
Binding immunoglobulin protein-treated peripheral blood
monocyte-derived dendritic cells are refractory to maturation and

induce regulatory T-cell development

Introduction

The interactions between the innate and adaptive

immune systems that determine the type of immune

response that follows a particular antigenic assault are

currently being dissected. Probably one of the most

important players in the initiation of an appropriate

immune response is the dendritic cell (DC). The matu-

ration status of the DC and its local environment, with

respect to the presence of inflammatory mediators,

influence the subsequent cross-talk between DC and

T cells and are crucial factors in the immune response

directing T cell development towards T helper (Th) 1

cells,1 associated with interleukin (IL)-12 production,

Th17 cells, developed in the presence of transforming

growth factor (TGF) b and IL-6,2 or Th2 cells, asso-

ciated with IL-4.3 The production of IL-10 by DCs in

the early stages of culture and the DC phenotype

clearly also have an effect on the differentiation of reg-

ulatory T cells.4 The nature of the initiating molecules

that drive a DC to become pro- or anti-inflammatory,

however, is still uncertain.

Stress proteins (SPs) or heat shock proteins (HSPs)

are evolutionarily highly conserved proteins.5 They have

Valerie M. Corrigall, Olivier

Vittecoq and Gabriel S. Panayi

Department of Academic Rheumatology,

King’s College London School of Medicine at

Guy’s, King’s and St Thomas’ Hospitals, Guy’s

Hospital, London, UK

doi:10.1111/j.1365-2567.2009.03103.x

Received 10 January 2009; revised 6 March

2009; accepted 12 March 2009.

Correspondence: Dr V. M. Corrigall,

Department of Academic Rheumatology,

King’s College London Medical School at

Guy’s, King’s and St. Thomas’ Hospitals, 5th

Floor Southwark Wing, Guy’s Hospital,

London SE1 9RT, UK.

Email: valerie.corrigall@kcl.ac.uk

Senior author: Gabriel S. Panayi,

Email: gabriel.panayi@kcl.ac.uk

Summary

Binding immunoglobulin protein (BiP) has been shown previously to

have immunomodulatory functions. Herein we investigated whether BiP

could affect the differentiation of monocytes into dendritic cells (DCs)

and thence the development of regulatory T cells. Peripheral blood mono-

cyte-derived DCs were matured with lipopolysaccharide in the presence or

absence of BiP. DC development and T-cell changes were monitored by

flow cytometry and regulatory T-cell function was measured by uptake of

tritiated thymidine. More BiP-treated DCs (DC(BiP)s) expressed amounts

of intracellular indoleamine 2,3-dioxygenase (IDO) and cell surface

leucocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1),

retained CD14 expression but down-regulated expression of human leuco-

cyte antigen (HLA)-DR and CD86, and produced copious amounts of

interleukin (IL)-10, when compared with control DCs. T cells co-cultured

with DC(BiP)s developed regulatory function with increased surface expres-

sion of CD4+ CD25hi CD27hi but with no concomitant increase in fork-

head box P3 (Foxp3). These T cells also showed significantly higher levels

of intracellular cytotoxic T-lymphocyte antigen (CTLA)-4. The latter

could be inhibited by the presence of the IDO inhibitor 1 methyl trypto-

phan. The addition of neutralizing anti-IL-10 antibody or the specific

mitogen-activated protein kinase (MAPK) p38 inhibitor SB203580

reversed the inhibition of DC differentiation by BiP. In conclusion, BiP is

an immunomodulator able to arrest inflammation through induction of

tolerogenic DCs and subsequent generation of T regulatory cells.

Keywords: BiP; dendritic cells; idoleamine 2,3 dioxygenase; regulatory T cells

Abbreviations: BiP, binding immunoglobulin protein; IDO, indoleamine 2,3 dioxygenase; LILRB1, leucocyte immunoglobulin-
like receptor subfamily B member 1.
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important intracellular functions as chaperones and

