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Abstract

Background: The anti-inflammatory capacity of heat shock proteins (HSP) has been demonstrated in various animal models
of inflammatory diseases and in patients. However, the mechanisms underlying this anti-inflammatory capacity are poorly
understood. Therefore, the possible protective potential of HSP70 and its mechanisms were studied in proteoglycan (PG)
induced arthritis (PGIA), a chronic and relapsing, T cell mediated murine model of arthritis.

Methodology/Principal Findings: HSP70 immunization, 10 days prior to disease induction with PG, inhibited arthritis both
clinically and histologically. In addition, it significantly reduced PG-specific IgG2a but not IgG1 antibody production.
Furthermore, IFN-c and IL-10 production upon in vitro restimulation with HSP70 was indicative of the induction of an
HSP70-specific T cell response in HSP70 immunized mice. Remarkably, HSP70 treatment also modulated the PG-specific T
cell response, as shown by the increased production of IL-10 and IFN-c upon in vitro PG restimulation. Moreover, it increased
IL-10 mRNA expression in CD4+CD25+ cells. HSP70 vaccination did not suppress arthritis in IL-102/2 mice, indicating the
crucial role of IL-10 in the protective effect.

Conclusions/Significance: In conclusion, a single mycobacterial HSP70 immunization can suppress inflammation and tissue
damage in PGIA and results in an enhanced regulatory response as shown by the antigen-specific IL-10 production.
Moreover, HSP70 induced protection is critically IL-10 dependent.
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Introduction

Heat shock proteins (HSP) are highly immunogenic and have

the potential to trigger immuno-regulatory pathways. Although

the exact mechanisms of immuno-regulation by HSP remain to be

clarified, T cells specific for HSP were suggested to be involved in

regulation of multiple chronic inflammatory diseases like rheuma-

toid arthritis (RA), diabetes and atherosclerosis [1–4].

Recent studies on HSP-responding T cells of juvenile idiopathic

patients implied a regulatory role and contribution to disease

remission for HSP60-specific T cells [5,6]. Among the various HSP

families of molecules, the immuno-modulatory potential of HSP60

has been studied most extensively. However, also other HSP have

immuno-regulatory functions. For example treatment with bacterial

HSP70 has been shown to protect against development of adjuvant

induced arthritis in rats, whereas treatment with other highly

conserved bacterial proteins did not [7]. Exposure to bacterial HSP

has been shown to activate self HSP-specific T cells that were cross

reactive with bacterial HSP and induced suppression of arthritis

[8,9]. In addition, a T cell line specific for an HSP70-derived

peptide has been described to decrease disease severity upon

transfer [10]. The protective potential of HSP, in animal models,

has been reproduced by recent clinical trials with HSP-derived

peptides in patients [11,12].

Even though HSP induced immuno-regulation has been studied

rather extensively, the mechanism of HSP induced protection in

autoimmune diseases is still not clear. A potential regulatory

mechanism might be via the induction of IL-10 since the important

role of IL-10 in dampening inflammation has been described

extensively [13–15]. Additionally, IL-10 requirement for their

suppressive function has been thought to be a common feature

among most subsets of regulatory T cells as summarized [16].

In the present study the protective potential of mycobacterial

HSP70 immunization on inflammatory disease and its dependency

on IL-10 were assessed in the proteoglycan-induced arthritis

model (PGIA), a progressive T cell dependent, antibody-mediated

murine model for RA [17]. In this model arthritis can be induced

by immunization with human proteoglycan (PG) mixed with

synthetic adjuvant dimethyldioctadecylammonium bromide

(DDA) instead of complete Freund’s adjuvant (CFA) [18].

Therefore, the possibility of interfering with immune responses

induced by mycobacterial HSP present in CFA can be excluded.
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We found that HSP70 immunization dramatically suppressed

arthritis development, subsequent tissue damage and the patho-

genic PG-specific antibody response. Moreover, we demonstrate

that HSP70 immunization results in a regulatory T cell response

not only to HSP70, but also to the disease inducing PG. Finally,

HSP70 did not suppress arthritis in IL-10 deficient mice,

indicating that the regulatory response is IL-10 dependent.

Materials and Methods

Mice
Female BALB/c mice, retired breeders aged between 16–

26 weeks, purchased from Charles River (Maastricht, The

Netherlands), and IL-102/2 mice also on the BALB/c back-

ground (kindly provided by Dr. D. Reddick, DNAX, Palo Alto,

CA) [19] were bred, housed and fed under standard conditions.

Experiments were approved by the Animal Experiment Commit-

tee of Utrecht University (Utrecht, the Netherlands).

Induction and assessment of arthritis
Arthritis was induced with PG using a standard immunization

protocol as described [17,18]. Briefly, 300 mg PG protein was

given by intra peritoneal injection (i.p) with 2 mg of DDA (Sigma,

Zwijndrecht, the Netherlands) emulsified in 200 ml PBS on days 0

and 21. PG was prepared as described elsewhere [20]. After the

second PG immunization the paws of mice were examined in a

blinded fashion 3 times a week to record arthritic changes of the

joints. The onset and severity of arthritis were determined using a

visual scoring system based on swelling and redness of paws as

described [18]. Upon sacrifice, joints were fixed in 10% buffered

formalin, decalcified in 0.33 M neutralized EDTA, embedded in

paraffin and 5 mm sagittal sections were stained with hematoxylin

and eosin.

