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Abstract

Molecular chaperones were considered to be intracellular, but there is increasing evidence demonstrating their cytoprotec-
tive and immune modulator properties outside the cell. The major extracellular chaperone (Hsp70) was also found in saliva,
indicating a possible effect of Hsp70 on mucosal surfaces. Here we summarize the immune-modulatory role of the 70-kDa
stress protein family, with special attention on the potential impact of salivary Hsp70 on oral defense mechanisms. There are
three major facets of Hsp70-induced immune activation: 1) the appearance of Hsp70 on the surface of certain tumor cells or
virally infected cells, leading to their phagocytosis and subsequent lysis; 2) the role of extracellular uncomplexed Hsp70 as
a danger signal, leading to the secretion of proinflammatory cytokines from antigen-presenting cells and T lymphocytes and
of nitric oxide from macrophages as well as to complement activation; 3) receptor-mediated uptake of peptide-loaded Hsp70
to antigen-presenting cells and cross-presentation of the Hsp70-peptide complex as an antigen to cytotoxic T cells and nat-
ural killer lymphocytes. The immune-activating effect of salivary Hsp70 may also be highly important in oral defense, espe-
cially in areas where molecular and cellular participants of the immune response appear on the surface of the oral cavity (i.e.
several lesions of the mucosa and the periodontal tissues).
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INTRODUCTION

The highly interesting research field dedicated to the
extracellular functions of the molecular chaperon
Hsp70 will be shortly summarized below. For further
details, please refer to recent reviews [7, 39, 50, 52, 54,
58, 63, 71, 72, 74]. Molecular chaperones used to be con-
sidered intracellular, but in recent years chaperones
(predominantly the 70-kDa heat shock protein — Hsp70)
were also found extracellularly in human blood sera [64,
66, 88], and the presence of some other chaperones
(cpn10 and cpn60) was also reported in pancreatic juice
[83]. The presence of a key molecular chaperone
(Hsp70) in human saliva was also demonstrated in our
previous studies [26, 27], indicating a possible effect of
Hsp70 not only in the extracellular compartment and
blood, but on mucosal surfaces as well.

There is increasing evidence for functions of Hsp70
outside of the cell, such as cytoprotection [36, 37, 41]
and modulation of cytokine release and immunity [39,
51,53, 54, 58, 63, 65, 72, 76, 84]. All these functions may
be important in relation to salivary Hsp70.

The cytoprotective properties occur through cell sur-
face association [11, 41], which may be followed by
internalization in some cases [36]. Although cytoprotec-
tive properties very likely contribute to the maintenance
of oral mucosal integrity, these properties are not con-
nected with immunological functions, and are not dis-
cussed in this paper.

Although there are several types of molecules and
cells with immunological functions in the saliva, the
potential immune-activating effect of salivary Hsp70
may also be highly important for two reasons: 1) salivary
Hsp70 may play a role in the prevention of bacterial
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infections and maintaining mucosal and periodontal
health due to a continuous unspecific defensive alert.
The intention of this function is very similar to that of
other salivary defense proteins, such as secretory IgA,
lysozyme, lactoferrin, lactoperoxidase, and salivary
agglutinins [14]. 2) Since saliva covers all surfaces of the
oral cavity, the immune functions of salivary Hsp70 may
become more pronounced in areas where the molecular
and cellular participants of the immune response appear
on the surface. These conditions include several kinds of
smaller or larger lesions of the mucosa and inflamma-
tions of the periodontal tissues (i.e. the inflamed inner
surface of the periodontal sulcus).

Because of the above-listed functions of salivary
Hsp70, in the present review we would like to summa-
rize our knowledge on the 70-kDa stress protein family
with special attention on its immune-modulatory role.
The potential impact of salivary Hsp70 on the oral
defense mechanisms in physiological and pathological
states will also be highlighted.

