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Abstract—Heat shock proteins (HSPs) are important factors of protein homeostasis and possess chaperone
properties, providing for a folding and intracellular transport of proteins and facilitating the recovery or utili-
zation of proteins partly denatured on exposure to various stress factors. Proteins of the Hsp70 family are the
most universal molecular chaperones and interact with the greatest number of protein substrates. Several pro-
teins of the Hsp70 family are released into the extracellular space, where they play an important role in inter-
cellular communications and act as alarmins, or “danger signals,” to modulate the immune response. The
secreted Hsp70 can additionally act as an effective neuroprotector, increasing the survival of neurons in var-
ious proteinopathies, as has been demonstrated in Alzheimer’s and Parkinson’s disease models. In this
regard, recombinant Hsp70 and inducers of endogenous Hsp70 synthesis may be considered as candidate
therapeutics with immune-modulating and neuroprotective properties.
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INTRODUCTION
Every stress factor (heat shock (SH), hypoxia, oxi-

dative stress, heavy metal salts, etc.) increases the cell
concentration of denatured proteins, which then
aggregate to alter the cytoplasm structure and to cause
cell death. The proteins that prevent aggregation of
denatured proteins and facilitate their refolding and a
folding of proteins synthesized de novo are collectively
known as molecular chaperones [1, 2]. The levels of
certain chaperones substantially increase in stress
(e.g., SH). These proteins are known as heat shock
proteins (Hsps), or stress proteins. Hsps form the most
ancient universal defense system, which helps cells
and the total body to survive at higher temperatures
and on exposure to other stress factors [3‒7]. Accord-
ing to a commonly accepted classification, the Hsp
proteins are grouped by molecular weight: small Hsps
(sHsps, 10‒30 kDa), Hsp40 (40 kDa), Hsp60 (chap-
eronines), Hsp70 (68–78 kDa), Hsp90 (82–96 kDa),
and Hsp110 (a group of proteins broadly varying in
molecular weight from 80 to 170 kDa). Each group
includes up to several tens of individual proteins,
which are similar in both structure and function [8].
Based on the expression pattern, the Hsp proteins are
classified into two large groups, inducible, which sub-

stantially increase in synthesis in stress, and constitu-
tive (Hscs), which are normally expressed to a high
level and are only slightly, if at all, upregulated in stress
[4, 9].

The Hsp70 protein is thought to act as a key com-
ponent of the system responsible for the folding of
proteins synthesized de novo and the refolding of
partly denatured proteins in stress because Hsp70 is
capable of interacting with the broadest range of pro-
tein substrates as compared with other chaperones
[10]. The Hsp70 capability of preventing protein
aggregation in stress determines, to a great extent, how
efficiently the organism adapts to adverse environ-
mental conditions, such as frequent changes in tem-
perature, dehydration, hypoxia, exposure to various
toxins, and others [4, 7]. Species adapted to extreme
biotopes were found to have far higher intracellular
Hsp70 levels as compared with related species from
biotopes with more favorable conditions [5, 7, 11].

Apart from acting as a molecular chaperone in the
cell cytoplasm, Hsp70 is secreted into the extracellular
medium, released into the circulation, and performs
functions similar to those of cytokines; i.e., Hsp70
plays a role in intercellular signaling. Several receptors
were identified to recognize secreted Hsp70, and cer-
tain specific effects were described to result from an
increase in extracellular Hsp70. For example, extra-
cellular (exogenous) Hsp70 affects activities of several
immune cells (primarily, macrophages and neutro-

Abbreviations: ROS, reactive oxygen species; LPS, lipopolysac-
charide; APP, amyloid precursor protein; eHsp70, exogenous
Hsp70; Hsp, heat shock protein; TLR, Toll-like receptor; AD,
Alzheimer’s disease; HS, heat shock.
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phils) by binding to Toll-like receptors 2 and 4 (TLR2
and TLR4) [12‒14]. Secreted Hsp70 additionally pos-
sesses high neuroprotective activity, improves the neu-
ronal survival on exposure to a number of stress factors,
and decreases the level of neuronal apoptosis in models
of certain neurodegenerative disorders [15‒19]. Intense
studies consequently focus on inductors of Hsp70 syn-
thesis and recombinant Hsp70 as promising immuno-
modulating and cytoprotective agents.

INTRACELLULAR Hsp70 AS A MAIN 
MOLECULAR CHAPERONE

The human genome harbors 13 genes characterized
to code for Hsp70-group proteins, which are desig-
nated HSPAs. HSPA1A, HSPA1B, and HSPA6 are
upregulated to the greatest extent in HS. The tissue-
specific proteins HSPA1L and HSPA2 are constitu-
tively produced to high levels in the testis and several
other tissues. HSPA5 (earlier known as GRP78, or the
binding immunoglobulin protein (BiP)) is localized in
the endoplasmic reticulum. HSPA5 is necessary for
the folding of almost all proteins occurring in the
endoplasmic reticulum, including immunoglobulins.
The HSPA7 gene was thought to be a pseudogene for a
long time. However, the available data indicate that
HSPA7 is a functional gene and is highly homologous
to HSPA6 [8]. HSPA8, initially described as HSC70
and HSP73, occurs in the cytosol and is involved in
cotranslational protein folding and protein transport
across intracellular membranes. HSPA9 is a mito-
chondrial protein; HSPA13 (or Stch) is localized in
microsomes. HSPA12A, HSPA12B, and HSPA14 are
evolutionarily more distant members of the Hsp70
family, and reliable information on their functions is
currently unavailable [8]. HSPA1A, HSPA1B, and
HSPA1L are tightly clustered in the human and other
mammalian genomes, while the other genes of the
group are scattered through the genome [20‒24].

As was found by X-ray crystallography, an HSPA1A
molecule consists of a conserved N-terminal domain
of approximately 450 amino acid residues and a vari-
able C-terminal domain of approximately 200 resi-
dues. The N-terminal domain possesses ATP-binding
and, in the presence of certain protein cofactors,
ATPase activities. The domain is similar in tertiary
structure to the ATP-binding domains of actin and
hexokinases. The C-terminal domain forms a sub-
strate-binding site, which interacts with target proteins
[25, 26]. Because Hsp70 has high affinity for ATP, its
isolation by affinity chromatography on ATP-Sephar-
ose is efficient and is broadly used in laboratory
research [27].

