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The heat shock response, first observed in Drosophila melano-
gaster over thirty years ago, provided investigators a relatively
simple way to study rapid changes in gene expression. Simply
raising the temperature of Drosophila above its physiologic
norm resulted in the decreased expression of those genes which
were active before the temperature shock and the increased
expression of genes encoding a group of proteins referred to as
the heat shock proteins (hsp's).' Over the last 30 years similar
changes in gene expression following relevant temperature
shocks have been observed in cells from all organisms, be they
derived from bacteria, plants, yeast, or mammals. Moreover,
the heat shock proteins from various organisms appear highly
conserved with respect to their primary structure, mode of regu-
lation, and biochemical function. In addition to heat shock treat-
ment, many other types of metabolic insults including exposure
to heavy metals, amino acid analogs, different metabolic poi-
sons as well as a variety of relevant insults in vivo (e.g., isch-
emia/reperfusion) also elicit increased expression of the hsp's.
Accordingly, many investigators now refer to the response more
generally as the stress response, and the proteins whose expres-
sion increases, the stress proteins.

As one might predict, the stress response represents a uni-
versally conserved cellular defense program. Perhaps the best
example of how the stress response provides for increased cellu-
lar protection is illustrated by the phenomenon of "acquired
thermotolerance." Cells subjected to a sublethal heat shock
treatment, if provided a subsequent recovery period at their
normal growth temperature, now are able to survive a second
and what would otherwise be a lethal heat shock challenge.
Acquired thermotolerance is usually transient, lasting about 24
h in cells grown in culture, and appears dependent upon a num-
ber of changes induced by the initial or "priming" heat shock
treatment, including the increased expression and accumulation
of the stress proteins. Moreover, we now know that any particu-
lar agent or treatment which results in an induction of the stress
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response will confer added protection to the cell upon its expo-
sure to a subsequent and unrelated stressor (e.g., prior heat
shock treatment provides for protection to sodium arsenite treat-
ment and vice versa). We also now know that despite their
designation as heat shock or stress proteins, most of these pro-
teins are in fact expressed constitutively in normal or "un-
stressed" cells where they play a fundamental role in a number
of important biological processes. For example, many of the
constitutively expressed hsp's function as so-called "molecular
chaperones," facilitating various aspects of protein maturation
throughout the cell. The stress response/proteins also play an
important role in a number of clinically relevant phenomenon
including tissue and organ trauma, and the immune response.
Here we will discuss the clinical implications of the heat shock
response and stress proteins beginning with a brief summary of
the structure/function of the hsp's and then turn toward more
recent developments with potential clinical ramifications. (Be-
cause of space limitation, we cannot cite all of the appropriate
references, and therefore, refer the reader to other recent reviews
whenever possible).

Induction of the heat shock response
As mentioned above, a diverse array of metabolic insults includ-
ing the exposure of cells to elevated temperatures, heavy metals,
various ionophores, amino acid analogs, and metabolic poisons
which target ATP production, all result in similar changes in
gene expression leading to the accumulation of the stress pro-
teins. Many of these agents/treatments which induce a stress
response share the common property of being "protein chao-
tropes;" they adversely affect the proper conformation and
therefore the function of proteins. Consequently, it was pro-
posed (1) and later demonstrated (2) that under conditions
where abnormally folded proteins might begin to accumulate
in the cell, a stress response would be initiated. Presumably the
resultant increases in the levels of the stress proteins would
somehow facilitate the identification, removal, and/or restora-
tion of those proteins adversely affected by the particular stress
event, again a prediction which now appears correct (1). The
intracellular accumulation of abnormally folded proteins initi-
ates the stress response by somehow activating a specific tran-
scription factor, referred to as the heat shock factor (HSF-1)
(for review see reference 3). HSF-1, present in the normal,
unstressed cell as an inactive monomer, rapidly trimerizes in
response to metabolic stress. Trimerization enables HSF-1 to
bind to a consensus nucleotide sequence, referred to as the heat
shock element (HSE), located within the promoter element of
those genes encoding the stress proteins thereby resulting in the
high level transcription of the heat shock genes. Recently, an-
other related transcription factor, HSF-2, has been identified.
Shown to be important in regulating the expression of hsp tran-
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Table I.

Name Size* Bacterial homologue Locale Remarks

kD

Ubiquitin 8 Cytosol/nucleus Involved in nonlysosomal protein degradation pathway
Hsp 10 10 Gro ES Mitochondria/chloroplast Cofactor for Hsp 60
Low molecular 20-30 Possible homologues Cytosol/nucleus Proposed regulator of actin cytoskeleton; proposed

weight hsp's recently identified molecular chaperone
Hsp 47 47 Endoplasmic reticulum Collagen chaperone
Hsp 56 56 Cytosol Part of steroid hormone receptor complex; binds FK506
Hsp 60 60 Gro EL Mitochondria/chloroplast Molecular chaperone ("chaperonin")
TCP-1 60 Gro EL Cytosol/nucleus Molecular chaperone related to Hsp 60
Hsp 72 70 Dna K Cytosol/nucleus Highly stress inducible
Hsp 73 70 Dna K Cytosol/nucleus Constitutively expressed molecular chaperone
Grp 75 70 Dna K Mitochondria/chloroplast Constitutively expressed molecular chaperone
Grp 78 (BiP) 70 Dna K Endoplasmic reticulum Constitutively expressed molecular chaperone
Hsp 90 90 htpG Cytosol/nucleus Part of steroid hormone receptor complex; chaperone (?) for

retrovirous-encoded tyrosine protein kinases
Hsp 104/110 104/110 Clp family Cytosol/nucleus Required to survive severe stress; molecular chaperone (?)

