34 e Chaperokine activity of Hsp72

Stress Proteins and Initiation of Immune Response:
Chaperokine activity of Hsp72

Running title: Chaperokine activity of Hsp72
Alexzander Asea

Division of Investigative Pathology, Scott & White Clinic and The Texas
A&M University System Health Science Center College of Medicine, Temple,
Texas

Keywords: Chaperokine; exosomes; exercise, heat shock proteins; inflammation;
lipid rafts; protein transport

Abbreviations used in this paper: AChE, acetylcholinesterase; eHsp72, extra-
cellular Hsp72; ER, endoplasmic reticulum; Hsp, heat shock proteins; Hsc70;
constitutively expressed seventy-kilo Dalton heat shock protein; Hsp72, stress
inducible seventy-kilo Dalton heat shock protein; HSF-1, heat shock factor-1;
IFN-y, interferon-gamma; IL, interleukin; LDH, lactate dehydrogenase; MBD,
methyl B-cyclodextrin; TGF-f1, transforming growth factor-betal .

Abstract

From its original description as solely an intracellular molecular chaperone, heat
shock proteins have now been shown to function as initiators of the host’s immune
response. Although the exact mechanism by which intracellular heat shock pro-
teins leave cells is still incompletely understood, recent work from several labs
suggest that heat shock proteins are released by both passive (necrotic) and active
(physiological) mechanisms. Binding to specific surface receptors is a prerequi-
site for the initiation of an immune response. To date, several cell surface proteins
have been described as the receptor for seventy kilo-Dalton heat shock protein
(Hsp70) including Toll-like receptors 2 and 4 with their cofactor CD14, the scav-
enger receptor CD36, the low-density lipoprotein receptor-related protein CD91,
the C-type lectin receptor LOX-1, and another member of the scavenger super-
family SR-A plus the co-stimulatory molecule, CD40. Binding of Hsp70 to these
surface receptors specifically activates intracellular signaling cascades, which in
turn exert immunoregulatory effector functions; a process known as the chaper-
okine activity of Hsp70. This review will highlight recent advances in understand-
ing the mechanism by which Hsp70 initiates the host’s immune response.
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Introduction

Heat shock proteins (Hsp) are highly conserved proteins found in all prokaryotes
and eukaryotes. In response to a wide variety of stressful stimuli, there is a
marked increase in total Hsp synthesis (38), known as the cellular stress response.
The stress response is designed to enhance the ability of the cell to cope with
increasing concentrations of unfolded or denatured proteins. Of all heat shock
proteins, the Hsp70 family constitutes the most conserved and best-studied class.
This family consists of the constitutively expressed Hsp70 (Hsc70; 73 kDa), the
stress inducible Hsp70 (Hsp70; 72 kDa), the mitochondrial Hsp70 (Hsp75; 75
kDa), and the endoplasmic reticulum Hsp70 (Grp78; 78 kDa). The function of
Hsp70 is exquisitely related to its structure. The Hsp70 family members all con-
tain two major functional domains, including a N-terminal domain, also referred
to as the ATPase domain which is composed of 45 kDa amino acids, and a C-ter-
minal domain composed of a 15-18 kDa substrate-binding domain (SBD), and a
10 kDa carboxy-terminal domain of largely unknown function (18, 41). The N-
and C-terminal domains have been shown to be critical in Hsp70 mediated cancer
immunoediting by mediating the acquisition of cellular antigens and their deliv-
ery to immune effector cells (18, 37, 48, 62, 69).

The term cancer immunoediting has replaced the term cancer immunosur-
veillance. The immunoediting hypothesis states that the immune system function
during tumor growth to select the tumor variants which are better suited to sur-
vive an immunologically intact environment (21). This hypothesis is based on
the existence of two paradoxical phenomena that occur during tumor growth.
First, the immune system is alerted to the presence of the growing tumor by the
release of “danger signals” including Hsp’s, cytokines and chemokines which
attract leukocytes into the tumor site and activate specific CTL responses, a
process known as an anti-tumor response. Second, the anti-tumor responses
exerts tumor sculpting effects that result in the selection of the tumor variants
which survive in immunologically intact hosts, thus escaping from immune-
mediated killing (21).