protectors of cells from stress,5 but more recently they

have been recognized to have extracellular functions

mediated by signalling through cell surface-expressed

receptors. Thus they are able to influence monocyte

differentiation through ligation of surface-expressed

receptors, such as Toll-like receptor 2 (TLR2)6 and

TLR4,6 CD14, CD40,7 lectin-like oxidised low-density

lipoprotein receptor-18 and CD91.9,10 The majority of

these SPs, such as HSP70, have been shown to stimu-

late monocytes to drive an overall pro-inflammatory

response, reflecting the ‘danger’ hypothesis,11 with accel-

erated maturation of DCs that produce interleukin

(IL)-12, tumour necrosis factor (TNF)-a and IL-1b.12,13

In direct contrast, we have shown that binding immu-

noglobulin protein (BiP), although a member of the

HSP70 family, affects peripheral blood monocytes14 via

an as yet uncharacterized receptor, to reduce human

leucocyte antigen (HLA)-DR and CD86 expression and

induce copious production of IL-10.14 A functional

consequence of these changes is reduced proliferation of

human peripheral blood mononuclear cells (PBMC) in

response to the recall antigen tuberculin purified pro-

tein derivative (PPD).14 In addition, BiP will drive dif-

ferentiation of T cells towards a Th2 profile with anti-

inflammatory properties. Thus we have expanded, from

PBMC, BiP-specific CD8 T-cell clones that produce IL-

10, IL-4 and IL-5 in various combinations with little or

no interferon (IFN)-c.15 Similarly, in vitro investigation

of the lymph node and spleen cells from BiP-treated

mice showed secretion of IL-416 and IL-10 on re-stimu-

lation with BiP. In vivo, a single intravenous injection

of BiP given to DBA/1 or HLA-DR1 transgenic mice

prevented or treated ongoing collagen-induced arthritis

(CIA). Importantly, adoptive transfer of the splenocytes

and lymph node cells from these BiP-treated animals

will prevent or treat CIA. Interestingly, the protective

effect of BiP is ablated in IL-4 knockout mice.16 Thus

there seems to be an analogy between mice and

humans in terms of BiP being able to stimulate the

release Th2 cytokines, especially IL-10 and IL-4.

Collectively, these results suggest that BiP is able to

modify the immune response through interaction with

monocytes and to produce T cells that may have anti-

inflammatory and immunomodulatory properties. In par-

ticular, we have hypothesized that BiP may act after the

initial inflammatory immune response to resolve inflam-

mation and restore homeostasis.17 In this study, we pres-

ent evidence that in vitro BiP stimulation modulates

human monocyte differentiation into mature DCs

(mDCs) and that subsequent T-cell contact with BiP-trea-

ted mDCs (mDC(BiP)s), either autologous or allogeneic,

augments regulatory T-cell development. Overall, these

data provide more direct experimental evidence of the

effects of BiP on the inflammatory process.

Materials and methods

Preparation of recombinant human BiP (rhuBiP)

6X histidine tagged recombinant human BiP was pre-

pared as described previously.18 Briefly, Escherichia coli

expression strain BL21-(DE3) containing the recombinant

pET30a-BiP plasmid was grown at 37� in Luria-Bertani

(LB) medium containing kanamycin (50 mg/ml). Isopro-

pyl-D-thiogalactopyranoside (1 mM) was added to the

medium to induce expression of the recombinant protein.

The culture was incubated for a further 4 hr at 37�. Cells

were pelleted by centrifugation and stored at )70�. For

purification of the recombinant bacterial proteins, the

bacterial pellets were lysed in binding buffer [20 mM

Na2HPO4, 500 mM NaCl, 5 mM imidazole, 1 mM phe-

nylmethylsulphonyl fluoride (PMSF), 1 mg/ml lysozyme,

5 mg/ml DNAse and 0�1% Triton X-100, pH 7�4]. The

lysate was cleared by centrifugation and passed over a

binding buffer equilibrated chelating Hi-trap affinity col-

umn (Pharmacia, Amersham, UK). The non-specifically

bound protein was washed from the column under strin-

gent conditions using a series of three wash buffers. The

primary washes were performed using 100 ml of binding

buffer without and then with 5 lg/ml polymyxin B. This

was followed by a high-stringency low-pH wash (20 mM

Na2HPO4, 500 mM NaCl and 0�1% Triton X-100, pH 5�5)

and an additional high-stringency wash using 100 ml of

20 mM Na2HPO4, 500 mM NaCl, 0�1% Triton X-100 and

50 mM imidazole, pH 7�4. The histidine-tagged recombi-

nant proteins were eluted from the column by stripping

with 50 mM ethylenediaminetetraacetic acid (EDTA).

