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Extracellular heat shock protein 60 (HSP60) has been considered a proinflammatory danger signal. Yet, HSP60 can also down-
regulate experimental immune arthritis and diabetes models by specific inhibition of Th1-like responses. We now report that
HSP60 in vitro differentially modulates the expression of Th1/Th2 transcription factors in human T cells: HSP60 down-regulates
T-bet, NF-�B, and NFATp and up-regulates GATA-3, leading to decreased secretion of TNF-� and IFN-� and enhanced secretion
of IL-10. These effects depended on TLR2 signaling and could not be attributed to LPS or to other contaminants. In BALB/c mice,
HSP60 in vivo inhibited the clinical, histological, and serological manifestations of Con A-induced hepatitis associated with
up-regulated T cell expression of suppressor of cytokine signaling 3 and GATA-3 and down-regulated T-bet expression. These
results provide a molecular explanation for the effects of HSP60 treatment on T cell inflammation via innate regulation of the
inflammatory response. The Journal of Immunology, 2005, 174: 3227–3236.

T he mammalian 60-kDa heat shock protein (HSP)4 is a
many-faceted molecule. In addition to serving as a chap-
erone, HSP60 is expressed by different types of cells fol-

lowing their exposure to stress (1, 2) or immune activation (3), is
present in the blood during inflammation (4, 5), and has been
found to be a target of autoantibodies and autoimmune T cells in
healthy individuals, as well as in those suffering from autoimmune
diseases (6). However, it was also shown that the same HSP60
molecule could inhibit inflammatory diseases, such as adjuvant
arthritis and type I diabetes by shifting specific immune reactions
to a Th2-like response (3, 7–9). These paradoxical effects on cells
of the innate and adaptive arms of the immune system may be
explained partially by the discovery that HSP60, via TLR2, can
directly activate anti-inflammatory pathways, such as inhibition of
T cell migration in vitro and in vivo in response to CXCL12 (stro-
mal cell-derived factor 1�) and the expression of its receptor,
CXCR4 (10). In the present study, we examined the effects of
HSP60 on the specific activation of Th1 and Th2 cytokines and

their associated signaling pathways and transcription factors in T
cells.

Th cells differentiate into two distinct subsets, Th1 and Th2, as
defined by their functional activities and cytokine secretion pro-
files. Th1 cells mediate delayed-type hypersensitivity responses
and tissue damage in autoimmune diseases and allograft rejection
and provide protection against intracellular pathogens and viruses.
Th2 cells provide help to B cells and eradicate helminthes and
other extracellular parasites (11). The functional differences be-
tween the two subsets are explained primarily through the activi-
ties of the cytokines they secrete. IFN-� is the signature cytokine
of Th1 cells, which also produce IL-2 and TNF-�, whereas Th2
cells preferentially secrete IL-4, IL-5, IL-10, and IL-13. Several
transcription factors, including c-Maf, STAT6, NFAT, and
GATA-3, are essential for the differentiation of T cells toward a
Th2 phenotype (12, 13). T cell differentiation along the Th1 lin-
eage is regulated similarly by specific transcription factors, among
which are T-bet, which plays an essential role in IFN-� production
(14, 15). The activation of these transcription factors is regulated
by signaling through the TCR and through costimulatory mole-
cules (12–17).

In this study, we tested the effects of HSP60 on T cells in several
systems; we studied human T cells activated by mitogenic anti-
CD3 in vitro, and we also studied the expression of cytokines and
their transcription factors in mouse T cells ex vivo and in vivo. We
extended the studies in vivo to test the functional effect of HSP60
treatment on T cells in experimentally induced hepatitis in mice.
We found that HSP60 inhibited anti-CD3-induced IFN-� and
TNF-� secretion and up-regulated IL-10 secretion from freshly
isolated human T cells in a TLR2-dependent manner. We also
found that HSP60 inhibited the expression of the Th1-associated
factors, NF-�B and T-bet, inhibited NFATp activation, and in-
duced the expression of GATA-3. HSP60 also inhibited Th1-me-
diated responses in vivo by suppressing TNF-� secretion and the
clinical manifestations of Con A-induced hepatitis in mice. Thus,
HSP60 can suppress Th1 activation and the subsequent function-
ing required for the fine-tuning of the inflammatory reaction.
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Materials and Methods
Reagents

The following reagents and chemicals were obtained as indicated: RPMI
1640 medium (Invitrogen Life Technologies), FCS, HEPES buffer, anti-
biotics, sodium pyruvate (Biological Industries), phosphatase inhibitor
mixture, cycloheximide (CHX), PMA, and LPS (Sigma-Aldrich). mAbs
anti-TLR2 and anti-TLR4 were obtained from eBioscience; anti-human
recombinant HSP60 (designated clone P5, IgM fraction) was kindly pro-
vided by F. Quintana (Weizmann Institute of Science). Polyclonal Ab anti-
total (t)ERK1/2 was obtained from Sigma-Aldrich; anti-suppressor of cy-
tokine signaling (SOCS)3 (H-103), anti-NF-�B p65 (A), anti-T-bet (39D),
anti-GATA-3 (HG3-31), and anti-lamin B (C-20) were purchased from
Santa Cruz Biotechnology. Purified mouse anti-NFATp/NFATc2 (4G6-
G5.1) was purchased from BD Pharmingen. The recombinant HSP60
(StressGen Biotechnologies) used in this study contained �0.001 EU/ml
(0.1 pg/ml) of bacterial endotoxin, as determined using a kinetic-turbidi-
metric Limulus amebocyte lysate test method (Biological Industries).

