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Interleukin-10 activates heat-shock protein 90b gene expression
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SUMMARY

Elevated levels of the cytokine interleukin-10 (IL-10) have been reported in patients with active
systemic lupus erythematosus (SLE). Any role for IL-10 in the pathogenesis of SLE is likely to
involve the activation of expression of specific genes within its target cells. We have previously
reported elevated levels of the 90 000 MW heat-shock protein (hsp 90) and autoantibodies to
hsp 90 in patients with SLE. Recent studies have shown that the cytokine IL-6 activates hsp 90
gene expression via specific transcription factors that include STAT-3 (signal transducer and
activator of transcription 3). In view of the known role of STAT proteins in IL-10 signalling
pathways, we have investigated the effect of IL-10 on hsp 90 gene expression. Here we report that
IL-10 enhances the expression of hsp 90 in both a human hepatoma cell line (HepG2) stably
expressing the human IL-10 receptor and peripheral blood mononuclear cells (PBMC ). In reporter
gene assays IL-10 is able to activate both the hsp 90a and hsp 90b promoters directly. Furthermore,
a short region of the hsp 90b promoter which is activated in response to IL-10, contains a STAT-3
binding site. This element but not a mutant derivative unable to bind STAT-3, is able to confer
a response to IL-10 on a heterologous promoter. These results may be understood in terms of
the shared signalling mechanisms of IL-10 and IL-6 and provide evidence of a role for IL-10 in
the overexpression of hsp 90 in SLE, with possible pathological consequences.

INTRODUCTION cell-mediated immunity by antigen-presenting cells and T
lymphocytes.4

Systemic lupus erythematosus (SLE) is an autoimmune rheu-
Elevated circulating levels of IL-10 have been reported in

matic disease mainly confined to women during the childbear-
patients with SLE, being highest in patients with active dis-

ing years, that is found in all ethnic groups but is particularly
ease.5 In view of the function of IL-10 within the normalcommon amongst Afro-Carribeans.1 SLE is characterized by
immune system, a pathogenic role for IL-10 in SLE has beenB-lymphocyte hyperactivity, reflected by a broad spectrum of
suggested and is supported by a number of studies. It hasautoantibodies and decreased in vitro and in vivo cellular
been demonstrated that peripheral blood mononuclear cellsimmune responses. Such immune disturbances may in part
(PBMC) from untreated lupus patients spontaneously releasereflect abnormalities in the expression of cytokines, which
large amounts of IL-10 in vitro.6 Furthermore, spontaneousregulate the functions of cells within the normal immune
immunoglobulin production (particularly DNA autoantibod-system.
ies) in PBMC from patients with SLE is increased in responseInterleukin-10 (IL-10) is a multifunctional cytokine pro-
to IL-10 and inhibited in response to an anti-IL-10 antibody.7duced by various cell types including B cells, T cells and
Defects in the regulation of auto-reactive B and T lymphocytesmonocytes.2 IL-10 is a potent stimulator of B lymphocytes,
by a process known as programmed cell death (apoptosis)promoting B-lymphocyte activation, proliferation and differ-
may play a pathogenic role in SLE. It has been shown thatentiation and the stimulation of immunoglobulin and autoanti-
IL-10 increases Bcl-2 expression by germinal centre B lympho-body production within B cells.3 In contrast, IL-10 has been
cytes,8 preventing their death and suggesting that the stimulat-recognized as an inhibitory cytokine, suppressing the pro-
ing effect of IL-10 on immunoglobulin production may beduction of pro-inflammatory cytokines as well as inhibiting
partly due to increased B-lymphocyte survival.There is also
evidence that disease severity in patients with SLE correlates
with an increased ratio of IL-10-secreting PBMC.9 A role forReceived 20 October 1998; revised 13 January 1999; accepted

13 January 1999. IL-10 in murine SLE is supported by the observation that
administration of anti-IL-10 antibodies to NZB/W F1 lupus-Correspondence: Professor D. S. Latchman, Department of
prone mice, delays the onset of autoimmunity and productionMolecular Pathology, University College London, The Windeyer
of autoantibodies.10Institute of Medical Sciences, 46 Cleveland Street, London W1P