* Approximate size by SDS-page, native molecular weight often is very different.

scription during hemin-induced differentiation of K562 cells
(4), HSF 2 also may turn out to be important for controlling
the activities of hsp gene expression in the normal or unstressed
cell.

Overview of the structure and function of the stress
proteins
The mammalian stress proteins often are divided into two
groups based on their classical mode of induction: the heat
shock proteins (hsp's) and the glucose regulated proteins
(grp's) (for review see reference 5 and 6). In general, both the
hsp's and grp's are identified and referred to on the basis of
their apparent molecular mass as determined by SDS-PAGE
(Table I). Members of the grp family were first observed to
exhibit increased expression in cells starved of glucose. Subse-
quently, the grp's were shown to also undergo high level expres-
sion in cells treated with calcium ionophores, when subjected
to anoxic-like conditions, or in response to added reducing
agents such as B-mercaptoethanol. Interestingly, many of the
agents/treatments which induce the grp's adversely affect pro-
tein secretion. Perhaps not too surprising, the major grp's reside
within the endoplasmic reticulum and participate in various
aspects of protein secretion. Wenow know that the grp's are,
in fact related to members of the hsp family, and that the two
families of stress proteins exhibit considerable similarities with
respect to both their structure and function.

Our understanding of the structure and function of the stress
proteins has advanced rapidly in recent years, sometimes from
unexpected sources. For example, several proteins whose func-
tion had already been defined, subsequently were shown to be
synthesized at higher levels in the cell experiencing stress (for
review see reference 6). Ubiquitin, a small polypeptide of - 8
kD and known to be involved in targeting proteins for degrada-
tion, is synthesized at relatively high rates after heat shock.
Hsp56, characterized initially as part of a larger protein complex
that binds steroid hormone receptors (for review see reference

7), and now known to bind to the immunosuppressants FK506
(8) and rapamycin, shows increased expression after stress (9).
Like other identified FK506 binding proteins, hsp56 appears to
function as a peptidylprolyl cis-trans isomerase (rotamase).
Other examples of proteins whose function was already known
and subsequently shown to represent members of the stress
protein family include: heme oxygenase, involved in catalyzing
the breakdown of heme into biliverdin; the multiple drug resis-
tance gene product or P-glycoprotein, a plasma membrane trans-
porter involved in multidrug resistance to many cancer chemo-
therapeutic agents; alpha B-crystallins, integral structural com-
ponents of the lens and now known to be present in other
cell types; and at least two glycolytic enzymes enolase and
glyceraldehyde 3-phosphate dehydrogenase. For at least some
of these proteins we have some insights as to why they are
upregulated after stress. For example, the glycolytic pathway
provides an essential energy source in the event that aerobic
respiration becomes uncoupled, often a result of metabolic
stress. Consequently, increases in the synthesis of the aforemen-
tioned glycolytic enzymes may facilitate the increased demand
on the glycolytic pathway in the cell under stress. Similarly,
higher levels of ubiquitin may provide for the cell under stress
an increased capacity to recognize and degrade irreparably dam-
aged proteins. Wesuspect that other proteins whose function
have already been established, also will be found to be stress
inducible, perhaps in a cell type specific manner.

As is presented in Table I, the number of proteins whose
expression increases in eukaryotic cells after metabolic stress
is rather extensive and continues to grow. Instead of providing
an overview of all of these proteins, we will focus our discussion
on those stress proteins which have been best characterized and/
or which have generated the most surprises as it relates to
their structure/function. Perhaps the most exciting development
involves the role of some of the stress proteins in facilitating
protein biogenesis (for reviews see references 10 and 11). Here
two families of stress proteins, the hsp60 and hsp7O families,
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each consisting of multiple and related members which are
expressed constitutively in all cells, have been shown to partici-
pate directly in various aspects of protein maturation. Members
of the hsp70 family, distributed throughout various subcellular
compartments and expressed in cells grown under normal condi-
tions include: hsp73 (a k a constitutive hsp7O, hsc7O, or hsp7O
cognate), present within the cytoplasm and nucleus; grp75, a
component of the mitochondria; and grp78 (a k a BiP) a resident
of the endoplasmic reticulum (ER). In addition, under condi-
tions of metabolic stress another form of hsp7O, referred to as
the highly stress-inducible hsp70 (or hsp72), is synthesized at
very high levels, exhibits considerable homology to hsp73, and
like hsp73 resides within the nucleus and cytoplasm. Although
too extensive to discuss here, other proteins related to the hsp7O
family also have been identified, but their function remains
somewhat obscure. All members of the hsp70 family have been
shown to bind ATP through a highly conserved amino-terminal
nucleotide binding domain, whose overall structure appears
very similar to that of two other ATPbinding proteins, actin and
hexokinase. In addition, presumably via their carboxy-terminal
domain, hsp70 family members appear to bind to both unfolded
proteins and short polypeptides in vitro. Results from many
laboratories have shown that members of the hsp7O family,
within their own distinct subcellular compartment, interact with
other cellular proteins undergoing synthesis on the ribosome or
translocation into organelles. These observations have led to
the suggestion that the hsp70 family members function in the
early stages of protein maturation by binding to and stabilizing
the unfolded state of a newly synthesized protein. Once synthe-
sis or organellar translocation of the target protein has been
completed, the particular hsp7O family member is released, in
a process requiring ATP and likely other proteinaceous co-
factors, thereby allowing the target protein to commence folding
and/or assembly.