Human T cells

T cells were purified from the peripheral blood of healthy human donors
(Blood Bank). The whole blood was incubated (20 min, 22°C) with Ro-
setteSepä human T cell enrichment mixture (StemCell Technologies). The
remaining unsedimented cells were then loaded onto lymphocyte separa-
tion medium (ICN Biomedicals), isolated by density centrifugation, and
washed with PBS. The purified cells (�95% CD3� T cells) so obtained
were cultured in RPMI 1640 medium containing antibiotics and 10% heat-
inactivated FCS. In a second round of purification, CD3� T cells were
labeled for negative selection with a magnetically coupled mAb against
CD45RA� and CD45RO� (Miltenyi Biotec). The purified cells obtained
(usually �97% CD45RO� or CD45RA� T cells) were cultured in RPMI
1640 medium containing antibiotics and 10% heat-inactivated FCS.

Activated mouse lymph node cells

BALB/c mice (females, 1.5 mo of age) were sensitized by painting their
shaved abdominal walls with oxazolone (2%) emulsified in 100 �l of ac-
etone/olive oil (Sigma-Aldrich). On day 5, mice were sacrificed, their
draining (inguinal, mesenteric, and cervical) lymph nodes were collected,
and a single-cell suspension was prepared. Next, CD3� T cells were iso-
lated by negative selection with anti-mouse Ab mixture (Pan T cell kit;
Miltenyi Biotec). The labeled cells were then passed through separation
columns (MidiMACS columns; Miltenyi Biotec). The purified cells
(�97% T cells) were untreated or treated with HSP60 as described
previously.

Cytokine secretion

T cells (2 � 106 cells/ml) were activated (1 h, 37°C) with the indicated
concentrations of HSP60 in 24-well plates in RPMI 1640 medium con-
taining 10% heat-inactivated FCS. The cells were then washed and replated
at the same concentration on anti-CD3 mAb-precoated 24-well plates (0.5
�g/ml; nontissue culture grade plates) in serum-free medium containing
0.1% BSA at 4°C for 24–72 h. The supernatants were collected, and the
cytokine content (TNF-�, IFN-�, and IL-10) was determined by ELISA,
using the appropriate mAb, according to the manufacturer’s instructions.

Western blot analysis of T cell nuclear extracts

Purified T cells (5 � 106) were preincubated with different concentrations
of HSP60 for the indicated periods of time (37°C in a 7% CO2, humidified
atmosphere). The cells were then washed and replated in the same con-
centration of HSP60 on anti-CD3 mAb-precoated 24-well plates for 2 or
24 h (37°C in a 7% CO2, humidified atmosphere). T cells were lysed in 10
mM HEPES, 1.5 mM MgCl2, 1 mM DTT, 1 mM PMSF, and 0.5% Nonidet
P-40. The lysates were incubated on ice for 10 min and centrifuged at 2000
rpm for 10 min at 4°C. The supernatants (cytoplasmic extracts) were trans-
ferred, and the pellet (nuclei) was suspended in buffer containing 30 mM
HEPES, 450 mM NaCl, 25% glycerol, 0.5 mM EDTA, 6 mM DTT, 12 mM
MgCl2 1 mM PMSF, 10 �g/ml leupeptin, 10 �g/ml pepstatin, and 1%
phosphatase inhibitor mixture, and the suspension was incubated on ice for
30 min. The lysates were cleared by centrifugation (30 min, 14 � 103 rpm,
4°C), and the resulting supernatants were analyzed for protein content. For
NFATp analysis, nuclear extracts were prepared with a NE-PER Nuclear
and Cytoplasmic Extraction reagent (Pierce), according to the manufactur-
er’s protocol. Sample buffer was then added, and, after boiling, the samples
containing equal amounts of proteins were separated on 10% SDS-PAGE
gel and transferred to nitrocellulose membranes. The membranes were
blocked with TBST buffer containing low-fat milk (5%), 20 mM Tris (pH

7.5), 135 mM NaCl, and 0.1% Tween 20 and probed with the following
mAb in the same buffer: anti-NF-�B (diluted 1/1,000), anti-tERK (diluted
1/20,000), anti-NFATp (diluted 1/500), anti T-bet (diluted 1/1,000), anti-
GATA-3 (diluted 1/1,000), and anti-lamin B (diluted 1/1,000). Immuno-
reactive protein bands were visualized using labeled secondary Abs and the
enhanced ECL system.

