
RESEARCH ARTICLE

Reverse signaling using an inducible costimulator to enhance
immunogenic function of dendritic cells

Gusheng Tang Æ Qin Qin Æ Peng Zhang Æ
Guifang Wang Æ Menglei Liu Æ Qingli Ding Æ
Yanghua Qin Æ Qian Shen

Received: 17 May 2009 / Revised: 24 June 2009 / Accepted: 26 June 2009 / Published online: 15 July 2009
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Abstract A costimulatory signal from an inducible

costimulator (ICOS) of T cells plays a critical role in

immunological homeostasis. This study shows that the

interaction of ICOSIg and its ligand (ICOSL) on mouse

bone marrow-derived dendritic cells (DCs) induces a

p38-MAPK dependent elevation of interleukin 6 (IL-6).

It also enhances phagocytosis and the antigen-presenta-

tion function of DCs in vitro, further favoring cell-

mediated immunity in vivo. As seen for other types of

costimulator molecules expressed in the T cells in the

CD28 family, it is shown here for the first time that

ICOS can also deliver reverse signals through its ligand

to ICOSL-expressing cells. These reverse signals in turn

transfer positive immunogenic information to bone mar-

row-derived DCs. Our work therefore provides new

recognition of an ICOSL/ICOS signal pathway in

immunity and also supplies more evidence that this

ICOSL/ICOS signal pathway is a reasonable target for

therapeutic drugs.
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Introduction

The coordination of immunological homeostasis through

simultaneous forward and reverse signals, as well as

through receptors and ligands, has been found in a number

of costimulators. Among the most important and best

understood of these receptor-ligand pairs are CD28/cyto-

toxic T lymphocyte-associated antigen 4 (CTLA-4) and

B7. CD28 is a predominant immunostimulating costimu-

lator that participates in activation, proliferation and

differentiation of T cells. CTLA-4, in contrast, provides an

intense inhibitory signal. Previous work has proposed that

CTLA-4 decreases T cell responses by competing for B7

ligand access to CD28 and/or by delivering a signal to T

cells that antagonizes or aborts a CD28 signal, generating a

signal that intercepts a TCR-delivered signal [1, 2]. In

recent years, Grohmann et al. found that one means of

CTLA-4 function was through IFN-c-dependent modula-

tion of tryptophan catabolism. CTLA-4 also acted as a

ligand for B7 receptor molecules that transduced reverse

intracellular signals [3–5]. Two years later, the same group

demonstrated that CD28 delivered immunostimulatory

signals by enhancing dendritic cells (DCs), which produce

more IL-6 than IFN-c through the same B7 receptors [6].

There is also emerging evidence for ‘reverse signaling’

through PD-L proteins into DCs [7–9]. In DC in vitro

cultures, soluble PD-1 decreases the expression of DC

maturation markers (CD40, CD80, and CD86) and

increases IL-10 production by DCs, resulting in a sup-

pressive DC phenotype. However, the functioning and
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survival of DCs, the expression of genes capable of

enhancing the migration of DCs to lymph nodes, and the

activation of T cells are all stimulated by a unique PD-L2-

specific IgM [7]. This IgM also provides CpG-maturing

DCs with a different activation phenotype, generating cells

that have both the strong antigen-presenting functions of

mature DCs and the antigen-acquiring functions of imma-

ture DCs [8, 9]. Researchers have also found reverse

signaling through GITRL after the engagement by soluble

GITR, which initiates the immunoregulatory pathway of

tryptophan catabolism in mouse plasmacytoid DCs [10].

Thus, bidirectional signals among costimulator receptors

and ligands appear to be a universal phenomenon and also

to play an important, but complicated, role in the inter-

actions of T cells and DCs.

In 1999, it was first reported that ICOS was upregu-

lated on activated CD4? T and CD8? T, and was present

on effector and memory T cells. Although both Th1 and

Th2 cells express ICOS during T cell differentiation,

ICOS persists at higher levels in Th2 cells [11–13]. ICOS

is also upregulated in activated NK cells, enhancing NK

cell function [14]. ICOSL has also been detected on the

surface of DCs, B-cells, macrophages, a subset of CD3?

T cells, and other cell types including endothelial cells

and some epithelial cells [15]. The most recent research

on the ICOS/ICOSL signal pathway has focused mainly

on the impact of forward signaling on T cell function

[15]. However, few studies have examined whether ICOS

can also deliver reverse signals via ICOSL to ICOSL-

expressing cells such as DCs, and if so, what effect this

may have on function. In the present study, we made use

of a soluble fusion protein of human ICOS and IgG1 Fc

(ICOSIg) to explore the potential of ICOS as an agonist

for the ICOSL expressed on DCs. For the first time, we

were also able to provide biological proof that human

ICOS can bind specifically to the ICOSL present in

mouse DCs. More significantly, we discovered that ICOS

can promote a p38-MAPK-dependent expression of IL-6

both in vitro and in vivo. This ability is recruited to

deliver an immunostimulatory signal to bone marrow-

derived DCs.

Materials and methods

Mice

Five to ten-week-old female BALB/c (H-2d) and C57BL/6

(H-2b) mice were purchased from Joint Ventures Sipper

BK Experimental Animal. OVA323–339-specific TCR-

transgenic mice (DO11.10), first generated by the Jack-

son Laboratory, were a gift from professor Xuetao Cao

of the Institute of Immunology, SMMU, Shanghai,

China, and were bred in specific pathogen-free condi-

tions. The icosl gene knockout mice (ICOSL-/-, C57BL/6,

H-2b) were bought from the Jackson Laboratory, while

the TLR4-/- mice (C57BL/6, H-2b) were from Model

Animal Research Center of China. All the DCs used in

in vitro experiments were obtained from wild C57BL/6

mice unless demonstrated, and the in vivo experiments

were performed in BALB/c mice. In this paper, all

studies were carried out in compliance with National

Institute of Health Guide for the Care and Use of Lab-

oratory Animals, with the approval of the Scientific

Investigation Board of Second Military Medical Uni-

versity, Shanghai.