In a similar manner, members of the hsp60 family also bind
ATP, and interact transiently with unfolded polypeptides (for
review see references 10 and 11). In plant and animal cells
related forms of hsp60 have been observed in both mitochondria
and chloroplasts. Like their bacterial counterpart, the GroEL
protein, members of the hsp60 family are characterized by their
distinctive seven-membered ring-like structure, often being
found in vivo as two rings stacked one on top of the other. In
addition to binding to unfolded proteins, members of the hsp6O
family (also referred to as chaperonins) appear to "catalyze"
protein folding and/or protein assembly. In conjunction with a
co-factor of 10 kD (referred to as GroES in bacteria), which
like hsp60 assembles into a seven-membered ring particle,
hsp60 binds to an unfolded protein and facilitates the subsequent
folding of the target protein. Recently, electron microscopy
studies have revealed that the target protein undergoing folding
is actually present within the central cavity of the hsp60 "dou-
ble-donut." It has been suggested that the target protein, via
multiple rounds of release and rebinding, likely fueled by ATP
hydrolysis, eventually acquires its final folded structure. Once
properly folded the protein no longer appears as a target for
binding to the particular chaperonin (12). As one might expect,
other related members of the hsp60 family are rapidly being
identified. For example, recent studies indicate that there may
be as many as 8 or more hsp60-like homologs (referred to as
the TCP-1 family) within the cytoplasm of yeast and animal

cells ( 13). To date however, no chaperonin equivalent has been
identified in the secretory pathway.

These observations regarding the structure and apparent
function of both hsp60 and hsp70 have led to new proposals
regarding the mechanisms of protein folding/assembly. Earlier
work by Anfinsen (14) and others demonstrated the principle
of protein "self-assembly," all of the information necessary for
the proper folding of a protein is provided by its primary amino
acid sequence. This conclusion was based on the simple but
elegant observations that a protein, when denatured by a protein
chaotrope (e.g., urea), could spontaneously refold upon re-
moval of the chaotrope. Results from studies of the hsp60 and
hsp70 families have led to a modification of these earlier con-
cepts. In vivo protein folding and/or assembly may in fact occur
by "assisted self-assembly," with the assistance provided by
so-called "molecular chaperones" such as members of the
hsp60 and 70 families (for reviews see references 15 and 11).
Molecular chaperones function in ways that do not contradict
the principle of self-assembly. For example, while not con-
veying any specific information for folding, molecular chaper-
ones participate in the process by preventing improper or non-
productive intra- or inter-molecular interactions that could lead
to protein misfolding and/or aggregation. Molecular chaperones
do not become a part of the final, properly folded protein. By
facilitating productive folding and assembly pathways, molecu-
lar chaperones ensure high fidelity and efficiency in the protein
folding/assembly process. In fact, many investigators have sug-
gested that molecular chaperones like hsp7O and hsp6O may
work in tandem to facilitate the folding process. For example,
as a newly synthesized protein emerges from the ribosome the
nascent chain is stabilized in an unfolded state via its interaction
with cytosolic hsp 70. After completion of its synthesis the
polypeptide either commences directly along its folding path-
way or alternatively, is transferred over to a member of the
chaperonin family where folding and/or higher ordered assem-
bly takes place (Fig. 1). In a similar scenario, as a newly
synthesized protein begins its entry from the cytoplasm into an
organelle, it does so in a relatively unfolded state, likely medi-
ated via cytosolic hsp 70. As the protein enters into the organelle
it now is recognized by the organellar form of hsp 70 and
thereby is maintained in the unfolded conformation. Once trans-
location has been completed and now with all of the information
for folding being present the polypeptide either spontaneously
folds or more likely, is transferred over to a member of the
chaperonin family where either folding and/or assembly with
other polypeptides commences (Fig. 2).

