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Abstract Immunization with heat shock proteins has protective effects in models of induced arthritis. Analysis has
shown a reduced synovial inflammation in such protected animals. Adoptive transfer and immunization with selected
T cell epitopes (synthetic peptides) have indicated the protection to be mediated by T cells directed to conserved hsp
epitopes. This was shown first for mycobacterial hsp60 and later for mycobacterial hsp70. Fine specificity analysis
showed that such T cells were cross-reactive with the homologous self hsp. Therefore protection by microbial hsp
reactive T cells can be by cross-recognition of self hsp overexpressed in the inflamed tissue. Preimmunization with
hsp leads to a relative expansion of such self hsp cross-responsive T cells. The regulatory nature of such T cells may
originate from mucosal tolerance maintained by commensal flora derived hsp or from partial activation through rec-
ognition of self hsp as a partial agonist (Altered Peptide Ligand) or in the absence of proper costimulation. Recently,
we reported the selective upregulation of B7.2 on microbial hsp60 specific T cells in response to self hsp60. Through
a preferred interaction with CTLA-4 on proinflammatory T cells this may constitute an effector mechanism of regulation.

Also, regulatory T cells produced IL10.

INTRODUCTION

Besides their significance as intracellular molecular chap-
erones and their possible role in triggering innate forms
of immunity (signaling ““danger”’) (Chen et al 1999; Gal-
lucci et al 1999), microbial heat shock proteins (Hsps) are
also regular protein immunogens that easily induce sec-
ondary adaptive immune responses at the level of both B
cells and T cells (Kaufmann et al 1987). In fact, immuni-
zation with complex microbial organisms leads to pro-
duction of antibodies and T-cell responses to Hsp in the
first place. In the past, microbial Hsp60 (GroEL) was
known as the common antigen of gram negatives, docu-
menting the immunodominance of this microbial antigen.

Given their strong sequence conservation and in accor-
dance with the predictions as formulated by Burnet (elim-
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ination of self-reactive cells from the immune repertoire),
one would expect reactivity to Hsp to be confined to non-
conserved, microbe-specific areas of these molecules.
However, contrary to this expectation, many studies have
shown reactivity to Hsp to include reactivity to conserved
Hsp sequences and to include reactivity to mammalian
Hsp (self-Hsp) (Brett et al 1989; Cohen 1992; Quayle et al
1992; Anderton et al 1993; de Graeff-Meeder et al 1995;
Konen-Waisman et al 1995; Birk et al 1996; Prakken et al
1996; Abulafia-Lapid et al 1999). Currently, in contrast to
the original proposal by Burnet, self-reactivity is appre-
ciated as a normal component of a healthy immune rep-
ertoire, such self-reactivity being controlled by mecha-
nisms of T-cell regulation (peripheral tolerance). In our
studies, mainly in experimentally induced arthritis, self-
Hsp reactivity at the level of T cells was induced by im-
munization with mycobacterial Hsp, and it was docu-
mented that such self-Hsp cross-reactive T cells were the
possible mediators of anti-inflammatory regulatory activ-
ity themselves.



SUPPRESSION OF ARTHRITIS BY SELF-Hsp
CROSS-REACTIVE T CELLS

Evidence for Hsp as a critical antigen in arthritis was
obtained when arthritis-associated T cells derived from
arthritic rats were found to recognize mycobacterial
Hsp60 (van Eden et al 1988). Extensive follow-up exper-
iments in various laboratories subsequently revealed the
capacity of microbial Hsp60 to produce resistance against
experimental arthritis on immunization (various models
in rats and mice). In addition, also for members of other
Hsp families, protective qualities in arthritis models were
reported. The following are some of the main reports.

® Mycobacterial Hsp60 in incomplete Freund’s adju-
vant (adjuvant arthritis) (van Eden et al 1988)

® Mycobacterial Hsp60 in incomplete Freund’s adju-
vant (streptococcal cell wall-induced arthritis) (van de
Broek et al 1989)

® Mycobacterial Hsp60 in incomplete Freund’s adju-
vant (pristane arthritis) (Beech et al 1997)

® Mycobacterial Hsp60 in incomplete Freund’s adju-
vant (adjuvant arthritis and collagen arthritis) (Billingh-
am et al 1990)

® Mycobacterial Hsp60 in vaccinia (adjuvant arthritis)
(Hogervorst et al 1991)