Generation of ICOSIg and ICOS-anchored CHO cells

The extracellular part of a DNA sequence encoding

human ICOS was amplified via PCR from activated

splenic mononuclear cells. For ICOSIg (forward primer:

50-GCG GCC CAG CCG GCC GAA ATC AAT GGT

TCT GCC-30, reverse primer: 50-GCT CTA GAC TTC

AGC TGG CAA AG-30, designed and synthesized by

Sangon Corporation), the extracellular part of the DNA

sequence was cloned into a reconstituted expression

vector pSecTag2, in which the human IgG1 constant

region (Fc), containing hinge regions CH1 and CH2, were

pre-inserted in the laboratory. The plasmids were trans-

fected into Chinese hamster ovary (CHO) cells, and the

acquired stable ICOSIg-expressing CHO cell lines were

then expanded.

The ICOSIg fusion molecule produced was purified

from the supernatant using a protein A column. Similar

to the natural monovalent dimer, ICOSIg appeared to be

a dimeric protein about 100 kDa in molecular size, as

evaluated through gel electrophoresis analysis in reduc-

ing versus nonreducing conditions (data not shown). As

well, SDS-PAGE analysis demonstrated a purity of

[90%. To remove endotoxin, Ca2? was added at a final

concentration of 100 lM and the protein solution was

passed through an EndoTrap Blue Column (LONZA)

according to the manufacturer’s directions. Human IgG1

(Sigma-Aldrich) was also passed through an EndoTrap

Blue column for the same target and used as a control in

all corresponding experiments. LPS levels in our protein

solution were less than 0.06 EU/ml as determined by

Tachypleus Amebocyte Lysate assay (KANGBO, China).

For constructing ICOS-anchored CHO cells, the entire

sequence of ICOS was cloned with PCR as above, using

the forward primer: 50-GTT GGA TCC GCC ACC ATG

AAG TCA GGC CTC-30 and the reverse primer: 50-GAG

A AT TCT TAT AGG GTC ACA TCT G-30 (designed and

synthesized by Sangon Corporation), then ligated into the

retrovirus vector PMSCV-puro. The recombined retrovirus
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vector was then packed into PT-67 cells to produce

recombined retrovirus. The high-titer recombined retrovi-

ruses were then collected and used to infect CHO cells.

Twenty-four hours later, Puromycin was added to the

cultures at a final concentration of 600 lg/ml. After being

cloned and subcloned, a CHO cell clone highly expressing

ICOS (CHO-ICOS) on the surface was obtained. Control

CHO cells transformed with empty PMSCV-puro retrovi-

rus vector (CHO-CON) were also constructed and selected.

Before coculturing with DCs, these CHO cells were first

treated with 80 lg/ml mitomycin C for 30 min in order to

eliminate their further proliferation during their incubation

with DCs. The mitomycin C treatment had no obvious

effects on the ICOS expression of CHO-ICOS cells (data

not shown).

Recombinant mouse-derived ICOSIg (R&D systems;

168-CS, with endotoxin level\1.0 EU per 1 lg) were also

used for directly bioactivity comparison of mouse- or

human-derived ICOSIg.

Generation of bone marrow-derived DCs

DCs were generated from 5- to 8-week-old mice essentially

as previously described, with minor modifications [16]. In

brief, bone marrow mononuclear cells from mouse femur

and tibia were prepared by the depletion of red cells with

ammonium chloride Tris-buffer, then cultured in six-well

plates in RPMI 1640 medium (Hyclone) supplemented with

10% FCS (PAA), 10 ng/ml of recombinant mouse granu-

locyte-monocyte, colony-stimulating factor (GM-CSF,

R&D) and 1 ng/ml of recombinant mouse IL-4 (Pepro-

Tech). Nonadherent cells were gently washed out on day 2

of culture. The remaining loosely adherent clusters were

cultured for 3 more days in fresh medium containing the

same concentrations of GM-CSF and IL-4. At day 5, DC

cells were positively selected with CD11c magnetic

microbeads (Miltenyi Biotec; clone: N418).The recovered

cells consisted of more than 95% CD11c? cells. Before

further treatment, all the isolated DCs were incubated for

20 min at 4�C with CD16/CD32 antibody for blockage of

Fc receptors. For detecting cytokines and surface molecules

of DCs following different treatments, the sorted cells were

seeded at a density of either 2 9 105 cells/200 ll or

6 9 105 cells/500 ll, in flat-bottomed 96- or 24-well plates,

respectively. For T cell co-culture experiments, DCs were

first treated with ICOS or its control for 24 h, then washed

and cocultured with CD4? T cells in U-bottomed plates.

Analysis of cell surface marker expression

Fluorescein-conjugated monoclonal antibodies recognizing

CD11c (N418), CD80 (16-10A1), CD83 (Michel 17),

CD86 (PO3.1), I-Ab (AE6-120.1), ICOSL (HK5.3), CD8

(53-6.7), CD4 (GK1.5), CD25 (PC61), CD69 (H1.2F3),

and their respective isotype controls were purchased from

eBioscience or Biolegend. Purified antibody to CD16/

CD32 (rat IgG2b; clone 2.4G2) was also obtained from

Biolegend. Before fluorescent antibody staining, all cells

were incubated for 20 min at 4�C with antibody CD16/

CD32 for blockage of Fc receptors prior to further

manipulation. Fluorescent antibodies and the respective

isotype controls were then added according to the sup-

plier’s directions, and cells were incubated for a further

30 min at 4�C. The cells were then washed once with ice-

cold PBS pH 7.2 containing 0.1% NaN3 and 0.5% BSA,

then resuspended in 300 ll PBS. Flow cytometry (FCM)

was performed with a FACSCalibur flow cytometer

(Becton Dickson) and data were analyzed using CellQuest

software (Becton Dickinson).