Induction and evaluation of liver damage

BALB/c mice were maintained at the Animal Breeding Facility of the E.
Wolfson Medical Center. Treatment of the animals was in accordance with
institutional guidelines. Acute liver injury was induced by injecting 6- to
8-wk-old male mice with Con A (0.5 mg/0.3 ml; Sigma-Aldrich) in 250 ml
of PBS via the tail vein. HSP60 (500 ng/ml) was administered i.p. 18 and
1 h before Con A. After 24 h, the mice were bled and euthanized with
chloral hydrate anesthesia, their abdomens were opened by a midline in-
cision, and sections from the left liver lobe were excised for histopatho-
logical examination. Liver sections were fixed in a 5% neutral formol so-
lution and stained with H&E.

Enzymatic assessment of liver injury, determination of serum
levels of TNF-�, and T cell purification

In addition to a histopathological examination, the extent of the liver dam-
age was estimated by determining the serum levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST), with an automated
Monarch Monoanalyzer 2000 (Allied) 24 h after Con A administration. For
determination of TNF-� levels, blood was drawn from mice 2 h after ad-
ministration of Con A. Serum TNF-� concentrations were assayed by
ELISA kit (Genzyme), according to the manufacturer’s instructions. Each
sample was tested in duplicate. For T cell purification, spleens were re-
moved, and a single-cell suspension was prepared. Next, CD3� T cells
were isolated by negative selection with an anti-mouse Ab mixture (Pan T
cell kit; Miltenyi Biotec). The labeled cells were then passed through sep-
aration columns (MidiMACS columns; Miltenyi Biotec). The purified cells
(�97% T cells) so obtained were cultured in RPMI 1640 medium con-
taining antibiotics and 10% heat-inactivated FCS.

Statistics

Data were analyzed by the Student’s t test. A value of p � 0.05 was
considered significant statistically.

Results
HSP60 inhibits T cell IFN-� and TNF-� secretion and up-
regulates IL-10 secretion

We analyzed the effects of HSP60 on the cytokine secretion profile
of freshly isolated and purified human T cells that were activated
by the mitogenic anti-CD3 mAb. HSP60 alone (at a range of con-
centrations of 0.01–1000 ng/ml) did not induce cytokine secretion
by the T cells (data not shown). However, when the T cells were
pretreated with different concentrations of HSP60, washed, and
then activated by anti-CD3, the secretion of the Th1-related cyto-
kines IFN-� and TNF-� was inhibited by 50% (Fig. 1, A and B),
whereas IL-10 secretion was enhanced (Fig. 1C). Recently, we
showed that the biological effects of HSP60 on T cells manifested
a biphasic, bell-shaped, dose-response curve (10). It is interesting
to note that both the inhibitory effects of HSP60 on IFN-� and
TNF-� secretion and the enhancing effect on activation of IL-10
secretion also manifested a biphasic, bell-shaped dose response.
Significant effects were achieved with relatively low concentra-
tions of HSP60 (0.1–1.0 ng/ml; p � 0.01), whereas higher doses
(in the order of 10 ng/ml) did not appear to affect cytokine secre-
tion. However, cytokine secretion was again affected by �50% at
higher concentrations of HSP60 (0.1–1 �g/ml; p � 0.05). In ad-
dition, we performed the same experiment without washing the T
cells between HSP60 and anti-CD3 stimulation, and we found that
the presence of HSP60 during anti-CD3 stimulation did not alter
the biphasic, bell-shaped, dose-dependent curve (data not shown).

To study the effects of HSP60 treatment on cytokine secretion
by T cells over time, we incubated the T cells with 1 ng/ml HSP60
for 1 h, washed the cells, and measured the cytokine accumulation
at 24, 48, and 72 h of incubation with mitogenic anti-CD3 Abs.
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Fig. 2 shows that the effects of HSP60 on cytokine secretion were
manifested over the 24- to 72-h time period of incubation with the
anti-CD3 Abs. Therefore, we elected to carry out the next exper-
iments at 24 h of incubation.

The effects of HSP60 on cytokine secretion from CD45RA� and
CD45RO� populations of human T cells

We have reported recently that the sensitivity of the T cell re-
sponse to HSP60 was influenced by a T cell subset: CD45RA� T
cells responded to lower concentrations of HSP60 than did
CD45RO� T cells (10). In the present study, we tested whether
HSP60 differently affects cytokine secretion of these subpopula-
tions. We fractioned the T cells into CD45RA� and CD45RO�

subpopulations and repeated the activation procedure as was de-
scribed for unseparated T cells (Fig. 1). Fig. 3 shows that the
CD45RA� population responded to relatively low concentrations
of HSP60 (0.1–1.0 ng/ml), whereas higher doses (in the order of 10
ng/ml) did not appear to affect cytokine secretion. However, cy-
tokine secretion was again affected by �50% at higher concentra-
tions of HSP60 (0.1–1 �g/ml; p � 0.05). In contrast, the
CD45RO� population responded mostly to the higher concentra-

tions (�100 ng/ml) of HSP60. Thus, CD45RA� and CD45RO�

subpopulations have different sensitivities to HSP60.