Eluted proteins were dialysed against phosphate-buffered

saline (PBS) to remove EDTA and nickel contaminants.

The protein purity, as assessed by polyacrylamide gel elec-

trophoresis and silver staining, was greater than 95%.

Associates of Cape Cod (Liverpool, UK) assessed endo-

toxin contamination at < 30 EU/mg protein.

Isolation of PBMC, T cells and monocytes (MOs)

Heparinized venous blood was obtained from healthy

volunteers after informed consent and approval of the

project by the Guy’s and St Thomas’ Hospital Ethical

Committee had been given. PBMC were isolated by

density centrifugation over Lymphoprep (Nycomed-

Pharma, Amersham, UK). T cells and MOs were

purified from PBMC by negative selection using the

appropriate immunomagnetic kit (Dynal, Bromborough,

UK).

Differentiation of MO-derived mDCs

Enhanced MO cultures (> 85% monocytes;

1�5 · 106 cells/flask; Corning Costar, High Wycombe,
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UK) were incubated in 5 ml of tissue culture medium

(TCM) (RPMI-1640; Sigma, Poole, UK) supplemented

with 10% heat-inactivated fetal calf serum (FCS) (Life

Technologies, Paisley, UK). DCs were generated by cultur-

ing MOs with granulocyte–macrophage colony-stimulating

factor (GM-CSF; 1000 U/ml; Novartis Research Institute,

Vienna, Austria) and IL-4 (500 U/ml; R&D Systems,

Oxford, UK) for 7 days, either alone or in the presence of

rhuBiP (20 lg/ml). Cytokines and BiP were replenished

every 2 days. DCs were matured by addition of lipopoly-

saccharide (LPS; 500 ng/ml) for the final 2 days of a 7-day

culture.

IL-10 neutralization and mitogen-activated protein
kinase (MAPK) inhibition

To neutralize IL-10 within the cultures, anti-IL-10

antibody (5 lg/ml; hybridoma clone 11676; ATCC,

Rockville, MD) was added at day 0 to GM-CSF- and

IL-4-treated cultures in the presence and absence of

BiP (20 lg/ml). Two specific cell-permeable inhibitors

of the MAPK intracellular signalling pathways were also

used, SB203580 (SB; 10 lM; Calbiochem, Darmstadt,

Germany), which inhibits p38 MAPK, and PD98059

(PD; 10 lM; Calbiochem), an inhibitor of MAPK extra-

cellular signal regulated kinase (ERK). MOs were pre-

treated with the inhibitors for 2 hr before the addition

of GM-CSF and IL-4 in the presence or absence of

BiP.

T cell:DC co-culture and determination of regulatory
T-cell activity

Purified T cells (> 95% T cells; 2 · 106 cells/ml/well)

were cultured in the absence or presence of autologous

DC populations in 24-well flat-bottomed plates at a

DC:T-cell ratio of 1 : 1 for 4 days. T cells were isolated

from the autologous co-cultures and incubated with anti-

HLA-DR antibody (hybridoma clone L243; ATCC; 1/20

dilution of ammonium sulphate precipitated protein) and

the DCs were removed with goat anti-mouse coated

immunomagnetic beads (Dynal). T cells (106 cells/ml;

96-well plate) were then cultured with fresh autologous

responder T cells and irradiated autologous PBMC

(1 : 1 : 1 cell ratio) and cultured with or without anti-

CD3 (hybridoma clone OKT3; ATCC; 1/2000 dilution of

ammonium sulphate precipitated protein) for 3 days. The

cells were pulsed with [3H]thymidine (0�2 lCi/well)

(Pharmacia Biotech, Amersham, UK) for the final 18 hr

of culture.

Cytokine measurement

Supernatant samples were aliquoted and frozen at )70�
until required. Production of the anti-inflammatory

cytokine IL-10 was quantified by ELISA using paired

antibodies and recombinant standards (PharMingen,

Oxford, UK) according to the manufacturer’s instruc-

tions.