ELISA

The concentration of total cytokines in the culture super-

natant of DCs alone, or in the T-mixed cultivation system,

was measured using a corresponding ELISA kit (eBio-

sciences, or Bender), according to the protocol provided by

the manufacturer.

Quantitative real time PCR

Total RNA was extracted from DCs using TRIzol (Invit-

rogen Life Technologies) and reverse transcribed to cDNA

using a RevertAidTM First Strand cDNA Synthesis Kit

(Fermentas). One microgram of the cDNA was used as

template for quantitative PCR (SYBR Green, TOYOBO),

which was performed using the Lightcycler Detection

System (ROCHE) with the DDCt method, according to

the manufacturer’s instructions. Primers for quantitative

RT-PCR of mouse b-actin, ICOSL, IL-1b, TGF-b1, PGE2,

CCL3, CCL4, IL-10, CCL19 CCR7, and IL-10R were

designed by TAKARA Corporation according to the cor-

responding whole mRNA sequences and were synthesized

by Sangon Corporation. The primer sequences were as

follows:
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Western blotting analysis

The activation of p38 was determined by western blotting

with antibodies specific for phosphorylated or total p38

kinases. Cells were maintained for different times in a

medium supplemented with 1% FCS, treated as indicated,

then lyzed in 100 ll of M-PER� Mammalian Protein

Extraction Reagent (PIERCE) containing 3% Halt Phos-

phatase Inhibitor Cocktail (PIERCE). All samples were

normalized according to protein concentration, separated on

12% SDS-PAGE gel, then transferred to polyvinylidene

difluoride membranes (PVDF; Gelman-Pall, USA) using a

wet transfer blotting system (Bio-Rad, USA). After blocking

in Tris-buffered saline (TBS 120 mmol/l NaCl, 50 mmol/l

Tris-HCl, pH 7.4) containing 0.05% Tween 20 and 1% BSA,

the blot was probed with suitable antibodies and incubated

overnight at 4�C. The monoclonal antibodies (1:2,000) for

phospho-specific p38 MAPK (Cell Signaling, USA) were

used to detect phospho-p38 MAPK. The membranes were

washed extensively and incubated with horseradish per-

oxidase conjugated secondary antibodies (1:2,000; Cell

Signaling, USA) for 1.5 h at room temperature. After three

washings with TBS containing 0.05% Tween 20, the

phospho-p38 MAPK was detected by enhanced chemilu-

minescent detection (ECL; Pierce Rockford, USA). The

PVDF membrane was then thoroughly washed with

RestoreTM Western Blot Stripping Buffer (PIERCE) for

stripping primary and secondary antibodies from blots and to

enable reprobing of total p38 on the same membrane. b-actin

was used as inner reference. For semi-quantitative analysis

of the expression of phospho-p38 MAPK, Smartview Soft-

ware was used to obtain gray scale values of each band. The

relative expression levels of phospho-p38 MAPK in each

group were calculated as ODp-p38/ODb-actin.

T cell stimulation assay

The F1 generation of DO11.10 and C57BL/6 was used

as a resource for OVA-specific CD4? T cells in an

antigen-presenting experiment. T cells from BALB/c

mice were used in a mixed lymphocyte reaction (MLR).

Splenocyte populations were harvested and CD4? T cells

were positively selected with CD4-antibody labeled with

magnetic microbeads (Miltenyi Biotec). Responder cells

(5 9 105) were stimulated in vitro for 3 days with dif-

ferent ratios of DCs derived from triplicates of C57BL/6

in U-bottom 96-wells, together with OVA323–339 poly-

peptides synthesized by Sangon Corporation (China). The

plated cells were pulsed with 3H thymidine 18 h before

harvest and counted with a Packard cell harvester and

counter (Micro-beta, Wallac). When CFSE dye was used

for evaluation of T cell proliferation, the purified CD4?

T cells were first co-incubated with 5 mM CFSE for

15 min, then thoroughly washed and cocultured with

DCs for 4 days as described. Cells were then collected

and analyzed with FCM.

Analysis of DCs phagocytic ability

Following treatment with soluble proteins, the purified

immature or mature DCs were incubated at 37�C for 4 h

with FITC-conjugated OVA protein (Molecular Probes) at

a final concentration of 100 lg/ml in RPMI 1640 medium

containing 10% FCS. After washing twice with ice-cold

PBS, pH 7.2, containing 0.1% NaN3 and 0.5% BSA, cells

were again suspended in chilled PBS for immediate flow

cytometry. Cells incubated with OVA-FITC at 0�C were

used as a negative control.

Gene Forward primer Reverse primer

b-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

ICOSL AGCTCCATGTTTCTAGCGGGTTC ACCATTGCACCGACTTCAGTCTC

TGF-b1 GTGTGGAGCAACATGTGGAACTCTA TTGGTTCAGCCACTGCCGTA

PGE2 CTCATCAGCAAGCGCCTCAA GGTCTTTACCCACGGCTGTCA

CCL3 TGAAACCAGCAGCCTTTGCTC AGGCATTCAGTTCCAGGTCAGTG

CCL4 CCATGAAGCTCTGCGTGTCTG GGCTTGGAGCAAAGACTGCTG

CCL19 CGCATCATCCGAAGACTGAAGA GGCACAGACTTGGCTGGGTTA

IL-10R GTGAACGGACAGGCAATG TCCCAGAACGGAAGGTAT

CCR7 CTGGTCAGTGCCCAAGTGGA CTCAAAGTTGCGTGCCTGGA

IL-10 TTTCAAACAAAGGACCAG GGATCATTTCCGATAAGG

IL-1b TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA
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Peptides and DTH assays