® Mycobacterial Hsp60 epitope in dimethyl dioctadecyl
ammonium bromide (adjuvant arthritis and avridine ar-
thritis) (Anderton et al 1995)

® Mycobacterial Hspl0 in incomplete Freund’s adju-
vant (adjuvant arthritis) (Ragno et al 1996)

® Mycobacterial Hsp70 in incomplete Freund’s adju-
vant (adjuvant arthritis and avridine arthritis) (Kingston
et al 1996)

® Mycobacterial Hsp60 oral (adjuvant arthritis) (Haque
et al 1996)

® Escherichia coli Hsp70 (OM-89) (adjuvant arthritis)
(Bloemendal et al 1997)

® Mycobacterial Hsp60 naked DNA (adjuvant arthritis)
(Ragno et al 1997)

® Mycobacterial Hsp70 epitope in incomplete Freund’s
adjuvant (adjuvant arthritis) (Tanaka 1999)

® Mycobacterial Hsp70 epitope intranasal (adjuvant ar-
thritis) (Wendling et al 2000)

® Mycobacterial Hsp60 oral with soybean trypsin in-
hibitor as treatment (adjuvant arthritis) (Cobelens et al
2000)

A comprehensive analysis of Hsp60 T-cell epitopes in
adjuvant arthritis uncovered the principle of the induc-
tion of self-Hsp cross-recognition as the underlying
mechanistic principle of the arthritis-suppressive poten-
tial of mycobacterial Hsp60 (Anderton et al 1994; Ander-
ton et al 1995). By testing an overlapping set of 15-mer
peptides spanning the complete mycobacterial Hsp60 se-
quence, 9 distinct, dominant T-cell epitopes were detect-
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ed. Subsequent adoptive transfer studies using T-cell lines
generated to all epitopes revealed that only T cells di-
rected to a very conserved 256-265 sequence transferred
protection. The same T cells were shown to recognize the
self-Hsp60 homologous peptide and also heat-shocked
syngeneic cells. Furthermore, active immunization with
the conserved peptide protected against the induction of
both mycobacteria-induced adjuvant arthritis and avri-
dine arthritis induced with a nonimmunogenic synthetic
compound. All other (nonconserved) peptides failed to
produce such protection.

Recently, the Hsp60 mode of action in suppressing ar-
thritis has been reproduced very similarly for Hsp70 by
others (Tanaka 1999) and ourselves (Wendling et al 2000).
Also, in these latter cases, T cells that recognize the very
conserved Hsp70 peptides were found to produce pro-
tection.

Given the multitude of models involving different trig-
gering substances or antigens, where single molecules
such as mycobacterial Hsp60 and Hsp70 were found to
be protective, the induction of regulatory self-Hsp cross-
reactive T-cell responses may well explain the observa-
tions made so far.

HOW SELF-Hsp CROSS-REACTIVE T CELLS
BECOME REGULATORS

Recent studies of peripheral immunological tolerance
have amply substantiated the potential of self-reactive T
cells as regulatory T cells that have the capacity to control
autoimmune diseases. These T cells have regulatory ac-
tivities based on either skewed regulatory cytokine pro-
duction (Th1 vs Th2, Trl [Groux et al 1997; Sakaguchi et
al 1995; Wendling et al 2000]) or a diverted functional
status such as anergy (Sakaguchi 2000). In the case of
anergy, T cells may produce suppressive interleukin (IL)
10 (Buer et al 1998) or modulate antigen-presenting cell
(APC) functional activity (Taams et al 1998; Chai et al
1999; Jordan et al 2000).

Given the particular nature of Hsps, self-Hsp60-reac-
tive T cells can be regulatory through grossly 2 additive
mechanisms (van Eden et al 1998a; van Eden et al 1998b).

First, presence of constitutive self-Hsp (low levels) in
parenchymal cells and microbial homologues in the gut-
associated lymphoid tissue maintains tolerance in the pe-
ripheral self-Hsp—specific T-cell repertoire through induc-
tion of anergy (lack of costimulation or cross-tolerance
induction by professional APCs) and induction of regu-
latory cytokine profiles (mucosal tolerance). Second, self-
Hsp60 (due to the uniquely subtle amino acid sequence
variations between self- and microbial homologues) does
provide natural altered peptide ligands (APLs) or partial
agonists for the microbial Hsp60-oriented T-cell reper-
toire and, therefore, sets the self-Hsp cross-reactive rep-
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ertoire in the regulatory mode. Thus, the actively toler-
ated self-Hsp60 repertoire exerts its regulatory activity in
the context of stress up-regulated self-Hsp60 at the site
of inflammation.