Immunofluorescent staining and flow cytometric analysis

Immunofluorescent staining was performed, as described

previously,19 the DC were harvested at day 7 and either

stained or washed. Washed DC were set up in co-culture

with autologous T cells and after 4 days co-culture these

T cells were harvested and stained. Cell surface staining

for DCs used anti-CD14, CD86, CD80, HLA-DR, CD11c,

CD1a, CD83 and leucocyte immunoglobulin-like receptor

subfamily B member 1 (LILRB1), and for regulatory T

cells, CD3, CD4, CD25 and CD27 monoclonal antibodies

all directly conjugated to fluorescein isothiocyanate

(FITC), phycoerythrin (PE) or peridium chlorophyll (Per-

CP) as required [all from Becton Dickinson/PharMingen

(BD), Oxford, UK]. Intracellular staining for CD152/

CTLA-4.PE (BD), forkhead box P3 (Foxp3) (eBiosciences,

Insight Biotechnology, Wembley, UK) and IDO (Santa

Cruz, Autogen Bioclear, Calne, UK) was carried out fol-

lowing fixation of cells with 1% paraformaldehyde for

5 min. Cells were then washed with immunofluorescence

buffer [PBS/0�1% bovine serum albumin (BSA)/0�05%

azide] containing 0�3% saponin. 0�3% saponin was pres-

ent in all solutions thereafter. Isotype controls, mouse

immunoglobulin G1 (IgG1) and IgG2 (Becton Dickinson,

Oxford, UK) were used in parallel. Cells were analysed on

FACScan/FACScalibur cytometers using CELLQUEST soft-

ware (Becton Dickinson).

Statistical analysis

All experiments were performed at least three times. Data

were compared using Student’s t-test and are expressed as

mean ± standard deviation in the text.

Results

In the experiments described below, BiP was only present

in the initial cultures along with GM-CSF and IL-4 to

drive the differentiation of PB monocytes into mature

DCs.

BiP-treated mDCs (mDC(BiP)s) showed phenotypic
and functional differences from control mDCs

Changes in mDC phenotype were monitored over a 7-day

differentiation period with maturation induced by LPS

over the final 48 hr. Intracellular indoleamine 2,3-dioxy-

genase (IDO) was consistently detected in more cells in

the mDC(BiP) cultures (8�5 ± 7 fold increase; range 2�0–

20�0 fold) compared with control mDCs (mDCs,
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3�0 ± 4�2% versus mDC(BiP)s, 14�1 ± 7�1%; P = 0�001,

n = 9) (Fig. 1a).

Compared with control mDCs, mDC(BiP)s maintained

CD14 expression, failed to up-regulate CD86 (Fig. 1b,

Table 1) and failed to mature after the addition of LPS

as determined by the up-regulation of CD83 (Table 1).

BiP treatment of DCs also reduced the mean fluores-

cent intensity (MFI) of CD80 (P = 0�07; not signifi-

cant) (Table 1) and HLA-DR (P = 0�04) (Table 1)

expression, although the per cent expression remained

high. In contrast, an increase in cell surface expression

of LILRB1 (ILT2) was observed (mDCs, 72�5 ± 6�4%

versus mDC(BiP)s, 87�2 ± 3�5%; P = 0�008, n = 4)

(Fig. 1c).

T cells co-cultured with DC(BiP)s show phenotypic
and functional characteristics consistent with the
generation of T regulatory cells

Up-regulation of T regulatory cell markers

T-cell surface expression for CD4+ CD25hi CD27hi

(mDCs, 0�8 ± 0�2% versus mDC(BiP)s, 2�5 ± 0�2%;

P = 0�016, n = 5) (Fig. 2a) showed a small but significant
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Figure 1. Binding immunoglobulin protein

(BiP) alters expression of indolamine-2,3 di-

oxygenase (IDO), costimulatory molecules and

regulatory molecules by dendritic cells (DCs).