HSP70 or control immunization
HSP70 or control immunization was done, 10 days prior to

arthritis induction, by intraperitoneal (i.p.) immunization with

100 mg recombinant HSP70 of Mycobacterium tuberculosis (Mt)

(LIONEX Diagnostics&Therapeutics GmbH, Braunschweig,

Germany), or 100 mg control protein, either recombinant

enhanced green fluorescent protein (EGFP) or ovalbumin (Ova)

(Sigma) in adjuvant DDA, 2 mg emulsified in PBS or with PBS in

a total volume of 200 ml. To avoid interference of LPS

contamination with HSP70 treatment, HSP70 containing less

than 2.1 EU/mg protein was used.

Analysis of PG- and HSP70-specific serum antibody
production

Antigen-specific serum antibody levels were determined by

ELISA as described previously [18]. In brief, 96 well plates

(Corning B.V. Live Sciences, Schiphol Rijk, the Netherlands) were

coated by overnight incubation with 100 ml PG or HSP70 at

5 mg/ml in coating buffer (0.1 M NaHCO3, Na2CO3 pH 9.6).

Free binding sites were blocked with blocking buffer, Roche

blocking reagents for ELISA (Roche Diagnostics, Alkmaar, the

Netherlands) followed by incubation with sera at increasing

dilutions and subsequently peroxidase-conjugated anti-IgG1, -

IgG2a or -total IgG (BD Pharmingen, Breda, the Netherlands) in

blocking buffer. After ABTS incubation serum PG-specific

antibody levels were calculated as OD relative to the OD

measured for the corresponding isotypes of a standard of pooled

sera from arthritic mice. For HSP70-specific antibody production

a reference serum of HSP70 immunized mice was used. Data were

expressed relative to the average of the control group.

Measurement of antigen-specific T cell responses
Single-cell suspensions of spleens were cultured in triplicates in 96-

well flat bottom plates (Corning B.V.) at 26105 cells per well, in the

presence or absence of HSP70 (10 mg/ml), PG (10 mg/ml) or Ova

(10 mg/ml). Iscove’s Modified Dulbecco’s Medium (IMDM) supple-

mented with 10% FCS (Bodinco B.V., Alkmaar, the Netherlands),

2 mM L-glutamine, 100 units/ml penicillin, 100 mg/ml streptomy-

cin, and 561025 M 2-mercaptoethanol was used as culture medium.

After 72 or 96 hours, the cells were pulsed overnight with 3H-

thymidine (0.4 mCi per well; Amersham Biosciences Europe GmbH,

Roosendaal, the Netherlands), harvested and 3H uptake was

measured by liquid scintillation counting (Microbeta, Perkin-Elmer

Inc., Boston, MA). Supernatants of antigen stimulated spleen cell

cultures were collected for cytokine assays after 72 hours. Superna-

tants harvested from cultures with cells isolated from WT mice were

analyzed for IL-10 and interferon-gamma (IFN-c) expression

simultaneously by multiplex analysis using the Luminex 100 system

(Becton Dickinson, Mountain View, CA). The LINCOplex assay was

performed according to the manufacturer’s instructions (Linco

Research, Inc., St. Charles, Missouri). The concentrations of IL-10

and IFN-c in the supernatants were calculated using LMAT software

(Luminex Corporation, Austin, TX). IFN-c secretion by cells isolated

from IL102/2 mice was measured by ELISA (BD OptEIA)

according to manufactures protocol (BD Pharmingen).

Assessment of IL-10 and Foxp3 mRNA expression, in
CD4+CD25+ spleen cells

Isolation of CD4+CD25+ spleen cells from arthritic mice was

done by staining single cell suspensions of spleen cells with anti-

CD4-allophycocyanin (RM4-5) and anti-CD25 r-phycoerythrin

(PC61) monoclonal antibodies (BD Pharmingen). CD4+CD25+ cells

were sorted by CD4 and CD25 expression with a FACSVantage SE

(Becton Dickinson). Then total mRNA extraction, with the RNeasy

kit (Qiagen Benelux B.V., Venlo, the Netherlands), on column

DNAse treatment (Qiagen), and transcription into cDNA using the

iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratries B.V.,

Veenendaal, The Netherlands) were carried out according to

manufacturers protocol. PCR (3 min at 95uC and 40 cycles of 10 s

95uC and 45 s at 59.5uC) and Real-Time detection were performed

in a Bio-Rad MyiQ iCycler (Bio-Rad). Amplification was done

using IQTM SYBR GreenH Supermix (Bio-Rad) with 0.25 mM final

concentrations of primers specific for IL-10 (59-GGT TGC CAA

GCC TTA TCG GA-39 and 59-ACC TGC TCC ACT GCC TTG

CT-39), Foxp3 (59- CCC AGG AAA GAC AGC AAC CTT and 59-

TTC TCA CAA CCA GGC CAC TTG-3) and hypoxanthine-

guanine phosphoribosyl transferase (HPRT) (59-CTG GTG AAA

AGG ACC TCT CG and 59-TGA AGT ACT CAT TAT AGT

CAA GGG CA-39). For each sample mRNA expression was

normalized to the detected Ct value of HPRT and expressed

relative to the average of the control group.

Statistical analysis
Unless stated otherwise, data are expressed as mean6standard

error of the mean (SEM). Statistical analysis was carried out using the

Mann-Whitney U test (two-tailed) using Prism software (version 3.00,

Graphpad Software Inc., San Diego). Significance level was set at

(p,0.05).

Results

Immunization with HSP70 decreases arthritis incidence
and severity

To investigate the immuno-regulatory mechanisms of HSP70 in

inflammatory diseases, the effect of mycobacterial HSP70

HSP70 Suppression in PGIA
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immunization in PGIA was studied. Mice were treated with

HSP70 10 days prior to induction of arthritis by i.p. immunization

with 100 mg HSP70, in the synthetic adjuvant DDA, whereas

control groups received 100 mg EGFP or PBS in DDA.