A skin test was used to measure MHC class I-restricted

delayed-type hypersensitivity (DTH) responses of synthetic

peptides [3, 6]. These peptides were synthesized by Sangon

Corporation, purified by means of reversed-phase HPLC

and characterized by amino acid analysis. The sequence

of the peptides used is as follows: H-2d-restricted

P815AB35–43: LPYLGWLVF; I-Ad-restricted tetanus toxin

(tt) 947–967, FNNFTVSFWLRVPKVSASHLE. DCs

(5 9 105 per ml) pulsed with P815AB and tt were trans-

ferred intravenously into recipients. After 2 weeks, 50 lg

P815AB peptide in 30 ll RPMI1640 containing 6% of

DMSO was inoculated into the left hind footpads of the

mice. As a control, the right hind footpad received the same

volume of RPMI1640 containing 6% of DMSO used as a

control. The DTH reaction was recorded 24 h later. The

animals were sacrificed and their hind feet were removed

along the hairline. The results were expressed as the

increase in footpad weight of peptide-injected footpads

over that of vehicle-injected counterparts. Data shown are

the mean ± SD of at least five mice per group.

Statistical analysis

Multiple treatment groups were compared within the

individual experiments using one-way ANOVA. All

experiments were repeated at least three times except in

cases where more replicates were needed.

Results

Soluble ICOSIg binds specifically to ICOSL on DCs

When viewed using a computer-generated modeling pro-

gram, the ICOS receptor-binding interfaces for mouse and

human B7h were similar in appearance [17]. Several pre-

vious studies have successfully demonstrated the important

roles of the ICOS/ICOSL pathway using human-derived

ICOSIg on mouse or rat disease models [18–20]. These

data confirmed that human ICOS is able to bind to mouse

or rat ICOSL and can function as a native analog. We have

obtained abundant human-derived soluble ICOSIg in our

previous work. To investigate whether ICOSIg activates a

functional response in mouse DCs, we first tested the

human fusion protein for its ability to specifically bind

ICOSL on mouse bone marrow-derived DCs. Dendritic

cells were cocultured with ICOSIg or control human IgG1

for 30 min at 4�C, and detected by flow cytometry (FCM).

Treatment with a fluorescent-labeled anti-human IgG1

antibody for another 30 min clearly indicated that ICOSIg

could bind to DCs (Fig. 1a). To further investigate the

specific binding of ICOS with ICOSL, DCs were treated

with anti-ICOSL-PE antibody in the presence of different

concentration of ICOSIg. Alternatively, DCs were first

cocultured with ICOSIg, then with anti-ICOSL-PE in a

competitive binding test. The binding of anti-ICOSL-PE to

the ICOSL on DCs was either partially (Fig. 1b) or entirely

blocked (Fig. 1c).

Fig. 1 Specific binding of ICOSIg to ICOSL on DCs inhibits MLR.

a–c DCs were treated as described in the text, and the histogram

shows the fluorescence labeling-isotype antibodies. a ICOSIg binds

specifically to DCs: thin line (red) 60 lg/ml ICOSIg ? anti-IgG-PE;

bold line (green) 60 lg/ml IgG ? anti-IgG-PE. b ICOSIg binds

competitively with anti-ICOSL to ICOSL on DCs: dashed line (red)

only anti-ICOSL-PE; thin line (black) 30 lg/ml ICOSIg ? anti-

ICOSL-PE; bold line (green) 60 lg/ml ICOSIg ? anti-ICOSL-PE.

c Pretreated with ICOSIg completely blocks the specific binding of

anti-ICOSL to ICOSL on DCs: thin line (red) 60 lg/ml IgG ? anti-

ICOSL-PE; bold line (green) 60 lg/ml ICOSIg ? anti-ICOSL-PE.

d More than 98% of the constructed ICOS transfectants express

membrane-bound ICOS as determined by a specific anti-ICOS-PE

antibody: histogram: CHO-CON ? anti-ICOS-PE; bold line (green)

CHO-ICOS ? anti-ICOS-PE. e MLR were partially inhibited in the

presence of ICOSIg compared to IgG1 (mean ± SD; *P \ 0.05)
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Previous study has shown that proliferation and activa-

tion of T cells were significantly inhibited when the ICOS/

ICOSL pathway was abrogated with ICOSIg, which blocks

the interaction of ICOS on T cells and of ICOSL on anti-

gen-presenting cells [21]. To determine the bioactivity of

soluble ICOSIg, MLR was performed using CD4? T from

BALB/c mice and DCs from C57BL/6 mice in the presence

of ICOSIg or control human IgG1. The proliferation of

CD4? T cells was partially inhibited by ICOSIg (Fig. 1e),

in agreement with previous findings. These data demon-

strate that human-derived soluble ICOSIg can bind

specifically to mouse ICOSL on immature DCs and can be

used for further functional research in further experiments.

We also successfully constructed membrane-anchored

ICOS-expressing CHO cells (CHO-ICOS) that express the

ICOS molecular structure on the surface in more than 98%

of the cells, as determined by PE-labeled anti-ICOS anti-

body via FCM (Fig. 1d).

ICOSIg enhances expression of IL-6 in DCs

Cytokines and chemokines play an important role in the

effect or function of DCs. Therefore, we first assessed

the production of cytokines in the supernatants using an

ELISA assay, including: IL-2, IL-4, IL-6, IL-10, IL-12,

TNF-a, IFN-c, and TGF-b1. We also determined

expression of PGE2, IL-6, IL-10, IL-10 receptor(IL-10R),

chemokines CCL3, CCL4, CCL19, and chemokine

receptor CCR7 in DCs treated with ICOSIg or control

IgG1, with quantitative real-time PCR. The levels of IL-2,

IL-4, and IFN-c in the supernatants were below the

limits of the corresponding ELISA kits. There were no

obvious differences in most of the other detected com-

pounds (Fig. 2a, b), but intriguingly, we found a notable

dose-dependent effect in IL-6 production in response to

ICOSIg, both in the supernatant and at the mRNA level,

compared to IgG1 control (Fig. 2a, c). Although CD28-

Ig induced no substantial changes in the surface

expression of MHC-II, CD80, CD83, and CD86 mole-

cules on spleen DCs [6], a slight but definite

augmentation of these surface molecules was found on

bone marrow-derived DCs treated with ICOSIg (Fig. 3).