The effects of HSP60 on T cell cytokine secretion are TLR2
dependent

HSP60 has been reported to activate responsive cells via TLR4 or
TLR2 signaling (18, 19). It was found that human T cells express
TLR2 and TLR4 (20, 21). We have previously reported that
HSP60 via TLR2 signaling can induce T cell adhesion to fibronec-
tin (extracellular matrix glycoprotein) and can inhibit T cell che-
motaxis through fibronectin toward EBl-1 ligand chemokine and
stromal cell-derived factor 1� (SDF-1�; CXCL12) (10). In the
present study, we tested whether TLR2 or TLR4 was involved
functionally in the effects of HSP60 on T cell cytokines. Human T
cells were preincubated with anti-TLR2 or TLR4 mAbs (both are
mouse IgG2a Abs), and the cytokine secretion profile induced by
anti-CD3 was assessed. The inhibition of IFN-� and TNF-� se-
cretion (Fig. 4, A and B) and the activation of IL-10 secretion (Fig.
4C) by HSP60 were blocked by treating the T cells with the mAb
to TLR2 but not by the mAb to TLR4. In addition, the effects of
HSP60 on T cell cytokine secretion were blocked by anti-HSP60
mAb but not by an isotype-matched control mAb. Thus, TLR2

FIGURE 1. HSP60 inhibits anti-CD3-induced IFN-� (A) and TNF-�
(B) secretion and up-regulates IL-10 (C) secretion by T cells. Purified
human T cells were preincubated with the indicated concentrations of
HSP60 for 1 h, washed, and transferred to 24-well plates coated with mAb
anti-CD3 (ortho-Kung-T cells; 0.5 �g/ml) in serum-free medium. The su-
pernatants were collected after 24 h and analyzed for IFN-� (A), TNF-�
(B), and IL-10 (C) secretion. The means � SD of five different donors are
shown. �, p � 0.05; ��, p � 0.01.

FIGURE 2. The effects of HSP60 on T cell cytokine secretion are con-
sistent up to 72 h of exposure on anti-CD3 Abs. Purified human T cells
were preincubated with 1 ng/ml HSP60 for 1 h, washed, and exposed to
anti-CD3 mAbs for indicated periods of time. The supernatants were an-
alyzed for IFN-� (A), TNF-� (B), and IL-10 (C) secretion. The means �
SD of three different donors are shown. �, p � 0.05; ��, p � 0.01.
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appears to play a role in mediating the effects of HSP60 on acti-
vated human T cells.

The effects of HSP60 on T cell cytokine secretion are not due to
contaminating LPS

LPS-TLR2 interactions can transmit intracellular activation signals
in various types of leukocytes (22). Using a kinetic-turbidimetric
test method, we found that the recombinant human HSP60 used in
this study contained �0.001 EU/�g protein (0.1 pg/�g) of bacte-
rial endotoxin. The following studies were performed to addition-
ally exclude the possibility that even minute amounts of LPS might
affect T cell cytokine secretion by using the LPS inhibitor poly-
myxin B (PMB) and by boiling the HSP60. Fig. 5 shows that the
effects of HSP60 on cytokine secretion were completely inhibited
by boiling (which denatures proteins, although not LPS) but not by
PMB. Most importantly, in contrast to its effects on macrophages
(22), we found that purified LPS did not modify T cell cytokine
secretion. Consequently, the effects of HSP60 on T cell cytokine
secretion could not be attributed to LPS.

Recently, lipoproteins extracted from the Escherichia coli were
shown to interact with macrophages via TLR2 (23, 24). Such li-
poproteins can be removed by binding to PMB-coupled agarose
beads (23). Therefore, we incubated the HSP60 with PMB-coupled
agarose beads, collected the unbound material, assayed the protein
content, and tested the effect of the PMB-treated HSP60 on TNF-�

secretion. Preincubation with PMB-conjugated agarose beads did
not block the efficacy of our HSP60 preparation on TNF-� secre-
tion, but the efficacy of LPS was completely abolished (data not
shown). Thus, the effects of HSP60 on cytokine secretion by T
cells could be attributed to HSP60 itself.

HSP60 inhibits nuclear translocation of NF-�B in T cells

Activation and nuclear translocation of NF-�B is an essential step
in the regulation of gene expression and secretion of various proin-
flammatory cytokines in leukocytes, including T cells (25). We
examined the effect of HSP60 on nuclear translocation of NF-�B
by probing nuclear and cytoplasmic T cell extracts using mAb
specific for the p65 subunit of NF-�B. The nuclear protein lamin
B and the cytoplasmic ERK were used as constitutively expressed
control proteins for the quantification of protein amounts (Fig. 6).
Treatment of T cells with HSP60 for 1 h alone did not affect the
nuclear translocation of NF-�B (Fig. 6A). However, pretreatment
of T cells with HSP60, followed by exposure to anti-CD3 for 2 h,
caused a significant down-regulation of NF-�B activation and
translocation to the nucleus (Fig. 6B); the p65 subunit of this NF
remained in the cytoplasmic compartment (Fig. 6C). Similar to the
results in the cytokine secretion assays (Fig. 1), maximal effects on
NF-�B ( p � 0.01) were observed with 1 ng/ml and 1 �g/ml
HSP60 (Fig. 6B).