6DB, UK. Any role for IL-10 in the pathogenesis of SLE is likely to
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involve the induction of the expression of specific genes within ends. After treatment with IL-10 or IL-6, cells were harvested
for Western blot analysis. HepG2 hepatoma cells stablyits target cells, resulting in changes of cellular phenotype. We

have previously reported autoantibodies to heat-shock protein expressing the human IL-10 receptor22 were a kind gift from
Dr Heinz Baumann, Roswell Park Cancer Institute, Buffalo,90 (hsp 90)11 and overexpression of hsp 90 in PBMC, within

a specific subset of patients with SLE, particularly those with NY and were maintained in monolayer cultures in Dulbecco’s
modified Eagle’s minimal essential medium (DMEM) sup-active neuro-psychiatric (NP) and/or cardio-respiratory (CR)

disease.12 Elevation of hsp 90 protein levels is dependent on plemented with 10% (v/v) bovine fetal serum at 37° in a 5%
CO2 incubator. For each experiment, cells were trypsinizedthe enhanced transcription of the hsp 90b gene, one of the

two genes encoding hsp 90.13 Furthermore, this elevation is and re-plated at a density of 106 per well in DMEM plus 10%
(v/v) fetal calf serum in six-well plates over night. Cells fornot parallelled by elevation of the constitutively expressed

heat-shock proteins hsp 73 or hsp 60 and therefore does not treatment with IL-10 were incubated for a further 6 hr in
serum-free medium before addition of IL-10 at the concen-represent a general cellular stress response.12 Evidence of a

potential role for hsp 90 in the aetiology and pathogenesis of trations indicated in the figure legends. Following treatment,
cells were harvested for Western blot analysis which wasthis disease has been supported by studies in autoimmune

MRL/lpr mice where elevated levels of hsp 9014 and antibodies performed as described previously17 with the AC88 antibody
to hsp 90.to it15 are detectable prior to onset of the disease. However,

the precise mechanisms leading to the overexpression of hsp 90
have remained unclear. Plasmid constructs

The 5∞ hsp 90b promoter chloramphenicol acetyl transferaseWe have recently shown that the cytokine IL-6, which is
also present at elevated levels in patients with active SLE,16 (CAT) reporter construct hsp 90b–CAT23 was a kind gift from

Dr Neil Rebbe (Washington University School of Medicine,up-regulates hsp 90 expression in the human hepatoma cell
line (HepG2) and in peripheral blood mononuclear cells St. Louis, MO). Construct hsp 90b–CAT consists of a fragment

−1044 to +36 relative to the transcriptional start site, coupled(PBMC ) from normal individuals.17 A role for IL-6 in hsp 90
overexpression in SLE has been further supported by the to a CAT vector. The 5∞ hsp 90a promoter CAT reporter

construct hsp 90a–CAT, was a kind gift from Dr Lee Webber.observation that elevation of IL-6 in transgenic mice results
in increased levels of hsp 90 and the production of anti-hsp 90 Construct hsp 90a–CAT consists of a fragment −1050 to +42

relative to the transcriptional start site, coupled to a CATantibodies.18
An investigation of the mechanisms of hsp 90 promoter vector. The hsp 90b promoter wild-type and mutant STAT-3

vectors have been previously described.19 Constructactivation in response to IL-6 has been recently reported.19 In
this study, using reporter gene assays, activation of the hsp 90 hsp 90–S3E consists of a sequence of the hsp 90b promoter

from −643 to −623 relative to the transcriptional start site.promoter by IL-6 is mediated by a region of the promoter
(from −643 to −623 relative to the transcription start site) Construct hsp 90–MS3E is identical to hsp 90–S3E except for

adenine residues at position −641 and −631, replacing thewhich contains a binding site for the IL-6 activated transcrip-
tion factor STAT-3. It is interesting to note that both IL-6 wild-type cytosine residues. Both the wild-type −643 to −623