In perhaps a variation of the chaperone concept, another
constitutively expressed stress protein, hsp90, also appears to
interact transiently with at least certain proteins. For example,
during the course of examining the maturation pathway of
pp60', the virally encoded tyrosine protein kinase of Rous
sarcoma virus, investigators observed that newly synthesized
pp6O' interacted with two cytosolic proteins, one being hsp90
and the other an unidentified 50-kD component. While present
in such a complex in the cytoplasm, pp60s' appeared inactive,
unable to function as a tyrosine protein kinase. Once the com-
plex reached the inner side of the plasma membrane, pp60O'
was released and became partially integrated into the plasma
membrane where it now appeared biologically active. Although
less developed, a similar maturation pathway appears to charac-
terize several other retrovirus-encoded oncogenic tyrosine pro-
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Figure 1. Current models by which molecular chaperones facilitate protein folding/assembly. During the course of protein synthesis, Hsp7O (DnaK)
interacts with the nascent chain as it emerges from the ribosome. Such an interaction may prevent the premature folding of the nascent chain and/
or prevent its inappropriate interaction with components of the translational machinery. For some proteins, folding of the completed polypeptide
may commence upon its release from the Hsp7O chaperone and may not require any additional components. Release of the Hsp7O chaperone likely
is mediated by additional factors such as DnaJ and GrpE (pathway 1). Alternatively, following their synthesis, some newly synthesized proteins,
perhaps still bound to Hsp7O (DnaK), are transferred to the particular chaperonin (Hsp6O, GroEL, TCP-1). Again, release and/or transfer of the
nascent polypeptide from its Hsp7O chaperone likely requires the participation of additional components (DnaJ and GrpE). Binding of the unfolded
polypeptide to the chaperonin triggers the recruitment of Hsp 10 (GroES) to the opposite side of the chaperonin complex (it is possible that HsplO/
GroES may already be occupying this end of the chaperonin before substrate binding). Folding of the polypeptide, probably within the cavity of
the chaperonin, may involve a series of binding and release events of the substrate, facilitated by many rounds of ATP hydrolysis, until folding is
completed (pathway 2). Finally, it remains possible that the Hsp6O (GroEL), or TCP-l chaperonins, preferentially participate in the folding and/
or assembly of only those proteins that are part of homo- or hetero-oligomeric structures (pathway 3). Reproduced, with permission, from the
Annual Review of Cell Biology, Volume 9, © 1993, by Annual Reviews Inc.

tein kinases (for review see reference 16). To date, the exact
biological role served by hsp90 in the proper maturation and/
or regulation of these various protein kinases remains unclear.
However, hsp90, in conjunction with several other members of
the stress protein family (e.g., hsp70, hsp56), also has been
shown to interact with various steroid hormone receptors, intra-
cellular proteins which when activated by their appropriate ste-
roid ligand now become active as a transcription factor (for
review see reference 17). Similar to the situation with the virally
encoded protein kinases, steroid receptors appear to be main-
tained in an inactive state when bound to an oligomeric protein
complex that includes hsp90. Binding of the steroid hormone
appears to initiate a series of events wherein hsp9O is released
from the complex, enabling the receptor to properly oligomerize
and thereby acquire a DNAbinding conformation. These obser-
vations in sum, point toward a role for hsp90 in regulating the
biological activities of target proteins with whomit transiently
interacts. In particular, hsp90 may bind to or mask domains of
target proteins which are critical for their biological activation
and/or function.

Recently, members of the low molecular weight hsp's (mo-
lecular masses of 20-30 kD), were reported to exhibit molecu-
lar chaperone-like properties, facilitating at least in vitro, the
accelerated folding of a target polypeptide (18). However, un-
like the other more well defined chaperones (e.g. hsp 60 and
hsp 70), the low-molecular-weight hsp's do not appear to bind

nucleotides like ATP. Yet other studies have concluded that
the low-molecular-weight hsp's may be important regulatory
components of the actin based cytoskeleton. For example, the
single low molecular weight hsp in mammalian cells, hsp28,
has been reported to act as both an inhibitor of actin polymeriza-
tion, as well as promote the disassembly of already formed actin
filaments in vitro (19). Overexpression of mammalian hsp28
in vivo resulted in an apparent stabilization of and/or increase
in the actin containing stress fibers (20). Moreover in the over-
expressing cells, a sub population of hsp28 was shown to colo-
calize with that portion of actin present within the "ruffling"
membrane present at the leading edge of the cell (21). Because
so many of the agents (including heat shock treatment, a wide
variety of cytokines, mitogens, and tumor promoters) that in-
duce the rapid phosphorylation of hsp28 also induce a rapid
rearrangement of the actin cytoskeleton, particularly the cortical
actin network underlying the plasma membrane, the hypothesis
that hsp28 somehow is involved in regulating the actin cytoskel-
eton remains attractive and is under further study by a number
of laboratories.

Our progress in elucidating the functions of the stress pro-
teins in the normal cell also have been enlightening in terms of
our understanding why many of these proteins are upregulated
in cells undergoing metabolic stress. Specifically, under condi-
tions in which protein folding is perturbed, or pre-existing pro-
teins begin to unfold and denature (e.g., in response to heat
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Figure 2. A model describing the possible role of grp
75 and hsp 60 (hsp 58) in mitochondrial protein import,
folding, and assembly. Newly synthesized proteins des-
tined for the mitochondria are maintained in an unfolded
or translocation competent state within the cytoplasm
by virtue of their interaction with the cytosolic hsp 72/
73. Translocation of the polypeptide into the mitochon-
dria is accompanied by the ATP-dependent release of
hsp 72/73. As the translocating and unfolded polypep-
tide enters into the mitochondria, it becomes complexed
with grp 75, and the mitochondrial signal sequence is
removed by signal peptidase. Once entirely inside the
mitochondria, folding of the polypeptide commences,
accompanied by the ATP-dependent release of grp 75
(la). For some monomeric mitochondrial proteins, it
remains possible that folding is also dependent on an
interaction with hsp 58 (lb). For the assembly of oligo-
meric proteins, grp 75 is released from the monomer
(ic); the monomer then moves to hsp 58 (2b) and is
assembled into its oligomeric form (3). Alternatively,
the monomer, still bound to grp 75, moves to hsp 58
(2a) and is assembled into its oligomeric form (3).
Reproduced from Cell Regulation, 1991, 2:165-179 by
copyright permission of the American Society for Cell
Biology.