FIGURE 3. The effects of HSP60 on cytokine secretion from
CD45RA� and CD45RO� populations of human T cells. Purified
CD45RA� and CD45RO� human T cells were preincubated with the in-
dicated concentrations of HSP60 for 1 h, washed, and transferred to 24-
well plates coated with mAb anti-CD3 (ortho-Kung-T cells; 0.5 �g/ml) in
serum-free medium. The supernatants were collected after 24 h and ana-
lyzed for IFN-� (A), TNF-� (B), and IL-10 (C) secretion. The means � SD
of three different donors are shown.

FIGURE 4. The effects of HSP60 on T cell cytokine secretion are TLR2
dependent. Purified human T cells were pretreated with monoclonal anti-
TLR2, anti-TLR4, or anti-HSP60 (20 �g/ml, 30 min). Then, the cells were
incubated with HSP60 (1 ng/ml, 1 h), washed, and exposed to immobilized
monoclonal anti-CD3 in serum-free medium. The supernatants were col-
lected after 24 h and analyzed for IFN-� (A), TNF-� (B), and IL-10 (C)
secretion. The means � SD of three different donors are shown. �, p �
0.05.
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Time-kinetic experiments showed that 10 and 30 min of expo-
sure to HSP60 did not affect NF-�B activation induced by anti-
CD3 (Fig. 6D). However, 60 min of incubation with HSP60 in-
duced significant inhibition. This inhibition was even greater after
120–240 min (Fig. 6D). Note that the inhibitory effect of HSP60
on NF-�B activation also remained after 24 h of exposure of the T
cells to the anti-CD3 Abs (Fig. 6E). This prolonged inhibition of
NF-�B could account for the inhibition of TNF-� and IFN-� in-
duced by HSP60 (Fig. 2, A and B).

HSP60 inhibits NFATp activation in T cells

NFAT is a critical regulator of TCR-mediated signals involved in
early events associated with gene transcription (26). Currently,
four genes encoding NFAT-cytoplasmic subunits have been char-
acterized: NFATc, NFATp, NFAT3, and NFAT4 (also called
NFATc1, NFATc2, NFATc4, and NFATc3, respectively). Several
studies indicate that NFATp negatively controls Th2 development
(26–28). The activation of NFATp and its entry into the nucleus
depend on the dephosphorylation of serine/threonine residues,
which leads to a 10- to 20-kDa decrease in its apparent molecular
mass, as visualized by the immunoblot (28). Treatment of T cells
with HSP60 alone did not induce the nuclear translocation of
NFATp (data not shown). To study the effects of HSP60 on
NFATp activation, we incubated the T cells with HSP60 and mi-

togenic anti-CD3 Abs, prepared nuclear extracts, and analyzed the
products of activation by immunoblotting. T cells that were pre-
treated with 1 ng/ml HSP60 and then exposed to immobilized anti-
CD3 Abs for 2 h exhibited a significant down-regulation of their
activation and dephosphorylation of NFATp (Fig. 7A). HSP60-
mediated inhibition was apparent after 60 min and increased at 120
and 240 min (Fig. 7B).

Fig. 7C shows that the inhibitory effect of HSP60 on NFATp
dephosphorylation and activation was blocked by the protein syn-
thesis inhibitor CHX. This is compatible with the conclusion that
inhibition of NFATp mediated by HSP60 is an active process.
Similar to the inhibitory effects of HSP60 on NF-�B activation, the

FIGURE 5. The effects of HSP60 on cytokine secretion are not due to
contaminating LPS. Purified human T cells were treated (1 h) with HSP60
(1 ng/ml) or LPS (100 ng/ml) after pretreatment (30 min) with PMB (1
�g/ml). As indicated, the HSP60 and LPS were boiled (100°C, 30 min) in
some samples before addition to the to the cell cultures. After washing, the
T cells were exposed to immobilized anti-CD3 in serum-free medium. The
supernatants were collected after 24 h and analyzed for IFN-� (A), TNF-�
(B), and IL-10 (C) secretion. The means � SD of four different donors are
shown. �, p � 0.05.

FIGURE 6. HSP60 inhibits anti-CD3-induced nuclear translocation of
NF-�B in T cells. Purified human T cells were incubated with HSP60 at
0.01–1000 ng/ml for 1 h (A–C and E) or with 1 ng/ml for 0–240 min (D).
Then, the T cells were washed and exposed to immobilized mAb anti-CD3
(B–D) for 2 h (B and C) or 24 h (E). Nuclear (A, B, D, and E) or cyto-
plasmic (C) lysates were immunoblotted with anti-NF-�B (A–E), anti-
lamin B (A, B, D, and E), or anti-tERK (C). Abs against lamin B and tERK
served as a control. One experiment representative of three is presented in
each case. The levels of NF-�B, lamin B, and tERK were estimated by
densitometry, and the average percentage of three different donors was
calculated by OD of NF-�B/lamin B (tERK) � 100%. �, p � 0.05; ��, p �
0.01.
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down-regulation of NFATp activation also persisted after 24 h of
exposure to the anti-CD3 Abs (Fig. 7D).