and mutant hsp 90b promoter STAT-3 sequences are clonedand IL-10 utilize similar signalling mechanisms for modulating
gene expression within their target cells. IL-10 has been shown upstream of the thymidine kinase promoter and the CAT

reporter gene in the vector pBLCAT2 (see Fig. 1). The wild-to mediate intracellular signalling via the Jak/STAT pathway,
in which stimulation of receptor-associated Jaks (Jak1 and type STAT-3 expression vector contains the full coding region

for STAT-3 cloned into the mammalian expression vector,Tyk2) leads to phosphorylation and activation of the transcrip-
tion factors STAT-1 and STAT-3.20 pEF-Bos and expressed under control of the elongation factor

gene promoter.24The similarity of gene regulatory elements targeted by
signalling pathways for both IL-6 and IL-10 through the
activation of STATs together with studies supporting a role Transfection, stimulation and CAT assays

Transfection of hsp 90 promoter reporter constructs wasfor IL-10 in the pathogenesis of SLE, has therefore prompted
us to investigate the effect of IL-10 on hsp 90 gene expression. performed as described previously17 by the calcium phosphate

method of Gorman.25 IL-10-responsive HepG2 cells were
plated at a density of 106 cells/well in six-well plates; 5 mg of

MATERIALS AND METHODS
CAT reporter constructs, 1 mg of a control b-galactosidase
expression vector and where indicated, 2 mg of a STAT-3Reagents and antibodies

Recombinant human IL-10 was purchased from Santa Cruz expression vector, were transfected for 4–6 hr and cells were
Biotechnology, Inc. (Santa Cruz, CA), Levels of hsp 90 were
determined by Western blot analysis with the AC88 antibody21
to hsp 90 (a kind gift from Dr D. Toft).

Cell culture
PBMC were isolated by Ficol-Paque (LymphoprepTM;
Nycomed, Oslo, Norway). PBMC were cultured at 106 per

(a)

(b)

well in RPMI-1640 plus 3% (v/v) of corresponding human Figure 1. Synthetic oligonucleotides corresponding to the wild-type
serum in six-well plates (Nunc, Uxbridge, UK) at 37° in a 5% hsp 90b promoter STAT-3 binding site (a) and a mutant derivative
CO2 incubator. PBMC were treated with IL-10 or IL-6 at the (b), which were cloned upstream of the thymidine kinase promoter

and the CAT reporter gene in the vector pBLCAT2.concentrations and time intervals indicated in the figure leg-
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washed in phosphate-buffered saline (PBS). Cells were main- also observed in PBMC treated with interferon-c and IL-6
which has been reported previously.19 Furthermore, an analysistained in complete medium for 24 hr before a 5-hr period of

serum starvation, followed by treatment with 50 ng of IL-10. of hsp 90 levels in PBMC following a time–course of IL-10
treatment (Fig. 2c) shows that elevation of hsp 90 levels isCells were then harvested after 15 hr of treatment with IL-10

and lysed by three cycles of repeated freeze–thawing. To rapid. An approximate threefold induction of hsp 90 expression
in PBMC is observed after 1 hr of IL-10 treatment comparednormalize for transfection efficiency, CAT activities were cor-

rected for b-galactosidase activities. Assays of CAT activity to control untreated cells, with this increase being sustained
for 48 hr of treatment.were performed by the method of Gorman25 on samples that

had been equalized for protein content as determined by the
method of Bradford.26

IL-10 activates The hsp 90a and -b promoters

To investigate the mechanisms by which IL-10 induces
RESULTS

enhanced hsp 90 levels in HepG2 cells, a direct effect on the
hsp 90 promoter was studied using plasmid constructs in whichIL-10 up-regulates hsp 90 in HepG2 cells and PBMC
the hsp 90a and -b promoters are coupled to a CAT reporter

The effect of IL-10 on hsp 90 gene expression was investigated
gene. As shown in Fig. 3(a) and Table 1, IL-10 significantly

by treatment of both HepG2 cells and PBMC with IL-10 and
activates both the hsp 90a and -b promoters, as measured by

levels of hsp 90 measured by Western blot analysis (Fig. 2).
CAT activity in IL-10-treated and untreated cells. Cells