Subsequently, arthritis was induced by two i.p. immunizations

with PG in DDA on day 0 and 21. HSP70 immunization lowered

the incidence of arthritis and significantly delayed the onset of

arthritis; day 5263.2 in HSP70 immunized mice compared to day

3162.0 in EGFP and 3061.0 in PBS pretreated mice (p,0.01)

(Fig. 1A). Furthermore, HSP70 pre-treatment evidently reduced

severity of PGIA (Fig. 1B). In association, histological analysis of

joint sections of HSP70 immunized arthritic mice showed very

mild leukocyte infiltration, less reactive synovial cell proliferation,

and consequently almost no cartilage damage compared to joint

sections of control animals (Fig. 2A–B).

Altered antigen-specific B cell responses after HSP70
immunization

PG-specific B cell responses have been described to be required

for development of severe PGIA [17]. Therefore, the PG-specific

B cell response and the effect of HSP70 immunization on this

response were studied. On day 38 after the first PG injection PG-

specific serum IgG1 and IgG2a levels were determined by ELISA.

High IgG1 levels confirmed the induction of a B cell response

against the disease inducing PG in both treatment groups.

However, the level of IgG2a was lowered in HSP70 compared

to PBS immunized mice (Fig. 3A). In addition, we studied the

pattern on days 50–64, after development of mild disease in

HSP70 immunized mice. At days 50–64 the difference between

PBS and HSP70 immunized mice in IgG1 levels was comparable

to day 38 but the decrease in IgG2a, as observed on day 38, was

no longer significant (Fig. 3B). The data indicate that mainly the

PG-specific IgG2a production was influenced by HSP70 immu-

nization and underline the importance of this isotype for induction

of PGIA. Recently, HSP-specific antibodies have been shown to

play a role in HSP induced regulation in models for RA [21,22].

To address whether HSP70-specific antibodies were also induced

upon HSP70 immunization in the PGIA model, HSP70 serum

antibody levels were analyzed by ELISA. Significantly increased

HSP70-specific total IgG production was found in HSP70

immunized mice (Fig. 3C). Thus, both PG- and HSP70-specific

B cell responses were altered upon HSP70 treatment as shown by

a decreased pathogenic PG-specific response and an increased,

possibly protective HSP70-specific B cell response.

Increased antigen-specific proliferation, IL-10 and IFN-c
production after immunization with HSP70

In previous studies, HSP-specific T cell responses have been

described to be involved in HSP-induced protection from disease

development [7,9]. To study the effect of HSP70 immunization on

differentiation of antigen-specific T cell responses, PG- and

HSP70-specific proliferation and cytokine profiles were analyzed.

Therefore, spleen cells from HSP70 or PBS immunized mice were

harvested on day 35 after the first PG immunization. Antigen-

specific proliferation was assessed by culturing the isolated cells for

96 hours with PG or HSP70 while Ova was used as control

antigen. During the last 18 hours 3H-thymidine was added and

incorporation was measured and expressed as mean stimulation

index (CPM Antigen/CPM background)6SEM. The mean

background values (responses without antigen) were for the PBS

control group 839062135 and for the HSP70 group

10 18062741. A significantly enhanced proliferative response to

HSP70 restimulation was seen in HSP70 immunized mice as

compared to control mice (Fig. 4A). Remarkably, also the

proliferative response against the arthritis inducing PG was

enhanced in the HSP70 group. Next, antigen-induced production

of IL-10 and IFN-c was studied in supernatants collected after

72 hours culturing in the presence of PG or HSP70. Increased IL-

10 production, by spleen cells from HSP70 immunized mice,

could be detected after HSP70 in vitro restimulation (Fig. 4B).

Interestingly, this increased IL-10 production was also found after

PG in vitro restimulation. Furthermore, the amount of IFN-c
produced by HSP70- and PG-specific cells from HSP70 treated

mice was increased (Fig. 4C). In summary this clearly showed that

HSP70 immunization not only induced an HSP70-specific T cell

response but also modulated the T cell response to the disease

inducing antigen.

Enhanced IL-10 mRNA expression in CD4+CD25+ T cells
after HSP70 immunization

It has been proposed that induction or activation of HSP70-

specifc regulatory T cells cross-reactive with self-HSP70 are

involved in protection seen after HSP70 immunization [8,9]. To

study in more detail whether HSP70 immunization influenced

Figure 1. Decreased arthritis incidence and severity after HSP70 immunization. Mice were injected intraperitoneally, 10 days prior to
disease induction, with either 100 mg recombinant microbial heat shock protein 70 (HSP70) or 100 mg enhanced green fluorescent protein (EGFP)
both emulsified in synthetic adjuvant DDA or with PBS. Arthritis was induced by two immunizations of proteoglycan (PG) in DDA on day 0 and 21. (A)
Arthritis incidence is expressed as the cumulative percentage of arthritic animals and (B) arthritis severity is expressed as the mean arthritis score of
sick mice6SEM. Data are representative of three independent experiments (n = 10 in each group).
doi:10.1371/journal.pone.0004186.g001

HSP70 Suppression in PGIA

PLoS ONE | www.plosone.org 3 January 2009 | Volume 4 | Issue 1 | e4186



natural regulatory T cells, CD4+CD25+ cells were isolated from

the spleen on day 38 after the first PG injection. In this population

Foxp3 and IL-10 mRNA expression were analyzed by Quantita-

tive Real-Time PCR analysis showing that IL-10 mRNA

expression was increased in the CD4+CD25+ population from

HSP70 treated mice compared to PBS treated control mice (Fig. 5).