Peripheral blood monocytes were cultured with

granulocyte–macrophage colony-stimulating

factor (GM-CSF) and interleukin (IL)-4 in the

presence or absence of BiP (20 lg/ml) for

7 days. Lipopolysaccharide (LPS; 500 ng/ml)

was added for the final 48 hr to mature den-

dritic cells (mDCs). (a) Flow cytometry was

used to detect intracellular expression of IDO

after DC maturation in nine different experi-

ments. (b) The expression of CD14 and CD86

on mDCs or mDC(BiP)s in a representative

experiment and (c) the expression of leucocyte

immunoglobulin-like receptor subfamily B

member 1 (LILRB1) by mDCs and mDC(BiP)s

in eight different experiments.
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Table 1. Surface expression of phenotypic

markers% cells

P

MFI

PmDCs mDC(BiP)s mDCs mDC(BiP)s

CD14 14 ± 19 48 ± 22 0�003 60 ± 19 366 ± 216 0�04

CD83 44 ± 18 10 ± 6 0�002 78 ± 29 49 ± 11 0�05

CD86 62 ± 13 27 ± 8 0�0008 343 ± 49 112 ± 14 0�04

CD80 94 ± 4 91 ± 6 NS 946 ± 166 395 ± 31 0�07 NS

HLA-DR 95 ± 1 95 ± 4 NS 2843 ± 168 1660 ± 167 0�044

Purified monocytes were cultured with granulocyte–macrophage colony-stimulating factor

(GM-CSF) and interleukin (IL)-4 in the presence or absence of binding immunoglobulin pro-

tein (BiP) (20 lg/ml) for 7 days with lipopolysaccharide (LPS) (500 ng/ml) added for the

final 2 days to give mature dendritic cells (mDCs).

Results are expressed as mean ± standard deviation of the per cent positive expression by DCs

or mean fluorescent intensity (MFI) from seven different experiments.

HLA, human leucocyte antigen; mDC(BiP), BiP-treated mature dendritic cell; NS, not signifi-

cant.
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Figure 2. Co-culture of T cells with binding

immunoglobulin protein (BiP)-treated den-

dritic cells (DCs) up-regulates regulatory mark-

ers. T cells were co-cultured with autologous

mature DCs (mDCs) or BiP-treated mDCs

(mDC(BiP)s) for 4 days. Data from a represen-

tative experiment are shown in (a) a dot plot

of CD27+ CD25hi cells, gated for CD4+ cells

only, and (b) a histogram representing intra-

cellular CD4+ CTLA-4+ cells (dashed line)

compared with isotype control cells (solid line)

after co-culture with mDCs (ba) or mDC(BiP)s

(bb). (c) T cells were cultured with autologous

mDCs or mDC(BiP)s in the absence or presence

of the indolamine-2,3 dioxygenase (IDO)

inhibitor 1 methyl tryptophan (1MT)

(200 lm). After 4 days the number of intra-

cellular cytotoxic (ic) T-lymphocyte antigen

(CTLA)-4+ CD4+ cells in each co-culture was

measured by intracellular immunofluorescence

and flow cytometry. Data from three different

experiments are shown as mean ± standard

deviation.
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up-regulation following contact with mDC(BiP)s, although

these cells showed no significant or consistent up-regula-

tion of Foxp3 (data not shown).

Regulation of intracellular cytotoxic T-lymphocyte
antigen (CTLA)-4 by IDO-containing DCs

In addition to Foxp3, up-regulated CTLA-4 expression

has been cited as a prerequisite for functional regulatory

T cells.20 T cells that had been in contact with mDC(BiP)s

showed significant up-regulation of intracellular CTLA-4

compared with T cells cultured with mDCs (Fig. 2b). To

investigate whether the increased expression of IDO in

mDC(BiP)s was directly responsible for increased CTLA-4

expression by co-cultured T cells, the IDO inhibitor 1

methyl tryptophan (1MT) was used. A significant reduc-

tion in the percentage of CTLA+ T cells (P = 0�013,

n = 3) (Fig. 2c) was observed when 1MT was added to T

cell/mDC(BiP) co-cultures.

T cells show regulatory activity post co-culture with
DC(BiP)s

The regulatory T-cell assay used responder T cells, pre-

cultured T cells (from autologous mDC and mDC(BiP)

co-cultures) and irradiated PBMC set up at a 1 : 1 : 1

ratio, with and without anti-CD3 antibody as a stimulus.

Proliferation of autologous responder T cells in response

to anti-CD3 antibody was inhibited by T cells co-cultured

with mDC(BiP)s (63�8 ± 13�7% inhibition; n = 5). A rep-

resentative experiment is shown (Fig. 3b).

