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Preface

The seventy kilo Dalton heat shock protein (HSP70) family is amongst the most 
studied HSP.  The HSP70 family consists of several proteins, including the heat 
shock cognate 70 (Hsc70 also named Hsp73), which are constitutively expressed 
whilst others, like the heat shock protein 70 (Hsp70 also named Hsp72), are induc-
ible. It has been proposed that Hsp70 would be requested to amplify the chaperone 
function carried out under normal conditions by the cognate Hsc70. These proteins 
are synthesised in response to a variety of stressors including hyperthermia, isch-
emia, infarct, lesions and seizures or following less drastic metabolic changes as 
those produced by physical exercise or psychological stress.

The book HSP70 in Human Diseases and Disorders provides the most compre-
hensive review on contemporary knowledge on the role of HSP70 in human dis-
eases and disorders. Using an integrative approach to understanding HSP70 
structure, function and immunobiology, the contributors provide a synopsis of novel 
mechanisms by which HSP70 is involved in the regulation of human diseases and 
disorders.

To enhance the ease of reading and comprehension, this book has been subdi-
vided into various parts, including Part I, reviews current progress on the role of 
HSP70 in neuro-oncological disorders; Part II, evaluates the role of HSP70 in circu-
latory disorders including cardiovascular diseases and kidney disease and Part III, 
focuses the reader on the role of HSP70 as a novel therapeutic target.

Key basic science and clinical research laboratories from major universities and 
academic medical hospitals around the world contribute chapters that review pres-
ent research activity and importantly project the field into the future. The book is a 
must read for medical students and residents, clinical and basic science researchers, 
postdoctoral fellows and graduate students in the fields of Medicine, 
Physiology, Pharmacology, Biotechnology, Molecular Medicine and Pathology.

Toledo, OH, USA Alexzander A. A. Asea 
Houston, TX, USA  Punit Kaur 
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Heat Shock Protein 70 and Molecular 
Confession During Neurodegeneration

Komal Panchal, Ajay Kumar, and Anand K. Tiwari

Abstract Molecular chaperones are the group of proteins that participate in the 
maintenance of cellular homeostasis by regulating several cellular events and pro-
tein homeostasis (proteostasis). It has been shown that failure of protein quality 
control system, formation of protein aggregates and their ectopic accumulation in 
the neuronal cells is the common pathological hallmark of most of the neurodegen-
erative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 
Huntington disease (HD), Amyotrophic Lateral Sclerosis (ALS), prion disease and 
various forms of spinocerebellar ataxia (SCA) etc. Heat shock protein 70 (Hsp70), 
an evolutionary conserved protein family has been shown to be a key regulator in 
several neurodegenerative diseases. Hsp70 shows its strong expression in stress 
condition and is associated with protein folding, refolding of misfolded protein, 
transport of proteins to different cellular compartments, cell death and cell cycle 
regulation etc. Several recent studies have suggested that Hsp70 can be a key 
molecule to address the major pathologies associated with neurodegenerative 
diseases. This chapter briefly summarizes the Hsp70 and its possible role during 
neurodegenerative diseases.

Keywords Heat Shock Protein 70 (Hsp70) · Neurodegenerative diseases 
Alzheimer’s disease (AD) · Parkinson’s disease (PD)
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Abbreviations

17-AAG 17-allylamino-17-demethoxygeldanamycin
17-DMAG 17-(dimethylaminoethylamino)-17- demethoxygeldanamycin
α-Syn α-synuclein
γPKC Protein kinase Cγ
Aβ42 Amyloid Beta 42
AC Azure C
AD Alzheimer’s disease
ADP Adenosine diphosphate
AIF Apoptosis inducing factor
ALS Amyotrophic Lateral Sclerosis
Apaf-1 Apoptotic protease activation factor 1
APP Amyloid precursor protein
AR Androgen receptor
Ask1 Apoptosis signal-regulating kinase
ATPase Adenosine tri phosphatease
Bag-1 Bcl-2-associated athanogene-1
Bap Benzo(a)pyrene
BiP Binding immunoglobulin protein
CHIP Carboxy-terminus of HSC70-interacting protein
CMA Chaperone mediated autophagy
CNS Central nervous system
DA Dopaminergic
E. coli Escherichia coli
ER Endoplasmic reticulum
FMRP Fragile X mental retardation protein
GBA Glucocerebrosidase
GFP Green fluorescent protein
GGA Geranylgeranyl acetone
Grp75 Glucose-regulated protein
HD Huntington disease
HOP HSP70 and HSP90 organizing protein
HSC Heat shock cognate
HSF1 Heat shock transcription factor-1
HSP Heat shock proteins
Hsp70 Heat shock protein 70
IDE Insulin degrading enzyme
JNK c-Jun N-terminal kinase
LBs Lewy bodies
LRRK2 Leucine-rich repeat kinase 2
MAPK Mitogen-activated protein kinases
MB Methylene blue
MY Myricetin

K. Panchal et al.
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NBD Nucleotide binding domain
ND Neurodegenerative diseases
NEF Nucleotide exchange factor
NF-ƙB Nuclear factor-kappaB
NFT Neurofibrillary tangles
PD Parkinson’s disease
PDB Protein data bank
PQC Protein quality control
PTEN Phosphatase and tensin homolog
rhHSP70 Recombinant human Hsp70
ROS Reactive oxygen species
SBD Substrate binding domain
SBMA Spinal & Bulbar Muscular Atrophy
SCA Spinocerebellar ataxia
SOD Superoxide dismutase
Ubl Ubiquitin-like protein
UCHL-1 Ubiquitin c-terminal hydrolase-1
UPS Ubiquitin proteasome system
TGF-β1 Transforming growth factor beta 1
TLR4 Toll-like receptor-4
UMN Upper motor neurons
LMN Upper motor neurons
NMJ Neuromuscular junction
FUS Fused-in-sarcoma
TDP43 TAR DNA binding protein