shock treatment), the cell responds by increasing the synthesis
of stress proteins, many of which function as molecular chaper-
ones. Presumably the resultant increased levels of the stress
proteins affords the cell a means by which to (a) identify and
perhaps facilitate refolding of those proteins adversely affected
by the metabolic insult; (b) identify and bind to abnormally
folded proteins for their eventual targeting to an appropriate
proteolytic system; (c) facilitate the synthesis and maturation
of new proteins needed to replace those which were adversely
affected during the particular metabolic insult. Wesuspect that
all three of these possible scenarios are likely correct. At the
cellular level however, the exact role of the stress proteins as
it pertains to the acquisition of cellular thermotolerance remains
less well defined. Controversy exists as to which members of
the stress protein family are the most important "contributors"
for the overall protection of the cell during the acquisition of
thermotolerance. Moreover, whether other physiologic changes
which accompany the induction of the stress response are also
important for the development of the thermotolerant state con-
tinues to be debated. Our own prejudice is that increases in the
levels of the stress proteins are in fact important, but by no
means the sole basis by which to explain the complicated phe-
nomenon of cellular thermotolerance.

Clinical implications of the stress response/proteins
Induction of the stress response in vivo. Are the biochemical and
functional characteristics of the heat shock response/proteins as
defined by cell culture experiments relevant to organs and tis-
sues in the whole organism? Examination of tissues and organs
subjected to various metabolic insults such as ischemia or fever
revealed that the stress response does occur in different tissues/
organs in vivo (for review see reference 6). In addition, it has
been observed that seizures and excitatory amino acids such as

glutamate can induce a stress response in the brain (22, 23).
Increased synthesis of stress proteins was also observed in the
rat heart subjected to hemodynamic overload (24). These find-
ings that physiologically relevant insults can induce the stress
response in vivo have led to studies examining whether the
phenomenon of cellular thermotolerance also is operative in
the animal. Preliminary work from a number of labs appears
promising in this regard. For example, rodents subjected to
whole body hyperthermia (which was demonstrated to result in
increased levels of the stress proteins in the heart) suffered
less myocardial damage in response to a subsequent ischemia/
reperfusion episode (25). Similar results were found in a rabbit
model (26). In contrast, Yellon et al. (27) did not observe
such a protective effect, but their study used a longer ischemia/
reperfusion insult. Taken together, these studies indicate that
hyperthermic treatment can render the myocardium more resis-
tant to ischemia-reperfusion-induced damage, but only up to a
certain point. Similarly, rat brains first rendered thermotolerant
appeared less vulnerable to ischemia-reperfusion-induced dam-
age as well as to the deleterious effects of glutamate stimulation
(23). In rodents first subjected to hyperthermia, the extent of
retinal damage due to a subsequent intense light exposure was
greatly diminished. Moreover, these investigators showed that
maximal protection conferred correlated nicely with the overall
levels of the highly stress-inducible hsp72 which accumulated
in the retina after the priming heat shock treatment (28). Lastly,
in a rat model of the human adult respiratory distress syndrome,
rats first made thermotolerant (via whole body hyperthermia)
suffered no mortality as compared to 27% mortality observed
for the nonheated control group (29).

Results such as these have stimulated efforts at possibly
harnessing the protective effects of the thermotolerant pheno-
type in clinically relevant situations. One important issue is
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how to develop the thermotolerant phenotype in a timely and
clinically relevant fashion. In vitro, full development of the
tolerant phenotype requires anywhere from 8-18 h after the
initiation of the priming stress treatment, likely the time period
necessary to synthesize and accumulate maximal levels of the
stress proteins. In the case of the heart, it is not possible to
predict the occurrence of an acute myocardial infarction. Those
individuals at high risk for an imminent infarction are typically
already experiencing severe ischemia. The extent to which these
ischemic episodes in humans induce a stress response remains
an open question. Even if a pharmacological means of rapidly
inducing the thermotolerant phenotype (on the order of minutes
to perhaps a few hours) is developed, the applicability to acute
clinical situations is unclear. Application of the stress response
to clinical medicine is more promising in nonemergent situa-
tions such as scheduled surgery. For example, reconstructive
surgeons have found that skin flap survival improves if the flap
is first made thermotolerant (30). Other possible applications
include making donor transplant organs thermotolerant and
thereby possibly increasing the window of time that the organ
can be transplanted and/or possibly even improving survivabil-
ity once transplanted. The enthusiasm for exploiting the stress
response in clinical medicine must be tempered, however, by
the paucity of information regarding the price the cell pays for
becoming thermotolerant. In particular, we still do not know all
of the other cellular consequences (e.g., effects on cell cycle,
ability of the cell to respond to other stimuli etc.) associated
with the acquisition of the thermotolerant phenotype.