HSP60 inhibits T-bet and up-regulates GATA-3 expression via
TLR2 in human T cells

We found that HSP60 inhibited secretion of Th1-associated cyto-
kines IFN-� and TNF-� and up-regulated secretion of the Th2-
associated cytokines IL-10 (Fig. 1), IL-4, and IL-13 (data not
shown). On the basis of these results, we considered that HSP60
might regulate differentially transcription factors associated with
the Th1 and Th2 phenotypes, T-bet (16) and GATA-3 (12). We
found that HSP60 significantly ( p � 0.01) up-regulated the protein
level of GATA-3 but not that of T-bet (Fig. 8A). To rule out the
possibility that the differences in T-bet and GATA-3 expression
were due to unequal amounts of protein loaded on the gel, we
incubated the same blot with anti-T-bet and anti-GATA-3 Ab (sep-
arated by a stripping procedure). These experiments confirmed that
the differences between GATA-3 and T-bet expression were not a
result of a difference in protein loading.

The up-regulation of GATA-3 was TLR2 dependent because
anti-TLR2, but not anti-TLR4, mAb abrogated the activation by
HSP60 (Fig. 8B).

It has been reported recently that the level of T-bet can be aug-
mented by TCR-mediated signals (16). It was also shown that the
maximal expression of GATA-3 in T cells requires stimulatory
signals from both TCR and CD28 (Th2-inducing conditions); sig-
naling via TCR alone induces a lesser degree of the expression of

GATA-3 (12, 29). To analyze the effect of HSP60 on CD3-induced
T-bet and GATA-3 expression, we pretreated the cells with dif-
ferent concentrations of HSP60. The cells were then washed and
seeded on immobilized anti-CD3. In the absence of HSP60, ex-
pression levels of T-bet were up-regulated markedly in anti-CD3-
treated T cells. However, at 0.1–1 ng/ml and 1 �g/ml, HSP60
significantly ( p � 0.01) inhibited the T-bet expression induced by
the anti-CD3 (Fig. 8C). As expected, anti-CD3 alone up-regulated
the expression of GATA-3 to a much lesser extent, compared with
that of T-bet. Furthermore, preincubation of T cells with HSP60
significantly up-regulated the expression level of GATA-3. Thus,
HSP60 inhibited the anti-CD3-induced expression of T-bet but up-
regulated that of GATA-3.

HSP60 modulates expression of Th1/Th2 transcription factors in
activated mouse T cells

The above findings indicated that HSP60 can down-regulate the
molecular events leading to Th1 expression and can up-regulate
those leading to Th2 expression in human T cells. To test whether
HSP60 might shift the cytokine balance of already Th1-differen-
tiated cells, we purified T cells from lymph nodes of mice immu-
nized with oxazolone for 5 days, which induces Th1-like differ-
entiation (11). We then examined the ability of HSP60 to modulate
the expression levels of T-bet and GATA-3 in these committed T
cells ex vivo. The T cells of the lymph nodes of the immunized
mice expressed markedly higher levels of T-bet than we detected
in nonactivated human T cells (compare the first bands in Fig. 8,

FIGURE 7. HSP60 inhibits anti-CD3-induced
NFATp activation in T cells. Purified human T cells
were incubated with HSP60 at 0.01–100 ng/ml for 1 h
(A and D) or at 1 ng/ml for 0–240 min (B). C, The cells
were pretreated with CHX (50 �M, 30 min) and ex-
posed to HSP60 (1 ng/ml, 2 h). The T cells were then
washed and exposed to immobilized anti-CD3 for 2 h
(A–C) or 24 h (D). Nuclear (A–D) and cytoplasmic (A
and D) lysates were immunoblotted with anti-NFATp.
The upper NFATp band served as a control. One exper-
iment representative of three is presented in each case.
The levels of dephospho-NFATp were estimated by
densitometry, and the average percentage of three dif-
ferent donors was calculated by OD of dephospho-
NFATp/NFATp (upper band) � 100%. �, p � 0.05; ��,
p � 0.01.
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A and D). Nevertheless, these mouse T cells still down-regulated
the expression of T-bet and up-regulated the expression of
GATA-3 significantly upon treatment with 1 ng/ml HSP60 (Fig.
8D). Thus, HSP60 could modulate T-bet and GATA-3 expression
both when applied in vitro to human T cells before activation by
anti-CD3 Abs (Fig. 8C) and when applied ex vivo to mouse T cells
already activated by immunization (Fig. 8D).

HSP60 suppresses Con A-induced hepatic injury in mice, which
is associated with inhibition of T-bet and up-regulation of
SOCS3 and GATA-3

To test whether HSP60 administration could affect an inflamma-
tory disease in vivo, we examined the effect of HSP60 on BALB/c
mice with acute liver injury induced by i.v. Con A; the liver injury
has been shown to be caused by proinflammatory CD4� T cells
(30). It has also been shown that the levels of expression of TNF-�
and IL-4 are increased following Con A injection, whereas expres-
sion of IL-10 is decreased. Moreover, down-regulation of SOCS3
was observed in the hepatitis model (31), and SDF-1�-CXCR4
interactions were found to play a major role in the disease (32).