In contrast, surface expression of ICOSL on DCs

decreased after treatment with ICOSIg. Given that the

actual level of ICOSL might be disguised by ICOSIg,

owing to its competitive binding with PE-anti-ICOSL

antibody (as shown in Fig. 1), the mRNA levels of

ICOSL in DCs were investigated using quantitative RT-

PCR. Consequently, in this case, no difference was seen

(Fig. 2a). At the same time, ICOSIg treatment did not

induce any obvious apoptosis, death, or proliferation of

DCs, as determined by Annexin V/PI counterstain and

CCK-8 detection (data not shown).

To confirm the reverse signal by soluble ICOSIg, DCs

were next co-incubated with CHO-ICOS pretreated with

mitomycin C, to mimic the in vivo cell-to-cell interaction.

CHO-ICOS cells could also promote DCs to express more

IL-6 in the culture supernatants and to express higher

surface costimulating molecules compared to control

CHO (CHO-CON) cells (Fig. 4a, b). These results suggest

that both soluble and membrane-anchored ICOS induce

an elevated IL-6 cytokine response and that ICOSIg could

be used for further investigation of the interaction

between ICOS and ICOSL as an alternative to membrane

ICOS.

Expression of IL-6 by DCs induced by ICOSIg

is ICOSL and p38-MAPK dependence

To confirm that the augmentation of IL-6 in DCs was

caused by ICOSIg, we used anti-ICOSL antibody to block

the interaction of ICOSIg with ICOSL on DCs. The use of

anti-ICOSL abolished the differential expression of IL-6

between the experiment and control groups (Fig. 5a),

which indicated that IL-6 was expressed in an ICOSL-

dependent fashion. In our experiments, both ICOSIg and

IgG1 were treated with an EndoTrap Blue column for

removing endotoxin, according to the manipulation pro-

cedure. To assess any possible contribution of toll-like

receptor (TLR) signaling by remnant endotoxin contami-

nation, the ICOSIg and human IgG1 proteins were

denatured in boiling water to abrogate their biological

activity and retain the possible residual biological effect of

endotoxin, since the latter needs harsher conditions to be

destroyed. The denatured ICOSIg lost its ability to promote

generation of IL-6 by DCs (Fig. 5a). Thus, ICOSIg induces

an ICOSL-dependent elevation of IL-6 expression by

immature DCs.

To further identify the important role of ICOSL in the

ICOSIg-induced biological-function changes in DCs, we

repeated these experiments using DCs obtained from

ICOSL-/- and TLR4-/- mice. In this case, mouse-derived

ICOSIg was also used for a directly comparison of bioac-

tivity of mouse- or human-derived ICOS on mouse DCs.

The slight enhancement of IAb expression on DCs and

definite elevation of IL-6 in the supernatant caused by

ICOSIg were almost completely abrogated after the dele-

tion of icosl, which, however, were not affected by the

deletion of TLR4, the generally accepted receptor of LPS

(Fig. 5b, c). These experiments also provided further evi-

dences that ICOSIg, either from mouse or human beings,

could function properly by binding specifically to ICOSL

on mouse DCs (Fig. 5b, c).

The p38-MAPK signal pathway has been presumed

necessary for the production of IL-6 by DCs in response

to inflammatory stimuli, and p38-MAPK also plays a
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critical role in CD28 induction of IL-6 in splenic DCs

[6]. To further explore whether activation of the p38-

MAPK signal pathway was also included during the

generation of IL-6 by DCs treated with ICOSIg, the

production of IL-6 was examined in immature bone

marrow-derived DCs treated with ICOSIg, in either the

presence or absence of SB202190, an inhibitor of p38-

MAPK signal pathway, or its inactive analog SB202474.

Blockade of p38 activity resulted in an obvious sup-

pression of IL-6 released by DCs and also an abolition

of the discrimination in both groups (Fig. 5a), showing a

direct association of IL-6 secretion with the activation of

p38 signal pathway.

To further dissect the mechanism of elevated IL-6, we

next examined whether enhanced activation of p38 pro-

tein was induced in DCs after its interaction with

ICOSIg. To this end, the phosphorylation levels of p38

protein were evaluated using western blotting analysis.

We found a basic phosphorylation of p38 in untreated

wild DCs, and the phosphorylation levels were aug-

mented in response to ICOSIg in a time-dependent

manner, while no difference could be found in DCs

Fig. 2 ICOSIg induces IL-6 in

DCs. a DCs were treated with

ICOSIg or control IgG1 for 8 h

after blocking Fc receptors with

antibody to CD16/CD32, then

collected and detected for

mRNA levels of different

targets as shown using

quantitative RT-PCR(one

representative data of two

independent experiments

shown). b Cytokines shown in

the culture supernatant were

determined with ELISA after

DCs were incubated with

60 lg/ml soluble proteins for

24 h; DCs treated with

200 ng/ml LPS were used as

positive control. c IL-6 levels in

the culture supernatant were

detected using ELISA after DCs

were treated with different

concentration of proteins for

24 h (in groups of 60 and

80 lg/ml, P \ 0.01)
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treated with control IgG protein at the observed time

points (Fig. 6a, b). Furthermore, ICOSIg induced little

change in p38 phosphorylation in ICOSL-/--derived

DCs as compared with those from wild mice (Fig. 6c, d).

