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Background: Previous studies have demonstrated the beneficial activity of activated protein 

C in allergic diseases including bronchial asthma and rhinitis. However, the exact mechanism 

of action of activated protein C in allergies is unclear. In this study, we hypothesized that 

pharmacological doses of activated protein C can modulate allergic inflammation by inhibiting 

dendritic cells.

Materials and methods: Dendritic cells were prepared using murine bone marrow progenitor 

cells and human peripheral monocytes. Bronchial asthma was induced in mice that received 

intratracheal instillation of ovalbumin-pulsed dendritic cells.

Results: Activated protein C significantly increased the differentiation of tolerogenic plas-

macytoid dendritic cells and the secretion of type I interferons, but it significantly reduced 

lipopolysaccharide-mediated maturation and the secretion of inflammatory cytokines in myeloid 

dendritic cells. Activated protein C also inhibited maturation and the secretion of inflammatory 

cytokines in monocyte-derived dendritic cells. Activated protein C-treated dendritic cells were 

less effective when differentiating naïve CD4 T-cells from Th1 or Th2 cells, and the cellular 

effect of activated protein C was mediated by its receptors. Mice that received adoptive transfer 

of activated protein C-treated ovalbumin-pulsed dendritic cells had significantly less airway 

hyperresponsiveness, significantly decreased lung concentrations of Th1 and Th2 cytokines, 

and less plasma concentration of immunoglobulin E when compared to control mice.

Conclusion: These results suggest that dendritic cells mediate the immunosuppressive effect 

of activated protein C during allergic inflammation.

Keywords: allergy, dendritic cells, coagulation, protein C pathway

Introduction
Dendritic cells (DCs) are the strongest professional antigen-presenting cells that dif-

ferentiate from bone marrow and migrate to several organs, where they interrogate 

foreign antigens.1 After antigen phagocytosis, DCs are activated and move to the 

draining lymph nodes, where they present the antigen to cognate T-cells to stimulate 

immune responses.1 The three main DC subsets are the plasmacytoid DCs (CD11b-, 

CD45R+) and the type 1 and type 2 myeloid or conventional DCs (CD11b+, CD45R-); 

plasmacytoid DCs are known to interact with T-cells to induce tolerance, whereas 

conventional DCs are efficient in priming naïve T-cells to induce acquired immune 

reactions.1,2 However, both plasmacytoid DC and conventional DC subsets can be 

tolerogenic or immunogenic depending on the microenvironmental conditions.1–3

Activated protein C (APC) is a natural anticoagulant that plays a fundamental role 

as an inhibitor of the coagulation system by inactivating the procoagulant factors Va and 
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VIIIa.4 Previous in vitro and in vivo studies have shown that 

APC plays an important role in the modulation of inflamma-

tory and immune responses, wound healing, and apoptosis.5 

This protective activity of APC has been shown to depend 

on different mechanisms including the reduction of the 

expression of inflammatory cytokines, adhesion molecules, 

and growth factors from different cells; protection of the 

endothelial barrier function; blockade of the activation and 

extravascular migration of leukocytes at sites of tissue injury; 

and the inhibition of cell apoptosis.6 These cellular effects are 

mediated by the APC receptors, endothelial protein C receptor 

(EPCR), protease-activated receptors (PARs), and/or CD11b, 

though the exact intracellular signaling pathways involved in 

this receptor-mediated action of APC remain unclear.6

In the present study, we hypothesized that pharmacologi-

cal doses of APC can modulate inflammatory and immune 

responses by inhibiting the differentiation and maturation of 

DCs. To demonstrate this hypothesis, we evaluated the effect 

of APC using murine and human DCs.

Materials and methods
Reagents
L-glutamine, penicillin/streptomycin, and TRIzol® reagent 

were purchased from Thermo Fisher Scientific (Waltham, 

MA, USA); Roswell Park Memorial Institute (RPMI)-1640, 

and bovine serum albumin were from Sigma-Aldrich Co 

(St Louis, MO, USA); and fetal bovine serum (FBS) was 

from BioWhittaker, Inc. (Walkersville, MD, USA). Human 

APC was a kind gift from Kaketsuken (Kumamoto, Japan). 