The primary function ascribed to Hsp72 was as an intracellular molecular
chaperone of naive, aberrantly folded, or mutated proteins as well as in cytopro-
tection following the kinds of stressful stimuli including environmental (U. V.
radiation, heat shock, heavy metals and amino acids), pathological (viral, bacteri-
al, parasitic infections or fever, inflammation, malignancy or autoimmunity) or
physiological stimuli (growth factors, cell differentiation, hormonal stimulation
or tissue development), induces a marked increase in intracellular Hsp72 synthe-
sis (38, 39), known as the stress response.

Reports indicating elevated levels of antibodies against the inducible form
of Hsp70 in patients with autoimmune diseases (43) led our group to speculate
that Hsp72 is found in the extracellular milieu and could exert chaperoning and
regulatory effects on various immunocompetent cells. We later extended these
findings and demonstrated that exogenously added Hsp72 possesses potent chap-
erone and cytokine activity, a term now referred to as the chaperokine ability of
Hsp72 (5). This review will briefly underscore recent advances in understanding
the role of this unique protein, describing how it is released from cells to how it
binds and stimulates the host’s immune response.



36 e« Chaperokine activity of Hsp72

Mechanisms of escape: Passive or active?

Initial studies from Gallucci and co-workers demonstrated that dendritic cells
(DC) are stimulated by endogenous signals received from stressed, virally infect-
ed or necrosis-induced cells, but not by healthy cells or cells undergoing apopto-
sis (25). The Srivastava group subsequently demonstrated that necrotic but not
apoptotic cell death leads to release of HSP’s including gp96, calreticulin, Hsp90
and Hsp70 (8). These authors showed that exposure of DC to necrotic but not
apoptotic cells resulted in the nuclear translocation of NF-kB and subsequent
maturation of DC (8), for review see (60). Additional studies from other laborato-
ries clearly demonstrates that cellular necrosis induces the release of Hsp’s from
cells (12, 55). Necrotic cell death is highly unregulated and in the majority of
cases only occurs during trauma. We hypothesized that other physiological
mechanism must be at work.

Prior to these studies, Pockley and coworkers demonstrated the presence of
soluble Hsp70 and antibodies against Hsp70 in the peripheral circulation of nor-
mal individuals (52). These and other authors later demonstrated elevated levels of
circulating serum Hsp70 during a variety of diseases including atherosclerosis
(51), hypertension (50) and renal disease (70), sickle cell disease (1) and in aging
(63). One might argue that released Hsp70 during disease does not negate the pos-
sibility that Hsp70 is getting into the circulation via a necrotic cell death pathway.
However, three lines of evidence seem to point to an active release mechanism.
First, data from the Febbraio laboratory demonstrate that physical exercise results
in the appearance of Hsp70 in the circulation prior to any increase in gene or pro-
tein expression in contracting skeletal muscle (68). Additional studies have con-
firmed these findings and recently it was demonstrated that both intensity and
duration of exercise influences the concentration of released eHsp72 in the plasma
(23). Second, psychological stress induced by exposure of Sprague Dawley rats to
cats results in the release of Hsp72 into the circulation (24). Third, the human
brain is able to release Hsp72 into the circulation in response to exercise (35).

In an in vitro study, Guzhova and colleagues demonstrated that Hsp70 is
released by glia cells in the absence of necrotic cell death (31). More recently,
Hsp70 has been shown to be released by B cells (19) and peripheral blood
mononuclear cells (33) under non necrotic conditions. Using conditions that will
not induce significant cell death, we showed that IFN-y and IL-10 induce the
active release of constitutive seventy-kilo-Dalton heat shock protein, Hsc70 from
tumors (7). However, these initial studies did not address the mechanism of
release. Recently, our group (9, 28) and others (34) have begun to elucidate the
mechanism of active release of Hsp70 from viable cells.