Total levels of p38 showed no obvious difference in

each group (Fig. 6a, c and data not shown). These data

Fig. 3 ICOSIg improves

surface molecules on immature

DCs. Immature DCs were

administered with 60 lg/ml

ICOS-Ig or IgG1 and then

treated with different

fluorescence-labeling antibody

and detected by FCM. Left-hand
numbers above each histogram

represent the percent of

positive-staining cells while the

right-hand numbers represent

mean fluorescent intensity

(MFI) of all the cells gated (data

are one representative of six)

Fig. 4 Membrane-anchored ICOS induces expression of IL-6 by

DCs. DCs were left untreated, or cocultured with CHO-ICOS or

CHO-CON which were pre-treated by mitomycin for 24 h. a The

supernatant were collected and detected for IL-6 with ELISA kit

(*P \ 0.05). b Cells were then collected and washed, treated with

different fluorescence-labeling antibody and detected by FCM;

CD11c? cells were gated and the data were analyzed by Cellquest

Software. Left-hand numbers above each histogram represent the

percent of positive-staining cells while the right-hand numbers
represent mean fluorescent intensity (MFI) of all the cells gated (data

are one representative of three)
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suggest that soluble ICOSIg, but not IgG, specifically

affects activation of p38 MAPK in DCs.

ICOSIg promotes immunostimulating function

of DCs including: phagocytosis, antigen-presenting

and initiating mixed lymphocyte reaction

IL-6 has long been recognized as a proinflammatory

cytokine [6, 25]. Therefore, the augmented expression of

IL-6 might provide 5-day bone marrow-derived DCs with

an immunostimulatory phenotype. To confirm this

assumption, DCs were incubated with FITC-conjugated

chicken OVA (FITC-OVA) after being treated with either

ICOSIg or control IgG1. The amount of fluorescence

incorporated into DCs was used as an indicator of antigen

uptake. As shown in (Fig. 7a, left), DCs treated with

ICOSIg glowed brighter than did the DCs treated with the

control IgG1, considering the enhanced antigen uptake. A

PD-L2-specific IgM has been reported to provide CpG-

maturing DCs with a different activation phenotype, with

the cells having the strong antigen-presenting functions of

mature DCs and the antigen-acquiring functions of imma-

ture DCs [8]. We then tried to investigate whether ICOSIg

could also promote LPS-inducing mature DCs to acquire

antigen. The 5-day DCs were first treated with 100 ng/ml

LPS for 24 h and then with 60 lg/ml ICOSIg for another

24 h before being pulsed by FITC-OVA. No positive

results were found by FCM (Fig. 7a, right).

The ability of DCs coactivated with ICOSIg to present

antigens to T lymphocytes was next investigated.

OVA323–339-specific CD4? T cells were cocultured with

DCs pretreated with ICOSIg or control IgG1. 200 nM

OVA323–339 peptides were added, and incorporation of [3H]

thymidine was used to evaluate T cell activation. Treat-

ment of 5-day DCs with ICOSIg partially upregulated the

cells’ ability to activate antigen-specific T cells compared

Fig. 5 ICOSIg induces p38-dependent IL-6 expression via ICOSL on

DCs. a Wild DCs (C57BL/6) were treated with sufficient anti-ICOSL

antibody or SB202190 and SB202474 for 1 h before being incubated

with ICOS-Ig or IgG for another 24 h. In part of the experiments,

soluble proteins were denatured with boiling water. IL-6 in the

supernatants were then measured by ELISA (*P \ 0.05 compared to

other groups except ICOS ? SB202474 group; #P \ 0.05 compared

with ICOSIg ? SB202190). b,c DCs from different mice (wild,

ICOSL-/- and TLR-/-, all these mice were C57BL/6 derived) were

blocked with CD16/CD32 antibody and incubated with 60 lg/ml

mouse ICOS-Ig, human ICOSIg or human IgG1 for 36 h (1 9 105

cells in 100 ll condition media per duplicate 96-cell flat cells) before

being collected and detected for IAb with FCM or IL-6 in the

supernatants with ELISA (**P \ 0.01, data are one representative of

three)

c
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with the control groups (Fig. 7b), whereas no obvious

activation could be found when DCs were cocultured with

T cells without OVA323–339-specific peptides (data not

shown). When DCs from C57 mice were co-incubated with

CD4? T cells from BALB/c mice, to initiate a MLR, higher

T cell proliferation could also be obtained in a group of

DCs treated with ICOSIg (Fig. 7b).

Because 3H incorporation can only capture the T cell

proliferation during the last 18 h of coincubation, we

repeated the assay with CFSE-labeled antigen-specific or

allogeneic CD4? T cells, which permits visualization of the

entire division history during the coculture. The division

profile of CFSE-labeled T cells cocultured with DCs

pretreated by ICOSIg was correlated with the results of 3H

incorporation. The ability of antigen presentation and

stimulating proliferation of allogeneic T cells was aug-

mented (Fig. 7c). Collectively, these data suggest that

ICOSIg promotes the immunostimulatory ability of

immature DCs in vitro.

ICOSIg pulsed DCs induce activation and Th1

differentiation bias of CD4? T cell

To determine the biological sequelae of ICOSIg-treated

DCs in primary CD4? T cell differentiation, OVA-specific

CD4? T cells were cultured with ICOSIg-loaded DC for

72 h. Increased IL-2 and IFN-c levels were found in the

supernatant of T cells cocultured with ICOSIg-pretreated

DCs, but no difference existed in expression of IL-10

(Fig. 7e). This finding suggests that the ICOSIg-pulsed

Fig. 6 ICOSIg activates p38-

MAPK signal pathway in DCs.