Purification (purity .95%) and the assays for the activity of 

APC and for the absence of thrombin activity was performed 

as previously described.7

Cell culture
For the generation of bone marrow-derived DCs, murine bone 

marrow cells from C57BL/6 wild-type mice were cultivated for 

7 days at 37°C in a humidified atmosphere containing 5% CO
2
 

in RPMI-1640 supplemented with 10% heat-inactivated FBS, 

2 mM of l-glutamine, 100 U/mL of penicillin, 100 µg/mL of 

streptomycin, 50 µM of β-mercaptoethanol (Sigma-Aldrich 

Co), and 200 ng/mL of Flt3L (PeproTech, Inc., Rocky Hill, 

NJ, USA).8 For the generation of human monocyte-derived 

DCs, monocytes prepared from human peripheral blood were 

cultured for 6 days in the presence of 50 ng/mL of human 

recombinant granulocyte macrophage colony-stimulating 

factor (GM-CSF) (PeproTech, Inc.) and 50 ng/mL of human 

recombinant interleukin (IL)-4 (PeproTech, Inc.).9 APC was 

added to a final concentration of 20 µg/mL or 40 µg/mL on 

day 4 (to see the effect on DC differentiation) or on day 6 

(to see the effect on DC maturation) of bone marrow-derived 

DC culture. The maturation of DCs was induced by adding 

100  µg/mL of ovalbumin (OVA) or 100 ng/mL of Escherichia 

coli lipopolysaccharide (LPS) (Sigma-Aldrich Co) on day 

6, and by continuing the culture for 24 hours. Neutralizing 

antibodies were added 30 minutes before the APC treatment 

at a final concentration of 5  µg/mL. The antibodies used to 

block the APC receptors were as follows: antimouse EPCR 

(rat immunoglobulin [Ig]G2a, clone: RCR16; BioLegend, 

Inc., San Diego, CA, USA); antihuman EPCR (rat IgG1, 

clone: RCR252; BD Biosciences, San Jose, CA, USA); 

antimouse PAR-1 (rabbit IgG, polyclonal; Santa Cruz 

Biotechnology, Inc., Dallas, TX, USA); antihuman PAR-1 

(mouse IgG1, clone: ATAP2; Santa Cruz Biotechnology, Inc.); 

and antimouse and human CD11b (rat IgG2b, M1/70). The 

Committee for Animal Investigation of Mie University (Tsu, 

Mie Prefecture, Japan) approved the experimental protocol 

(approval number: 24–50). Written informed consent was 

obtained from all healthy volunteers and the protocol was 

approved by the Ethics Board of Mie University for Clinical 

Investigation (approval 2707).

Preparation and purification  
of antigen-specific CD4 T-cells
Naïve CD4+ T-cells recognizing a peptide of chicken OVA 

in the context of I-Ab were isolated from the spleens of 

OT-II T-cell receptor (TCR) transgenic mice (C57BL/6 

background) following instructions in the naïve CD4 T-cell 

isolation kit II (Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany).

Antigen-presentation assay
Bone marrow-derived DCs were prepared from C57BL/6 

mice and cultured in the presence of recombinant Flt3L, and 

then varying doses of APC were added to the culture on day 

6 and stimulated with 100 µg/mL of OVA for 24 hours.10 

CD11c+ DCs were purified using mouse CD11c microbeads 

(Miltenyi Biotec GmbH). Naïve CD4 T-cells were prepared 

from OT-II mice and 1×105 cells were stimulated with 1×104 

CD11c+ DCs either in the Th1-skewing condition (in the 

presence of 50 ng/mL of IL-2 and 5 µg/mL of anti-IL4) or 

the Th2-skewing condition (in the presence of 50 ng/mL of 

IL-4 and 5 µg/mL of anti-IL-12).