Various functions are performed in the cell by the
Hsp70 family proteins, and the majority of the func-
tions are associated with their chaperone activity. The
effect of Hsp70 is based on its capability of interacting
with other cell proteins to prevent their aggregation
and to facilitate the recovery of native structures by
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proteins partly denatured on exposure to various stress
factors [10, 28, 29]. In addition, Hsp70 binds with de
novo synthesized proteins during polypeptide chain
elongation and facilitates their folding (Fig. 1a). The
interaction of Hsp70 with partly denatured proteins is
determined by the features of its C-terminal domain,
which contains a hydrophobic pocket structurally
similar to the peptide-binding site of main histocom-
patibility complex (MHC) molecules, especially those
of MHC type II. The structure of the peptide-binding
pocket in Hsp70 is more open than in MHC mole-
cules, thus allowing interactions not only with pep-
tides, but with full-size proteins as well [26]. Hsp70
recognizes the sequences that are enriched in hydro-
phobic amino acid residues. Such hydrophobic
regions are predominantly localized within protein
globules in normal conditions and their exposure on
the protein surface usually suggests damage to the pro-
tein structure. Hydrophobic sequences recognized by
Hsp70 were found to occur in every 40 amino acid res-
idues on average [30]. To interact with substrate pro-
teins, the Hsp70 family chaperones need several
cofactor proteins, which regulate ATPase activity of
Hsp70, exchange of ADP for ATP, and a transfer of the
substrate protein from Hsp70 to another chaperone.
To interact with Hsp70, a substrate protein must be in
complex with Hsp40 (DnaJ), which acts both as a
molecular chaperone capable of recognizing the pro-
teins lost their native conformations and as a cofactor
of Hsp70. Then ATP-bound Hsp70 interacts with the
DnaJ–substrate protein complex. DnaJ subsequently
stimulates ATP hydrolysis to ADP and stabilizes the
interaction of Hsp70 with the substrate protein. DnaK
has higher affinity for ADP than for ATP, and ADP-
for-ATP exchange consequently requires a nucleotide
exchange factor as an additional accessory protein.
Several cofactors are known to stimulate dissociation
of the eukaryotic Hsp70–ADP complex; Hsp110 is the
main of them. Once the Hsp70–ADP complex disso-
ciates, the substrate protein is released and a new ATP
molecule bound. Several association–dissociation
cycles accompanied by ATP hydrolysis are usually
necessary for Hsp70-assisted protein folding. The
energy of ATP hydrolysis is utilized to stabilize the
intermediate conformation of a protein during the res-
toration of its native structure [31]. In addition, chap-
erones decrease the entropy of a client protein by
reducing the number of possible intramolecular inter-
actions [32]. To complete their folding into native
structures after dissociating from Hsp70, many pro-
teins smaller than 60 kDa interact with other chaper-
ones, namely, Hsp60 (chaperonines) or Hsp90. Irre-
versibly denatured proteins, which are incapable of
restoring their native conformations, are ubiquitinated
after their interaction with Hsp70 and are then
degraded in proteasomes [33]. CHIP ubiquitin ligase
and proteins of the Bag family (alternative nucleotide
exchange factors of Hsp70) play a key role in choosing
the pathway between a refolding or degradation of the
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Fig. 1. (a) Mechanism of action of chaperones as intracellular proteins: (1) partly denatured proteins; (2) an intermediate confor-
mation (a transition state); (3) a native conformation; (4) aggregates. Chaperones, including Hsp70, prevent aggregation of partly
denatured proteins and facilitate their folding into native structures by stabilizing their transition states with the use of energy from
ATP hydrolysis. (b) Exogenous Hsp70 as a cytokine. According to a hypothetical mechanism, exogenous Hsp70 blocks the effect
of LPS by competing for TLR4.
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substrate protein. Hsp70 is involved in ubiquitin-
dependent degradation of many cell proteins, includ-
ing actin, α-crystallins, glyceraldehyde 3-phosphate
dehydrogenase, and histone 2A [34].

Apart from cell protein renaturation after stress,
proteins of the Hsp70 family are necessary for cotran-
lational protein folding in normal conditions [30, 35,
36]. Virtually all cell proteins at least temporarily
interact with HSPA8 (a constitutively expressed mem-
ber of the Hsp70 family) during translation. The
Hsp70 family proteins are involved in lysosomal deg-
radation of intracellular proteins, playing a role in
their transport across the membrane in complex with
lysosomal-associated membrane protein 2 (LAMP2)
[37]. Protein transport into the endoplasmic reticulum
and mitochondria also requires the Hsp70 family pro-
teins. Newly synthesized proteins bind with HSPA1L
and HSPA2 in the cytosol. As the proteins are trans-
ported across the mitochondrial membrane, the
resulting complexes dissociate, and their dissociation
is accompanied by ATP hydrolysis. In the cytosol,
HSPA1L and HSPA2 render the polypeptide chain
unfolded and prevent the formation of a tertiary struc-
ture, which hinders protein transfer through the trans-
locon [38]. ATP is not required for transporting pro-
teins preliminarily denatured with urea. During the
transfer across the membrane and cleavage of the N-
terminal signal sequence, the polypeptide chain binds
with mitochondrial Hsp70 and is then released after
ATP hydrolysis. When mitochondrial Hsp70 interacts
with a transported protein, ATP hydrolysis provides
energy for transferring the protein across the inner
mitochondrial membrane [39‒41].

