Overview

Heat shock proteins and human disease

ABSTRACT?ALt first sight it appears unlikely that a
phenomenon which was first observed in 1962 as the
appearance ©Ff gpecific puffs in the galivary gland chro-
mosomes of the larvae of the fruit fly Drosophila
busckii following exposure to elevated temperature

[1] should, nearly 30 years later, attract considerable
attention from clinicians and scientists interested in

such diverse phenomena as autoimmune diabetes and
myocardial infarction [2, 3]. The aim of this review is
to discuss the information which has been accumulat-
ed about the heat shock proteins in the 30 years since
their discovery and to indicate how this information
has led to studies on their possible role in human dis-

ease.

The heat shock proteins (hsps)

The sppearance Of mew puffs in the prosophila salivary
gland chromosomes indicates increased activity ©f spe-
cifi¢ genes resulting in the gynthesis ©f mew proteins.
The proteins whose synthesis is induced in this way by
elevated temperature were named the 'heat shock pro-

[4, 5]. It was subsequently shown that this
response was not confined to Drosophila but that all
organisms studied, from prokaryotic bacteria such as
E. coli to mammals including man, respond to higher
temperature by switching ©ff the gynthesis of most pro-
teins and gtarting large-scale synthesis of a few pgpg,
Moreover, this evolutionary conservation extends
not only to the existence of the response in widely dif-
ferent organisms but also to the induced proteins
themselves which are yery similar to one another in

teins'

very different organisms. Thus the best characterised
hsps?hsp90, hsp70 and hgp65 (each hgp is named
according te its mass in kilodaltons)?are induced in
response to heat inall organisms studied, from bacte-
ria to man, and are highly conserved between differ-
ent gpecies, the hsp90 protein, for example, showing
60% amino acid jdentity With the corresponding yeast

protein and 78% with the progophila protein [6]. The
various hsps and their characteristics are listed in

Table 1 [4,5, 7].

Such extensive conservation of the hsps during evo-
lution, which is far greater than that of evidently essen-
tial proteing such as actin or myosin, led to the idea
that the hsps play seme highly critical role in the cellu-
lar response to the stress of raising the temperature
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rather than representing == esoteric phenomenon of

ne hiological significance.
This idea was reinforced by the finding that hsp syn-

thesis is also induced by = wide variety of other stress-
ful stimuli, including infection with different viruses,
treatment with ethanol, amino acid analogues, steroid
hormones and heavy metals, anoxia and generators of
free radicals such as hydrogen peroxide [8]. & wide
variety of direct and indirect evidence suggests that
they play = critical role in the defence of the cell

against damaging agents [5, 9]. Thus, for example,
cells subjected to = mild heat shock producing elevat-
ed levels of the hsps survive a Subsequent heat shock
better than untreated cells. Moreover, such cells also
exhibit jmproved survival when eypoged to other
stressful stimuli such as ethanol or gnoxia, while prior
treatment with these sgents produces enhanced
thermotolerance exactly == if hsp synthesis had been
induced py elevated temperature.

Clearly, therefore, the enhanced gynthegig of all the
hsps induced by a particular stress can result in
enhanced resistance to a wide variety of stresses. More-
over, experiments in which the gynthesig of individual
hsps has been grtificially reduced or enhanced in yoqqr
and mammals have gyggested that hgpg9o and hgp70
play = particularly critical role in nrotecting cells from
stress [10—12] .

Interestingly, however, the role of the pgpg is not
likely t° be confined to cells under stress. Many of
these proteing =re also synthesised under normal con-
ditions. For example, hsp90, although accumulating te
fivefold higher levels following thermal gtregs, actually
constitutes 1% of total cellular protein in unstressed
cells. It is probable, therefore, that the stress proteins
fulfil similar functions in both normal and stressed
cells, but that these functions are required t° 2 greater
degree in stressed cells.

Detailed studies by 2 number of laboratories [13]
have suggested that in most cases this role involves the
hsps 7 interacting with other proteins and sffecting
their folding @nd ynfolding. Thus in normal cells
hsp70 appears to act as a so-called chaperonin protein,
preventing inappropriate interactions of proteins
which have not reached their final state of assembly

into multi-protein complexes (Fig. ! Ai), while hgpe5
aids the transport of other proteins into mitochondria
by catalysing their ynfolding (Fig. ! Ali). Similarly,
hSp90 is thought to maintain proteins such as the
receptors for steroid hormones in an inactive struc-

tural form until they change into an active form when
treated with steroids (Fig. 1 Afid).