Flow cytometry
If not noted otherwise, antibodies were acquired from BD 

Biosciences. Bone marrow-derived DCs were incubated 
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with the anti-CD16/CD32 FcR block (rat IgG2b, clone: 

2.4G2) and stained with antimouse CD11c (Armenian 

hamster IgG1, clone: HL3), antimouse CD11b (rat IgG2b, 

clone: M1/70), antimajor histocompatibility complex 

(MHC) II (I-A/I-E, rat IgG2b, clone: M5.114), antimouse 

CD86 (rat IgG2a, clone: GL-1), antimouse CD80 (rat 

IgG2a, clone: 1G10, Southern Biotechnology Associates, 

Inc., Birmingham, AL, USA), antimouse CD45R (rat 

IgG2a, clone: RA3-6B2), or their isotype controls. Human 

monocyte-derived DCs were incubated with human IgG to 

block FcR and they were stained with antimouse CD11c 

(mouse IgG1, clone: B-ly6), anti-HLA-DR (mouse IgG2a, 

clone: L243), antihuman CD86 (mouse IgG1, clone: 2331), 

and antihuman CD80 (mouse IgG1, clone: L307.4), or their 

isotype controls. After 20 minutes of incubation at 4°C, 

the cells were washed twice in fluorescence activated cell 

sorting (FACS) buffer (1% fetal calf serum [FCS] and 0.1% 

NaN
3
 in phosphate buffered saline [PBS]) and analyzed by 

FACScan flow cytometer (BD, Franklin Lakes, NJ, USA) 

using the Cell-Quest Pro software (BD).

For intracellular cytokine staining, cells were stimulated 

with phorbol 12-myristate 13-acetate/ionomycin in the presence 

of brefeldin A for the final 3 hours. Cells were incubated in the 

presence of 25 µg of anti-CD16/CD32 for 10 minutes at 4°C, 

washed once in FACS buffer (1% FCS and 0.1% NaN
3
 in PBS), 

and fixed in 4% paraformaldehyde in PBS. Subsequently, cells 

were incubated in permeabilization buffer (0.5% saponin, 1% 

FCS, and 2 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic 

acid [HEPES] in PBS) for 20 minutes and stained for intrac-

ellular cytokines with the monoclonal antibodies, antimouse 

interferon (IFN)γ (rat IgG1, clone: XMG1.2), antimouse IL-4 

(rat IgG1, clone: 11B11), and antimouse IL-10 (rat IgG2b, 

clone: JES5-16E3), or their isotype controls.

Semiquantitative reverse transcription 
polymerase chain reaction (RT-PCR) 
analysis
Total RNA was extracted from the cells by the guanidine 

isothiocyanate procedure using the TRIzol® Reagent 

(Thermo Fisher Scientif ic), reverse-transcribed using 

oligo-dT primers, and then the DNA was amplified by 

polymerase chain reaction (PCR). The sequences of the 

primers are described in Table 1. PCR was carried for 

25∼35 cycles depending on the gene, denaturation was 

performed at 94°C for 30 seconds, annealing at 59°C∼65°C 

for 30 seconds, and elongation at 72°C for 1 minute; at 

the end of these cycles, a further extension was carried out 

at 72°C for 5 minutes. The PCR products were separated 

on a 2% agarose gel containing 0.01% ethidium bromide. 

The concentration of RNA and its purity were determined 

by ultraviolet (UV) absorption at 260:280 using an Ultro-

spec 1100 pro UV/Vis spectrophotometer (Amersham 

Biosciences Corp, Picastaway, NJ, USA). The messenger 

(m)RNA amount was normalized for the glyceraldehyde 

3-phosphate dehydrogenase mRNA and expressed as the 

percent of control.

Animals
The Mie University Committee on animal research approved 

the protocol where experimental animals were used. All 

experiments were carried out following the guidelines for 

animal experiments of the National Institute of Health. 