The proteins that are secreted into the intercellular
medium or expressed on the cell membrane are inca-
pable of folding into native structures in the endoplas-
mic reticulum without being assisted by chaperones.
HSPA5 binds to the luminal moiety of a transmem-
brane pore and facilitates the transfer of newly synthe-
sized proteins from polysomes into the endoplasmic
reticulum [42, 43]. In the lumen of the endoplasmic
reticulum, HSPA5 is necessary for a refolding of the
receptors for insulin, immunoglobulins, and other
secreted proteins [44, 45]. In addition, HSPA5 is
involved in endoplasmic reticulum-associated degra-
dation (ERAD) of damaged proteins in stress [46, 47].

The Hsp70 protein is an important component of
the antioxidant system, which protects the cell from
free radicals. Hsp70 expression is upregulated in oxi-
dative stress. Hsp70 plays a role in degradation of oxi-
dized proteins and stimulates superoxide dismutase
and catalase activities, thus indirectly contributing to
inactivation of superoxide anions and hydrogen perox-
ide [33].
MOLECULAR BIOLOGY  Vol. 53  No. 2  2019
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Vast data have accumulated to date to indicate that
Hsp70 and small Hsp proteins act as efficient apopto-
sis inhibitors [48‒55]. Hsp70 blocks p53-dependent
apoptosis and apoptosis induced by TNF-α, but does
not affect Fas-mediated apoptosis [56]. Hsp70 acts at
various steps of the apoptotic cascade to affect apop-
tosis. First, Hsp70 expression substantially inhibits
activation of the SAPK/JNK stress kinases, which act
as main early triggers of apoptosis [57‒60]. Hsp70
prevents the cytochrome c release from mitochondria,
thus suppressing the Bax translocation [61]. There are
data that Hsp70 interacts with Apaf-1 to prevent its
complexation with cytochrome c and activation of
caspase 9 [62]. To affect apoptosis, the Hsp70 family
proteins are additionally capable of interacting with
Bag1, which activates the Bcl-2 anti-apoptotic protein
Вcl-2 [57].

Several findings implicate Hsp70 in regulating
apoptosis at later steps. For example, constitutive
Hsp70 expression decreases the intensity of proteolysis
of caspase-3 substrates, although Hsp70 does not
directly affect catalytic activity of activated caspase 3
in vitro [57]. It is possible that Hsp70 binds with
caspase substrates to prevent their proteolysis. The
hypothesis is supported by the finding that Hsp70 is
capable of protecting cells that express originally active
gene-engineering caspase 3 from death [63]. Hsp70
can interact with proteins of the NF-κB family to pre-
vent their transfer into the nucleus, thus suppressing
TNF-induced apoptosis in U-937 cells. The effect is
independent of the NF-κB inhibitor (IkB) because
IκB is undetectable in Hsp70 complexes with p65 or c-
Rel [64].

The protective effect of intracellular Hsp70 has
both positive and negative aspects. On the one hand,
the Hsp proteins act as protective factors by preventing
apoptosis in brain cells and cardiomyocytes in isch-
emia. For example, induction of Hsp70 expression in
the myocardium decreases the extent of cardiomyo-
cyte death from ischemia in myocardial infarction and
heart surgery. Several chemical compounds, such as
the Hsp synthesis inducers bimoclomol and geranyl-
geranyl-acetone, were proposed as drugs to reduce risk
of postoperative complications [65]. In brain tissues,
Hsp70 inhibits of α-synuclein and tau protein aggre-
gation, thus exerting a neuroprotective effect and pre-
venting neurodegenerative disorders, such as parkin-
sonism and Alzheimer’s disease [60, 67]. On the other
hand, Hsp70 may promote carcinogenesis by exerting
its high antiapoptotic activity. Constitutively high
Hsp70 levels are observed in the majority of tumors
compared with surrounding tissues and confer resis-
tance to many cytotoxic factors, including apoptosis-
inducing chemotherapeutics, and hypoxia due to
insufficient vascularization of the tumor [53, 54, 68,
69]. A high Hsp70 level in the tumor suggests a poor
prognosis in certain cancers [70]. A screening of
chemical compounds is consequently performed now
to identify the agents that are capable of inhibiting
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Hsp70 activity and can be considered as potential anti-
cancer drugs potentiating the effect of chemothera-
peutics, such cisplatin [71].

MECHANISMS OF EXOGENOUS Hsp70 
SECRETION

For a period of time after their discovery, the Hsp
proteins were thought to be exclusively intracellular
proteins with functions restricted to maintaining pro-
tein homeostasis in the cell. However, more recent
data showed that many Hsps (as well as several other
proteins earlier believed to be intracellular) are
released into the intercellular space in certain condi-
tions. For example, rat embryonic cells in primary cul-
ture release several Hsps (Hsp110, Hsp70, and Hsc70)
into the culture medium when exposed to HS [72].
Further studies showed that human Hsp70 circulates
in the blood serum in all people free from overt disor-
ders [73]. It was found that members of the majority of
Hsp families are secreted into the intercellular space
and occur in circulation. Secretion into the intercellu-
lar medium was demonstrated for Hsp27, Hsp60,
Hsp70, Hsc70, Hsp90, and Hsp110 both in vitro and
in vivo. The capability of Hsp secretion is not specific
to a particular cell type because several research teams
independently demonstrated Hsp secretion by neu-
rons, monocytes, macrophages, B cells, endothelial
cells, and tumor cells of the epithelial origin [13, 74–77].
Secretion of Hsp70 and its cofactor Hsp40 was
observed not only in mammalian, but also in inverte-
brate (Drosophila melanogaster) cells [78, 79]. The
mechanism of Hsp70 secretion remained unknown for
a period of time. As classical housekeeping proteins,
Hsps lack an N-terminal signal sequence necessary for
secretion via the endoplasmic reticulum and Golgi
complex. Several secretion mechanisms are known
today to allow Hsp70 and several other proteins lack-
ing an N-terminal leader sequence to find their way
from the cell. The mechanisms include necrotic cell
disruption by various damaging factors (a nonspecific
mechanism), secretion via budding membrane vesi-
cles (ectosomes) or classical exosomes, and exocytosis
via endolysosomes [74, 80, 81]. In the last case, a
mechanism of protein transfer across the membrane is
required for Hsp70 secretion. There is evidence that
Hsp70 transfer is mediated by ABCA1 of the ATP-
binding cassette (ABC) family, which additionally
includes TAP1, which is involved in transferring anti-
genic peptides across the endoplasmic reticulum
membrane. Inhibitors of the ABC family proteins effi-
ciently block the Hsp70 release from cells [81]. This
transfer mechanism was demonstrated for several pro-
teins that are similar to Hsp70 in lacking the N-termi-
nal signal sequence essential for classical secretion and
play their main functions outside the cell, acting as
cytokines (IL-1α, IL-1β, IL-18, FGF1, and several
others) [81–83]. Transmembrane transfer of a protein
devoid of a proper N-terminal leader requires that the
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tertiary structure of the protein be partly destabilized
to a molten globule state [82]. As molten globules, cer-
tain proteins are transported across the lipid bilayer
with the help of ABC transporters or interact with
phosphatidylserine in the inner lipid layer and then are
transferred into the outer layer in complex with phos-
phatidylserine and released into the intercellular
medium [81]. HS, which causes partial denaturation
of cell proteins, increases secretion of not only Hsp70,
but also of FGF1 and IL-1α [81]. When Hsp-overex-
pressing cells are affected by stress, up to 10–15% of
the newly synthesized Hsp70 is incorporated into the
plasma membrane and exposes a C-terminal domain
fragment of 14 amino acid residues on its surface [84,
85]. The membrane-associated Hsp70 is secreted as an
exosome component by certain tumor cells. Thus,
two, membrane-associated and free protein, fractions
of Hsp70 are released into the intercellular medium
[71, 80, 86, 87].