The 5-day immature DCs

derived from wild or ICOSL-/-

mice were resuspended in

100 ll 1640 culture medium

containing 1% FCS, with

5 9 106 total cell numbers in

each group. After being

incubated for different times (a)

or 60 min (c) with 200 lg/ml

ICOSIg or IgG (a,b), or with

100 ng/ml LPS (c), DCs were

collected and treated with cell

lysis solution; the lysate were

then used for detecting

phosphorylated and total p38

protein using western blot. The

relative gray scale values of

each p-p38 MAPK band were

also listed (b vs a and d vs c),

which were obtained by

Smartview Software and

calibrated with those of each

b-actin, respectively. p-p38
Phosphorylation p38 protein,

t-p38 total p38 protein, b-actin
inner reference protein,

W- wild-derived DCs,

K- ICOSL-/--derived DCs

(data are one representative

of three)
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DCs might promote a Th1 differentiation bias from CD4?

T cells. Primary experiments showed no difference in IL-

17 expression in both groups (data not shown). CD25 and

CD69, the main activation markers of T cells, were also

elevated in OVA-specific CD4? T cells co-incubated with

DCs pretreated by ICOSIg (Fig. 7d).

ICOSIg favors DCs induction of cell-mediated

immunity

Mouse splenic DCs can present peptide antigens in an

immunogenic or tolerogenic way, with the distinction

depending on either the occurrence of specialized DC

subsets or the maturation or activation state of the DCs [22].

Environmental factors are crucial in conditioning the

outcome of DC presentation of the synthetic nonapeptide

P815AB, which is related to a poorly immunogenic antigen

of mouse mastocytoma P1.HTR31 [23, 24]. Because the

nonapeptide P815AB was H-2d restricted, we had to

perform this experiment in BALB/c (H-2d) mice. After

transferring peptide-pulsed DCs into recipient mice, the

induction of immunity versus tolerance can be monitored by

a skin test assay. This can be done through intrafootpad

challenge with the eliciting peptide, and this DTH model

has been successfully used to reveal numbers of reverse

signals delivered in members of costimulator families [3, 6,

10]. Five-day immature bone marrow-derived DCs in vitro

were pulsed with P815AB and tt, and injected into recipient

hosts that we assayed for 2 weeks for the development of

MHC class I-restricted skin test reactivity. We either left the

Fig. 7 ICOSIg induces immunogenic DCs in vitro. a Immature DCs

were treated with ICOSIg or IgG1 in the absence (left) or presence

(right) of 100 ng/ml LPS for 24 h, then washed thoroughly and

cocultured with 100 lg/ml FITC labeling OVA protein and detected

by FCM. Numbers shown represent MFI of all the cells gated. b–e
Immature DCs were pretreated by ICOSIg. b Cocultured with OVA-

specific CD4? T in the presence of OVA323–339 peptides (left) or with

CD4? T obtained from spleen of BALB/c mouse (right) for another

72 h and H3-thymine was added before the last 18 h. X-axis gives the

ratio of DC: T(*P \ 0.05). c Cocultured with CD4? T prestained by

CFSE agent for 5 days and analyzed by FCM. Left-hand numbers
represent the percent of offspring T cells after more than three times

of cell division, right-hand numbers represent the MFI of all the cells

gated. d Cocultured with OVA-specific CD4? T as in (b). T cells

were then washed and evaluated the expression of CD25 and CD69.

e Cocultured with OVA-specific CD4? T as in (d). The supernatant of

the coculture system were then collected and assayed for different

cytokines with corresponding ELISA Kit (*P \ 0.05)
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DCs untreated or treated them with ICOSIg in the presence

or absence of anti-IL-6 and anti-ICOSL. Although previous

results have shown that unfractionated splenic DCs pre-

sented poorly immunogenic peptides [25, 26], a slight but

definite reactivity was found after the transfer of condi-

tioned 5-day bone marrow-derived CD11c? DCs (Fig. 8).

DCs conditioned by ICOSIg elicited stronger footpad

reactivity, and this effect was negated by the neutralization

of IL-6 or by use of anti-ICOSL (Fig. 8). Thus, ICOSIg

favors immunostimulatory function of bone marrow-

derived immature DCs, through the induction of IL-6 in an

ICOSL-dependent manner, both in vitro and in vivo.

Discussion

Although there is a controversy as to whether ICOS mainly

regulates only Th2 or Th1 cells or both, recent work has

shown that the ICOS/ICOSL signal pathway plays an

important role, in either a CD28-independent or -dependent

fashion, in augmenting T cell differentiation and cytokine

production. In addition, costimulatory signals through ICOS

provide critical T cell help to B cells in B cell differentia-

tion, immunoglobulin class switching, germinal center

formation, and memory B cell development [13, 15, 26–32].

Signals of ICOS/ICOSL have also been found to play crit-

ical, but to some degree complicated, roles in several model

systems of different diseases, including autoimmunity,

asthma and allergy, infectious disease, transplantation, and

cardiovascular system diseases. This makes the ICOS/

ICOSL pathway a new and attractive potential therapeutic

target [15, 28, 33–42]; however, more details need to be

further investigated in order to thoroughly elucidate this

signal pathway before clinical application. Among these is

the need to determine whether ICOS can also deliver a

reverse signal via ICOSL, as do the other co-stimulators

mentioned in the ‘‘Introduction’’.

In this article, we used soluble ICOSIg to bind ICOSL

on DCs to investigate whether ICOS could deliver reverse

signals of some type to DCs and mediate an immune

response. Our data showed that ICOSIg binding to ICOSL

on immature DCs induced a dose-dependent augmentation

of cytokine IL-6, although no other cytokines or chemo-

kines were detected whose release required early activation

of p38 MAPK. Moreover, there is an increase in the

expression of surface molecules, as determined by FCM,

including CD80, CD83, CD86, and IAb on these modified

DCs, but ICOSL showed no difference in both groups of

DCs, as determined by quantitave RT-PCR.