No clear difference in Foxp3 mRNA expression was observed,

between control and HSP70 immunized mice. This could be

Figure 2. Decreased leukocyte infiltration and cartilage breakdown in HSP70 immunized mice. PBS or heat shock protein 70 (HSP70)/
DDA immunization, followed by arthritis induction, was performed as described in figure 1. Upon sacrifice on day 35, histology of tarso-metatarsal
joints was done by staining of the sections with hematoxylin and eosin. (A) Synovial hyperplasia with infiltrating leukocytes, cartilage- (arrow heads)
and bone-erosions (arrows) can be seen. (B) In contrast, only a very few leukocytes, and no synovial cell proliferation or cartilage destruction were
observed in the joint sections of HSP70 immunized mice.
doi:10.1371/journal.pone.0004186.g002

Figure 3. Altered PG- and HSP70-specific B cell responses in
HSP70 immunized mice. Proteoglycan (PG)- or heat shock protein 70
(HSP70)-specific antibody production in the sera of mice was assessed
by ELISA and relative serum antibody levels were calculated as OD
relative to the OD measured for a standard of pooled sera. (A–B) PG-
specific IgG1 and IgG2a levels were determined (A) on day 38 and (B) on
day 50 or 64 after disease induction. (C) HSP70-specific total IgG
production was measured in sera obtained on day 38. Values in A and C
represent the mean6SEM (n = 5 mice in each group) and are
representative for three independent experiments (PG-specific IgG) or
one experiment (HSP70-specific IgG). Values in B represent mean6SEM
(n = 6 mice) of sera obtained on either day 50 or day 64, no obvious
difference between sera collected on day 50 or 64 was detected. Open
bars show the PBS immunized group and filled bars the HSP70
immunized group. Significant difference (* p,0.05 or **p,0.01, Mann-
Whitney U Test) is indicated by the asterisk.
doi:10.1371/journal.pone.0004186.g003

Figure 4. Augmented antigen-specific proliferation, IL-10 and
IFN-c production in HSP70 immunized mice. Mice were immu-
nized with PBS or heat shock protein 70 (HSP70) and arthritis was
induced as described in figure 1. Spleen cells were isolated on day 35
and cultured (26105/well) in the presence of recombinant microbial
HSP70, proteoglycan (PG) or ovalbumin (Ova) (all at 10 mg/ml). (A) After
96 hours incubation proliferation was determined by measuring 3H
incorporation. Results are expressed as mean stimulation index (CPM
Antigen/CPM background)6SEM. The mean background values (re-
sponses without antigen) were for the PBS control group 839062135
and for the HSP70 group 10 18062741. (B–C) For in vitro cytokine
secretion the spleen cells were cultured in the presence of antigen.
After 72 hours supernatants were harvested and assayed by multiplex
analysis for IL-10 and IFN-c excretion. Open bars show the PBS
immunized group and filled bars the HSP70 immunized group. Values
represent the mean6SEM of cytokine levels. Significant difference
(p,0.05, Mann-Whitney U Test) is indicated by the asterisk. Data are
representative for at least two independent experiments.
doi:10.1371/journal.pone.0004186.g004

HSP70 Suppression in PGIA
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confirmed by intracellular staining and flow cytometric analysis of

Foxp3 protein expression (data not shown). Indicating that HSP70

does not increase the population of Foxp3 expressing regulatory T

cells.

IL-10 is important for the protective effects of HSP70
immunization

HSP70 immunization increased the antigen-specific IL-10

production suggesting that IL-10 is important for the anti-

inflammatory capacity of HSP70. To address whether protection

in arthritis by HSP70 immunization was indeed IL-10 dependent,

IL102/2 mice received 100 mg HSP70 or Ova as control i.p. in

DDA on day 210, followed by induction of arthritis by two

injections with PG in DDA on day 0 and day 21. HSP70

immunization of IL102/2 mice, in contrast to wild type mice

(WT), did not reduce arthritis severity as compared to control,

immunized IL102/2 mice. In addition, there was no obvious

difference in the mean maximum arthritis score or the day of onset

of disease (Table 1). To study the effect of HSP70 immunization,

in the absence of IL-10, on the B cell response, PG- and HSP70-

specific antibody production was measured in the sera of IL102/2

mice on day 53 after the first PG injection. Induction of arthritis

resulted in a clear PG-specific antibody response as shown by

elevated IgG1 and IgG2a levels in both treatment groups (Fig. 6A).

However, in parallel with the arthritis scores, HSP70 immuniza-

tion in IL-102/2 mice did not influence this PG-specific response.

As expected, HSP70 immunization enhanced the HSP70-specific

IgG production (Fig. 6B). Next, induction and modulation of the

antigen-specific T cell response by HSP70 treatment in IL-102/2

mice were addressed. Therefore, spleen cells were harvested on

day 53 followed by analysis of antigen-specific proliferation after in

vitro restimulation, for 72 hours with PG, Ova or HSP70. 3H

incorporation was depicted as stimulation index (CPM antigen/

CPM background). The mean background values (responses

without antigen) were for the PBS control group 17056339 and

for the HSP70 group 13946468. Similar to the response in WT

mice, immunization of IL102/2 mice with HSP70 enhanced the

proliferative response to HSP70 restimulation compared to control

immunization with Ova. But, it did not have an effect on PG-

specific proliferation (Fig. 6C). Furthermore, Ova specific

proliferation was slightly increased in mice that received Ova. In

addition, the effect of HSP70 immunization on antigen-specific

IFN-c secretion was studied, by ELISA in the culture superna-

tants. Also in IL102/2 mice, immunization with HSP70 increased

the production of IFN-c after HSP70 restimulation. But, the

enhanced PG-induced IFN-c production, observed in WT mice,

was not observed in IL102/2 mice (Fig. 6D). Taken together, this

indicated that HSP70 immunization of IL-102/2 mice induced an

HSP70-specific B and T cell response that, in the absence of IL-10,

failed to suppress PGIA development and PG-specific pathogenic

IgG2a production.