Such a role in paintaining appropriate states of pro-
tein folding is not only essential for the survival of noxr-

mal cells, but is also egpecially important following
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stress where there is even greater need to inhibit inap-
propriate interactions of partially denatured, abnor-
mal or foreign proteins produced by various stressful
stimuli such as elevated temperature, amino acid ana-
logues o~ virus infection (Fig. ! Bi). Similarly the small
hsp ubiquitin, which is linked to proteins which are
the targets fOT degradation in normal cells (Fig 1. Aiv),
will be required in greater amounts in stressed cells to
facilitate the rapid degradation of denatured abnor-
mal or foreign proteins which would otherwise accu-
mulate in the stressed cells (Fig 1. Bii).

It is clear, therefore, that in a wide variety of differ-
ent organisms, including humans, the hgps play = criti-
cal role both in normal function and in the response
to stress. What is the possible relevance of these pro-
teins to specific aspects of clinical medicine?

Beneficial effects of the hgps: myocardial protection

In view of the vital jmportance ©f the hgps i* might be
thought that their beneficial effects would be illustrat-

ed by the existence of human diseases in which a

mutation had affected the that encodes one of

gene

the hsps, resulting in the failure to produce = function-

al protein. No such disease has yet been identified,

possibly because a mutation of this type would be

incompatible with survival. Another gy in which the

beneficial effect of the be illustrated is in sit-
hsps may

uations where their overexpression has a positive

effect on a particular function, and may therefore be

of use in preventing ©* treating = specific disease in
which this function is impaired.

Such an approach has been extensively discussed in
relation to the cardiovascular gygtem [3, 9]. The heart,

in common with other tissues, synthesises mexe hsps
after stressful stimuli such as heat shock, pressure °©ver-

Table 1 Major eukaryotic hsps

form until appropriate

Family Members Prokaryotic homologue
Hsp90 HsplOO, Hsp90 C62.5, Lon protease
Grpo4 (E. coli)
Hsp70 Grp78 (= Bip) dna K (E. coli)
Hsp70, Hsc70,
Hsx70
Hsp60 Hsp60 groEL (E. coli) Mycobac-
terial 65 kd antigen
Hsp27 Hsp27, Mycobacterial 18 kd
Hsp26 ete- antigen
None

Ubiquitin Ubiquitin

Functional role
Maintenance of proteins such as

steroid receptor, StC, in an inactive

Protein folding @d unfolding;
assembly of multimeric complexes

Protein folding @nd unfolding;

organelle translocation

Unclear

Protein degradation

load or ischaemia. Most j : Currie et al [14
interestingly,

were the first to show that prior hsp synthesis by expo-
sure to heat stress may protect the heart against dam-
age during subsequent periods °f hypoxic stress
caused by ischaemia, as well as from the oxidative dam-
age which occcurs due to free radical generation dur-
ing subsequent reperfusion. This protective role for
the hsps in the heart gz, involve their interaction with

proteins which become unfolded or denatured during
hypoxic stress- Alternatively it is pogsible that after heat
shock there is increased aetivity ©f the endogenous
antioxidant catalase [14] in the heart yhile, at least in
some cell typeg Such as macrophages, hsp synthesis ¢
associated with an inhibition of superoxide anion gen-
eration gyggesting = direct antioxidant effect [g]. The
various mechanisms by which heat shock may protect
the heart are summarised in Fig. 2.

Hsp synthesis may also be involved in the protective
effect on the heart of the phenomenon known as pre-
conditioning, in which a series of short periods of
ischaemia with subsequent reperfusion renders the

heart resistant to gybsequent longer periods ©f
ischaemia [15]. Such = protective mechanism might

act, therefore, via the accumulation of hsps induced by
hypoxia during the initial bursts of ischaemia regylting
in gubsequent protection. However, recent studies
have guggested that preconditioning 9°€s »et require
hsp synthesis while heat shock does not precondition
the canine myocardium. This suggests that the two
protective phenomena ©°f hsp synthesis and precondi-
tioning may be distinct [3, 9].