The recent evidence that the expression of the stress proteins
also may be regulated, at least in part, by neuroendocrine mech-
anisms represents an exciting new development. Activation of
the hypothalamic-pituitary axis (using a rodent "restraint"
model) was shown to induce specific expression of the most
highly stress induced protein, hsp72, in the rat adrenal cortex.
Hypophysectomy ablated the response, and the addition of adre-
nocorticotropic hormone restored specific expression in the hy-
pophysectomized rats. In contrast, in the same model system
the sympathetic nervous system appeared to be important in the
regulation of both hsp72 and hsp28 expression in the rat aorta.
Adrenergic antagonists were found to block such expression,
whereas adrenergic agonists induced their expression (34, 35,
36). Lastly, a dopamine agonist induced expression of hsp72
in both the adrenal cortex and aorta of the rat (37). Clearly,
these findings suggest that adrenergic, and dopaminergic agents,
as well as drugs that affect the hypothalamic-pituitary axis,
have potential as modulators of the heat shock response in
humans.

Malignancy
The ability to modulate the stress response also has therapeutic
implications as it relates to cancer. The increased expression of
hsp28 and hsp72 has been associated with enhanced survival
of tumor cells subjected to some cancer chemotherapeutic
agents (for review see reference 31 ). The increased expression
of the multidrug resistance protein (MDR), whose correspond-
ing gene contains an appropriate heat shock element, has been
clearly shown to underlie the development of resistance to many
cancer chemotherapeutic agents (for review see reference 32).
Thus, finding a way by which to down regulate or even prevent
the expression of stress proteins in malignant cells may enhance
the efficacy of many chemotherapeutic agents. Such an advance

also might allow the use of lower doses of chemotherapy, and
thus perhaps minimize the toxic side effects of these agents on
normal cells. In preliminary experiments, a flavonoid compound
querecetin, reported to be an inhibitor of protein kinases, was
shown to specifically inhibit the expression of the stress pro-
teins, although the mechanism by which such inhibition is mani-
fested is not known (33).

Immune system
Investigation of the possible clinical implications of the stress
response/proteins gained added impetus as evidence began to
accumulate that one or more of the stress proteins play a role
in various aspects of the immune system (for review see refer-
ences 6 and 38). First, genes encoding two members of the
hsp7O family were found to reside within the MHC. In this
regard, computer modeling of the three-dimensional structure
of the carboxy-terminal domain of hsp70, that region in the
protein thought to be involved in the binding of both small
peptides as well as unfolded polypeptides, revealed a possible
peptide binding motif very similar to the peptide binding cleft
of the MHCclass I proteins. Second, a peptide binding protein,
termed PBP 74, was identified and shown to be related to the
other members of the hsp 70 family. PBP74 has been proposed
be involved in peptide loading of MHCclass II molecules.
Third, deoxyspergulain, an immunosuppressant agent whose
mechanism of action is unknown, but appears distinct from that
of both cyclosporin A and FK506, was found to specifically
bind to hsp73 (39). As mentioned earlier, FK506 appears to
bind to hsp56 (a protein with rotamase activity) and together
the complex appears to have immunosuppressive activity (8).
Finally, 2 of the 11 self peptides isolated from purified class I
HLA-B27 were shown to be peptides derived from hsp90. This
latter result raises the question as to whether the immune system
constantly is presented with peptides derived from "self " stress
proteins as a part of the mechanism for monitoring the presence
of stress proteins from invading microorganisms? (and dis-
cussed further below). While these types of observations clearly
are intriguing, they remain primarily phenomenological in na-
ture and therefore, will require further study to ascertain their
biological relevance.

Infectious diseases
More compelling and scientifically developed is the observation
that stress proteins from a variety of pathogens act as immuno-
dominant antigens in animals (for reviews see references 40,
41, and see Table II). For many years, it had been known
that bacteria produced an - 60-kD genus specific protein; an
antibody raised against this protein from one species tended to
recognize the protein in all other species of the genus, but not
in any species from another genus. This protein was shown to
be GroEL, the bacterial homologue of hsp6O, and is a major
target of the mammalian humoral response to bacterial infec-
tions. Interestingly in many parasitic infections it is the parasitic
form of hsp70 and in some cases hsp90 which represents a
major target for the humoral arm of the immune response. Re-
cent evidence indicates that at least some parasitic and bacterial
stress proteins can also induce a relatively strong T cell re-
sponse. Moreover, roughly 10-20% of gamma/delta T cells, a
poorly understood population of T cells, have been shown to
be specific for stress proteins of various pathogens (42). A
particularly attractive hypothesis is that this class of T cells,
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Table I. Heat Shock Proteins Are Immunodominant Antigens
of Infectious Organisms*

Disease Infectious agent

Tuberculosis Mvcobacterium tuberculosis
Leprosy Mycobacterium leprae
Schistosomiasis Schistosoma mansoni
Malaria Plasmodium falciparum
Chagas Trypanosoma cruzi
Legionnaires Legionella pneumophila
Syphillis Treponema pallidum
Blinding Trachoma Chlamydia trachomatis
Lyme Borrelia burgdorferi
Q fever Coxiella burnetti
Ocular filariasis Onchocerca volvulus
Lymphatic filariasis Brugia malay

* Summarized from the literature.

which by lining the airway, gut, and epidermal epithelium, are
well positioned to provide an early line of immune defense at
major body-environment interfaces where pathogen entry into
the host is likely to occur.