Wild-type female C57BL/6 mice were purchased from 

Nihon SLC (Hamamatsu, Japan). OT-II TCR transgenic 

mice were from K Takahashi, Yokohama City University 

Graduate School of Medicine (Yokohama, Japan). Mice were 

bred at Mie University Animal Experimental Center in a 

Table 1 Sequence of primers used in the study

Gene Sense Antisense

mGAPDH 5′-CCTTATTGACCTCAACTACATGGT-3′ 5′-GAGGGGCCATCCACAGTCTTCTG-3′
mIFN-γ 5′-GCTCTGACACAATGAACGCT-3′ 5′-AAAGAGATAATCTGGCTCTGC-3′
mIFN-α 5′-ATGGCTAGCTCTGTGCTTTCCT-3 5′-AGGGCTCTCCAGATTCTGCTCTG-3
mIFN-β 5′-CATCAACTATAAGCAGCTCCA-3 5′-TTCAAGTGGAGAGCAGTTGAG-3
mIL-4 5′-ATGGGTCTCAACCCCCAGCTAGT-3′ 5′-GCTCTTTAGGCTTTCCAGGAAGTC-3′
mIL-10 5′-TCAAACAAAGGACCAGCTGGACAACATACTG-3′ 5′-CTGTCTAGGTCCTGGAGTCCAGCAGACTCA-3′
mPAR-1 5′-GGTCTGCTACACGTCCATCAT-3′ 5′-AGCACAAGATGCTGTAGAGGT-3′
mPAR-2 5′-CAAGGTGCTCATTGGCTTTT-3′ 5′-CAGAGGGCGACAAGGTAGAG-3′
mPAR-3 5′-ATCTCAATGGCAACAACTGG-3′ 5′-AGGAACCCAAAGAATGCTAA-3′
mPAR-4 5′-ACGCTCACTACTGGACTCT-3′ 5′-AGGGCTCGGGTTTGAATAGT-3′
mEPCR 5′-GAAAGGGAGCCAAACAGGTC-3′ 5′-ACCAGCCCCCACCAGTCCA-3′
hGAPDH 5′-CCACCCATGGCAAATTCCATGGCA-3′ 5′-TCTAGACGGCAGGTCAGGTCCACC-3′
hTNF-α 5′-GAAAGCATGATCCGGGACGT-3′ 5′-CTTGGTCTGGTAGGAGACGG-3′
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specific-pathogen-free environment, fed a normal laboratory 

diet, and subjected to a 12-hour light:dark cycle.

Adoptive transfer of sensitized DCs  
and disease model preparation
Murine bone marrow-derived DCs were prepared as described 

earlier, and then nonadherent cells were collected and cultured 

in the presence of saline alone, OVA (250 µg/mL) alone, or 

OVA plus APC (60 µg/mL) for 24 hours. The DCs were then 

administered to female C57BL/6 mice by intratracheal instilla-

tion and, a week later, each group of mice was challenged with 

aerosolized 4% OVA for 3 consecutive days in an exposure 

chamber (MIPS, KK, Osaka, Japan). Airway hyperrespon-

siveness was measured using a whole-body plethysmograph 

system (Buxco Electronics, Inc., Sharon, CT, USA) before 

sacrifice by pentobarbital overdose.

Bronchoalveolar lavage fluid (BALF) 
sampling and biochemical analysis
BALF was sampled as previously described.7,11 The 

cytokine concentrations in cell supernatants and BALF, as 

well as the plasma concentration of IgE were measured by 

commercially available sandwich enzyme-linked immuno-

sorbent assay kits (BD Biosciences) following the manufac-

turer’s instructions.

Statistics
The statistical difference between several groups was evalu-

ated by the Kruskal–Wallis one-way analysis of variance 

with post hoc analysis using Dunn’s test. The nonparamet-

ric Mann–Whitney U test was used to compare the results 

between two groups. Statistical significance was considered 

as a P-value ,0.05.