Cell secretion of Hsp70 is stimulated both in vitro
and in vivo by various stress factors [72, 74] and non-
specific bacterial antigens (such as GroEL) and lipo-
polysaccharide (LPS, a main endotoxin of Gram-neg-
ative bacteria). Adding purified GroEL or LPS in the
culture medium increases Hsp70 secretion from cul-
tured monocytes by a factor of 10 or 3, respectively
[76]. Intravenous administration of LPS increases the
serum Hsp70 level in rats [88]. An elevated extracellu-
lar ATP level is another possible inducer of Hsp70
secretion [80]. The same stimuli (extracellular ATP
and LPS) increase macrophage secretion of IL-1α,
which is released via the same mechanism as Hsp70 is
[13]. Thus, nonspecific agents associated with an
infection process or mass cell death are capable of
inducing Hsp70 secretion. In addition, exogenous
Hsp70 (eHsp70) increases in necrosis as Hsp70 is
directly released from degrading cells.

IMMUNOREGULATORY 
FUNCTIONS OF eHsp70

Extracellular Hsp proteins and, in particular
eHsp70, are incapable of acting as chaperones in the
absence of a high ATP concentration and a set of spe-
cific cofactor proteins. Secreted Hsps, including
Hsp70 and Hsp60, are recognized by the so-called
pattern recognition receptors (PRRs), which are an
important component of the innate immunity system.
PRRs are responsible for recognizing a broad range of
the molecular structures that have no analog in the
body, but occur in the majority of pathogenic bacteria,
fungi, and viruses (LPS, formyl peptides, teichoic and
lipoteichoic acids, zymosan, dsRNA, and other
pathogen associated patterns (PAMPs)) [89]. Hsp70
and Hsp60 are recognized primarily by TLR2 and
TLR4 and additionally by LOX-1, SREC-1, and
CLEVER-1 of the scavenger receptor (SR) group.
Certain data implicate CD40 (the TNF receptor family),
CD91 (a low density lipoprotein receptor), and CCR5
(a chemokine receptor) in recognizing eHsp70 [13, 90,
91]. Several receptors were found to recognize both
cognate extracellular Hsps and Hsps of a bacterial ori-
gin (for example, CD40 recognizes mycobacterial
Hsp70) [92]. The term chaperokine was consequently
proposed for Hsp70 to emphasize its dual function as
a molecular chaperone (the intracellular form) and an
intercellular signal transmitter acting through specific
ligand–receptor interactions, as in the case of classical
cytokines (Fig. 1b) [93].

After interacting with receptors on the cell surface,
eHsp70 can be internalized into the target cell. Phago-
cytosis of eHsp70 is probably mediated by TLR2/4,
CD91, and SRs [13, 91, 94].

Several studies of how Hsp70 affects activities of
immune system cells showed that an increase in
eHsp70 triggers production of proinflammatory cyto-
kines (TNF-α, IL-1β, and IL-6), reactive oxygen spe-
cies (ROS), and nitric oxide (NO) in macrophages
and neutrophils by activating TLR2 and TLR4. Like
PAMP, eHsp70 was described as a nonspecific marker
that suggests stress or various pathological processes
and facilitates activation of immune system cells. It
was thus assumed that the interaction of Hsp70 with
TLR4 is aimed at stimulating nonspecific immune
responses (activating innate immunity) [95‒97].
Endotoxins (LPSs) of Gram-negative bacteria are
known to exert a similar effect by activating TLR2/4,
that is, the same TLR group. The LPS–TLR4 interac-
tion activates NF-κB, MAPK/JNK, and interferon
regulatory factor 3 (IRF3), thus leading to excess pro-
duction of several proinflammatory cytokines, ROS,
and NO [98]. It was therefore assumed that the above
effects, which were observed using recombinant
Hsp70 synthesized in Escherichia coli cells, are due to
contamination with LPS, trace amounts of which are
already capable of inducing a response in macro-
phages and neutrophils [99, 100]. More recent studies
utilized Hsp70 that was synthesized in eukaryotic
expression systems (e.g., a baculovirus system) and
was free from LPS and bacterial protein contamina-
tion, and eHsp70 was found to exert an opposite
effect, suppressing activation of nonspecific immunity
[14, 101]. LPS tolerance was induced in cultured
monocytes by eHsp70 [102]. Both in vitro and in vivo,
eHsp70 was observed to suppress the LPS-induced
translocation of the NF-κB (p65) transcription factor
into the nucleus, MAPK/JNK protein kinase activity,
and ROS production [103‒105]. Purified endotoxin-
free Hsp70 suppressed allergic inflammation of the
airways in mice [106]. Thus, eHsp70 acted as a LPS
antagonist in many experiments, blocking NF-κB
activation through TLR2 and TLR4. On the other
hand, eHsp70 produced in an eukaryotic cell culture
and, therefore, LPS free increased the production of
several proinflammatory cytokines and activated the
inflammatory response in other studies [97]. The free
and membrane-associated eHsp70 fractions were
found to dramatically differ in effect on immune sys-
MOLECULAR BIOLOGY  Vol. 53  No. 2  2019
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tem cells. Membrane-associated eHsp70, which is
secreted as an exosome component, activates macro-
phages and acts as a proinflammatory agent, while free
eHsp70 exerts an opposite effect and acts as a LPS
antagonist, competing with LPS for TLR4 [14, 71]. It
should be noted that Hsp70 and other chaperones
(including recombinant chaperones use in experi-
ments on immunity modulation) isolated from cells
may occur in various forms, e.g., in complex with
ATP, ADP, or target peptides. Different Hsp forms
may be recognized by different receptors and may dif-
ferently affect activities of immune system cells.