Allogeneic response and cytokine production by BiP-
treated early DC cultures

Study of monocytes 3 days after culture with GM-CSF

and IL-4 in the presence or absence of BiP showed signif-

icant differences in the function and cytokine production

of the pre-DC cultures. Early DCs cultured in the pres-

ence of BiP significantly inhibited an allogeneic T-cell

response (Fig. 4a), unlike the control early DCs. The

addition of a neutralizing anti-IL-10 antibody (Fig. 4a) or

the specific MAPK p38 inhibitor SB203580 (Fig. 4b) to

the BiP-treated cultures reversed this inhibitory activity,

although the MAPK ERK inhibitor PD98059 had no sig-

nificant effect (Fig. 4b). The induction of non-inflamma-

tory DCs from monocytes was dependent on the timing

of the addition of BiP, as evidenced by the fact that

monocytes treated with BiP 24 hr after the initial dose of

GM-CSF and IL-4 did not inhibit the allogeneic T-cell

response to pre-DCs (data not shown).

On analysis of the culture supernatants, pre-DC(BiP)s

produced significantly more IL-10 than the control pre-

DC cultures (Fig. 4c). IL-10 production was not detected

in the presence of neutralizing anti-IL-10 or SB203580.

However, PD98059 did not inhibit IL-10 production and

consequently suppression of the T-cell proliferative

response was observed. Significantly higher production of

IL-10 by mDC(BiP)s was also observed after 7 days of cul-

ture (mDCs, 132�4 ± 84�1 versus mDC(BiP)s, 970�1 ±

684 pg/ml; P = 0�0081, n = 8) (Fig. 4d), although addi-

tion of BiP to differentiating monocytes at day 3/4

(mDC(lateBiP)s) was not sufficient to up-regulate IL-10 to

DCs/DC(BiP)s + Autologous T cells (1 : 10 )

4 days 
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+ 
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Figure 3. Co-culture with binding immunoglobulin protein (BiP)-treated dendritic cells (DCs) produces T cells with regulatory function. (a) A

diagram of the protocol for the experiment is shown: after 4 days of pre-incubation with autologous mature DCs (mDCs) or BiP-treated mDCs

(mDC(BiP)s), T cells were separated, washed and set up in autologous cultures with irradiated peripheral blood mononuclear cells (PBMC)

(3000 rads) and responder T cells (1 : 1 : 1 ratio) (105 cells/well) in the presence or absence of anti-CD3 antibody (1/2000 dilution). (b) Data

showing the proliferative response in a representative experiment carried out as described in (a). The data were recorded as counts per minute of

tritiated thymidine added to the cultures for the final 18 hr. Cultures were set up in triplicate and data are shown as mean ± standard deviation.

Four experiments were carried out.
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the same level (mDCs, 218 ± 106 pg/ml versus mDC(BiP)s,

965 ± 74 pg/ml versus mDC(lateBiP)s, 330 ± 311; n = 3).

Discussion

In this paper, we have demonstrated the ability of extra-

cellular BiP to inhibit full mDC differentiation and

down-regulate inflammatory immune responses through

induction of IDO+ DCs, which drive the up-regulation of

CTLA-4 in T cells with regulatory function. We have

shown that BiP-treated DC cultures fail to mature and

show down-regulation of CD86 and up-regulation of IDO

even in the presence of LPS. Thus, BiP induced the pheno-

type of an anti-inflammatory DC which was stable despite

being exposed to LPS, an inflammatory stimulant.