In our study, we showed that certain cytokines normally found in high con-
centrations within inflammatory foci including IFN-y, IL-10 but not TGF-f1,
induce the active release of Hsp72. We further showed that whereas some Hsp72
could be found as free Hsp72, a proportion of Hsp72 was released within exo-
somes (9). Exosomes are internal vesicles of multi-vesicular bodies (MVB) that
are released into the extracellular milieu upon fusion of multivesicular bodies
MVB with the cell surface (53, 71, 72). In addition to containing Hsp72 (9, 28),
exosomes are highly packed with immunostimulatory mediators including MHC
class I and IT (53,71, 72) and costimulatory molecules (22). This seems to help
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explain the potent effect observed by HSP-based immunotherapy against certain
cancer (59, 61). Our group recently demonstrated that Hsp72 was released by a
non classical protein transport pathway and that intact surface membrane lipid
rafts were required for efficient stress-induced Hsp72 release (9, 28). Similar
findings were demonstrated in B cells (19). Studies by Lancaster & Febbraio
recently demonstrate that exosomes provide the major pathway for secretory
vesicular release of Hsp72 (34). However, using methyl-p-cyclodextrin (the cho-
lesterol depleting agent) to disrupt lipid raft function, these authors were unable
to confirm a role for lipid rafts in stress-induced Hsp72 release from human
peripheral blood mononuclear cells PBMC (34). In order to address the cellular
location of Hsp72 after stress, a recent study demonstrated that newly synthesized
Hsp72 protein localizes within the Golgi region of HELA cells and also concen-
trates on the surface of the plasma membrane and in the ruffled zone of migrating
cells (56).

The binding step: Hsp70 receptor

For Hsp70 to be an effective danger signal, it must bind to specific cell receptors.
Hsp70 has been shown to bind selectively and with high specificity and affinity to
a number of cells including natural killer (NK) cells (30, 45, 46), dendritic cells
(DC) (6, 54), macrophages, peripheral blood monocytes (4-6), and B cells (2). In
contrast, T lymphocytes do not bind HSP70 (2). Our group was the first to
demonstrate that the Toll-like receptors 2 and 4 with their cofactor CD14 is a
receptor for Hsp70 (6). These results were independently corroborated by others
(66). In addition, to date the list of putative Hsp70 receptors have grown and now
includes the scavenger receptor, CD36 (20, 47), the co-stimulatory molecule,
CD40 (10), the low-density lipoprotein receptor-related protein CD91 (14-17),
Lox-1 (20, 64) and SR-A, another member of the scavenger superfamily (11, 32).

The signaling step

Immediately following binding, extracellular Hsp70 (eHsp70) stimulates signal
transduction cascade dependent on the receptor to which it is bound (for review
see (3)). Binding of eHsp70 to the surface of human monocytes stimulates rapid
intracellular Ca®* flux (10 seconds), activate NF-kB (30 minutes) and upregulate
the expression of pro-inflammatory cytokines in human monocytes (2 h post chal-
lenge) (5). We reported that eHSP70-induced pro-inflammatory cytokine produc-
tion is mediated via the myeloid differentiation factor 88/IL-1R-associated
kinase/NF-kB (MyD88/IRAK/NF-kB) signal transduction pathway and that
eHSP70 utilizes both TLR2 (receptor for Gram positive bacteria) and TLR4
(receptor for Gram negative bacteria) to transduce its pro-inflammatory signal in
a CD14-dependant fashion (6). Human monocytic cells, THP1 transfected with
the dominant negative MyD88 plasmid or a combination of both dominant nega-
tive TLR2 and TLR4 inhibited HSP70-induced IL-1f expression (3). However,
only a combination of dominant negative MyD88/TLR2/TLR4 completely inhib-
ited eHSP70-induced IL-1f expression (3). These results were independently cor-
roborated by the work of Vabulus and co-workers (66). In addition, these authors
demonstrated that Hsp70 directly stimulated IKK and JNK kinase signaling by
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APCs and that this effect could be partially eliminated by knocking out either
MyD88 or TRAF6 (66).