Results
APC promotes expansion  
of plasmacytoid DCs
We first tested the hypothesis that APC affects the differentia-

tion of DCs from bone marrow cells. Bone marrow-derived 

DCs were prepared from C57BL/6 mice and cultured in the 

presence of recombinant Flt3L, and then 20 µg/mL of APC 

was added to the culture on day 4 and further cultured for 3 

days. The percentage of plasmacytoid DCs was significantly 

increased, and the percentage of conventional DCs and the 

ratio of conventional DCs to plasmacytoid DCs were sig-

nificantly decreased in the presence of APC compared to 
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control cells (Figure 1A). Also, the expression of IL-6 and 

IL-10 was significantly decreased, while that of IFNα and 

IFNβ was significantly increased in DCs treated with APC 

compared to control cells (Figure 1B and C).

APC inhibits maturation of bone 
marrow-derived DCs
We then investigated the effect of APC on the maturation 

of DCs. Bone marrow-derived DCs were prepared from 

C57BL/6 mice and cultured in the presence of recombinant 

human Flt3L, and then 40 µg/mL of APC or heat-denatured 

APC was added to the culture on day 6 and stimulated with 

LPS for 24 hours. The maturation markers MHC class 

II, CD86, and CD80 were significantly decreased in cells 

cultured in the presence of APC, but not by heat-denatured 

APC, compared to control cells (Figure 2A and B). A lower 

concentration of APC (20 µg/mL) also tended to decrease the 

maturation of DCs, but not at significant level (Figure 2C). 

The protein secretions of IL-12p70 and IL-6 were also sig-

nificantly decreased in the presence of APC when compared 

to controls (Figure 2C).

Inhibition of maturation of human 
monocyte-derived DCs by APC
We assessed whether APC can also affect human DCs. Mono-

cytes from human peripheral blood were treated with recom-

binant GM-CSF and IL-4 before adding APC on day 6, and 

they were stimulated with LPS for 24 hours. The suppressive 

activity of APC on the DC expression of HLA-DR, CD86, 

and CD80 was weak but statistically significant compared to 

untreated cells (Figure 3A). APC significantly reduced the 

expression of tumor necrosis factor (TNF)-α from human 

monocyte-derived DCs compared to controls (Figure 3B).

Bone marrow-derived DCs treated  
with APC are less effective  
to prime naïve T-cells
The ability of APC-DCs to prime naïve T-cells was assessed. 

Bone marrow-derived DCs were prepared from C57BL/6 mice, 

cultured in the presence of recombinant human Flt3L, and then 

varying doses of APC were added to the culture on day 6 and 

stimulated with OVA for 24 hours; naïve CD4 T-cells from OT-II 

transgenic mice were then cocultured with CD11c+ DCs either 
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in the Th1-skewing condition or the Th2-skewing condition. 

APC significantly inhibited the number of IFNγ+, IL-4+, and 

IL-10+ T-cells compared to controls (Figure 4A and B).

APC receptors mediate APC-mediated 
regulation of DCs
Mature bone marrow-derived DCs express EPCR, as well as 

the PAR-1, PAR-2, PAR-3, and PAR-4 by RT-PCR, and the 

expressions of EPCR, PAR-1, and CD11b were confirmed 

by flow cytometry (Figure 5A). Pretreatment of OVA-pulsed 

CD11c+ DCs with anti-EPCR, anti-PAR-1, or anti-CD11b 

antibody before stimulation with APC and coculture with CD4 

T-cells significantly inhibited the suppression of the IFNγ+ 

CD4 T-cell generation by APC. The inhibition of protein and 

RNA expression of IFNγ (Figure 5B) and the RNA expression 

of IL-4 and IL-10 from T-cells (Figure 5C) by APC were also 

blocked by treatment with anti-APC receptor antibodies.

APC inhibits the proinflammatory  
activity of OVA-pulsed bone  
marrow-derived DCs in vivo
The effect of APC on allergic inflammation in vivo was 

evaluated. Pretreatment of OVA-pulsed bone marrow-

derived DCs with APC before intratracheal instillation into 

mice was associated with significant inhibition of airway 

hyperresponsiveness and a significantly lower concentration 

of IFNγ and IL-5 in BALF as compared to controls (Figure 6). 