The interaction of eHsp70 with TLR4 was con-
firmed in further experiments [107]. Unlike with LPS,
Hsp70 binding to TLR4 does not activate the NF-κB,
MAPK/JNK, and IRF3 cascades, which lead to pro-
duction of proinflammatory cytokines [97, 98]. Vari-
ous ligands are known to differently interact with
TLR4, and only some of them hyperactivate the
TLR4–NF-κB signaling pathway [108]. The findings
support the hypothesis that Hsp70 competes with LPS
for TLR4 and thereby acts as a LPS antagonist.

High LPS concentrations (in sepsis, that is, mass
penetration of Gram-negative bacteria in circulation)
cause a set of signs and symptoms that is known as
endotoxin, or septic, shock. Complexation of LPS
with TLR2/4 expressed on neutrophils and macro-
phages plays a key role in septic shock [109]. ROS,
NO, several proinflammatory cytokines, histamine,
and serotonin are produced in excessive amounts as a
result to cause the signs and symptoms of endotoxin
(septic) shock, including an abrupt drop in blood pres-
sure, an increase in blood clotting, consequently poor
tissue oxygenation, and multiple organ dysfunction syn-
drome. Septic shock developing in generalized infec-
tions, especially those caused by antibiotic-resistant hos-
pital strains, still presents an important medical problem.
Sepsis is among the leading causes of death in patients
admitted to intensive care units [110, 111].

Recent studies yielded several indications that
implicate both intracellular and secreted Hsp70 forms
in regulating the body response to LPS. Intraperito-
neal LPS administration caused macrophage Hsp70
induction in mice [112]. Agonists of TLR4 (LPS),
TLR2 (Pam3Cys), and TLR3 (poly(IC)) were found
to induce Hsp70 in vitro and to act synergistically
[113]. In pediatric patients treated in intensive care
units after surgery, the serum levels of secreted Hsp70
showed a sixfold increase in septic shock as compared
with levels in patients without sepsis [114]. An increase
in both intracellular and secreted Hsp70 concentra-
tions decreased the response to LPS in the patients. It
was observed that eHsp70 suppresses activation of the
NF-κB-mediated monocyte response and LPS-
induced secretion of TNF-α [102]. Induction of
Hsp70 synthesis by oral administration of geranyl-ger-
anyl-acetone decreased the LPS-induced levels of
NO, TNF-α, and IL-6 and reduced the mortality rate
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in experimental animals [115]. In a study of a mixture
of the inducible and constitutive Hsp70 forms isolated
from bovine muscle tissue, its single intravenous
administration prior to injection of E. coli and Salmo-
nella typhimurium LPSs efficiently decreased the rate
of deaths due to endotoxin shock in Wistar rats [116].
Preventive administration of exogenous Hsp70/Hsc70
normalized several physiological parameters whose
abnormalities lead to fatal outcome in septic shock,
including a decrease in blood pressure and an increase
in blood clotting rate [116]. In addition, Hsp70 admin-
istration promoted the recovery of several blood
chemistry parameters (bilirubin, creatinine, serum
albumin, total protein, etc.). Preventive recombinant
Hsp70 administration prior to injecting LPS pre-
vented heart failure and hepatic insufficiency [104].
Hsp70 administration after LPS injection normalized
several physiological and chemistry parameters, but
failed to improve the survival in animals. Earlier stud-
ies showed that exogenous human recombinant Hsp70
(HSPA1A) decreases the production of ROS, NO,
and TNF-α in neutrophils, downregulates expression
of the CD11b/CD18 receptors, and restores the nor-
mal level of neutrophil apoptosis and several biochem-
ical parameters of the blood after exposure to LPS or
lipoteichoic acid (a main endotoxin of Gram-positive
bacteria) [101, 117]. The results received independent
support from another study [88], which demonstrated
that the secreted Hsp70 level undergoes a more than
tenfold increase in rats with endotoxin shock induced
experimentally and that the survival in rats with higher
blood Hsp70 levels is higher than in rats with lower
Hsp70 levels.

The kinetics of the inhibitory effect of Hsp70 on
LPS-induced ROS production in neutrophils showed
that the effect of Hsp70 administration develops
within 4–5 min [101, 118, 119]. The interaction of LPS
with the CD14/TLR4 receptors is similarly character-
ized by a rapid kinetics (approximately several min-
utes), which corresponds to the time it takes for exog-
enous Hsp70 to inhibit the LPS effect [120]. Thus, a
hypothetic mechanism whereby Hsp70 suppresses
endotoxin shock is based on competing with LPS for
TLR4 and blocking the LPS interactions with neutro-
phils and other cells of the immune system (Fig. 1b).

