. 5). Hence, BMDC transfer markedly

increased the survival rate in the CLP-sepsis mouse

model.

Discussion

The current study demonstrated that on day 3 after the

onset of sepsis (the most severe stage observed in the

mouse model), when the host displayed an excessive

inflammatory response, there were significant pathological

changes or dysfunction in the lung, liver, kidney, small

intestine and pancreas. The expression of the negative

regulator PD-1 on T cells increased, and the differentia-

tion of CD4+ CD25+ Foxp3+ Treg cells also increased sig-

nificantly at the same time. These changes contributed to

the suppressed immune reaction. After the administration

of BMDCs to CLP-sepsis mice, the levels of the T helper

type 1 (Th1) cytokines IFN-c and IL-12p70 increased,

while the levels of the Th2 cytokines IL-6 and IL-10

decreased significantly. More importantly, the expression

of the immune suppressor molecule PD-1 on T cells

decreased significantly, particularly on the CD4+ T cells.

The differentiation of suppressor T cells was then reduced

significantly, as were the proliferation and differentiation

of CD4+ CD25+ Foxp3+ Treg cells, which alleviated path-

ological changes and organ damage and markedly

increased the survival rate.

Because DCs bridge the innate and adaptive immune

responses, a decrease in DCs can suppress the immune

response. Studies have shown that apoptosis is the major

cause of the decrease in mature DCs during sepsis,

wherein the antigen-presenting function of DCs as well as

their promotion of T-lymphocyte proliferation and acti-

vation both decrease, so further inducing the suppression

of the adaptive immune response, which is closely associ-

ated with poor prognosis after sepsis. Guisset et al.7

noticed a decrease in circulating blood DCs in patients

with sepsis and much higher DC numbers in survivors of

sepsis than in deceased patients. Scumpia et al.14 depleted

CD11c+ DCs in mice by injecting diphtheria toxin, which

blocked the expression of the CD11c gene, and found that

mortality was significantly higher than in normal mice.

Therefore, maintaining an adequate number of DCs plays

a critical role in improving recovery after sepsis and

increasing the survival rate.

In this study, we used a murine CLP-sepsis model

because it is the most widely used model for experimental

sepsis and is currently considered the gold standard in

sepsis research. In this model, sepsis originates from a

polymicrobial infectious focus within the abdominal cav-

ity. This is followed by bacterial translocation into the

blood compartment, which then triggers a systemic

inflammatory response.13 Related research has shown that

the numbers of CD11c+ DCs in the spleen and lymph

nodes of the CLP-sepsis model mice decrease significantly

between 12 and 36 hr, a peak phase of animal mortal-

ity.15,16 In the current study, injection of BMDCs into

mice at 6, 12 and 24 hr efficiently replenished the num-

ber of DCs and so reduced the extent of sepsis-induced

organ damage, increased the survival rate and achieved

good clinical outcome.

The host immune response during sepsis is not a sim-

ple excessive inflammatory reaction. Research has shown

that over 80% of patients with sepsis who survive the

early stage of the disease eventually die of a secondary

infection caused by the immunosuppressed state.17 In

laboratory tests, immunosuppression was observed in

patients with sepsis as significantly increased levels of

IL-10 in blood plasma, compromised T-cell function,

and massive depletion of immunocytes, all of which

were indicative of the negative regulation of the immune

response during the development of sepsis.18 In addition

to the decrease in DC number, DC functions also chan-

ged in patients with sepsis. Research has shown that the

production of the pro-inflammatory cytokine IL-12 by

DCs decreases significantly during sepsis, while the pro-

duction of the anti-inflammatory cytokine IL-10

increases significantly. This pushes the Th1/Th2 balance

towards Th2-produced anti-inflammatory cytokines such

as IL-4, IL-10 and IL-13, which enhance immunosup-

pression.19 The current study using the CLP-sepsis

model showed that the levels of the pro-inflammatory

cytokines IFN-c, TNF-a and IL-12p70 in the serum

increased on day 3 and that an excessive inflammatory

response existed. Meanwhile, the levels of IL-6 and IL-10
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Figure 5. Effect of bone-marrow-derived dendritic cell (BMDC)

transfer on caecal ligation and puncture (CLP) -induced mortality.