The plasma concentration of IgE was decreased in mice that 

were pretreated with APC-pulsed DCs when compared to 

control mice, but not at a significant level (Figure 6).

Discussion
This study demonstrated that APC can regulate the inflam-

matory and immune response induced by DCs.

A
100

Isotype

APC−

APC+

75

50

25

0
100 101 102 103 104 APC +−

APC +−

APC

APC

+

+

−

− − −
APC

+ + +
−

100 101 102 103 104

100 101 102

CD80

CD86

HLA-DR

%
 o

f 
m

ax
%

 o
f 

m
ax

%
 o

f 
m

ax

2,000

1,500

1,000

500

0

2,000

1,500

1,000

500

0

400

300

200

100

*

*

*

*

0

2.0

GAPDH

TNFα

1.5

1.0

0.5

0

H
L

A
-D

R
 M

F
I

C
D

86
 M

F
I

C
D

80
 M

F
I

T
N

F
α/

G
A

P
D

H

103 104

100

75

50

25

0

100

75

50

25

0

B

Figure 3 APC inhibits the maturation of human monocyte-derived DCs.
Notes: Monocytes were prepared from human peripheral blood and cultured in the 
presence of recombinant GM-CSF and IL-4, and then APC (40 µg/mL) was added to 
the culture on day 6 and stimulated with LPS for 24 hours. The expression of HLA-
DR, CD86, and CD80 on CD11c+ DCs in the presence or absence of APC (A), as 
well as the secretion of TNFα from DCs (B) are shown. Data are expressed as the 
mean ± standard error of the mean. The figure shows the representative result from 
one of three independent experiments. *P,0.05 compared to the untreated group.
Abbreviations: Max, maximum; APC, activated protein C; MFI, mean fluorescence 
intensity; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNFα, tumor 
necrosis factor alpha; DCs, dendritic cells; GM-CSF, granulocyte macrophage 
colony-stimulating factor; IL, interleukin; LPS, lipopolysaccharide.

APC (µg/mL) 0

* *

0IL
-4

+  
C

D
4 

T
-c

el
ls

 (
%

)

Th2-skewing condition

Th1-skewing conditionA

B
a b

IL
-1

0+  
C

D
4 

T
-c

el
ls

 (
%

)

20

40

60

80

100

0

20

40

60

80

100

IF
N

γ+  
C

D
4 

T
-c

el
ls

 (
%

)

0

20

40

60

80

100

20 40 APC (µg/mL) 0 20 40

APC (µg/mL) 0 20

*

40

Figure 4 APC-treated bone marrow-derived DCs are less effective to prime naïve 
CD4 T-cells.
Notes: Bone marrow cells were prepared and cultured in the presence of 
recombinant human Flt3L; then, doses of APC were added. Naïve CD4 T-cells were 
prepared and then stimulated with CD11c+ DCs either in the Th1-skewing condition 
(A) or the Th2-skewing condition (B). The relative proportion of IFNγ+ CD4 T-cells in 
the Th1-skewing condition, and IL-4+ and IL-10+ CD4 T-cells in Th2-skewing condition 
are shown. Data are expressed as the mean ± standard error of the mean. The figure 
shows the representative result from one of the three independent experiments. 
*P,0.05 compared to the untreated group.
Abbreviations: IFN, interferon; APC, activated protein C; IL, interleukin; 
DCs, dendritic cells.

A illI 
三

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Asthma and Allergy 2015:8 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