It might therefore be poggible t° design therapeutic
agents which would induce hsp elevation without the
necessity for applying = stressful stimulus. This
approach would represent = means Oof protecting the
heart from damage during myocardial infarction and

Comments

Drosophila @nd yeast

homologous ©f hgp 90 are
known as hsp83

Hsx70 only in primates

Major antigen ©f many bacteria
and paragites Which infect man

Very variable in size and
number in different organisms

Also Conjugated to histone
H2A in the nucleus leading to
proteinal role in gene
regulation
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ischaemia Ly enhancing ¢ ew= endogenous protec-
tive procedures. #8 sSuch it yrepresents = significant
potential advance over gttempts t° protect the

ischaemic myocardium by exogenous pharmacological
intervention which have had little success.

A similar role for the hSpS in protecting tissue dur-
ing episodes °f hypoxia 37 reperfusion has also been
suggested to eccur in inflamedjoints [16, 17] inwhich
repeated cycles ©Ff hypoxia @nd reperfusion eccux dur-
ing movement Of inflamed joints. It is of interest that
the antirheumatic drug
sis of the 32 kd pgp, and it has been speculated [17]
that several antirheumatic therapies, such as ultra-

auranofin induces the synthe-

sound and temperature alterations, may be effective
precisely because they induce hgp synthesis.

Heat shock proteins and human disease

Fig. 1 Actions f the hsps in
normal and stressed cells.

Deleterious effects of the hsps: autoimmune disease

Paradoxically, however, the hgpg have also been pogpy-
lated to be involved in a deleterious mannexr in the
aetiology of rheumatoid arthritis and of other auto-
immune diseases.

As discussed ghove, the hsps =re highly conserved in
evolu.tlon andlhomologues of the human hsps =r< pre-
sent in bacteria and other organisms such as parasitic
protozoa which infect man. Such exogenous hsps ©on-
stitute the major target of the human immune
response to these pathogens, and antibodies and T
cells against the appropriate exogenous hsps have
been detected in individuals infected with organisms

as different as the Mycobacteria and the protozoan para-
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sites Plasmodium falciparum and Schistosoma mansoni
(18, 19].

Such antibodies and T cells directed against bacteri-
al or protozoan hsps may have the potential te react

also with the closely related endogenous human hsps
resulting in autoimmune disease. It is unlikely, how-

ever, that an immune response t° :i.nvading micro-
organ:i.sms is sufficient in itself to provoke autoimmune
disease since T cells directed against the hSpS can be
detected in both normal individuals and those infect-
ed with Mycobacteria who exhibit no evidence of auto-
immune disease. It is more likely that, following the
initial priming of the immune system by exposure £
exogenous hsps, ==me subsequent ©Vvert involving the

endogenous human hgpg is required t° trigger the
autoimmune response. Such an event could involve

either the enhanced expression of the human hSpS or
their expression on the cell gyrface, both of which
have been observed in patients with autoimmune dis-
ease [20, 21] and which can be brought about by =
variety of stimuli, such as viral infection [22].

In this model, therefore, initial exposure t° exoge-
nous HSPs is followed by a second event, such as viral
infection, which results in upregulation of the human
hsps and/or their surface localisation. This, in turn,
results in antibodies and T cells primed against the
bacterial or protozoan proteins reacting with the
human proteins, leading to autoimmune disease (Fig.
3).

Although other factors apart from the hsps are

involved in the aetiology and pathogenesis of autoim-
mune disease, evidence exists for such a model and

suggests = critical role for hsps in these diseases.
Autoantibodies and T cells reacting with the human
hsps have been detected in individuals with autoim-

mune disease, antibodies to hSp90 and ubiquitin being

particularly prevalent i? systemic lupus erythematosus,
while similar autoantibodies to hsp65 and hsp70 =xre

present in rheumatoid arthritis [19, 21]. These find-
ings support = role for gytoreactivity te the hgpg in the
pathogenesis of autoimmune diseases.