PROTECTION AGAINST ARTHRITIS SEEMS TO
BE A UNIQUE QUALITY OF Hsp

Recently, we have tested whether other bacterially de-
rived immunogens of a conserved nature have similar
protective qualities in experimental arthritis. For this we
selected bacterial antigens such as superoxide dismutase
of E coli, glyceraldehyde-3-phosphate dehydrogenase of
Bacillus (G3PDH), and aldolase of Staphylococcus. These
antigens were found to be immunogenic, because they
induced readily proliferative T-cell responses and de-
layed-type hypersensitivity reactions. All 3 antigens were
relatively conserved and have homologous enzymes pre-
sent in the mammalian hosts. However, none of the an-
tigens were seen to affect arthritis induction on immu-
nization in both adjuvant and avridine arthritis.

Why would Hsp, including minor subfamilies such as
Hsp10, protect against arthritis and other inflammatory
processes, whereas other conserved and immunogenic
bacterial proteins do not?

One major difference between ordinary bacterial pro-
teins and Hsp is the stress protein nature of Hsp. Inflam-
mation leads to the locally up-regulated expression of
Hsp, which was documented by various studies to occur
in the synovium in the case of arthritis (Boog et al 1992).
Therefore, the up-regulated presence of the target for reg-
ulatory T-cell activity can focus the regulatory control to-
ward the inflammatory process.

In addition, it is possible that in comparison with other
bacterial antigens, Hsps have specialized receptors (such
as CD14 [Asea et al 2000] and Toll-like receptors [Ohashi
et al 2000]) for their entry into, for instance, macrophages,
as suggested by the evidence that Hsps have a unique
capacity to signal ““danger.” For gut flora—associated Hsp,
this could possibly mean that Hsps have a relatively easy
entry into the gut-associated lymphoid tissues. In this
case, the immune system would have a more continuous
and intense relationship with Hsp than with other mi-
crobial antigens.

GUT-ASSOCIATED TOLERANCE AND ARTHRITIS
PROTECTION

The significance of gut flora for resistance to arthritis has
been widely documented. In most cases, presence of gut
flora was seen to produce a relative resistance to arthritis
induction. Classic experiments by Kohashi et al (1986)
have shown in Fisher rats that germ-free animals were
susceptible to adjuvant arthritis, whereas conventional
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animals were not. Reconstitution of the germ-free with
the original flora or with E coli was shown to reproduce
resistance.

Of interest in this respect seems to be a slow-acting,
orally administered antirheumatic drug called Subreum
or OM89 (Laboratoires OM, Geneva, Switzerland) (Visch-
er and van Eden 1994). Subreum consists of a extract of
selected E coli strains and contains E coli Hsp, mainly
Hsp70. On intragastric administration in Lewis rats, the
material was found to inhibit adjuvant arthritis and to
induce proliferative T-cell responses specific for Hsp60
and Hsp70 (Bloemendal et al 1997). It is possible that the
mode of action of this material is due to the induction of
regulatory T-cell activity directed to Hsp. Indeed, recent
experiments by Cobelens et al (2000) have provided the
evidence that oral Hsp can directly mediate an arthritis
therapeutic effect. Mycobacterial Hsp60 was adminis-
tered from the time adjuvant arthritis was manifest at
several days orally in combination with soybean trypsin
inhibitor to avoid intragastric disintegration. This led to
an immediate reduction of arthritis severity in the treated
animals.

More indirect evidence was collected by Nieuwenhuis
et al (2000) when they showed that an antibiotic regimen
that led to a demonstrable predominance of E coli bacteria
in the gut produced a strong resistance to adjuvant ar-
thritis induction. Interestingly, the same regimen pro-
duced resistance to induction of experimental autoim-
mune encephalomyelitis.