There are data that TLR4 is capable of mediating
eHsp70 endocytosis [13, 94]. The data are supported
by the fining that Hsp70 added to the culture medium
is more intensely internalized in cells that express sur-
face TLR4 than in TLR4-lacking cell lines [107].
Thus, phagocytosis of the TLR4/Hsp70 complex may
contribute to the block of TLR4–LPS interaction.
The hypothesis agrees with the fact that Hsp70 acts
efficiently only when administered preventively, 10 min
before a LPS injection. The Hsp70 synthesis inducer
geranyl-geranyl-acetone is similarly more effective
when administered preventively (16 h before a LPS
injection) [115].
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The protective effect of eHsp70 in endotoxin shock
possibly arises not only because eHsp70 competes
with LPS for TLRs, but also because synthesis of
endogenous Hsps is induced in target cells in response
to eHsp70 administration [97]. The effect is similarly
mediated by the interaction of eHsp70 with TLR4.
However, the interaction does not activate NF-κB in
contrast to LPS, but triggers the alternative TLR4-
dependent signaling cascade that involves PI3K and
Akt. In turn, Akt inhibits glycogen synthase kinase 3β
(GSK-3β), which acts as a negative regulator of HSF1,
the main transcription factor responsible for tran-
scription of the Hsp genes [97]. It is of interest that
intracellular Hsp70 mediates TLR4 ubiquitination,
acts as an inhibitor of the NF-κB cascade triggered by
TLR4 activation, and consequently decreases the
LPS-induced overproduction of cytokines, like eHsp70
[121]. Thus, recombinant Hsp70 preparations or
Hps70 synthesis inducers, such as geranyl-geranyl-
acetone and low-dose interferon γ, are possible to rec-
ommend for clinical testing as drugs to prevent septic
complications.

Large amounts of eHsp70 are secreted by various
tumors. A high level of membrane-associated Hsp70
exposed on the cell surface is a feature of many cancer
cells [122‒124]. An artificial increase in surface Hsp70
associated with the plasma membrane in tumor cells
may lead to activation of natural killers and certain
types of effector T cells with subsequent lysis of the
tumor. The effect is possible to induce by administer-
ing low doses of interferon γ or exogenous Hsp70 [123,
125‒127].

Discrepant data are available on the role that is
played by Hsp70 secreted from tumor cells in exo-
somes. On the one hand, the exosomes are capable of
activating dendrite cells, improving the efficiency of
tumor antigen recognition, and increasing secretion of
several cytokines [127]. On the other hand, secretion
of exosomes exposing Hsp70 on their surfaces is often
considered to be a mechanism whereby tumor cells
suppress the immune response. There are data that the
exosomes are recognized by TLR2 of myeloid suppres-
sor cells, which block activation of tumor-specific T
cells [71, 128, 129].

Finally, a method was proposed to stimulate the
antitumor adaptive immune response with the use of
Hsp70 isolated directly from tumor tissue. It was
observed that Hsp70 and Hsp90 isolated from tumor
cells and then administered to the patient induce the
immune response by activating antigen-presenting
and cytotoxic T cells [94]. The effect is explain by the
fact that Hsp70 and Hsp90 are isolated from tumors in
complex with oligopeptides, which can act as antigens
to trigger the immune response [47, 94, 130]. Then the
Hsp complexes with tumor peptides are phagocytized
by antigen-presenting macrophages as a result of Hsp
recognition by the CD91 receptor. Tumor-specific
antigens are consequently presented with both MHCI
and MHCII molecules via the TAP1-dependent and
endosomal pathways [47, 94]. The events lead to acti-
vation of effector T cells, which recognize and attack
tumor cells. Therefore, Hsp70 and Hsp90 in complex
with antigenic peptides purified from a patient’s tumor
are possible to consider as an individualized vaccine
and to use together with standard therapies to treat
cancer patients [131].

Hsp70 AS A NEUROPROTECTIVE FACTOR
Neurodegenerative diseases and primarily Alzhei-

mer’s disease (AD) have become a serious medical
and social problem. Senile (age-related) AD continu-
ously increases in incidence because of the increasing
life span, especially in developed countries, presenting
a substantial burden on the economy [132, 133]. AD is
thought to be due to a pathological aggregation and
accumulation of the amyloid β (Aβ) peptide (an amy-
loid precursor protein (APP) processing product), fol-
lowed by a tau protein aggregation and neuroinflam-
mation [134‒136]. Main AD symptoms include long-
term memory loss, speech impairment, and other cog-
nitive disorders. The functions of the central nervous
systems (CNS) are gradually lost because of mass neu-
ronal death, inevitably leading to fatal outcome [134,
137, 138]. There is still no adequate means to prevent
and to treat AD. Attempts were made to treat AD
symptomatically with several drugs, the majority of
which have an unproven or extremely low efficacy
[139‒142].

Because neurodegenerative diseases are directly
associated with a distorted folding of proteins, such as
the tau protein in AD, it is only natural to assume that
Hsps play a role in neuropathology. A decrease in
intracellular Hsp70 was postulated for neurodegener-
ation. There are data that the aggregation of the tau
protein in AD is associated to a substantial extent with
a decrease in chaperone activities of Hsp70 and other
Hsps [143]. Lower Hsp90 concentrations in the blood
serum and the frontal cortex of the brain were
observed in AD. On the other hand, Hsp70 was found
to increase in early AD, colocalizing with tau protein
aggregates [144]. Hsp70 plays a role in degradation of
hyperphosphorylated tau by facilitating its ubiquitina-
tion with CHIP ubiquitin ligase [144, 145]. The
Hsp110/Hsp70/Hsp40 complex is capable of disrupt-
ing α-synuclein fibrils to produce α-synuclein mono-
mers in vitro [66, 67]. Recent studies with the specific
Hsp70 synthesis inducer geranyl-geranyl-acetone
showed that Hsp70 induction suppresses many cognitive
disorders in a valid transgenic mouse model of AD [146].