More direct evidence for a specific role of the hsps
in the aetiology of autoimmune disease is available in
the case of adjuvant arthritis which can be induced in
rats bY a single injection of an extract of heat-killed

Mycobacterium tuberculosis in Freund's complete adju-

Fig. 2. Potential mechanisms
by which heat shock produces

myocardial protection.

vant. Tnjected rats developed T cells specifically react-

ing with the mycobacterial hsp65 protein contained in
the extract; such T cells can induce the disease when

transferred to irradiated rats which have never been
exposed to M. tuberculosis [18, 19, 21]. Moreover, if
hspé65 is administered to these animals in o0il rather
than adjuvant, they === Pe protected against the
arthritogenic effect of gybsequent injections °f
mycobacterial extract in adjuvant. This raises the inter-

esting possibility ©f using hspé5 in = vaccine for
human diseases such as rheumatoid arthritis.

Similarly, in human autoimmune disease T cells and
antibodies yregcting with bacterial hgpg5 or other hgpg
may be produced in response £° 2 bacterial infection
and then produce autoimmune disease by cross-react-
ing with an endogenous protein. The endogenous

human hgpg represent the most ]ikely potential targets
for such autoimmune cross-reaction in view of their

extensive homology t° the bacterial hsps. It should be
noted, however, that T cells or antibodies to bacterial

Fig. 3. Reactivity of antibodies and T cells induced by expo-

sure to the hgpg of micro-organisms with the corresponding
human hsps.
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hsps may react in some cases with apparently unrelat-
ed human proteins o= the basis of a shared epitope,
and that in these cases such proteins, rather than the
endogenous hsps, may therefore be the autoimmune
target. FOr example, in the case oOf adjuvant arthritis
the critical epjtope o= the mycobacterial hspé5 pro-
tein is more like the link protein of the cartilage pro-
teoglycan than the corresponding endogenous *2¢ hsp
(23],

A remarkably similar pattern i¢ 2180 present i7
autoimmune diabetes. Thus in the NOD/Lr mouse,
the genetically determined gevelopment ©f autoim-
mune diabetes is gccompanied by the production ©F
antibodies and T cells reactive with hgpg5, Moreover,
such T cells can promote the premature development
of diabetes in young NOD/LYr mice, while injection of
hsp65 in = non-immunogenic form can reduce the
severity of Subsequent disease [24]. Hence in this case,
as in the arthritic diseases, the autoimmune target is
llkely to be a molecule which cross-reacts at the

immunological level with hgpgs5, However, in human
insulin-dependent diabetes, this target does not
appear t© P& hgpe5 itself as originally suggested [25],
but has now been shown to be the human glutamic
acid decarboxylase protein [26].

It is clear, therefore, that the production of antibod-
ies and T cells reactive with hsps either genetically o=
following bacterial infection plays = critical role in the
aetiology of autoimmune disease. gupbgequently, the
disease itself appears t° involve the autoimmune reac-
tion of these reagents either with the natural endoge-
nous hgps Whose expression has been elevated and/or
relocalised within the cell, or with other cellular pro-
teins with which the hsps share an epitope. The obser-
vation that the course of diseases as diverse as adjuvant
arthritis and diabetes can be altered by injection of
purified hsps offers hope for an effective vaccination
against human diseases such as rheumatoid arthritis

and jngul in—dependent diabetes.

Conclusions

The hsps have made the transition from the esoteric

phenomenon of 30 years ago to a central role, both as

targets in autoimmune diseases as diverse as arthritis

and diabetes and in protecting tissues such as the
heart and inflamedjoints from stress-induced damage.
It is 1ike1y that as further tissues and diseases are stud-
ied, new roles for the hsps will be discovered. For
example, it has recently Peen shown that hgp synthesis
occurs at sites of brain damage [27], and that the hSp
ubiquitin is present 2t high levels in the plaqueg char-
acteristic of Alzheimer's disease [28]. It is probable,
therefore, that the clinical interest in these proteins
may only just Pe beginning and that the future will
open further il’lSightS into their central role in numer-
ous biological processes in both health and disease.

Journal of the Royal College of Physicians of bondon Vol. 25 No. 4 October 1991

Heat shock proteins and human disease

References

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Ritossa F. A new puffing pattern induced by temperature shock
and DNP inprogophila. Experientia 1962;18:571-3.