Does the immune response to bacterial and parasitic stress
proteins protect the host from infection? A number of studies
suggest that the answer is yes. Protection against chlamydial
diseases was associated with an immune response to chlamydial
DnaK, the bacterial homologue of hsp70 (43). In a guinea
pig model of Legionnaire's disease, immunization with GroEL
purified from Legionella pneumophila was effective in pre-
venting disease (44). Immunization of mice with an 80-kD
protein from Histoplasma capsulatum, a protein related to
hsp70, resulted in improved resistance to infection (45). In
a monkey model of malaria, immunization with Plasmodium
falciparum hsp70 prevented infection with blood stages of P.
falciparum (46). In addition, infected hepatocytes appeared to
express a cell surface epitope from this same hsp70. An anti-
hsp70 antibody recognizing this epitope appeared effective in an
antibody-dependent cytolysis of the infected hepatocyte (47).
Thus, these examples indicate that the immune response to
stress proteins from various infectious pathogens is associated
with protection for the host.

Whydoes the immune system appear to preferentially target
the stress proteins of infectious pathogens? Several possible
reasons that are not mutually exclusive have been suggested
(38, 40, 41). The stress proteins represent a relatively abundant
set of proteins within the invading pathogen, and therefore, on
a purely statistical basis, the immune system may be more likely
to recognize these "foreign" proteins rather than a less abun-
dant one. In this regard it also has been reported that infection
not only induces a stress response in the host, but also in the
invading pathogen (thereby increasing the levels of "patho-
genic stress proteins") (48). Alternatively, faced with a vast
number of potential pathogens, the immune system may have
simplified the problem of detection by taking advantage of the
fact that stress proteins are essential components of any organ-
ism (i.e., most of the genes encoding the stress proteins are
essential for growth) and they exhibit a high degree of homol-
ogy. For example, recognizing genus specific GroEL may have

enabled the immune system to strike a balance between the
need for sensitivity (i.e., the ability to quickly recognize the
presence of a pathogen), and the need for specificity (i.e., re-

sponding only to pathogenic bacteria as opposed to normal
commensal flora such as exists within the intestines). Similarly,
by preferentially recognizing parasitic hsp70, the immune sys-
tem can distinguish between a bacterial versus a fungal infec-
tion.

The association of a protective humoral response against
pathogenic stress proteins lies at the crux of an apparent conun-

drum. Specifically, the vast majority of studies have shown that
the different stress proteins are located inside the cell. Although
still requiring further study, there have been a number of reports
which indicate that in some instances mycobacterial/bacterial
stress proteins either may be secreted or present on the bacterial
membrane. If however they are entirely intracellular, how does
the humoral response confer protection? One mechanism could
be the earlier described antibody-dependent cell cytolysis of
hepatocytes infected with P. falciparum which present the
pathogen's hsp70 on the surface of the infected cell. Yet, many
bacterial and parasitic pathogens produce their deleterious ef-
fects without ever entering host cells. One intriguing study sug-
gested that GroEL from Salmonella typhimurium mediated
binding of the bacterium to intestinal mucus (49). While GroEL
appeared to be secreted, it apparently was also present on the
cell surface. Interestingly, antibodies against GroEL blocked
Salmonella aggregation on the intestinal mucus. No biochemical
evidence was presented demonstrating a direct interaction be-
tween GroEL and the previously identified 15-kD glycoprotein
component of intestinal mucus that mediated binding of S. typhi-
murium. Nevertheless, this report suggests that GroEL, by a

change in its locale to the cell surface and/or its secretion, may
act as a "virulence factor" in S. typhimurium infection. Other
pathogens may have evolved similar mechanisms of infection
which may account for the observation that the humoral immune
response to stress proteins has been associated with protection.
Indeed, chlamydial DnaK has been observed on the surface of
elementary bodies, although its function at this site is unclear
(43). As mentioned earlier, antibodies against chlamydial
DnaK were associated with protection from the disease.

What about cell-mediated immunity against pathogenic
stress proteins? Most bacterial and parasitic agents appear to
induce such an immune response, but in some cases, rather
than protecting the host, the response tends to exacerbate or
contribute to the disease. For example, T cell responses to chla-
mydial GroEL has been associated with infection of the female
reproductive tract as well as the respiratory system (50). Simi-
larly, T cells that recognize GroEL from Borrelia burgdorferi,
the etiologic agent of Lyme's disease, line the synovium of
joints affected by the arthritic component of the disease (51 ).
These types of observations have raised the question of whether
these T cells were part of a general inflammatory response in
these illnesses, or instead, directly caused damage, perhaps by
cross-reacting with self-stress proteins. If the latter were true,
it would imply that the well conserved stress proteins contribute
in some way to autoimmune diseases.

Autoimmune diseases
The idea that stress proteins play some role in different autoim-
mune diseases remains highly controversial (52). There are a
few animal studies whose results are suggestive but by no means
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support, a direct role for stress proteins in autoimmune disease.
For example, T cell reactivity to mycobacterial GroEL appeared
to be important in the development of disease in the non-obese
diabetic (NOD) mouse model of insulin-dependent diabetes
(for review see reference 53). More recent work, however,
suggested that these GroEL reactive T cells somehow modu-
lated the immune response rather than directly causing diabetes
in the NODmouse (54, 55). Those T cells that recognized
mycobacterial GroEL in the adjuvant-induced arthritis rat model
probably play a similar modulatory role (for review see refer-
ence 53). With regards to human autoimmune diseases and
stress proteins, other than juvenile chronic arthritis (JCA), most
studies have demonstrated guilt only by association. To date,
only the synovial T cells from patients with JCA have been
shown to respond strongly to human hsp60 (56). Otherwise,
the literature is filled with studies that are mainly of a phenome-
nological nature; either they refute (several) the presence of an
association between stress proteins and most human autoim-
mune diseases; or they confirm an association (many), but do
not answer the fundamental question of cause and effect.