Inflammatory processes in the CNS received sub-
stantial attention in the two past decades because they
are involved in the pathogenesis of AD and other pro-
teinopathies, as was independently demonstrated by
many teams [137, 147‒149]. It was observed that AD is
accompanied by a chronic inflammatory response
that arises in brain tissues and involves activation of
MOLECULAR BIOLOGY  Vol. 53  No. 2  2019
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microglia and astrocytes and secretion of several
proinflammatory cytokines, NO, and ROS, which
exert a cytotoxic effect on neurons. The brain levels of
receptors involved in the inflammatory response
increase in AD, and the production of TNF-α, IL-1,
IL-6, and complement components increases both in
the brain and at the periphery (in the blood plasma) in
AD patients. In addition, the TLR4 level and NF-κB
activity increase in the brain [147, 150‒153]. Similar
data were obtained in transgenic mouse models of AD
that express mutant APP forms and presenilins and are
prone to accumulating Aβ aggregates and developing
cognitive disorders [154]. Risk of developing sporadic
AD is known to correlate with certain allelic variants of
the genes for TLR4, CD14 (a coreceptor of TLR4),
CD33, TREM2 (Triggering receptor expressed on
myeloid cells 2), CR1 (a complement receptor), and
IL-6, which are involved in the immune response and
inflammation [152, 155, 156]. The oligomeric Aβ
form acts as a TLR4 ligand, and its interaction with
TLR4 can oppositely affect microglial cells and astro-
cytes. On the one hand, the TLR4–Aβ interaction
facilitates Aβ phagocytosis and degradation [157]. On the
other hand, activation of TLR4 by Aβ leads to overpro-
duction of proinflammatory cytokines and ROS with
subsequent damage to neurons in AD [158, 159].

As described in the previous section, eHsp70 effi-
ciently inhibits the TLR4 activation-induced overpro-
duction of proinflammatory factors. Therefore,
eHsp70 is of interest to investigate as a potential neu-
roprotector in AD and a nonspecific adaptogen in
other neurodegenerative diseases as well. The neuro-
protective role of Hsp70 has been demonstrated to
date with several models in vitro and a few cases in vivo
[15, 17, 19, 160, 161]. Overexpressio of Hsp70 in a pri-
mary culture of cortical nervous tissue decreases the
rate of neuronal apoptosis induced at a high Aβ concen-
tration. Endogenous Hsp70 prevents oxidative stress
associated with inflammatory responses [162, 163]. Both
eHsp70 secreted by astrocytes and other glial cells and
purified recombinant Hsp70 added to the culture
medium increase the survival of motor neurons
deprived of growth factors in culture and the resistance
of neuroblastoma cells to HS and staurosporine [75].
It was demonstrated that Hsps secreted by glial cells
are internalized in axons in synaptic regions. This
mechanism may compensate for Hsp deficiency that
arises in the axoplasm because of a substantial dis-
tance from the neuron body [13]. Recombinant Hsp70
and Hsp90 added to the culture medium activate
microglia and facilitate Aβ phagocytosis in AD models
in vitro [15].

In addition to its role in regulating the folding of
tau, Hsp70 promotes Aβ phagocytosis and cleavage in
glial cells and blocks oligomerization of Aβ peptides
penetrating into cells [145, 164‒166].

Transgenic mice and Drosophila were engineered to
secrete Hsp70 into the intercellular medium in recent
MOLECULAR BIOLOGY  Vol. 53  No. 2  2019
years. Extracellular Hsp70 was found to exert a marked
neuroprotective effect in strains obtained by crossing
the extracellular Hsp70 producers with transgenic
strains that express the Aβ peptide and are prone to
developing neurodegenerative processes [19].

Our team performed a series of works to study the
possibility of using eHsp70 in AD therapy. Recombi-
nant human Hsp70 (the major stress-inducible pro-
tein HSPA1A) was synthesized in various expression
systems and was free from LPS contamination. To
study the neuroprotective effect of recombinant
Hsp70, we used two AD models, bulbectomized mice
of the NMRI strain (wild type) and mice of the
5XFAD transgenic strain (which expresses two mutant
human proteins, APP and PS1).

Removal of the olfactory bulb (bulbectomy) in
mice causes symptoms characteristic of AD, including
an increase in Aβ; mass neuronal death in the tempo-
ral cortical and hippocampal regions; serotonin-, ace-
tylcholine-, and glutamatergic system deficiency; and
various cognitive disorders [167, 168]. Transgenic 5XFAD
mice display a rapid Aβ accumulation, development of
amyloid plaques in brain tissues (thus providing the
most adequate model to study human AD), mass neu-
ronal death, and progressive loss of cognitive func-
tions [169].

Delivery of the therapeutic agent into the brain is a
problem to be solved in in vivo studies, especially when
using a neurotropic drug (recombinant Hsp70 in our
case). The blood–brain barrier substantially limits the
set of conventional drug delivery methods, especially
in the case of macromolecular drugs [170]. The
absorption kinetics and tissue distribution of iodine-
labeled Hsp70 after its intravenous administration
were determined as early as 2005 [91]. The experi-
ments showed that the CD91 receptors plays a role in
Hsp70 internalization and that Hsp70 is rapidly elimi-
nated from the blood and accumulates in the liver.
Similar results were obtained when the protective role
of Hsp70 was studied using the rat model of LPS-
induced sepsis [116]. More recent studies showed that
many agents, including high-molecular-weight pro-
teins purified chromatographically, are efficiently
transported into the brain through the olfactory and
trigeminal nerves after intranasal administration [171].
The efficiency of protein delivery into the brain is 5–
8% of the dose upon intranasal administration, while
the oral and intravenous routes are far less efficient.
Experiments with the classical transport protein albu-
min labeled with radioactive iodine showed that albu-
min is rapidly (within 5 min) transferred into all
regions of the brain and appears in the blood of labo-
ratory animals after intranasal administration [172].