Signaling of eHsp70 via the scavenger superfamily including CD91, Lox-1
and SR-A has been shown to activate NF-kB signaling (17, 64). Further upstream
signaling remains to be elucidated. On the other hand, binding of eHsp70 to the
costimulatory molecule, CD40 has not been shown to directly activate the
MyD88 adaptor protein but to instead activate TNF-associated factor-6 (TRAF6)
(10) before bifurcating to either the NF-kB or the mitogen activated protein
kinase (MAPK) signal transduction pathway.

Initiation of immune responses: the chaperokine
activity of Hsp70

Chaperokine, is a recent term coined to better describe the unique function of
extracellular Hsp72 (eHsp72) as both chaperone and cytokine (for review, see
Ref. (3)). After admixing eHsp70 to APCs, specific signal transduction pathways
are activated that result in the stimulation of an immune response. eHsp72
induces a plethora of immune responses and the list continues to grow. Our group
demonstrated that as early as 2-4 hours post exposure of APC to exogenous
eHsp70, there is significant release of cytokines including TNF-a, IL-1p, IL-6
and IL-12 (5, 6) and GM-CSF (58); nitric oxide, a potent apotogenic mediator
(49); chemokines including MIP-1, MCP-1 and RANTES (36, 49) (Fig. 1). Earli-
er, we had demonstrated that both peptide-bearing and non peptide-bearing
eHsp70 is capable of inducing pro-inflammatory cytokine production by APCs
(4). eHsp72 induces the DC maturation by augmenting the surface expression of
CD40, CD83, CD86 and MHC class II molecules on DC (6, 8,48, 57) and migra-
tion of DC (13) and NK cells (28)(Fig. 1).

The Hsp70-endotoxin debate

It is imperative to note that important questions still remain unanswered about the
putative Hsp70 receptor and clearly much work remains, especially pertaining the
structural data on interaction of Hsp70 with nearly all of the receptor candidates
(for review see (17)). In addition, the debate that endotoxin contamination of cer-
tain recombinant Hsp72 preparations mediates the chaperokine activity of Hsp70
rather than pure Hsp70 itself (26, 27, 65), has now been addressed by our group
(9) and independently corroborated by others (37, 40, 42, 69). Briefly, when spe-
cial care is taken to control for endotoxin contamination, clear effects of Hsp70
can be demonstrated. Some precautions including physical assays like addition of
an additional microdialysis step to remove unbound peptide and other contami-
nants, passing all Hsp70 protein preparations through polymyxin B column and
only using preparations with less than <1.0 endotoxin units per 20 ug of protein
must be performed. In addition, functional assays include boiling Hsp70 protein
preparations at 100°C, 60 minute, which denatures Hsp70 but not LPS. Pre-treat-
ment of Hsp70 preparations with protinase K, which inhibit Hsp70-induced, but
not LPS induced-cytokine release by APC. Addition of soluble CD14 to
macrophages enhances LPS-induced, but not Hsp70-induced cytokine release.
Pre-treatment of macrophages with BAPTA-AM, an intracellular calcium chela-
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Figure 1: Schematic representation of stress-induced release of eHsp72. Stress (lightning
blot) activates at least three pathways that result in the release of Hsp72 into the circula-
tion. First, if trauma to the cell is overwhelming stress will activates the death pathway
either by necrosis or apoptosis and Hsp72 is released from the cell. Second, stress can acti-
vate the stress response by triggering the trimerization and nuclear translocation of cyto-
plasmic HSF-1 (brown rods) to the heat shock element (HSE) and subsequent transcription
of Hsp72 (stars). The increased intracellular Hsp72 chaperones peptides (Hsp72-peptide
complex) and protects the cell from cell death under certain conditions. The Hsp72-peptide
complex is expressed on the cell surface and released into the extracellular milieu within
exosomes; Hsp72-exosomes (yellow circle). Hsp72-peptide complexes (Hsp72-pc) and
Hsp72-exosomes (Hsp72-ex) make their way into the circulation and can be measured by
classical sandwich ELISA. Antigen presenting cells bind and internalize Hsp72-pc and
Hsp72-ex. Binding to specific receptors mediated a signal transduction cascade that results
in the initiation of an immune response characterized by the upregulation of pro-inflamma-
tory cytokines, chemokines, nitric oxide and costimulatory molecules. Internalization of
Hsp72-pc and Hsp72-ex allows the peptides to be processed and presented in the context
of MHC class I to cytotoxic T lymphocytes (CTL). CTL’s become activated and will rec-
ognize and destroy cells presenting the specific peptide. Circulating Hsp72-ex induces NK
cells migration and the expression of Hsp72-pc on the surface of stressed cells activates
NK lytic functions. Thirdly, stress in form of physical of psychological stress will stimulate
the release of Hsp72-pc and Hsp72-ex into the circulation by a hitherto unknown mecha-
nism and by a yet to be discovered tissue/organ.
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tor, inhibits efficient Hsp70-induced, but not LPS induced-cytokine release, and
measurement of intracellular calcium flux, which is only induced by Hsp70, not
LPS (5, 40). When similar measures were used to control for LPS contamination
of rHsp70 preparations, Hsp70 augments dendritic cell (DC) effector functions
and when admixed with specific antigens, triggers autoimmune diseases in vivo
(42), and DC pulsed with peptide loaded rHsp70 generated potent antigen-specif-
ic CTL responses (40). However, mutation of the peptide binding domain of
Hsp70, rendered the mutants incapable of generating antigen-specific CTL
responses (40). Since the results were based on recombinant technology and yet
both preparations elicit disparate effects, this seems to exclude the possibility that
endotoxin contamination of Hsp70 preparations is responsible for their observed
effects. Finally, it must be noted that although the most up-to-date techniques to
eliminate endotoxin contamination may be used, it is virtually impossible to com-
pletely eliminate this possibility. This is a problem for all researchers using
recombinant proteins and not just Hsp70. However, all these studies strongly sug-
gest that when special care is taken to control for LPS contamination, clear effects
of Hsp70 can be demonstrated.