MEMBERS OF THE HSP70 MOLECULAR
CHAPERONE FAMILY

Hsp70 is a collective abbreviation of several similar
molecules of the 70-kDa molecular chaperone family.
Many chaperones are also called stress or Hsp due to
their increased expression after stress, e.g. heat shock.
The most important members of the Hsp70 family are
the constitutive cytosolic Hsc70 (Hsp73), the inducible
cytosolic Hsp70 (Hsp72), the Bip (Grp78) localized in
the endoplasmic reticulum, the mHsp70 (Grp75, mortal-
in [24]) localized in the mitochondria, and the several
bacterial homologues such as DnaK (in E. coli). By using
ATP, and working in concert with other chaperones and
co-chaperones, the members of the Hsp70-family take
part in nearly all of the typical intracellular chaperone
functions, including protein folding [21, 22, 30, 3§],
refolding of damaged proteins [68], inhibition of aggre-
gation [30, 38], resolubilization of aggregated proteins
[73], the transport of several proteins [30, 38], and the
control of several signal transduction pathways [9, 60],
including the induction of senescence [24]. Furthermore,
Hsp70 proteins are also involved in many processes out-
side the cell, including cytoprotection [36, 37, 41],
cytokine-releasing effects, and the modulation of various
immune functions [39, 51, 53, 54, 64, 65, 72, 76, 84].

Although it has not yet been investigated in detail, it
is very likely that salivary chaperone Hsp70 is not a new
member of the Hsp70 chaperone family, but rather
a mixture of several known Hsp70-type stress proteins,
including Hsp72 and Hsp73 [26, 27].

THE ORIGIN OF SALIVARY CHAPERONE HSP70

Salivary Hsp70 may originate from five main
sources: 1) salivary glands, 2) mucosal cells, 3) the peri-

odontal tissues as exudated serum proteins or as direct
blood contamination, 4) mucosal lesions as exudated
serum proteins or as direct blood contamination, or 5)
bacteria (bacterial Hsp70-homologues only). Of these
sources, only the salivary gland origin of Hsp70 has been
studied up to now [26, 27]. In our first study, a strong
secretory stimulation (taste and chewing together) was
used. The secretory parameters of salivary Hsp70 were
independent of those of amylase (a known secretory
protein of salivary gland acinar cells), as well as moder-
ately independent of the secretory parameters of total
salivary protein [26]. (Total salivary protein is a mixture
of proteins secreted from the acinar cells or passively
transported from the blood serum through the glandu-
lar tissue [32, 69].) In our second study, independence of
the secretory parameters from amylase and total protein
was found related to psychological stimulation as well
[27]. Although salivary Hsp70 is present in the human
parotid saliva collected with direct cannulation of the
parotid duct (authors’ unpublished data), the above
results indicate that Hsp70 is not secreted due to
a secretory exocytotic process of the acinar cells. The
transport of Hsp70 may involve passive transport via the
salivary glands from blood serum, similarly to other
blood proteins [32, 69] (i.e. albumin, blood group anti-
gens, etc.). A passive transport or a small-capacity active
transport [26, 27] from the striated duct cells of human
salivary glands is also possible, since a higher amount of
Hsp70 was detected in these cells compared with others
with immunocytochemical methods [82].

Previous data indicated that the Hsp70 chaperone
family lacks a conventional signal peptide sequence that
would allow them to be transported through cytosolic or
plasma membranes [35]. Consequently, transport [37,
40] would require either increased cell membrane per-
meability [29] or a specific exocytotic pathway, as
already was reported from a hepatosplanchnic source
[28] and from the brain [45] following body exercise.
A possible way of specific exocytotic transport via an
alternative vesicular pathway not involving the endo-
plasmic reticulum-Golgi compartment was already
reported [13]. This alternative transport of Hsp70 may
occur either through lipid rafts or through exosomes
[44]. Lipid rafts (also termed detergent-insoluble glycol-
ipid fractions or detergent-resistant membranes) are
specialized plasma membrane microdomains enriched
in cholesterol and sphingolipids and which form a dis-
tinct, liquid-ordered phase in the lipid bilayer of mem-
branes [18]. Exosomes are small (40-90 nm) membrane
vesicles that are secreted by numerous cell types [20,
43]. The release of Hsp70 through exosomes is indepen-
dent of the common secretory pathway, because
brefeldin-A, an inhibitor of the classical protein trans-
port, did not block Hsp70 release in human peripheral
blood mononuclear cells [43]. Moreover, the exosomal
release is independent of lipid raft-dependent pathways,
since treatment with methyl-f-cyclodextrin, a raft-dis-
rupting drug, had no effect on Hsp70 release [43].