Fluorescently labeled recombinant Hsp70 was
intranasally administered to mice, and sections of var-
ious brain regions were examined by confocal micros-
copy. As early as 3 h after administration, the f luores-
cent label was detected in various brain regions,
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including the olfactory bulb, neocortex, hippocam-
pus, dorsal raphe nucleus, locus coeruleus, and cere-
bellum. The label showed an extracellular localization
in the majority of cases, occurring in the perinuclear
region. Thus, eHsp70 efficiently penetrates the
blood–brain barrier upon intranasal administration.
To understand whether eHsp70 remains intact or
undergoes proteolysis after penetrating into the brain,
proteins of the cortex and hippocampus were isolated
from NMRI mice at several times points after intrana-
sal administration of 125I-labeled native Hsp70 and
resolved electrophoretically. The full-size eHsp70 was
observed in the brain 30 min after administration and
became undetectable within 1 h. The same pattern was
observed after intranasal administration for 125I-labeled
bovine serum albumin, which is similar in molecular
weight (66 kDa) to Hsp70. Thus, the two proteins
entered the brain soon (within a few minutes) after
administration and then rapidly underwent proteolysis
[17, 107].

Further studies showed that that intranasal admin-
istration of recombinant Hsp70 decreased both the
soluble Aβ concentration in bulbectomized and trans-
genic mice and the amount and size of amyloid
plaques in 5XFAD transgenic mice as compared with
mice receiving saline or heat-inactivated Hsp70 in
place of native Hsp70. Cognitive functions (learning in
the Morris maze) improved in the mice treated with
native Hsp70. Histology showed a substantial increase
in the absolute and relative (%) amounts of intact neu-
rons and their higher density in mice treated with
intranasal Hsp70 for 3 weeks as compared with control
mice. Thus, eHsp70 prevented neuronal death and
sustained the normal function of neurons in the DA
models [17].

Hippocampal transcriptome sequencing in trans-
genic 5XFAD mice showed that the expression pro-
files of several genes in brain tissues substantially
changed after intranasal administration of Hsp70. In
particular, upregulated transcription was observed for
genes responsible for dopamine metabolism, amine
transport, neuropeptide production, and other processes
that increase nerve impulse conduction. Significant
downregulation was established for several genes whose
products are involved in the inflammatory response; the
finding confirmed that recombinant eHsp70 acts as a
nonspecific anti-inflammatory agent [18].

Thus, the neuroprotective properties of eHsp70
were described with two AD models in vivo and con-
firmed at the molecular level. The mechanism of
action of Hsp70 in this case is probably the same as in
experiments with endotoxin shock models; i.e., Hsp70
interacts as a ligand with certain receptors and thereby
triggers the signaling cascades that lead to the bio-
chemical and physiological effects observed. The
assumption is based on the fact that Hsp70 has an
extremely low effective dose (4 μg daily) and occurs as
a full-sized protein in the brain for a short period of
time after administration. The N-methyl-D-aspartate
(NMDA) receptor was identified as a possible target of
Hsp70 [161]. Hyperactivation of the NMDA receptor
contributes to nervous cell death during the inflam-
matory response and facilitates the accumulation of
prion-like aggregates. Antagonists of the NMDA
receptor promote cell survival during accumulation of
PrP aggregates [173]. CD91, which acts as an apolipo-
protein E receptor and is capable of recognizing many
ligands varying in nature, is another candidate recep-
tor of Hsp70 [174, 175]. It was demonstrated that
eHsp70 is efficiently recognized by macrophage CD91
[90], which is similar to TLR4 in mediating phagocy-
tosis of Hsp70 and other exogenous Hsps [13, 91, 94].
CD91 is exposed on certain neurons and astrocytes
and is involved in AD pathogenesis [176]. Finally,
TLR4, which recognizes eHsp70, plays an important
role in the inflammatory response in AD [13]. Our and
other teams showed that eHsp70 suppresses secretion
of proinflammatory cytokines in immune cells
exposed to LPS in vitro [101–106, 116, 117]. In addi-
tion, eHsp70 activates microglia, which facilitates dis-
solution of protein aggregates and thus facilitates Aβ
phagocytosis in vitro [15, 135]. It is possible that
eHsp70 switches TLR4 from cytokine production to
Aβ phagocytosis and subsequent degradation in the
bulbectomized and 5XFAD mouse models because a
decrease in Aβ was observed in both of the models.

A negative correlation was observed between the
level of soluble Aβ peptides and the endogenous
Hsp70 content in the brain in mice with neurodegen-
eration due to bulbectomy. The Aβ level significantly
increased 1.5 months after bulbectomy, the increase
coinciding with cognitive impairment. A decrease in
Aβ was observed 6 months after bulbectomy, and the
capabilities of memorizing and learningbeing were
temporarily restored. This remission period coincided
with a substantial increase in intracellular Hsp70 after
surgery. Then the Hsp70 level decreased again, the Aβ
concentration reached its maximum, and cognitive
functions were impaired irreversibly. The findings
make it possible to assume that an increase in endoge-
nous Hsp70 acts as a compensatory mechanism in
neurodegeneration or during recovery after brain
injury [177].

The results indicate that both recombinant Hsp70
(or its mimetics with similar effects) and inducers of
endogenous Hsp70 synthesis are promising as potential
drugs to treat AD and certain other proteinopathies.

CONCLUSIONS
Based on the data obtained independently by sev-

eral teams, the intracellular and secreted Hsp70 forms
act as potent nonspecific adaptogens that improve the
resistance to various stress factors and possess marked
neuroprotective and immunoregulatory activities.
However, it is clear that different mechanisms mediate
the protective effects of endogenous and exogenous,
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including recombinant, Hsp70 proteins. Induction of
intracellular Hsp70 synthesis may promote the sur-
vival of cells and the total body on exposure to various
stress factors by preventing the accumulation of dena-
tured and damaged proteins and blocking the signaling
cascades that lead to apoptosis. On the other hand,
even when used in trace amounts, exogenous Hsp70
may act as an alarmin, or an alarm signal, to trigger
various signaling pathways involved in regulating the
nonspecific immune response and inducing the
inflammatory reaction. This effect is probably respon-
sible for neuroprotective activity observed for recom-
binant Hsp70 in several animal models of AD.
Recombinant Hsp70 therefore attracts particular
attention as a promising therapeutic agent; the more
so, because it is simple to obtain in conventional
expression systems and to deliver into the brain via
intranasal administration.
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