Editorial. The 64K question in diabetes. Lancet 1990;336:597-8.
Editorial. Stress proteins and myocardial protection. Lancet
1991;337:271-2.

Lindquist S- The heat-shock yegponse.
1986;55:1151-92.

Lindquist 8, Craig EA. The heat shock proteing, Ann Rev Gen
1988;22:631-77.

Rebbe NF, Ware j Bertina RM, Modrich p, Stafford DW.

Ann Rev Biochem

Nucleotide sequence of a ¢cDNA for a member of the 90kDa
heat-shock protein family, Gene 1987;53:235-45.
Kaufmann SHE. Heat shock proteins and the immune

Immunology Today 1990;11:129-36.
Polla BS. A role for heat shock proteins in inflammation?

response.

Immunology Today 1988;9:134-7.

Yellon DM, Latchman DS. Stress proteins and myocardial pro-
tection. JMp] Cell Cardiol 1991; (submitted).

Pelham HRB. Hsp70 accelerates the recovery of nucleolar moxr-
phology after heat shock. EMBO.J 1984;3:3095-100.

Borkovich KA, Farrelly FW, Finkelstein DB, Taulien J, Ludquist
S. Hsp82 is an essential protein that is required in higher cen-
centrations for growth of cells at higher temperatures. Mol Cell
Biol 1989;9:3919-30.

Pelham HRB. Heat shock and the sorting of luminal ER pro-
teins. EMBOJ 1989;8:3171-6.

Ellis RJ, Molecular chaperones. Semin Cell Biol 1990;1:1-72.
Currie RW, Karmazyn M, Kloc M, Mailer K. Heat-shock response
is associated with enhanced postischaemic ventricular recovery.
CircRes 1988;63: 543-9.

Murry CE, Jennings RB, Reimer KA. preconditioning with
ischaemia: a delay of lethal cell ipjyry in ischaemic myocardium.
Circulation 1986;74: 1124-36.

Winrow VR, McLean [, Morris (J, Blake DR. The heat shock
protein response and its role in inflammatory disease. Ann
RheumDis 1990;49:128-32.

Winrow VR, Blake D. Stress proteins, hearts and joints. Lancet
1991;337:614-5.

Young RA, Elliott TJ, Stress proteins, infection and immune
surveillance. Cell 1989;59:5-8.

Young RA. Stress proteins and immunology. Ann Rev Immunol
1990;8:401-20.

Norton PM, Isenberg DA, Latchman DS. Elevated levels of the
90kd heat shock proteing i = proportion ©f SLE patients with
active disease. JAutoimmunity 1988;2:187-95.

Winfield JB, Stress proteins, arthritis and autoimmunity. Arthritis
Rheum 1989;32:1497-1504.

La Thangue NB, Latchman DS. A cellular protein related to
heat shock protein 90 accumulates during herpes simplex virus
infection and is over-expressed in transformed cells. Exp Cell Res
1988;178:169-79.

Van Eden W, Thole JER, va=n der Zee R et al. ClOl’lng of the
mycobacterial epitope recognized by T lymphocytes in adjuvant
arthritis. Nature 1988; 331:171-3.

Elias D, Markovits D, Reshef T, van der Zee R, Cohen IR. Induc-
tion and therapy of autoimmune diabetes in the non-obese dia-
betic (NOD/Lr) mouse py = 65-kDa heat shock protein. Proc
NatlAcad §ci, USA 1990;87:1576-8.

Jones DB, Hunter NR, Duff GW. Heat shock protein 65 as a beta
cell antigen °f insulin-dependent diabetes. Lancet 1990;336:
583-5.

Backkeskov §, Aanstolt H-J, Christgau S et al. Identification of
the 64k autoantigen in insulin dependent diabetes as a GABA
synthesising enzyme glutamic acid decarboxylase. Nature
1990;347:151-6.

Brown IR, Rush g, Jyy GO. Induction of a heat shock gepe at the
site of tissue injury in the rat brain. Neuron 1989;2:1559-61.

Lowe J, Mayer RJ. Ubiquitin: mew insights into chronic degener-
ative diseases. ErJHOSp Med 1989;42:462-6.