Discussion

The anti-inflammatory properties of HSP have been shown in

several studies in both animal models and in patients suffering

from inflammatory diseases [1,5,11,12,23,24]. However, for

further development of HSP for therapeutic application, it is

essential to understand the mechanisms by which HSP affect

chronic inflammatory disease in more detail. In this study we

analyzed the protective potential of HSP70 in PGIA, a chronic

model for RA, studied the T cell response induced by HSP70

immunization and addressed whether the presence of IL-10 was

essential. Our data clearly show that pretreatment with HSP70

delayed arthritis onset and dramatically reduced disease severity

both clinically and histologically. Furthermore, it increased the

antigen-specific T cell response to both the protective HSP70 and

the disease inducing PG. In IL-10 deficient mice HSP70

immunization did not suppress arthritis illustrating the IL-10

dependency of HSP70 induced immuno-regulation.

The immuno-regulatory effect of HSP70 immunization has

been demonstrated earlier in arthritis models in rats [9,25,26]. In

contrast to the rat models, the mouse PGIA model is a chronic and

progressive model of RA [27]. In addition, in this model arthritis

can be induced by immunization with proteoglycan mixed with

synthetic adjuvant DDA instead of CFA [18]. Therefore, the

Figure 5. Increased IL-10 mRNA expression in CD4+CD25+ cells
of HSP70 immunized mice. Mice were PBS or heat shock protein 70
(HSP70) immunized before induction of arthritis as described in figure 1.
On day 38, CD4+CD25+ cells were isolated from the spleen followed by
isolation of mRNA. Foxp3 and IL-10 mRNA expression was determined
by Quantitative Real-Time PCR analysis. Data are normalized and
expressed relative to HPRT and depicted as mean6SEM (n = 5 mice in
each group). Significant difference (p,0.05, Mann-Whitney U Test) is
indicated by the asterisk.
doi:10.1371/journal.pone.0004186.g005

Table 1. Mean day of onset and maximum arthritis score in WT and IL102/2 mice.

WT IL102/2

Mean day of onset Maximum arthritis score Mean day of onset Maximum arthritis score

control 3162.0 4.661.6 33.661.3 5.461.1

HSP70 5263.2 ** 1.160.3 * 33.060.0 4.261.4

Arthritis was induced in WT BALB/c (n = 10 per group) or IL-102/2 mice (n = 5 per group) by two immunizations with proteoglycan in the adjuvant DDA on days 0 and
day 21. Ten days prior to the induction of arthritis mice were immunized with 100 mg HSP70 whereas control mice received 100 mg EGFP or Ova. Subsequently,
development of arthritis symptoms was scored by clinical examination. Data are expressed as mean6SEM and are representative for at least two independent
experiments. * p,0.05 and ** p,0.01 (HSP70 immunized WT mice compared to control WT mice by Mann Whitney U test).
doi:10.1371/journal.pone.0004186.t001
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possibility of interfering immune responses induced by mycobac-

terial HSP present in CFA can be excluded.

In the present study an HSP70-specific T cell response was

induced upon HSP70 immunization as detected by increased

proliferation, IL-10 and IFN-c production upon HSP70 in vitro

restimulation. Remarkably, also an enhanced PG-specific T cell

response, with a similar cytokine profile, was found in HSP70

immunized mice. This might be explained by HSP70 interaction

with innate receptors on antigen presenting cells, resulting in

enhanced antigen priming to the subsequent PG immunization.

Similarly, peptide-specific CD4+ T cell proliferation has been

described to be enhanced when immunogenic peptides were fused

to HSP70 subsequently resulting in increased immunogenicity of

the peptides [28]. Alternatively, HSP70-induced regulatory T cells

might induce a tolerogenic micro-milieu, by their cytokine

production, enhancing the induction of regulatory T cells via

infectious tolerance. This has been shown to occur in other models

of autoimmunity in an IL-10 dependent manner [29].

Our data show that Hsp70 immunization induces a population

of IL-10 producing T cells that do not express enhanced levels of

Foxp3. Besides Foxp3 expressing CD25+ T cells, additional

regulatory T cell subsets, such as adaptive Tr1, that do not

express high levels of Foxp3 constitutively, are known [30]. Tr1

cells are induced in the periphery upon encounter of antigen and

express high levels of IL-10 [31]. The HSP70-specifc IL-10

production together with enhanced IL-10 mRNA expression in

CD4+CD25+ T cells in HSP70 immunized mice suggests

activation or induction of HSP70-specific regulatory T cells.

However, our observation that also CD32 cells produce enhanced

levels of IL-10 in HSP70 immunized mice (data not shown)

indicates that multiple subsets of regulatory cells can contribute to

regulation and this remains to be elucidated. This is in contrast to

a recent study, where we showed an increase in Foxp3 expressing

regulatory T cells, after HSP treatment, in a mouse atherosclerosis

model [4]. However, in the present study CD4+CD25+ T cells

from HSP70 immunized mice did not increasingly express Foxp3,

indicating the possible presence of distinct types of regulation in

different models of inflammation.