35

Dendritic cell modulation by APC

A
EPCR

PAR-2

PAR-1

PAR-3

PAR-4

100 Mature DCs

Immature DCs

Isotype

75

50

%
 o

f 
m

ax
%

 o
f 

m
ax

%
 o

f 
m

ax

25

100 101 102 103 104

100 101 102 103 104

100 101 102 103 104

0

100

75

50

GAPDH

2.0

1.5

1.0

0

APC − − − + + + + +

+ +
+

+ +

+
+

+ + + + + + +

+ + +

+ + +
+ + +− − − − − −

− − −

− − −

− − −

− − − − − −

− − −
− − −− − −

− − −

−

−
−
−
−

−
−
−

−
− −

− −
−

− −

Anti-EPCR
Anti-PAR-1

Anti-CD11b

APC − + +
+

+ +

+

− −
−
−

−−
+
−

−− −
− −

Anti-EPCR
Anti-PAR-1
Anti-CD11b

APC −

+ + +

+ + +

+ + +

+ + ++ + ++ + ++ + +

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

− −

− −

−

−

−

− − − −

− − −− − −

− − −

Anti-EPCR

Anti-PAR-1

Anti-CD11b

APC

*

*

*

*

*

**
**

**

** **

** **

**

**

Anti-EPCR
Anti-PAR-1

Anti-CD11b

IL-10

GAPDH

IFNγ

GAPDH

IL-4

25

0

100

75

50

25

0

CD11b

EPCR

IF
N

γ/
G

A
P

D
H

IL
-1

0/
G

A
P

D
H

IF
N

γ (
p

g
/m

L
)

IF
N

γ +  C
D

4 
T

-c
el

ls
 (

%
)

PAR-1

Pos
itiv

e 
co

nt
ro

l

Neg
at

ive
 co

nt
ro

l

Im
m

at
ur

e 
DCs

M
at

ur
e 

DCs

B
C

0.5

2.0

1.5

1.0

0

IL
-4

/G
A

P
D

H

0.5

0.8

0.6

0.4

0

0.2

7,000

100

80

60

40

20

0

6,000
5,000
4,000
3,000
2,000
1,000

0

Figure 5 Mediation of APC receptors in the bone marrow-derived DC-mediated priming of T-cells.
Notes: Bone marrow-derived DCs were prepared and cultured in the presence of recombinant Flt3L for 6 days and stimulated with LPS for 24 hours. Total RNA was 
prepared from immature (LPS-untreated) and mature (LPS-treated) DCs and analyzed for the expression of EPCR, PAR-1, PAR-2, PAR-3, and PAR-4 by RT-PCR (A). 
Expressions of EPCR, PAR-1, and CD11b on the cell surface of DCs were analyzed by flow cytometry (A). For T-cell priming assays, naïve CD4 T-cells were prepared and 
then cultured with CD11c+ DCs. The relative proportion of IFNγ+ CD4 T-cells and IFNγ secretion (B), as well as RNA expression of IFNγ, IL-4, and IL-10 (C) are shown. Data 
are expressed as the mean ± standard error of the mean (n=3). The figure shows the representative result from one of two independent experiments. *P,0.05 compared 
to the untreated group. **P,0.01 compared to the group treated with APC alone.
Abbreviations: EPCR, endothelial protein C receptor; PAR, protease-activated receptor; DCs, dendritic cells; Max, maximum; IFN, interferon; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; APC, activated protein C; IL, interleukin; LPS, lipopolysaccharide; RT-PCR, reverse transcription polymerase chain reaction; n, number.

Saline
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

10 20
Methacholine (mg/mL)

E
n

h
an

ce
d

 p
au

se

40 80

DC/OVA
+

APC

0
DC/SAL

P
la

sm
a 

Ig
E

 (
n

g
/m

L
)

B
A

L
F

 IF
N

γ 
(p

g
/m

L
)

B
A

L
F

 IF
-5

 (
p

g
/m

L
)

DC/OVA DC/OVA
+

APC

200
400

600
800

1,000
1,200

1,400

*

*

*

*

*

0

2

4

6

8

0

4

8

12

16

20

DC/SAL

DC/OVA

Figure 6 APC inhibits DC activation in vivo.
Notes: Bone marrow-derived DCs were pulsed with OVA, treated with APC, instilled into the trachea of mice, and then the mice were challenged with the antigen. 
Hyperresponsiveness was measured by enhanced pause and the concentrations of IL-5, IFNγ, and IgE were measured by ELISA. Data are expressed as the mean ± standard 
error of the mean (n=3). The figure shows the representative result from one of two independent experiments. *P,0.05 compared to the DC/OVA group.
Abbreviations: DC, dendritic cell; OVA, ovalbumin; SAL, saline; APC, activated protein C; BALF, bronchoalveolar lavage fluid; IL, interleukin; IFN, interferon; Ig, 
immunoglobulin; ELISA, enzyme-linked immunosorbent assay; n, number.