SELF-Hsp CROSS-REACTIVE T CELLS PRODUCE
IL-10

Immunization with mycobacterial Hsp70 in rats was
found to induce production of IL-10. Draining lymph
node cells were analyzed by reverse transcriptase—poly-
merase chain reaction. In samples obtained after Hsp70
immunization, message for IL-10 was detected, whereas
in samples obtained after immunization with other con-
trol bacterial antigens (as mentioned above), it was not
detected (Wendling et al 2000). Follow-up experiments
showed, by intracellular staining for cytokines in selected
CD4+ T cells, that Hsp70- and Hsp60-specific T cells
were producing IL-10 and IL-4 to a lesser extent. Control
T cells specific for aldolase were found to produce inter-
feron-y and tumor necrosis factor a and not IL-10 or IL-
4. In the same assay system, a T-cell line raised by im-
munization with a conserved Hsp70 epitope was also
found to produce IL-10. In accordance with that, the same
epitope in the form of a synthetic peptide was shown to
be arthritis protective on nasal administration.

In a recent study by van Halteren et al (personal com-
munication), the role of Hsp60-specific T cells in mouse
non-obese diabetes (NOD) diabetes was studied. From



the analysis comparing the diabetes-susceptible NOD
with the diabetes-resistant transgenic strain expressing
the resistant major histocompatibility complex type I-A
&72p on the NOD background, it appeared that Hsp60-
reactive T cells were triggered by insulitis, although
Hsp60 was not a primary autoantigen in NOD diabetes.
Furthermore, the analysis of cytokines produced sug-
gested that IL-10—-producing Hsp60-specific T cells were
associated with the control of insulitis. A drop in IL-10-
producing Hsp60-reactive T cells was found to precede
clinical expression of diabetes.

Other studies have also indicated a propensity of Hsp
to induce production of IL-10. For example, in the mouse
it was shown that chlamydial Hsp60 primarily induced
proinflammatory cytokines (Yi et al 1997). However, in a
similar setup, the mouse Hsp60 protein was found to in-
duce primarily IL-10, and in the combination of chla-
mydial and mouse Hsp60, both proinflammatory cyto-
kines and IL-10 were produced. Therefore, it was postu-
lated that in the natural situation of chlamydial infection
both cytokines that drive inflammation and cytokines that
control inflammation are produced. A similar situation
was reported for experimental Listeria infections in the rat
(Kimura et al 1998). In that case, Listeria Hsp70-specific T
cells were found to have a regulatory role during listeri-
osis through production of transforming growth factor 8
and IL-10. It was suggested that Hsp-reactive T cells were
involved to terminate the Th1 cell-mediated excessive in-
flammation after the “battle against Listeria monocytogenes
has been won.”

Other forms of inflammation, apart from those result-
ing from infection, have also been seen to be associated
with production of IL-10. In fact, it appears as if cellular
injuries of diverse origin lead to production of IL-10.
Therefore, Stordeur and Goldman (1998) have called IL-
10 a “stress cytokine.”

Altogether, it is possible that IL-10 production by
stressed cells and the propensity of self-Hsp cross-reac-
tive T cells to produce IL-10 are both a reflection of the
regulatory arm of the immune system meant to control
excessive or nonproductive inflammation.