B cell responses play an important role in the pathogeneses of

RA as demonstrated by the success of B cell targeted therapy, for

example with monoclonal antibodies like Rituximab, as recently

summarized [32]. Also in the PGIA model, B cells are important

for disease induction [17,33]. Therefore, the effect of HSP70

immunization on the B cell response was addressed by measuring

PG-specific IgG1 and IgG2a production. Interestingly, decreased

PG-specific IgG2a production was found in HSP70 immunized

mice, while the IgG1 levels were not significantly changed. In

earlier studies the IgG1 isotype has been shown to be the

dominant isotype in the PGIA model. However, in agreement with

our data, IgG2a levels have been described to correlate with

disease severity [34]. Furthermore, the IgG2a isotype is known to

be Th1 related. In accordance with these findings PGIA is

considered to be a Th1 mediated model. Thus our data indicate

that the pathogenic Th1 mediated PG-specific antibody response

was inhibited by HSP70 immunization. In contrast to the arthritis

associated PG-specific antibody response, HSP-specific antibodies

Figure 6. Protective effects found upon HSP70 immunization are IL-10 dependent. IL102/2 mice were immunized with ovalbumin (Ova) or
heat shock protein 70 (HSP70), subsequently arthritis was induced and scored as described in figure 1. (A) Proteoglycan (PG)-specific IgG1 and IgG2a
and (B) HSP70-specific total IgG production was measured by ELISA in sera obtained on day 52. Data in A and B are depicted relative to a standard of
pooled sera from either arthritic mice or HSP70 immunized mice. (C) Antigen-specific proliferation of spleen cells harvested on day 52 was measured
after 72 hours culturing in the presence of recombinant microbial HSP70, Ova or PG. Proliferation was measured by detection of 3H incorporation and
depicted as stimulation index (CPM Antigen/CPM background). The mean background values (responses without antigen) were for the PBS control
group 17056339 and for the HSP70 group 13946468. (D) After 72 hours incubation, antigen-induced IFN-c excretion in the culture supernatants was
analyzed by ELISA. Values represent the mean6SEM (n = 5 mice in each group). Open bars show the Ova immunized group and filled bars the HSP70
immunized group. Significant difference (p,0.05, Mann-Whitney U Test) is indicated by the asterisk.
doi:10.1371/journal.pone.0004186.g006
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have been shown to suppress adjuvant induced arthritis in rats

[21,22]. Therefore, the increased HSP70 IgG production found in

our study in HSP70 immunized mice might be important for the

regulatory potential of HSP70 treatment.

The increased HSP70-specifc B and T cell response, found in

WT mice after HSP70 immunization, was also found in IL-102/2

mice. However, in the absence of IL-10 this response failed to

suppress the pathogenic PG-specific B cell response and it did not

increase the PG-specific T cell response as observed in WT mice.

So, despite the induction of an obvious HSP70-specific response,

the protective effects of HSP70 immunization on the PG-specific B

and T cell response were shown to be IL-10 dependent,

consequently leading to development of severe arthritis in the

absence of IL-10. The important role of IL-10 in arthritis has been

studied previously in the PGIA model. In this study transfer of cells

expressing IL-10 after retroviral IL-10 gene transduction could

suppress arthritis [35]. Moreover, IL-10 has been described to

stimulate PG synthesis and to reverse cartilage degradation

induced by activated mononuclear cells [14] and it negatively

correlated with progression of joint destruction in RA [36],

showing the important anti-inflammatory function of IL-10 in

human RA.

Due to their stress inducible nature HSP can be ideal candidates

for immunotherapy against chronic inflammatory diseases like

RA. HSP will be upregulated, locally at the site of inflammation in

the joint, as reported previously [37–39]. Therefore, HSP-specific

immune responses can be targeted specifically to sites of

inflammation. Moreover, enhanced HSP-specific T cell responses

in patients have been described [5,6,40]. The observation that

such responses seemed to be associated with a benign form of

disease, which over time preceded disease remission [5,6], and the

fact that HSP-mediated preventive and therapeutic immune

interventions were effective in animal models of chronic

inflammatory diseases, suggests the immunotherapeutic potential

of HSP in patients with inflammatory autoimmune diseases.

In summary, this study shows that HSP70 can modulate

inflammation in a model for chronic and progressive arthritis

through IL-10 dependent mechanisms, operating via suppression

of pathogenic antibody responses and the development of

regulatory T cells. The chronic and progressive nature of the

model and the possibility to use specific knock out mice, like the

IL102/2 used in this study, will enable further mechanistic studies

needed for the development of HSP based immune intervention in

chronic inflammatory diseases.

Acknowledgments

The authors thank Elles Klein Koerkamp (Institute of Infectious Diseases

and Immunology, Division of Immunology, Utrecht University, Utrecht,

the Netherlands) and Anita Hanyecz (Department of Orthopedic Surgery,

Rush University Medical Center, Chicago, IL 60612) for technical

assistance. In addition, Prof. Dr. Berent Prakken (Department of Pediatric

Immunology, University Medical Center Utrecht, Utrecht, the Nether-

lands) and the late Dr. Chris Broeren (Institute of Infectious Diseases and

Immunology, Division of Immunology, Utrecht University, Utrecht, the

Netherlands) for advise. Dr. Albert Marsman and colleagues of the hospital

Hilversum (Hilversum, the Netherlands) and Dr. Floris Lafeber and

colleagues (University Medical Center Utrecht, Utrecht, the Netherlands)

for their help in obtaining essential materials.