If such specific active transport mechanisms (i.e.
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lipid rafts or exosomes) for the excretion of salivary
Hsp70 also exist, a release could be quickly triggered by
neuronal signals and/or by neuroendocrine hormones
[31]. Consequently, the transport would not require pas-
sive diffusion (i.e. from the blood serum) or a release
following an increase in cell membrane permeability or
cell-death [31].

IMMUNO-MODULATORY EFFECTS OF HSP70

Three major facets of immune activation have been
described for Hsp70 (and other stress proteins) [52].
The first of these involves the appearance of Hsp70 on
the surface of certain tumor cells or virally infected cells,
leading to phagocytosis and lysis of these cells [10, 55,
56, 67, 74, 79]. New findings indicate that surface
expression of Hsp70 on tumor cells is accompanied by
Hsp70-release involving lipid rafts and exosomes and
leading to an activation of natural killer (NK) cells also
in the environment [3, 6, 33].

The second facet of immune system activation
involves extracellular uncomplexed (“free”) Hsp70 as
an ancestral danger signal [49, 50] of cellular stress,
death, or lysis. The immune activation here is very simi-
lar to that of bacterial lipopolysacharides (LPS) and the
effect of LPS and extracellular Hsp70 seems to be addi-
tive [16]. Binding of Hsp70 to Hsp70-receptors on anti-
gen-presenting cells (i.e. macrophages) [19, 53, 77] and
on T lymphocytes [12] induces the secretion of proin-
flammatory cytokines. Extracellular Hsp70 also induces
inducible nitric oxide (NO) synthase and NO release
from macrophages [61]. Uncomplexed Hsp70 may also
activate NK lymphocytes (NK cells) [51, 53]. Although
other authors could not detect these effect with highly
purified Hsp70 preparations, and expected an endotox-
in contamination as a reason behind such effects [7, 84],
new results confirmed the real effect of uncomplexed
extracellular Hsp70 as a danger signal inducing the
secretion of proinflammatory cytokines (tumor necrosis
factor (TNF)-a, interleukin (IL)-1B, and IL-6) from
monocytes and macrophages [1, 16]. The proinflamma-
tory effect of Hsp70 is very likely exerted on innate
immune cells through the Toll/IL-1 receptor signal
pathway [2, 80] and NF-xB [2, 5]. Hsp70 uses both Toll-
-like receptors (TLRs) for bacteria such as TLR2 (for
Gram-positive) and TLR4 (for Gram-negative) [2, 25]
and also the receptor of the o,-macroglobulin on
macrophages [4]. Another important danger signal
function of uncomplexed Hsp70 is that Hsp70 also
induces complement activation via an antibody-inde-
pendent alternative pathway [65]. Thus, Hsp70 is able to
activate both the major humoral and cellular immune
responses.

The third facet of immune system activation involves
complexes of extracellular Hsp70 and other peptides.
Because of its chaperoning ability, uncomplexed Hsp70
binds other peptides, and as a complex induces recep-
tor-mediated uptake into antigen-presenting cells (i.e.

macrophages, dendritic cells) to cross-present this com-
plex as an antigen (coupled with MHC-I or MHC-II
molecules) to cytotoxic T cells and NK cells [8, 10, 51,
74, 75, 79]. Although bacterial Hsp70 associates mainly
with bacterial antigens, human Hsp70 associates pep-
tides such as self peptides, tumor peptides, or viral pep-
tides because these are derived from proteins synthe-
sized in human cells [75]. This means that the antigen-
-presenting function of Hsp70 is important not only
against bacteria, but also as an initiator of immune
defense against tumor cells and viral infections [8, 10,
51,71, 74,77, 79].

Besides the above described immune-activating
effects, Hsp70 exerts immune regulatory and anti-
-inflammatory functions as well [63, 76, 81]. It was
shown that low-affinity T cells are reactive against autol-
ogous heat shock proteins [57], which might lead to the
generation of Th2 (IL-4- and IL-10-producing), Th3
(transforming growth factor-B-producing), or Trl
(IL-10-producing) regulatory T cell responses (and
release of these regulatory cytokines) [63, 76, 81].