Following co-culture of T cells with DC(BiP)s, there was

a small but significant increase in the percentage of

CD4+ CD25hi CD27hi cells, a recognized subset of regula-

tory T cells.21 CD27 has been identified as being a surface

marker most closely associated with regulatory function

for expanded regulatory T cells,21 but we are currently

also investigating whether other regulatory T-cell popula-

tions are induced. As the exact phenotype of the inducible

CD4 regulatory T cell is still being characterized, we

would just remark that the most notable evidence for an

expansion of a cell that might be regarded as a regulatory

T cell is the increase of intracellular CTLA-4 in CD4+

cells following co-culture with DC(BiP)s. These cells

appeared to be regulatory in function but did not up-reg-

ulate Foxp3. However, Zheng et al.22 have recently

described regulatory CTLA-4+ T cells, derived from

CD4+ CD25) cells, that lack Foxp3 expression and con-

cluded that the up-regulation of CTLA-4 and regulatory

function may be facilitated by, but is not dependent on,

Foxp3 expression. We found that T-cell proliferation in

response to anti-CD3 antibody was inhibited by T cells

pre-incubated with DC(BiP)s, in the complete absence of

additional exogenous BiP. Therefore, using human cells

in vitro, we have confirmed our observation in mice16

that lymph node and spleen cells given BiP parenterally

will suppress collagen-induced arthritis in recipient mice

without the need for further BiP administration.16
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SB PD 
0 

2500 

5000 

7500 

c.
p.

m
.

P = 0·002 

P = 0·75 

P = 0·008 

P = 0·01 

P = 0·008 

P = 0·07 (NS)

+ BiP 

eDCs eDCs eDCs + anti-IL-10
0 

1000 

2000 

3000 

4000 

5000 

c.
p.

m
.

0·0 

2·5 

5·0 

7·5 

10·0 

12·5 

IL
-1

0 
(n

g/
m

l)
IL

-1
0 

pr
od

uc
tio

n 
(p

g/
m

l)

+ BiP 

A
nt

i-I
L-

10 S
B

 

P
D

 

mDCs mDC(BiP)s
0 

2000 

4000 

6000 

8000 

(a) 

(b) (d) 

(c) 

Figure 4. The effect of interleukin (IL)-10 and mitogen-activated protein kinase (MAPK) inhibitors on dendritic cell (DC) maturation. Allo-

geneic proliferative responses by peripheral blood mononuclear cells (PBMC) in culture with irradiated early DCs (eDCs) (3000 rads), after

only 3 days in culture with granulocyte–macrophage colony-stimulating factor (GM-CSF) and IL-4 in the absence or presence of binding

immunoglobulin protein (BiP) (20 lg/ml) at a ratio of 10 : 1 PBMC : early DCs (105 : 104 cells/well), were determined. The results are shown

as allogeneic T-cell proliferation in response to eDCs or BiP-treated eDCs (eDC(BiP)s) (a) with the addition of neutralizing anti-IL-10 (1/100

dilution) antibody or (b) following pretreatment (2 hr) of monocytes with the p38 inhibitor SB203580 (SB) (10 lm) or the extracellular signal

regulated kinase 1/2 (ERK1/2) inhibitor PD98059 (PD) (10 lm), prior to the addition of GM-CSF, IL-4 and BiP to the cultures. Proliferation

was measured by uptake of tritiated thymidine and recorded as counts per minute (c.p.m.). Enzyme-linked immunosorbent assays (ELISAs)

were used to detect IL-10 in (c) the culture supernatants of the experiments shown in (a) and (b), and (d) the culture medium from mature

DCs (mDCs) or BiP-treated mDCs (mDC(BiP)s) differentiated for 7 days with GM-CSF and IL-4 with lipopolysaccharide (LPS; 500 ng/ml)

added for the final 2 days.
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It is suggested that the development of regulatory T

cells within this system is driven by BiP-induced changes

to the DC surface phenotype acting to reduce antigen pre-

sentation efficacy in conjunction with increased intracellu-

lar IDO. High levels of IDO are known to enhance the

tolerizing ability of DCs,23 although the exact mechanism

by which this is brought about is still being debated. At

least two mechanisms of action are possible; one involves

a reduction in local levels of the essential amino acid tryp-

tophan23 and another involves inhibitory agents, such as

kynurenines (downstream products of tryptophan catabo-

lism), which can induce apoptosis.23 Interpretation of the

data can be further complicated because detection of

intracellular IDO does not necessarily relate to activity.

Enzymatic activity can be investigated functionally by

using the IDO inhibitor 1MT.24 In the context of this

work, we have shown for the first time that mDC(BiP)s

consistently showed greater IDO expression. Furthermore,

we have shown that up-regulation of intracellular CTLA-4

in either allogeneic or autologous T cells following contact

with mDC(BiP)s may be inhibited by the addition of 1MT.