Author Contributions

Conceived and designed the experiments: LW SEB RvdZ FB WvE.

Performed the experiments: LW SEB CBtB PJvK FB. Analyzed the data:

LW SEB RvdZ FB WvE. Contributed reagents/materials/analysis tools:

MS TTG. Wrote the paper: LW SEB RvdZ FB WvE.

References

1. van Eden W, van der Zee R, Prakken B (2005) Heat-shock proteins induce T-

cell regulation of chronic inflammation. Nat Rev Immunol 5(4): 318–330.

2. van Eden W, Wick G, Albani S, Cohen I (2007) Stress, Heat Shock Proteins, and
Autoimmunity: How immune responses to heat shock proteins are to be used for

the control of chronic inflammatory diseases. Ann N Y Acad Sci 113: 217–237.

3. Bockova J, Elias D, Cohen IR (1997) Treatment of NOD diabetes with a novel

peptide of the hsp60 molecule induces Th2-type antibodies. J Autoimmun 10(4):

323–329.

4. van Puijvelde GH, van Es T, van Wanrooij EJ, Habets KL, de Vos P, et al.
(2007) Induction of Oral Tolerance to HSP60 or an HSP60-Peptide Activates T

Cell Regulation and Reduces Atherosclerosis. Arterioscler Thromb Vasc Biol

27: 2677–2683.

5. de Kleer IM, Kamphuis SM, Rijkers GT, Scholtens L, Gordon G, et al. (2003)

The spontaneous remission of juvenile idiopathic arthritis is characterized by
CD30+ T cells directed to human heat-shock protein 60 capable of producing

the regulatory cytokine interleukin-10. Arthritis Rheum 48(7): 2001–2010.

6. Kamphuis S, Kuis W, de Jager W, Teklenburg G, Massa M, et al. (2005)

Tolerogenic immune responses to novel T-cell epitopes from heat-shock protein
60 in juvenile idiopathic arthritis. Lancet 366(9479): 50–56.

7. Prakken BJ, Wendling U, van der Zee R, Rutten VP, Kuis W, et al. (2001)
Induction of IL-10 and inhibition of experimental arthritis are specific features of

microbial heat shock proteins that are absent for other evolutionarily conserved
immunodominant proteins. J Immunol 167(8): 4147–4153.

8. van der Zee R, Anderton SM, Prakken AB, Liesbeth Paul AG, et al. (1998) T cell
responses to conserved bacterial heat-shock-protein epitopes induce resistance in

experimental autoimmunity. Semin Immunol 10(1): 35–41.

9. Wendling U, Paul L, van der Zee R, Prakken B, Singh M, et al. (2000) A

conserved mycobacterial heat shock protein (hsp) 70 sequence prevents adjuvant
arthritis upon nasal administration and induces IL-10-producing T cells that

cross-react with the mammalian self-hsp70 homologue. J Immunol 164(5):

2711–2717.

10. Tanaka S, Kimura Y, Mitani A, Yamamoto G, Nishimura H, et al. (1999)
Activation of T cells recognizing an epitope of heat-shock protein 70 can protect

against rat adjuvant arthritis. J Immunol 163(10): 5560–5565.

11. Prakken BJ, Samodal R, Le TD, Giannoni F, Yung GP, et al. (2004) Epitope-

specific immunotherapy induces immune deviation of proinflammatory T cells

in rheumatoid arthritis. Proc Natl Acad Sci U S A 101(12): 4228–4233.

12. Raz I, Elias D, Avron A, Tamir M, Metzger M, et al. (2001) Beta-cell function in

new-onset type 1 diabetes and immunomodulation with a heat-shock protein

peptide (DiaPep277): a randomised, double-blind, phase II trial. Lancet

358(9295): 1749–1753.

13. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A (2001) Interleukin-10

and the interleukin-10 receptor. Annu Rev Immunol 19: 683–765.

14. van Roon JA, van Roy JL, Gmelig-Meyling FH, Lafeber FP, Bijlsma JW (1996)

Prevention and reversal of cartilage degradation in rheumatoid arthritis by

interleukin-10 and interleukin-4. Arthritis Rheum 39(5): 829–835.

15. Katsikis PD, Chu CQ, Brennan FM, Maini RN, Feldmann M (1994)

Immunoregulatory role of interleukin 10 in rheumatoid arthritis. J Exp Med

179(5): 1517–1527.

16. Tang Q, Bluestone JA (2005) The Foxp3+ regulatory T cell: a jack of all trades,

master of regulation. Nat Immunol 9(3): 239–244.

17. Glant TT, Finnegan A, Mikecz K (2003) Proteoglycan-induced arthritis:

immune regulation, cellular mechanisms, and genetics. Crit Rev Immunol 23(3):

199–250.

18. Hanyecz A, Berlo SE, Szanto S, Broeren CP, Mikecz K, et al. (2004)

Achievement of a synergistic adjuvant effect on arthritis induction by activation

of innate immunity and forcing the immune response toward the Th1

phenotype. Arthritis Rheum 50(5): 1665–1676.

19. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W (1993) Interleukin-10-

deficient mice develop chronic enterocolitis. Cell 75(2): 263–274.

20. Berlo SE, Guichelaar T, Ten Brink CB, van Kooten PJ, Hauet-Broeren F, et al.

(2006) Increased arthritis susceptibility in cartilage proteoglycan-specific T cell

receptor-transgenic mice. Arthritis Rheum 54(8): 2423–2433.

21. Kim HR, Kim EY, Cerny J, Moudgil KD (2006) Antibody responses to

mycobacterial and self heat shock protein 65 in autoimmune arthritis: epitope

specificity and implication in pathogenesis. J Immunol 177(10): 6634–6641.