IL-10 was observed to clearly up-regulate hsp 90 levels within
cotransfected with a STAT-3 expression vector and treated

the HepG2 cell line (Fig. 2a) which had been artificially
with IL-10, exhibit slightly higher CAT activity than control

engineered to express the human IL-10 receptor.22 Within the
IL-10-treated cells. In view of the known effects of

parental cell line ( lacking the IL-10 receptor) no elevation of
IL-6 on hsp 90 gene regulation, IL-6 treatment of cells

hsp 90 was observed following treatment with IL-10 (result
transfected with hsp 90 promoter constructs was used to

not shown). In cells transfected with an expression vector for
STAT-3, hsp 90 levels were also observed to be elevated
following IL-10 stimulation, and this elevation was observed
to a lesser extent in unstimulated cells transfected with STAT-3
compared to control unstimulated cells. In PBMC, hsp 90
levels are significantly elevated following IL-10 treatment,
compared to control untreated cells (Fig. 2b). This effect is

(a)
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Figure 3. Assay of CAT activity in HepG2 cells transfected with
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Figure 2. (a) Western blot with antibody AC88 to hsp 90. HepG2 cells hsp 90a and -b promoter–CAT constructs. (a) HepG2 cells were
transfected with 2 mg of either hsp 90a–CAT (lanes 1–3) orwere treated with either 50 ng/ml (50) or 100 ng/ml (100) of IL-10

for 12 hr or untreated (0). Cells transfected with 2 mg of a STAT-3 hsp 90b–CAT ( lanes 4–6). Cells were left untreated ( lanes 1, 4) or
treated with 100 ng/ml IL-10 for 12 hr ( lanes 2, 3 and 5, 6). Lanes 3expression vector are shown (+ 3). (b) Western blot with antibody

AC88 to hsp 90. PBMC were untreated ( lanes 1 and 2), treated with and 6 correspond to cells cotransfected with1 mg of a STAT-3
expression vector. (b) Assay of CAT activity in HepG2 cells transfectedinterferon-c ( lane 3), IL-6 ( lane 4), or treated for 16 hr with 50 ng/ml

of either IL-6 ( lane 5) or IL-10 ( lane 6). (c) Time–course of hsp 90 with hsp 90b–CAT and treated with IL-6 or IL-10. HepG2 cells were
transfected with 2 mg of hsp 90b–CAT and treated (I ) with eitherelevation in PBMC treated with IL-10. PBMC were untreated or

treated with 50 ng/ml of IL-10 for the times indicated in the Figure. 50 ng/ml IL-6 (6) or 100 ng/ml IL-10 (10) for 12 hr or untreated (−).
Cells cotransfected (S) with 1 mg of a STAT-3 expression vector areValues for hsp 90 levels represent fold induction relative to control

untreated cells. denoted (+).
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Table 1. Effect of IL-10 on the activity of hsp 90 promoter CAT
constructs

CAT activity (arbritary units)

Construct −IL-10 +IL-10 +IL-10+STAT-3

hsp 90a–CAT 4·6 61·8 88·0
hsp 90b–CAT 2·5 78·2 84·2
pBLCat2 vector 1·0 1·0 1·0
hsp 90–S3E 1·3 46·0 48·1
sp 90–MS3E 2·9 4·0 4·7

Values represent the CAT activity of each construct either alone
or cotransfected with a STAT-3 expression vector (+ STAT-3) in
HepG2 cells treated (+ IL-10) or untreated (− IL-10) with IL-10 for
12 hr before harvesting. Values were obtained by scanning densitome-
try of assays of the type shown in Figs 2,3,4.

compare the responsiveness of the reporter constructs to IL-10
and IL-6. Figure 3(b) illustrates responsiveness of the hsp 90b
promoter construct to both IL-6 and IL-10 and indicates that
the two effects are comparable.