THE POSSIBLE DEFENSE FUNCTIONS
OF SALIVARY HSP70 IN HEALTHY SUBJECTS

On a healthy mucosal surface, an unspecific effect of
salivary Hsp70 should be expected first. This function is
based on the finding that the Hsp70 protein family (of
both mammalian and bacterial origin) specifically rec-
ognizes sulfoglycolipids (surface proteins of mucosal
cells) in vitro [11]. Consequently, bacterial surface
Hsp70 functions very likely as an adhesin to these cell
surface sulfoglycolipids [11]. Since salivary Hsp70 may
occupy sulfoglycolipid binding sites, Hsp70 is able to
prevent such surface binding [11], leading to the pre-
vention (or decrease) of bacterial adhesion to mucosal
surfaces. The cytoprotective ability of salivary Hsp70
may also defend the mucosal integrity against possible
extracellular toxins [41] and may decrease the apoptotic
and necrotic liability of the cells [36], also even in health
conditions.

The presence of several immune-competent cells on
the healthy oral mucosal surface should also be consid-
ered, since oral mucosa is extensively populated by anti-
gen-presenting cells (i.e. Langerhans and dendritic cell
[23]) and there is also a considerable flux of neutrophils
through the gingival sulcus into saliva even in health.
Regarding these, an important potential function of
salivary Hsp70 could be the modulation of antigen sam-
pling, since uncomplexed Hsp70 binds other peptides,
and as a complex induces receptor-mediated uptake
into antigen-presenting cells [8, 10, 51, 74, 75, 79].

The composition of the gingival crevicular fluid pro-
duced by the healthy periodontal tissues is very similar
to a serum transudate containing immune and inflam-
matory mediator proteins, such as members of the com-
plement system, immunoglobulins, cytokines, and also
immune cells such as polimorphonuclear (PMN) leuko-
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cytes, and monocytes/macrophages. Since saliva is
blended with gingival crevicular fluid in (and/or around)
the periodontal sulcus/pocket, the immunological func-
tions of salivary Hsp70 may be more active in this area
compared with other mucosal surfaces. The role of the
function of salivary Hsp70 in this case can be under-
stood as that of a confluent stimulator of the immune
surveillance, which may strengthen the effectiveness of
early immune reaction. Especially the complement-acti-
vating potential of Hsp70 [65] may be very important,
since complement activation is usually the first intensive
periodontal defense reaction against pathogenic bacte-
ria. This stimulating effect may be rather important,
since none of the other unspecific salivary defense pro-
teins (i.e. lysozyme, lactoferrin, lactoperoxidase, and
salivary agglutinins) activate complement by direct
means, and the main immunoglobulin of the saliva,
secretory IgA, also does not have such a property.

THE POSSIBLE DEFENSE FUNCTIONS
OF SALIVARY HSP70 IN MUCOSAL LESIONS
AND PERIODONTAL INFLAMMATIONS

In the case of mucosal lesions, the immune defense
is activated and both immune mediator molecules and
immune competent cells come in contact with saliva on
the surface of the lesion, where inflammatory serum
exudate containing a high amount of complement sys-
tem, immunoglobulins, immune and inflammatory
mediators, PMN leukocytes, and monocytes/macro-
phages are usually present. In the case of periodontal
inflammation, the situation is very similar. An inflam-
matory exudate appears very quickly in the periodontal
sulcus containing molecular constituents such as the
complement system, immunoglobulins, immune and
inflammatory mediators, and immune active cells such
as PMN leukocytes and monocytes/macrophages.

The first defense barrier is usually complement acti-
vation, followed by the opsonization of the bacteria with
antibodies and the appearance of a higher number of
PMN leukocytes and monocytes, leading to phagocyto-
sis and the degranulation and lysis of PMN cells with lib-
eration of lysosomal enzymes. Another important
expected mechanism is antibody-catalyzed ozone for-
mation on the surface of neutrophil PMN cells [59, 87],
leading to effective killing of bacteria (regardless of the
source or antigen specificity of the antibody [87]).