The discovery that T cells reactive to self-stress proteins
are present normally in otherwise healthy individual led to the
proposal that these T cells may recognize other cells undergoing
a stress response (for example, due to some type of an infection
or transformation) and thereby help to eliminate these cells
(38). Whether a particular stress event, be it infection, transfor-
mation, or some other type of metabolic insult, results in the
processing and presentation of peptides derived from self-stress
proteins to the immune system remains an extremely interesting
but unanswered question. Studies with established cell lines
have demonstrated that the intracellular locale of many stress
proteins changes in response to stress, but localization to the
cell surface, either as an intact protein or as a peptide associated
with the histocompatibility complex, has not been clearly dem-
onstrated. However those observations mentioned earlier in
which two of eleven self peptides present within the MHCclass
I molecule were derived from hsp90 implies that cells may
normally present self peptides derived from stress proteins on
a routine basis. That different forms of stress in vivo may lead
to an increase and/or alteration in the presentation of self-stress
peptides thereby providing for some type of activating signal
to the immune system is an interesting question which deserves
additional study.

Further fueling the idea that stress proteins are important in
immune cell recognition are studies reporting that both grp94
and hsp73 behaved as tumor rejection antigens. Both of these
stress proteins, when purified from a particular tumor and subse-
quently used as an immunogen conferred protection to challenge
from that same tumor but not to an antigenically distinct tumor.
Grp94 and hsp73 from normal cells provided no such tumor
immunity, and sequence analysis of the purified stress proteins
isolated from the tumors revealed no differences when com-
pared to the proteins isolated from nontumorigenic cells. Subse-
quent work however, reported that both hsp73 and grp94 bound
to a heterogeneous population of peptides (57, 58). Presumably,
the associated peptides found with grp94 and hsp73 from the
tumor cells were responsible for the successful tumor immunity,
but the direct demonstration that the bound peptides, when used
as the immunogen, could confer tumor resistance remains to be
shown. Thus, these data suggest that stress proteins are involved

in processing proteins for antigenic presentation, rather than
being immunogenic themselves.

Vaccines and immunotherapy
There is increasing excitement and enthusiasm for the use of
mycobacterial and parasitic forms of the stress proteins as novel
acellular vaccines and/or carrier-free adjuvants. For example,
mice primed with BCGand then immunized with a hapten
conjugated to tuberculin PPD produced long lasting and high
titres of anti-hapten antibodies without the use of adjuvants
(59). The same effect was observed if the hapten was conju-
gated directly to Mycobacterial GroEL or DnaK. Importantly,
this effect occurred even in the animal showing high titres of
antibody against the mycobacterial GroEL or DnaK stress pro-
teins used as the adjuvant. In fact, high doses of GroEL was
shown to be as effective a primer as BCG. However, the most
provocative and exciting finding was that an effective T cell-
mediated response could be induced by hapten conjugated to
DnaK, without the need for either an adjuvant or for previous
priming (60). Clearly, these results have broad implications for
vaccine development against infectious diseases and tumors.

Toxicology
Although too extensive in scope to adequately present here, we
should mention briefly that changes in stress protein expression
may prove useful as it relates to toxicology. In the hopes of
developing rapid assays as well as reducing the use of animals,
toxicologists are exploring the use of changes in the expression
of one or more of the stress proteins, in cells grown in vitro,
as a sensitive and reliable indicator of the possible toxic effects
of different compounds. As a further extension of this type
of technology, investigators are developing transgenic stress
reporter organisms. Using well defined heat shock promoter
elements to drive the expression of a reporter gene (luciferase,
B-galactosidase, chloramphenicol acetyl transferase) the re-
porter organism carrying such a construct would be used, for
example, in the monitoring of environmental pollutants (61).
Although such approaches are still at an exploratory stage and
requiring substantial validation efforts, exploiting changes in the
expression of the stress proteins as well as other gene products
associated with cellular injury (metallothionines, cytochrome
450 system) may revolutionize the field of toxicology.

Summary
A field of research that began with a curious observation in
Drosophila has resulted in a new understanding of how cells
respond to sudden and adverse changes in their environment.
In addition through the study of the structure/function of the
stress proteins, especially those which function as molecular
chaperones, new insights into the details by which proteins are

synthesized and acquire their final biologically active conforma-
tion have been realized. Equally exciting is the progress being
made as it relates the potential diagnostic and therapeutic appli-
cations of the stress-response proteins. The use of stress proteins
as the next generation of vaccines and/or their use as potentially
powerful adjuvants, capable of stimulating both T and B cell
responses to a particular antigen of interest appear close to

becoming a reality. One wonders how many more surprises are
in store for us as we continue to explore this evolutionally
conserved cellular stress response.
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