Interestingly, the immune effects of circulating Hsp72 in the host are not
encumbered by these questions. It is quite plausible that in the circulation, Hsp70
might chaperone endotoxin. Due to eHsp72’s chaperone ability, it is highly
unlikely that one will find peptide-free eHsp72. We predict that in vivo, circulat-
ing Hsp72 will chaperone not only peptides from the parent cell, but quite possi-
bly bacterial fragments/products it finds in the circulation. To underline this point,
a recent study demonstrated that psychological stress induced the release of bac-
teria from the gut (67). Since psychological stress induces the release of eHsp70
into the circulation, it is quite probable that when isolated, purified, and enriched,
samples of circulating eHsp70 will be found chaperoning endotoxin. However,
this hypothesis needs to be tested.

Conclusion

This review has draw attention to recent advances in our understanding the mecha-
nism by which eHsp70 initiates host’s immune response. eHsp72 is released into
the extracellular milieu within exosomes by a non classical protein transport mech-
anism, requiring intact lipid rafts (Figure 1). In addition, eHsp72 can also be
released via necrosis as would be expected during non-physiological conditions
including trauma. eHsp72 is found in the circulation of healthy individuals, howev-
er elevated levels can be found in various disease conditions and in response to
moderate exercise and acute psychological stress (Figure 1). eHsp72 binds with
high affinity and avidity to specific cells of the immune system and activates spe-
cific signal transduction cascades depending on which receptor it bind. Finally,
eHsp72 stimulates the hosts’ immune response in an attempt to rid the host of infec-
tion or tumors (Figure 1).

Exciting work now remains to be performed that will decipher the source
and exact target of circulating serum Hsp72 in psychological stress and exercise.
This information will allow researchers to develop highly effective pharmacolog-
ical and/or molecular tools for patients with “burnout” syndrome (44) and the
super athletes (29) both of whom are exquisitely prone to infections.
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