As a next step of the inflammation, lymphocytes
(T cells, B cells, NK cells) appear in the connective tis-
sue, but only very few of these cells appear on the sur-
face of the lesions (or in the gingival fluid in the case of
periodontal inflammation). Consequently, the potential
effects of salivary Hsp70 on lymphocytes such as NK
cells [51, 53], cytotoxic T cells [7, 51, 75, 84], or regula-
tory T cells [63, 76, 81] may play a less important role in
the mucosal and periodontal defense mechanisms.

In advanced phases of these processes, a higher
amount of Hsp70 will be present also from the inflam-

matory exudate of the blood sera and from the lysed
cells and lysed bacteria [47, 62, 78]. In these cases, the
importance of salivary Hsp70 can be considered as
a large reservoir of a continuous supply of damaged
Hsp70 molecules.

This continuous supply with salivary Hsp70 will be
rather needed, since the above immune mechanisms not
only kill and eliminate bacteria (or viruses), but the lib-
erated lysosomal enzymes and reactive oxygen and
nitrogen species, including the highly oxidative ozone
formation, also destroy immune molecules (i.e. antibod-
ies) and the surrounding cells, leading to tissue damage.
Hsp70 may play a crucial role in defending these impor-
tant molecules and tissues under these conditions by
increasing the resistance of the cells against extracellu-
lar toxins [41], and decreasing the apoptotic and necrot-
ic liability of the cells [36], and also because of its pro-
tein repair character (refolding ability) [68], the preven-
tion of protein aggregation [30, 38], and resolubilization
of such aggregates [73].

POSSIBLE ROLE OF SALIVARY HSP70
UNDER STRESS CONDITIONS

Stress response is one of the most highly conserved
adaptive response in nature. In unicellular organisms,
the stress response confers tolerance to a variety of
stresses, including hyperthermia, hyperoxia, hypoxia,
and other perturbations, which alter many functions of
the cell, including protein synthesis and several signal
transduction pathways [52]. This tolerance phenomenon
is also extremely important in multicellular organisms.
Studies examining the effect of stressor exposure on
Hsp70 responses were mostly focused on intracellular
Hsp70 levels, and many kinds of physical and chemical
stressors were tested. In contrast to the vast literature
on intracellular Hsp70, very few studies have tested the
effect of stress on extracellular Hsp70. In these
instances, stressors such as surgical operations [25],
intense physical exercises [15, 28, 85], and short-run psy-
chological stress [16, 31] were shown to induce extracel-
lular Hsp70. An extracellular elevation of another kind
of chaperon (Hsp60) was also shown to be induced by
long-term psychosocial stress [46]. In our previous
study, the significant prompt (i.e. within a few minutes)
elevation of salivary Hsp70 was also demonstrated fol-
lowing psychological treatment [27].

In the pioneering study by Campisi et al. [16], acute
psychological stress of rats was studied and the psycho-
immunological consequences related to elimination of
injected bacteria were measured. The acute stressor
induced significant increases in Hsp70 levels in the
blood rather quickly (latest after 25 min) and the level
remained elevated after 2 h. As a consequence of this
treatment, the elimination of the injected bacteria was
significantly more effective, the diameter of the inflam-
matory reaction induced by the injected bacteria was
significantly reduced, and the NO production in the
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inflamed area was significantly elevated. The effect
related to the diameter of the inflamed area was repro-
ducible with the administration of extracellular Hsp70
in unstressed animals, also indicating the crucial role of
Hsp70 in the phenomenon. The psycho-immunological
changes were strongly dependent of the stressor:
inescapable tail shock induced the above impressive
changes, whereas restraining did not significantly alter
any of the mentioned parameters [16].

Although the elevation of proinflammatory cyto-
kines (TNF-a, IL-1B, and IL-6) induced by Hsp70 were
measured in the Campisi et al. study [16] only in vitro,
the expected in vivo mechanisms of stress-induced
immunological changes may be explained as follows:
a psychological stress exposure increases extracellular
Hsp70, which acts as a danger signal leading to facilita-
tion of NO and proinflammatory cytokine production.
During the appearance of bacterial (or viral) injuries,
these may result in improved bacterial killing (or elimi-
nation of viruses) with less enlarged inflamed area and
quicker elimination of the invader bacteria (or virus).