These primary data also suggested that the elevated IL-6

and enhanced expression of surface molecules were not

due to the change of maturation states of immature DCs,

since mature DCs cause a wide increase of multiple cyto-

kines and surface molecules as shown in our later

experiments. Membrane-anchored ICOS expressed on the

surface of CHO cells confirmed the reverse signal deliv-

ered by ICOSIg, and soluble ICOSIg was thus used for

convenience in the subsequent experiments to discover the

property of the reverse signal, rather than membrane-

expressed ICOS.

In our experiment, icosl gene knockout mice were also

used as a resource for in vitro producing immature DCs and

for confirming the newly uncovered reverse signal through

ICOSL on DCs by ICOS. Bone marrow cells from

ICOSL-/- mice, however, gave lower yields of DCs when

using the same protocol shown in ‘‘Methods’’ as compared

to wild mice or TLR4-/- (data not shown). Meanwhile,

DCs from ICOSL-/- mice displayed a lower ability of

producing IL-6 and lower basic phosphorylation levels of

p38 (Figs. 5c, 6c). More surprisingly, LPS also induced

lower p38 phosphorylation in the ICOSL-/--derived DCs

compared with that in wild-derived DCs (Fig. 6c, d). Fur-

ther work is needed to disclose the precise mechanisms.

These phenomena, together with the reverse signal found in

our article, may suggest that signals from ICOSL play

important roles in the development and biological function

of DCs. In the following experiments, therefore, we used

DCs from wild but not ICOSL-/- mice for further inves-

tigation of the direct potential mechanism under the ICOSL/

ICOS reverse signal, avoiding bias caused by the deletion of

icosl itself. In our experiments, tlr4 gene deletion did not

abrogate the increase of IL-6 induced by ICOS which fur-

ther excluded the possible function of contaminated LPS.

Fig. 8 DCs pretreated by ICOSIg induces DTH. Immature DCs

derived from BALB/c mice were pulsed with P815AB and tt peptides

after being treated with IgG1 or ICOS-Ig (60 lg/ml) in vitro, with or

without anti-IL-6 treatment. In one group, DCs were first blocked

with anti-ICOSL for 1 h before being treated as described above. The

priming ability of the conditioned, peptide-pulsed DCs was examined

by transfer into homogenic recipient mice, which were assayed at

2 weeks for skin test reactivity to the eliciting peptide. Reactivity was

measured as the increase in footpad weight of peptide-injected

footpads over that of vehicle-injected counterparts. Untreated Normal

mouse with no treatment. Each of the results (mean ± SD) is from

one experiment representative of three, with at least five mice per

group per experiment (*P \ 0.01)
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Although we cannot completely rule out other non-specific

stimulators that might contribute to the IL-6 expression,

e.g., CPG, ICOSL-/- mice used here provided efficient

evidence of the specific enhancement effects on IL-6 pro-

duction and p38 phosphorylation.

It has been reported that mouse splenic DCs treated with

soluble CD28 predominantly expressed interleukin 6 and

then enhanced T cell-mediated immunity to tumor and self

peptides in vivo [6]. Therefore, ICOSIg pre-treated DCs

producing cytokine IL-6 might also have an elevated

immunostimulatory function. Further investigation showed

that the ability for phagocytosis and antigen-presenting of

DCs conditioned by ICOSIg were markedly enhanced

compared to that of the controls. The OVA-specific CD4? T

cells co-incubated with DC conditioned by ICOSIg pro-

duced more IFN-c, but less IL-4, revealing the internal

association of augmented Th1 response with the increased

immunostimulatory function observed. In vivo study con-

firmed the increased immunostimulatory function of DCs

pre-treated by ICOSIg, displaying an IL-6 and ICOSL-

dependent manner, to promote cell-mediated and MHC class

I-restricted skin test reactivity. The elevated base level of

DC-mediated DTH observed in our experiment, compared to

those in previous reports [3, 6], might be due to the different

sources and thus different functional states of the DCs.

This study reports for the first time, to our knowledge,

the use of in vitro induced bone marrow-derived immature

DCs in the classic mouse MHC class I-restricted DTH

model to evaluate function of the conditioned DCs [3, 6,

10]. Therefore, ICOS can deliver an immunogenic signal to

DCs both in vitro and in vivo, although its biological

function on DCs seems not as strong as that of CD28, and

thus a higher concentration of protein is needed to obtain

the observed changes [6].

Immune homeostasis is a delicate balance between the

immune defense against foreign pathogens and suppression

of the immune system to maintain self-tolerance and prevent

autoimmune disease. Maintenance of this balance involves

the different interaction of T cells and antigen-presenting

cells. Costimulatory molecules play an important role in

controlling the differentiation aspect of T cells, by providing

positive or negative signals through factors not only on T

cells but also on antigen-presenting cells, i.e., CD28/CTLA-4,

CD40L, PD-1, and GITR on T cells or CD80/CD86, CD40,

PD-L1/PD-L2, and GITRL on DCs, respectively [3–10].

This is also the first time, to our knowledge, that ICOS has

been shown to deliver an immunostimulatory signal to DCs

by promoting expression of IL-6 via ICOSL. These condi-

tioned DCs show an immunogenic feature and favor the cell-

mediated immunity in vivo. Considering the far lower

expression of ICOS on T cells and ICOSL on DCs than that

shown by CD28/CTLA-4 and CD80/CD86, respectively, the

observed inferior biological signal delivered by ICOS via

ICOSL might in fact not be as weak as that delivered by

CD28/CTLA-4 to CD80/CD86 in a single immune cell, and

thus may participate in maintaining the whole immunolog-

ical homeostasis. These data provide new recognition of the

ICOS/ICOSL signal pathway role in immunity. This may

lead to a reconsideration of previous confusing experimental

data that indicated that the timing of ICOS blockade signif-

icantly influences therapeutic effects [15, 33–36]. Finally,

these data provide more evidence justifying the reasonable

design of therapeutic drugs targeting the ICOSL/ICOS

pathway.
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