In this study, we administered HSP60 or saline i.p. twice (1 h
and 18 h), before Con A injection. Changes in the secretion pro-
files of cytokines and a rise in serum levels of liver enzymes were
used as markers for the severity of hepatitis; we measured serum
cytokines at 2 h and liver enzymes at 18 h. Histological analysis of
hepatic tissues was also performed 18 h after Con A administra-
tion. We found that HSP60 significantly ( p � 0.05) inhibited the
release of AST and ALT from the livers of the Con A-treated mice
(Fig. 9A) and reduced the levels of TNF-� in the sera of the mice
(Fig. 9B).

Histopathological examination of liver sections confirmed that
HSP60 administration reduced liver damage. Con A induced a
marked inflammatory-cell infiltrate around the central veins and
large areas of necrosis in the liver lobules. In contrast, mice treated
with HSP60 manifested only minimal liver damage; there were no
areas of necrosis, and leukocyte infiltration was almost absent (Fig.
9C).

To assay the effects of HSP60 on the T cells of the mice, we
purified T cells from the spleens and measured the expression of
SOCS3, GATA-3, and T-bet in lysates of the T cells. T cell donor
mice were either healthy, treated with HSP60, treated with Con A,
or treated with both HSP60 and Con A. SOCS3 expression was
minimal in healthy mice but became elevated following HSP60
treatment and was even more elevated in the mice treated with
both Con A and HSP60 (Fig. 9D). Thus, the suppression of Con
A-induced hepatitis was associated with augmentation of SOCS3
expression.

We also measured the expression of GATA and T-bet in these
mouse T cells. HSP60 suppressed the Con A-induced expression
of the Th1-associated transcription factor T-bet, while significantly
augmenting the expression of the Th2-associated factor GATA-3
( p � 0.05; Fig. 9E). Thus, HSP60 down-regulates hepatitis in
mice by down-regulating the expression of T-bet and up-regulating
the expression of GATA-3 and SOCS3. These in vivo and ex vivo
results in mice confirmed the findings induced by HSP60 in human
T cells obtained in vitro.

Discussion
It has been shown that HSP60 can regulate the clinical signs of T
cell-mediated experimental diabetes: administration of HSP60 or
certain of its peptides led to the arrest of �-cell destruction in both
the spontaneous diabetes of NOD mice and in human patients (3,
9, 33). HSP60 or a HSP60 peptide could also down-regulate ad-
juvant arthritis (7). The anti-inflammatory effects of HSP60 were
marked by a shift in the autoimmune response from a damaging
Th1 phenotype to a healing Th2 phenotype. In the current study,
we found that treatment of T cells in vitro with HSP60 for �1 h
induced changes in the expression and activation of transcription
factors in response to mitogenic anti-CD3 Abs: HSP60 down-reg-
ulated the expression of the Th1 cytokine-associated transcription

FIGURE 8. HSP60 inhibits T-bet and up-regulates GATA-3 expression
in TLR-2-dependent signaling. Purified human T cells (A–C) or activated
mouse lymph node cells (D) were incubated with HSP60 at 0.01–1000
ng/ml for 1 h (A–C). Some cells were pretreated with anti-TLR2 or anti-
TLR4 (20 �g/ml, 30 min) and exposed to HSP60 (1 ng/ml, 2 h) (B). Then,
the cells were washed and incubated in full medium (A, B, and D) or in the
presence of immobilized mAb anti-CD3 (C). Nuclear lysates were immu-
noblotted with anti-T-bet Ab, stripped, and the same blot was incubated
with anti-GATA-3 Ab. One experiment representative of three is presented
in each case. The levels of T-bet and GATA-3 were estimated by densi-
tometry, and the average percentage derived from three to five different
donors was shown. �, p � 0.05; ��, p � 0.01.
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factors NF-�B, NFATp, and T-bet, while up-regulating the expres-
sion of a Th2-associated transcription factor, GATA-3. These early
signaling events (2–24 h after anti-CD3) were followed later by a
switch in cytokine secretion pattern (24–72 h after anti-CD3):
down-regulation of TNF-� and IFN-� secretion and augmentation
of IL-10 secretion. Furthermore, the ability of HSP60 to modulate
the T cell cytokine secretion pattern in vitro was reflected in vivo
by down-regulation of Th1-mediated hepatitis in treated mice.

A number of recent papers have concluded that the effects of
HSP60 reported on macrophages are likely to be caused by LPS
contaminating the recombinant HSP60 (22–24). However, in con-
trast to macrophages, the effects of HSP60 on human T cells can-
not be attributed to LPS contamination. The reasons are as follows:
1) our HSP60 preparation contained �0.001 EU/ml (�0.1 pg/ml)
of bacterial endotoxin; 2) T cells are relatively unresponsive to the
doses of LPS that are active on macrophages; 3) the effects of
HSP60 on secretion of IFN-�, TNF-�, and IL-10 by human T cells
were inhibited by boiling, which denatures HSP60, but does not
affect the biological activities of LPS; 4) treating the HSP60 prep-
aration with PMB, which removes LPS, had no effect; 5) incuba-
tion of the HSP60 with PMB-coupled agarose beads, which re-
moves macrophage-activating lipoproteins associated with LPS
(23, 24), did not affect the activity of HSP60; 6) LPS, in contrast
to HSP60, had no effect on T cell cytokine secretion, even when
used at much higher concentrations (100 ng/ml) than those present

in the HSP60 preparation (Fig. 5); and 7) the HSP60-specific mAb
abrogated the effect of HSP60 on cytokine secretion but not that of
LPS (data not shown). Macrophages, unlike T cells, are extremely
sensitive to LPS, and any LPS contamination can be critical in
macrophage experiments using HSP60. However, T cells are much
less sensitive to LPS and much more sensitive to HSP60 than are
macrophages; thus, contamination with LPS is not as serious a
problem with regard to T cells.