Since the elevation of extracellular Hsp70 develops
at least partly via the classical stress response of the
hypothalamus-pituitary gland-adrenal gland axis and/or
sympathetic activation (i.e. the removal of the adrenal
gland decreases the elevation of extracellular Hsp70 sig-
nificantly) [31], it seems reasonable that all stressors
activating the classical stress response described by
Cannon [17] and Selye [70] would lead to similar eleva-
tion of extracellular Hsp70 with similar immunological
consequences.

Although the changes in salivary Hsp70 in stress
conditions have not yet been studied in detail, given that
salivary Hsp70 may also be changed in relation to psy-
chological stressors [27] it is reasonable to assume that
other stresses may also lead to an increase in salivary
Hsp70.

The consequence of such changes related to the oral
defense mechanisms can be an advantageously elevated
immune surveillance, which may strengthen the effec-
tiveness of early immune reactions as described above.
However, chronic stress may lead to a continuous acti-
vation that may result in the “exhaustion of the reserve”.
This in turn would lead to a decreased response in the
long run. A clinical consequence of such a possibility
would be longer healing time of mucosal lesions and the
unexpected appearance or rapid destruction of the peri-
odontal tissues (i.e. narcotizing gingivitis).

Another possible consequence may be the “over-
stimulation” of the immune responses. Some data in the
literature suggest that overexpression of Hsp70 may
play a role in the atopic-type immune reactions [34], but
there are no data on whether increased amounts of
Hsp70 would or would not be released from the cells.
Similarly, some data indicate that Hsp70 may play a role
in the haptenation of peptides, leading to the induction
of T cell immunity and sensitization [48], but it is not yet
known whether this effect is extracellular or not. If
extracellular (salivary) Hsp70 disposes these effects, the

clinical consequence of an “overstimulation” may be
mucosal hypersensitivity and allergic reaction. The small
mucosal lesions induced by wearing dentures may facil-
itate these effects because of the appearance of several
immune cells and immune molecules on the lesion’s sur-
face, leading to allergic-irritative mucosal symptoms
induced by dentures. Further, an irritative or allergic
reaction in the periodontal area (i.e. related to fixed
dentures such as crowns and bridges) may occur even
more frequently, since the composition of the gingival
crevicular fluid continuously produced by the periodon-
tal tissues is very similar to a serum transudate, and usu-
ally some immune cells, PMN leukocytes, and mono-
cytes/macrophages are also present.

The possible role of the increased level of extracel-
lular Hsp70 (including salivary Hsp70) in several
autoimmune mechanisms should also be considered [58,
63, 76] related to both mucosal and periodontal tissues.
Although Hsp70 shows rather pronounced proinflam-
matory effects which may lead to such disorders [63, 76],
administration of recombinant Hsp70 can attenuate
experimental autoimmune diseases [42, 86]. These find-
ings indicate that extracellular Hsp70 may take part not
only in the release, but also in the control of the inflam-
matory conditions of such disorders [63, 76].

CONCLUSIONS

As a summary, it may be established that extracellu-
lar Hsp70 plays an important role in immune modula-
tion. Extracellular Hsp70 is able to activate both the
major humoral and cellular immune responses. The
antigen-presenting function of extracellular Hsp70 is
important not only against bacteria, but also as an ini-
tiator of immune defense against tumor cells and viral
infections.

The immune-activating effect of salivary Hsp70 may
also be highly important in the oral defense, especially
in areas where the molecular and cellular participants of
the immune response appear on the surface. However
our knowledge related to salivary Hsp70 is still rather
limited. Some important questions needing to be
answered are: What is the main source of salivary
Hsp70? How is it transported? What is the specific gene
responsible for the synthesis of it? Is the amount of sali-
vary Hsp70 sufficient to be protective? Does it have
a real immune-modulatory function? Is salivary Hsp70
unique to humans? Besides summarizing the possible
role of salivary Hsp70 in oral immune functions, anoth-
er goal of the present review was to stimulate research
activities in connection with these questions.
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