THE PHENOTYPES OF SELF-Hsp CROSS-
REACTIVE T CELLS IN RATS AND HUMANS

Apart from their propensity to produce IL-10, some dis-
tinct phenotypic markers were found to become up-reg-
ulated on self-Hsp-reactive T cells. Recent experiments
in rat adjuvant arthritis have shown the selective up-reg-
ulation of B7.2 on Hsp60-reactive T cells when stimulated
by the self (rat)-Hsp60 sequence (Paul et al 2000). T-cell
lines were raised against the 256-270 conserved myco-
bacterial Hsp60 peptide. Earlier, such lines had been
found to induce arthritis protection (Anderton et al 1995).
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On restimulation with the mycobacterial peptide (256-
265), analysis by fluorescence-activated cell sorter showed
that the cell was up-regulating activation markers such as
IL-2R, intercellular adhesion molecule 1, and CD134. Fur-
thermore, the T-cell receptor was down-modulated and
the costimulatory molecule B7.1 was up-regulated at a
higher peptide concentration. Stimulation of the homolo-
gous self-peptide (rat 256-265) did lead to up-regulation
of the same activation markers. However, B7.1 was not
up-regulated, and there was a strong up-regulation of
B7.2 already at a low peptide concentration. The same
selective B7.2 up-regulation was seen after stimulation of
this T-cell line with heat-shocked APCs (spleen). Thus, in
this case, the stimulation of the T cells specific for the
mycobacterial conserved epitope did not proliferate in the
presence of the corresponding rat self-epitope; however,
the cell was activated and up-regulated B7.2. By this, the
self-epitope acted as a partial agonist or APL. So far, no
data were reported on the differential expression of B7.1
and B7.2 on T cells after activation with APLs. However,
several reports suggested a role for B7.2, expressed on T
cells, in the down-modulation of T-cell responses, includ-
ing anti—T-cell responses. Greenfield et al (1997) reported
that B7.2-transfected T-cell tumors did not provide cos-
timulation to other T cells in vitro and, in fact, inhibit
antitumor immunity in vivo. In addition, they showed
that the B7.2 expressed on the T-cell tumor preferentially
bound CTLA-4, which was also observed for the B7.2 ex-
pressed on normal murine T cells, indicating that the B7.2
expressed on T cells differed from that on APCs. Indeed,
B7.2 on human T cells, having a different glycosylation
form, bound CTLA-4 but not CD28 (Hollsberg et al 1997).
In addition, the interaction of B7.2 on murine T cells with
CTLA-4 was shown to be responsible for down-modula-
tion of T cell responses in vitro (Stremmel et al 1999).
Recently, B7.2 on T-cell tumors was reported to suppress
tumor immunity, with IL-4- and/or IL-10-producing
CD4+ T cells playing a critical role in the suppression.
Thus, the up-regulation of B7.2 on T cells, induced on
recognition of self-Hsp on APCs, may well provide such
T cells with a mechanism to control pathogenic T cells in
vivo. Since pathogenic activated rat T cells do express ma-
jor histocompatibility complex class II antigens (Broeren
et al 1995) and enhanced levels of self-Hsp60 (Ferris et al
1988), they may present the self-Hsp60 peptide to T cells
that are induced to express B7.2. Also in a more direct
mannet, this T-T interaction involving B7.2 would lead to
a negative signal through CTLA-4 on the activated path-
ogenic T cells, leading to a suppressive form of regula-
tion. Indeed, a self-Hsp—specific, highly autoreactive T-
cell line expressing B7.2 after culture with just APCs and
no added antigen was seen to transfer protection in rat
adjuvant arthritis. The principle of a possible direct reg-
ulatory loop at the level of interacting T cells through

Cell Stress & Chaperones (2000) 5 (5), 452—-457



456 van Eden et al

Pathogenic T cell

Regulator T cell

—

Self hsp-reactive

Anergy
Immune deviation (Th2)

Activation

I

Activation

Fig 1.

Self-Hsp60—reactive T cells down-modulate Hsp-presenting
pathogenic T cells directly through inhibitory T-T cell interactions in-
volving B7.2 and its ligand CTLA-4.

recognition of self-Hsp and up-regulated B7.2 is depicted
in Figure 1.

Studies in humans have focused on human Hsp60-spe-
cific T cells in children with juvenile idiopathic arthritis
(JTA) (de Graeff-Meeder et al 1995; Prakken et al 1996).
T-cell responses to human Hsp60 were detected both in
peripheral blood and synovial fluid samples primarily in
patients with JIA who had a remitting course of their
disease (mainly oligoarticular JIA), and in time such re-
sponses were seen to precede actual remission. Patients
with chronic progressive forms of this disease were found
to be nonresponsive (polyarticular and systemic forms of
JIA). Cytokine analyses of the synovial cells from patients
with the remitting forms of the disease revealed the
Hsp60 responsiveness to coincide with a relative Th2
skewing with production of IL-4 and IL-10. The analysis
of human Hsp60-specific T-cell lines obtained from these
patients showed the production of IL-4, IL-10, and trans-
forming growth factor § by these T cells on stimulation
with human Hsp60. Interestingly, a remarkable induction
of CD30 was similarly noted to occur on stimulation with
Hsp60 (Prakken et al 1999). Apart from the fact that CD30
is regarded to be a possible marker for Th2 cells, recently
CD30 was documented to be a marker for potentially reg-
ulatory T cells in human rheumatoid arthritis. Surface
expression of CD30 was found to fully correlate with IL-
4 and IL-10 production in synovial T cells. In addition,
soluble CD30 was produced in patients with a beneficial
response to therapy (Gerli et al 2000).
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