22. Ulmansky R, Cohen CJ, Szafer F, Moallem E, Fridlender ZG, et al. (2002)

Resistance to adjuvant arthritis is due to protective antibodies against heat shock

protein surface epitopes and the induction of IL-10 secretion. J Immunol

168(12): 6463–6469.

23. Albani S, Keystone EC, Nelson JL, Ollier WE, La Cava A, et al. (1995) Positive

selection in autoimmunity: abnormal immune responses to a bacterial dnaJ

antigenic determinant in patients with early rheumatoid arthritis. Nat Med 1(5):

448–452.

24. Van Eden W, Waksman BH (2003) Immune regulation in adjuvant-induced

arthritis: possible implications for innovative therapeutic strategies in arthritis.

Arthritis Rheum 48(7): 1788–1796.

HSP70 Suppression in PGIA

PLoS ONE | www.plosone.org 7 January 2009 | Volume 4 | Issue 1 | e4186



25. Kingston AE, Hicks CA, Colston MJ, Billingham ME (1996) A 71-kD heat shock

protein (hsp) from Mycobacterium tuberculosis has modulatory effects on
experimental rat arthritis. Clin Exp Immunol 103(1): 77–82.

26. Quintana FJ, Carmi P, Mor F, Cohen IR (2004) Inhibition of adjuvant-induced

arthritis by DNA vaccination with the 70-kd or the 90-kd human heat-shock
protein: immune cross-regulation with the 60-kd heat-shock protein. Arthritis

Rheum 50(11): 3712–3720.
27. Glant TT, Mikecz K (2004) Proteoglycan aggrecan-induced arthritis: a murine

autoimmune model of rheumatoid arthritis. Methods Mol Med 102: 313–338.

28. Haug M, Dannecker L, Schepp CP, Kwok WW, Wernet D, et al. (2005) The
heat shock protein Hsp70 enhances antigen-specific proliferation of human

CD4+ memory T cells. Eur J Immunol 35(11): 3163–3172.
29. Mekala DJ, Alli RS, Geiger TL (2005) IL-10-dependent infectious tolerance

after the treatment of experimental allergic encephalomyelitis with redirected
CD4+CD25+ T lymphocytes. Proc Natl Acad Sci U S A 102(33): 11817–11822.

30. Roncarolo MG, Gregori S, Battaglia M, Bacchetta R, Fleischhauer K, et al.

(2006) Interleukin-10-secreting type 1 regulatory T cells in rodents and humans.
Immunol Rev 212: 28–50.

31. Roncarolo MG, Gregori S (2008) Is FOXP3 a bona fide marker for human
regulatory T cells? Eur J Immunol 38(4): 925–927.

32. Edwards JC, Cambridge G (2006) B-cell targeting in rheumatoid arthritis and

other autoimmune diseases. Nat Rev Immunol 6(5): 394–403.
33. O’Neill SK, Shlomchik MJ, Glant TT, Cao Y, Doodes PD, et al. (2005) Antigen-

specific B cells are required as APCs and autoantibody-producing cells for
induction of severe autoimmune arthritis. J Immunol 174(6): 3781–3788.

34. Kaplan C, Valdez JC, Chandrasekaran R, Eibel H, Mikecz K, et al. (2002) Th1
and Th2 cytokines regulate proteoglycan-specific autoantibody isotypes and

arthritis. Arthritis Res 4(1): 54–58.

35. Guichelaar T, Ten Brink CB, van Kooten PJ, Berlo SE, Broeren CP, et al.

(2008) Autoantigen-specific IL-10-transduced T cells suppress chronic arthritis

by promoting the endogenous regulatory IL-10 response. J Immunol 180(3):

1373–1381.

36. Verhoef CM, van Roon JA, Vianen ME, Bijlsma JW, Lafeber FP (2001)

Interleukin 10 (IL-10), not IL-4 or interferon-gamma production, correlates with

progression of joint destruction in rheumatoid arthritis. J Rheumatol 28(9):

1960–1966.

37. De Graeff-Meeder ER, van der Zee R, Rijkers GT, Schuurman HJ, Kuis W, et

al. (1991) Recognition of human 60 kD heat shock protein by mononuclear cells

from patients with juvenile chronic arthritis. Lancet 337(8754): 1368–1372.

38. Schett G, Redlich K, Xu Q, Bizan P, Groger M, et al. (1998) Enhanced

expression of heat shock protein 70 (hsp70) and heat shock factor 1 (HSF1)

activation in rheumatoid arthritis synovial tissue. Differential regulation of hsp70

expression and hsf1 activation in synovial fibroblasts by proinflammatory

cytokines, shear stress, and antiinflammatory drugs. J Clin Invest 102(2):

302–311.

39. Boog CJ, de Graeff-Meeder ER, Lucassen MA, van der Zee R, Voorhorst-

Ogink MM, et al. (1992) Two monoclonal antibodies generated against human

hsp60 show reactivity with synovial membranes of patients with juvenile chronic

arthritis. J Exp Med 175(6): 1805–1810.

40. Corrigall VM, Bodman-Smith MD, Fife MS, Canas B, Myers LK, et al. (2001)

The human endoplasmic reticulum molecular chaperone BiP is an autoantigen

for rheumatoid arthritis and prevents the induction of experimental arthritis.

J Immunol 166(3): 1492–1498.

HSP70 Suppression in PGIA

PLoS ONE | www.plosone.org 8 January 2009 | Volume 4 | Issue 1 | e4186