→塁~
→冒~
→冒~
→冒~
→匿~

一

一一

』

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Asthma and Allergy 2015:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

36

Matsumoto et al

Differentiation/maturation  
of DC subsets and APC
In the present study, the stimulation of murine bone mar-

row progenitor cells with pharmacological concentrations 

of APC at early stages of differentiation was associated 

with an enhanced number of plasmacytoid DCs and the 

increased expression of type I IFNs (IFNα and IFNβ). The 

plasmacytoid DC subset is tolerogenic by inducing anergy 

or the expansion of regulatory T-cells and plays a critical 

role against viral infections by characteristically secreting 

large amounts of type I interferons;1,2 thus, increased dif-

ferentiation of plasmacytoid DCs by APC may be important 

for the regulation of an excessive immune response or for 

enhancing the control of a viral infection. On the other hand, 

the conventional DC subset matures after contact with, and 

phagocytosis of, foreign antigens before migrating to lym-

phoid tissues where it interacts with T-cells.2 In the present 

study, when murine bone marrow-derived DCs were treated 

with APC before maturation in the presence of LPS, con-

ventional DCs remained immature with a low expression 

of cell surface maturation markers and a reduced ability to 

secrete inflammatory cytokines, indicating that APC can also 

modulate the immune response by decreasing the maturation 

of conventional DCs. The maturation markers and the secre-

tion of TNFα were also reduced in human monocyte-derived 

DCs in the presence of APC, suggesting the relevance of the 

present findings in human conditions as well.

Differentiation of T-cells and APC
After maturation, DCs migrate to lymphoid tissues where 

they interact and activate T-cells.2 To evaluate the role of 

APC during the immunological synapses between DCs and 

T-cells at lymphoid tissues, in the present study, murine bone 

marrow-derived DCs were cocultured with CD4 T-cells in 

the presence of APC under Th1 or Th2 conditions, and the 

results showed that pharmacological concentrations of APC 

significantly decreased the number of IFNγ+, IL-4+, and 

IL-10+ T-cells, suggesting the modulatory activity of APC on 

the immunological synapses. This observation is consistent 

with findings reported in previous studies showing that APC 

can modulate the acquired immune response by decreasing 

the migration of lymphocytes or eosinophils by reducing the 

expression of cytokines from T-cells, or by increasing the 

expansion of regulatory T-cells.7,12,13

The effect of APC on several cells including DCs is 

receptor-mediated, as previously described.5,14,15 In the 

present study, the APC receptors EPCR, PAR-1, and CD11b 

were detected on DCs and are consistent with findings from 

previous studies.6,16–19 To evaluate whether the effect of 

APC on the immunological synapses is receptor-mediated, 

OVA-pulsed DCs were pretreated with the antibody to each 

receptor and cocultured with T-cells in the presence of 

APC. The results showed that the antibody to each recep-

tor significantly increased the generation of IFNγ+ CD4 

T-cells, as well as the expression of Th1 and Th2 cytokines 

when compared to the APC group, indicating the receptor-

mediated action of APC. The fact that mice receiving adop-

tive transfer of OVA-pulsed DCs pretreated with APC had 

significantly decreased airway hyperresponsiveness, signifi-

cantly less lung concentrations of Th1 and Th2 cytokines, 

and a lower plasma concentration of IgE after the antigen 

challenge when compared to the control animals suggests 

the relevance of this modulatory activity of APC on DCs 

in in vivo conditions.

Conclusion
In brief, this study shows that pharmacological doses of APC 

can modulate the differentiation and maturation of DCs and 

the polarization of T-cells through its different receptors, 

suggesting its potential application for the treatment of 

allergic diseases.
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