Our results implicate TLR2 signaling in the action of HSP60
together with the regulation of expression of Th1 and Th2-asso-
ciated transcription factors. The mechanistic responses and down-
stream effects following TLR ligation are partially understood
only, but it is clear that all TLR activate MyD88-dependent path-
ways (34, 35), leading to activation of NF-�B and MAPK, ERK,
JNK, and p38 (35, 36). It is reasonable to suppose that, by their
ability to interact intracellularly with adaptor protein molecules
such as MyD88, ligated TLR can signal the activation and expres-
sion of various cytokine regulatory factors and cytokines, includ-
ing IFN-� in APC (37, 38). It has recently been suggested that, in
addition to its ability to interact with MyD88, TLR2 can recruit
other adaptor molecules, such as Toll-IL-1R domain-containing
adapter protein, and signal the secretion of anti-inflammatory cy-
tokines (39). In addition, ligation of TLR2 on APC by microbial
molecules induces a strong Th2 response implicated in asthma (40,

FIGURE 9. HSP60 inhibits Con A-in-
duced hepatitis. The levels of hepatic en-
zymes, AST and ALT (A), and of TNF-� (B)
were examined 24 and 2 h following Con A
administration, respectively, in sera obtained
from untreated, Con A-treated, and HSP60
and Con A-treated BALB/c mice (seven
mice per group) (C). Histopathological anal-
ysis using H&E staining of liver sections of
untreated and treated mice. T cells were pu-
rified from the spleens of untreated or treated
mice, lysed, and immunoblotted with anti-
SOCS3 (D), anti-T-bet, and anti-GATA-3
(E). Each band in the gels is composed of a
pool of T cell lysate from two mice. The col-
umns show the levels of SOCS3, T-bet, and
GATA-3 expression were estimated by den-
sitometry, and the average percentage
(�SD) of the various pools was calculated.
This experiment was repeated three times,
and a representative experiment is shown. �,
p � 0.05.
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41). Interestingly, SOCS3, which is up-regulated in T cell re-
sponses to HSP60 (A. Zanin-Zhorov et al., manuscript in prepa-
ration), is expressed predominantly on Th2 cells and therefore has
been suggested to play a pivotal role in the onset and maintenance
of allergic diseases, such as asthma and atopic dermatitis (42).

In the present study, we extended our analysis of the effects of
HSP60 to a model of acute inflammatory hepatitis. Con A-induced
hepatitis in mice is a typical Th1-like disease, in which an eleva-
tion in the serum levels of IL-6, IFN-�, and TNF-� and a parallel
decrease in IL-10 have been observed (30, 43). Also, the level of
the in situ activation of STAT1 and STAT3 appears to correlate
with the amount of damage present in the inflamed liver, while
activation of SOCS1 is decreased (34). We found that treatment of
mice with HSP60 induced significant suppression of the cytolog-
ical and pathological signs of hepatitis (Fig. 9). Moreover, HSP60
also increased the level of SOCS3 and GATA-3, while decreasing
the level of expression of T-bet in the mouse T cells. Because the
CXCR4-SDF-1� interaction also plays a critical role in regulating
the entry of T cells to the inflamed liver (35), it is likely that the
mechanism of suppression of experimental hepatitis by HSP60 in-
volves at least two pathways: 1) inhibition of Con A-induced and
SDF-1�-mediated T cell chemotaxis into the liver; and 2) a switch
in the Th1/Th2 cytokine secretion profiles of the T cells that dam-
age the liver.

The findings presented here and elsewhere indicate that HSP60
can inhibit Th1-mediated inflammatory disease (3, 7, 9, 33). Im-
portantly, the in vitro studies indicate that modulation of cytokine
secretion by HSP60 in human T cells is only partial: at most, we
noted a 50% inhibition of TNF-� and IFN-� and a 2- to 3-fold
elevation of IL-10 (Fig. 1). Nevertheless, the effects of HSP60 in
down-regulating inflammatory disease in vivo were significant;
Con A-induced hepatitis was inhibited by 80–90% (Fig. 9).

In addition to our previous results, the results of this study in-
dicate that HSP60, which is up-regulated by stress and inflamma-
tion, can function as a down-regulator of T cell-mediated inflam-
mation. Thus, the HSP60 molecule acts both inside the cell, as a
chaperone and as a signal molecule between immune cells, to ac-
tivate the immune system and to reduce its inflammatory potential
postactivation.
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