IL-10 activates the hsp 90b promoter via a STAT-3 binding site

In view of previous studies which have shown that a region
of the hsp 90b promoter (−643 to −623 relative to the
transcriptional start site) can confer responsiveness to IL-6
when linked to a heterologous promoter, we have analysed
the responsiveness of this region to IL-10. HepG2 cells were

(b)

– 10 10I

– – +S

(a)

– 10 10I

– – +S

transfected with construct hsp 90-S3E, corresponding to this Figure 4. Assay of CAT activity in HepG2 cells transfected with
region linked to the heterologous thymidine kinase promoter hsp 90-S3E (a) or hsp 90-MS3E (b). HepG2 cells were transfected
and also with a construct hsp 90-MS3E, in which the wild- with 2 mg of either CAT reporter construct and treated (I ) with

100 ng/ml IL-10 (10) for 12 hr or untreated (−). Cells cotransfectedtype STAT-3 site has been mutated and CAT activity of the
(S) with 1 mg of a STAT-3 expression vector are denoted (+).constructs was then measured following treatment of cells with

IL-10. Figure 4(a) and Table 1 show that the wild-type STAT-3
sequence gave high levels of CAT activity in response to IL-10 hsp 90 promoter which contains binding sites for these fac-

tors.17,19 Here we have extended these observations by showingand activation was enhanced by cotransfection with a STAT-3
expression vector. Conversely the mutant construct (Fig. 4b that IL-10 can also enhance hsp 90 levels, activating the

hsp 90b gene promoter via the same short element which isand Table 1) was not responsive to IL-10 and no significant
increase in CAT activity was observed following cotransfection targeted by IL-6. As IL-10 activates STAT-3 but not NF-IL620

it is likely that this effect is mediated via the IL-10-inducedwith STAT-3.
activation of STAT-3 and in agreement with this the ability of
IL-10 to activate the hsp 90a and -b gene promoters is

DISCUSSION
enhanced by cotransfection of a STAT-3 expression vector
(see Fig. 3). Hence the activation of hsp 90 by IL-10 is likelyAlthough the regulation of the heat-shock proteins by stressful

stimuli has been intensively studied, much less attention has to reflect the similarity of its signalling pathway to that of
IL-6 and indicates that such activation can occur in thebeen given to their regulation by non-stressful stimuli, such as

cytokines. This is of particular importance, since hsp absence of activation of NF-IL6 which is achieved only by
IL-6. This is in accordance with our previous observation thatexpression has been observed to be regulated during a number

of normal cellular events such as T-cell activation and the enhanced hsp 90 levels are observed both in transgenic mice
containing the IL-6 gene and in transgenic mice in which thedifferentiation of monocytes to macrophages.27,28 Hence such

regulatory mechanisms may play a key role in determining the gene encoding NF-IL6 has been inactivated resulting in
enhanced levels of IL-6.18level of hsp expression in unstressed cells as well as being

important in their overexpression in specific disease states. The induction of hsp 90 expression by both IL-6 and IL-10
infers a role for hsp 90 expression both within the normalWe have previously demonstrated that treatment of cells

with IL-6 can up-regulate hsp 90 levels in vitro17 and that such functioning of the immune system and as part of an immune
response. It is likely that both IL-6 and IL-10 regulate theelevation of hsp 90 levels is also observed in vivo in transgenic

mice overexpressing IL-6·18 This effect is due to the IL- expression of hsp 90 ensuring appropriate levels of chaperoning
functions of hsp 90 within immune cells. More importantly,6-induced activation of the transcription factors NF-IL6 and

STAT-3 and is mediated via a short specific region of the these results have important implications for our understand-
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Synergistic effect between IL-10 and bcl-2 genotypes in determin-ing of the mechanisms of hsp 90 elevation in SLE. Thus, since
ing susceptibility to systemic lupus erythematosus. Arthritis Rheumboth IL-616 and IL-105,6 are elevated in SLE, it will be
41 (4), 596.necessary to investigate the relative effects of these two factors