Mortality in the different experimental groups (20 mice/group) was

monitored for up to 7 days. The survival rate for the CLP + DC

group was significantly higher than that for the CLP + vehicle

group. *P < 0�05, CLP + vehicle versus Sham + vehicle/DC;
†P < 0�05, CLP + DC versus CLP + vehicle.
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increased significantly, moving the Th1/Th2 balance

towards Th2, which induced anti-inflammatory reactions

and immunosuppression.

Recent studies have shown that the number of DCs

decreases significantly during the course of sepsis and that

DCs appear to induce immune tolerance under the influ-

ence of apoptotic cell antigens, so promoting the prolifer-

ation and differentiation of Treg cells and suppressor T

cells, the major cause of immunodeficiency.20,21 PD-1 is

expressed on lymphocytes, particularly T cells, and is an

inducible negative regulator of T-cell activity. Ligation of

PD-1 by its ligand PD-L1 induces a co-inhibitory signal

in activated T cells and promotes T-cell apoptosis, anergy

and functional exhaustion.22,23 Huang et al.24 reported

that abdominal bacterial clearance in PD-1�/� septic mice

was much higher than in wild-type mice. Additionally,

the anti-PD-1 antigen enhanced the expression of an

apoptosis-suppressing gene (Bcl-xL) and reduced T-cell

apoptosis during sepsis.25 Zhang et al.26 showed that

expression of PD-1 on T cells and PD-L1 on monocytes

was up-regulated in septic mice. Therefore, an effective

blockade of PD-1 and PD-L1 could reduce the mortality

rate.

Treg cells are a subset of lymphocyte T cells with nega-

tive-regulatory functions. The proliferation of Treg cells is

closely associated with sepsis-induced immunosuppres-

sion. Monneret et al.27 first observed that sepsis increases

CD4+ CD25+ T cells in the peripheral blood of septic

patients. Scumpia et al.,28 in a murine model of polymi-

crobial sepsis, observed an increased percentage of Treg

cells in the spleen in comparison with sham mice. Here,

although the absolute number of Treg cells was not chan-

ged after sepsis, the cells did express a higher level of

Foxp3 mRNA, and they were more efficient than the Treg

cells from sham mice in altering the proliferative capacity

of effector T cells. In a similar study, Wisnoski et al.

observed that polymicrobial sepsis was associated with an

increased percentage of Treg cells in blood and spleen

and with an increase in Foxp3 expression in the spleen.

This increase was not present in IL-10-deficient mice,

whereas it was enhanced in IL-6-deficient mice, suggest-

ing that the increase was related to the development of

Tr1 cells.29

The current study showed the following: the ratio of

CD4+ PD-1+ and CD8+ PD-1+ T cells increased signifi-

cantly in the septic spleen; the differentiation of suppres-

sor T cells was enhanced; the number of CD4+ and CD8+

effector T cells, in which PD-1 was not expressed,

decreased; and the proliferation of Treg cells, in which

Foxp3 was expressed, was markedly enhanced, indicating

an immunosuppressive function of T cells. BMDC treat-

ment efficiently inhibited the induction of the immuno-

suppression function of the remaining DCs in septic

mice, reduced the proliferation and differentiation of Treg

cells and suppressor T cells, enhanced the immune

clearance of sepsis-causing pathogens, and eventually

reduced organ damage thereby improving therapy out-

come.

In summary, BMDC treatment affected the differentia-

tion and immune function of T cells, so reducing sepsis-

induced immunodeficiency and organ damage caused by

secondary infection. The treatment had an immunoregu-

latory effect on sepsis. However, it remains unknown

whether the injected BMDCs distribute back to the septic

host and improve sepsis-induced immunosuppression in

the long term. Regulation of the host immune system is

complex, and the effect of DC differentiation, maturation

and migration as well as information transfer via other

cytokines during sepsis has yet to be explored. Therefore,

the time, dose and safety aspects of DC treatment require

further study.
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