These 1MT-treated cells then show significantly improved

allogeneic proliferative responses. Munn and Mellor23

have already shown that CTLA-4 immunoglobulin can

induce IDO in DCs in vitro, and work done in macaques

shows that CTLA-4 blockade down-regulates IDO and

TGF-b.25 We have now shown that BiP up-regulates IDO

in DC(BiP)s and that direct contact between these DC(BiP)s

and T cells induces T-cell CTLA-4 expression, completing

this paracrine control loop.

Several candidates have been proposed as deactivation

agents for human DCs. These include IL-10,26 TGF-b,26

vitamin D3
27 and vasoactive intestinal peptide (VIP).28

There is a general consensus that to generate anti-inflam-

matory DCs there must be down-regulation of the

costimulatory molecules CD86 and/or CD80, often in

conjunction with up-regulation of IL-10 and, as has been

suggested more recently, IDO, although IDO levels in

these cultures have not yet been reported. More subtle

differences, however, may point to mechanistic diversity.

For instance, BiP caused a marked decrease in CD86

expression while minimally affecting HLA-DR and CD80

positivity, while addition of recombinant IL-10 alone

affects both HLA-DR and CD86 expression.29 VIP also

induces high concentrations of IL-10 during DC matura-

tion with LPS, but causes only a slight loss of CD86 and

CD80 expression and does not affect HLA-DR expres-

sion.30 So, although BiP and VIP stimulate the persistent

production of IL-10, there are differences in the final

phenotype of mDC(BiP)s or VIP-treated mDCs when

compared with IL-10-treated DCs. Conversely, vitamin

D3-treated DCs, which produce little IL-10, induce high

CD86 and low HLA-DR expression27 but maintain fea-

tures shared with mDC(BiP)s, namely, high CD14 and low

CD83 expression. Collectively, these findings suggest that

these DCs have failed to fully mature in the presence of

LPS. Alongside these changes, mDC(BiP)s display other

phenotypic changes such as a significantly higher expres-

sion of the inhibitory molecule LILRB1 associated with

induction of tolerance.31 Ligation of LILRB1 on the DC

surface has been shown to reduce the ability of these cells

to stimulate a proliferative T-cell response.32 Phosphory-

lation of the ITIM motif in the cytoplasmic tail of LIL-

RB1 is enhanced if there is co-ligation of HLA-DR. Thus,

BiP treatment should promote inhibition and/or tolerance

following up-regulation of LILRB1 in the presence of

HLA-DR. In conjunction with the co-expression of CD40,

there may be further enhancement of the inhibitory

potential of these cells.

To investigate whether IL-10 was the dominant cause

of suppression in our system, we decided to concentrate

on its effect in the early stages of DC differentiation. BiP-

treated pre-DCs were unable to stimulate a mixed lym-

phocyte reaction. Neutralization of IL-10 using either a

blocking anti-IL-10 antibody or the specific inhibitor of

the MAPK p38 pathway SB203580, on which IL-10 signal-

ling is dependent, resulted in complete restoration of allo-

geneic T-cell proliferation supported by pre-DC(BiP)s,

indicating that IL-10 had a major influence in these

cultures. In contrast, inhibition of the MAPK ERK1/2

pathway failed to restore the allogeneic T-cell reaction.

The temporal sequence of events may be important in

these experiments, as addition of IL-10 still affected DC

differentiation after 6 days in culture.31 However, we have

been unable to show any effect of BiP on DC differentia-

tion when it was added 24 hr or more after the initial

addition of GM-CSF and IL-4. Thus, IL-10 remains a

modifying factor in the first 6 days of culture whereas BiP

needs to be present during the first 24 hr in order to

change the DC phenotype. It may be concluded that BiP

has effects on DC development that are separate from

and/or are additional to those of the IL-10 released from

these cells under the influence of BiP.

In conclusion, we have demonstrated that BiP modifies

the maturation of DCs to produce a stable anti-inflam-

matory phenotype in such a way that direct contact

between DC(BiP)s and T cells drives T-cell development

towards a regulatory cell profile. The above body of work

supports our hypothesis that BiP is an immunomodula-

tory molecule that aids resolution of inflammation. It

may thus be of potential therapeutic benefit in human

inflammatory diseases such as rheumatoid arthritis (RA).
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