9. H E., G M.F., L S. & K D.M. (1996)in producing the hsp 90 elevation observed in this disease.
Disease severity in patients with systemic lupus erythematosusElevation of hsp 90 in patients with SLE and in MRL/lpr
correlates with an increased ratio of interleukin-10: interferon-c-

mice may be responsible for the production of autoantibodies secreting cells in the peripheral blood. Arthritis Rheum 39, 397.
to this protein. Interestingly this situation is also observed in 10. I H., M T. & S S. (1994) Continuous
human breast cancer patients where elevated hsp 90 levels in administration of anti-interleukin-10 antibodies delays onset of
tumour tissue29 are parallelled by the development of autoanti- autoimmunity in NZB/W F1 mice. J Exp Med 179, 305.

11. C S.E., F G.B., W W., L D.S. &bodies to hsp 90.30 The generation of an immune response to
I D.A. (1994) Detection of autoantibodies to the 90kDelevated hsp 90 levels in SLE is likely to require the surface
heat shock protein in SLE and other autoimmune diseases. Brlocalization of this protein, providing accessibility to the
J Rheumatol 33, 923.immune system. We have previously detected the surface

12. D V.B., MC S., N P.M. et al. (1993)localization of hsp 9031 on peripheral blood monocytes and
Differential heat shock protein over-expression and its clinicallymphoctes. Furthermore this observation was specific to
relevance in systemic lupus erythematosus. Ann Rheum Dis 52, 436.

hsp 90 and correlated with the degree of overexpression of 13. T B., D V., MC S., I D. &
hsp 90 in these patients. Evolutionary conservation of the L D. (1993) Elevated levels of the 90 kD heat shock
heat-shock proteins at the amino acid level, results in homol- protein in patients with systemic lupus erythematosus are depen-
ogues of human heat-shock proteins in bacteria and other dent upon enhanced transcription of the hsp90b gene. J Autoimm

6, 495.organisms which can infect man. These heat-shock proteins
14. F G.B., I D.A. & L D.S. (1994) The tissue-constitute major targets for an immune response during infec-

specific elevation in synthesis of the 90kD heat shock proteintion. Antibodies against Candica albicans hsp 90 are observed
precedes the onset of disease in lupus prone MRL/lpr mice.in systemic candidal infections, and some of these react with
J Rheumatol 21, 234.human hsp 90.32,33 Reactivity of antibodies and T cells induced

15. F G.B., C S.E., M M., I D.A. &by exposure to the heat-shock proteins of micro-organisms
L D.S. (1995) Increased levels of the autoantibodies to

with corresponding cell surface localized human heat-shock HSPs with increasing age in MRL/lpr mice. Br J Rheum 34, 610.
proteins, provides a possible model for a pathological conse- 16. L-I M., D R.J., W D.J., P J., O-
quence of heat-shock protein overexpression. C T. & K J.R. (1997) Elevated levels of endogenous

We are currently correlating the levels of hsp 90 expression IL-6 in systemic lupus erythematosus. Aputative role in pathogen-
esis. J Immunol 147, 117.in PBMC in a large series of patients with SLE, with their

17. S A., A V., I D.A., A S., K T.levels of circulating IL-6 and IL-10 in order to investigate this
& L D.S. (1997) Interleukin-6 activates heat-shock pro-effect further. Such studies are of importance since we have
tein 90b gene expression. Biochem J 321, 103.previously shown that the elevated levels of hsp 90 in transgenic

18. S A., C S., I D.A. et al. (1998) Elevationmice overexpressing IL-6 can provoke an autoimmune
of IL-6 in transgenic mice results in increased levels of the 90 kDaresponse to this protein18 whilst the elevation of hsp 90 levels
heat shock protein (hsp90) and the production of anti- hsp90

and the autoimmune response to it which is observed in antibodies. J Autoimm 11, 249.
MRL/lpr mice both precede the onset of disease symptoms.14,15 19. S A., I D.A., A S., K T. &

L D.S. (1998) The NF-IL6 and STAT-3 signalling path-
ways co-operate to mediate the activation of the hsp90b gene byREFERENCES
IL-6 but have opposite effects on its inducibility by heat shock.
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