 Introduction

The Heat Shock Proteins (HSP) are a group of proteins categorized under the molec-
ular chaperones family, plays an important role during different cellular events such 
as protein folding, protein trafficking, autoimmunity and protection from environ-
mental stress etc. (Jaattela and Wissing 1992; Ross and Poirier 2004). The optimum 
level of HSP in the cell maintains the protein homeostasis, hence represents the 
“Protein Quality Control” (PQC) system of the cell in different cellular conditions 
(Sheikh et al. 2013; Meijering et al. 2014; Kakkar et al. 2016; Gidalevitz et al. 2011; 
Van Drie 2011; Verghese et al. 2012). HSP have been categorized on the basis of 
their molecular mass such as Hsp100, 90, 70, 60, 40, 27 & 26 etc. Heat shock pro-
tein 70 (Hsp70) is one of the most conserved ubiquitously expressed protein, present 
in the organism from archaebacteria to human (Gupta and Singh 1994; Lindquist 
and Craig 1988; Hunt and Morimoto 1985). This protein was discovered by Ritossa 
in 1960 in the fruit fly “Drosophila”. He examined chromosomal puff in the flies 
that indicates the transcriptional active region of chromatin, named as “heat shock 

Heat Shock Protein 70 and Molecular Confession During Neurodegeneration
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response” and the protein formed by heat shock was named as “Heat-shock pro-
teins” (HSP) (Ritossa 1964; Lindquist and Craig 1988).

The Hsp70 is ~66–78 kDa proteins possess three functional domains N-terminal 
ATPase domain (~45 kDa), Substrate binding domain (~25 kDa) and C-terminal 
domain (Fig.  1) (Hartl 1996; Hendrick and Hartl 1993) ATP hydrolysis in the 
N-terminal domain is linked to a conformational change in the client binding 
domain (Vogel et  al. 2006). In humans, 13 members of Hsp70  i.e.  HSPA1A, 
HSPA1B, HSPA1L, HSPA2, HSPA3, HSPA4, HSPA5, HSPA5BP1, HSPA6, 
HSPA7, HSPA8, HSPA9B and HSPA10 are present (Brocchieri et al. 2008). Human 
Hsp70 is 72% homologues to Drosophila (Fruit fly) Hsp70 and 47% to E.coli dnak 
(Jaattela and Wissing 1992; Hunt and Morimoto 1985; Daugaard et  al. 2007). 
Drosophila HSP70 family contains two heat inducible (HSP68 and HSP70) and six 
constitutively expressed members (HSC1–HSC6)  (Kumar and Tiwari 2017) 
(Shopland and Lis 1996); (Rubin et  al. 1993). The HSC4 protein (Hsc4p) is the 
most abundantly produced cytoplasmic Hsc70 members and the HSC3 protein 

Fig. 1 Hsp70 domain architecture. (a) Schematic representation of human Hsp70 domain struc-
ture. The N & C terminal domains along with ~45 kDa Nucleotide Binding Domain (NBD), a short 
Linker and a ~25 kDa Substrate Binding Domain (SBD). (b) Three dimensional model of HSP0 
showing ADP bound conformational state; that represents the nucleotide-binding domain (Protein 
Data Bank (PDB) Code: 3HSC) (Flaherty et al. 1990) and substrate binding domain (PDB Code: 
1DKZ) (Zhu et al. 1996), are joint together by a flexible linker, the substrate (blue) is locked in 
substrate binding pocket by lid of substrate binding domain. (c) The ATP bound conformation state 
of HSP70 (PDB Code: 4B9Q) (Kityk et al. 2012) showed the docking of the lid and substrate bind-
ing domain showing the folding event of substrate

K. Panchal et al.
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(Hsc3p) is the sole endoplasmic reticulum (ER) resident  Hsc70 family member. 
Hsc3p and Hsc4p are homologous to the mammalian ER resident protein BiP and 
the cytoplasmic clathrin uncoating ATPase protein respectively (Elefant and Palter 
1999). The Hsp70 possess housekeeping function and are associated with variety of 
cellular processes in normal condition such as it binds with an unfolded protein 
substrate, maintain it in an extended conformation and stabilized its exposed hydro-
phobic regions, involved in protein folding through its chaperonin cycle (Fig. 2), 
refolding, degradation of misfolded proteins, protein trafficking, possess anti- 
apoptotic activity by inhibiting the translocation of Bax into mitochondria, release 
of cytochrome c from mitochondria, formation of apoptosome and inhibit activation 
of initiator caspases, eye development in Drosophila (Kumar and Tiwari 2017) etc. 
(Hartl 1996; Arya et al. 2007; Gething and Sambrook 1992). Under stress condition 
activation of Hsp70 reduces cellular stress, oxidative stress, promotes cell survival 
and refolding of the misfolded proteins (Fig. 3 and 4).

Fig. 2 The chaperone cycle of Hsp70: (1) The co chaperone of Hsp70, the Hsp40, first recognized 
and bind to the client polypeptide or newly synthesized polypeptide chain, later it interact and 
stimulates the ATPase domain of Hsp70. (2) The Hsp70 interact with unfolded client polypeptide 
chain by its substrate-binding domain (SBD) in an ATP-bound state, in this state Hsp40 stimulate 
the ATP hydrolysis (ATP = ADP + Pi) hence dissociate itself from Hsp70 machine, this makes a 
more tight interaction between Hsp70 and client protein. (3) A crucial co-factor, nucleotide 
exchange factor (NEF) bind with Hsp70 + client protein complex and (4) promotes the replace-
ment of ADP to ATP. (5) The other co-factors: HspB1, Bag-1 and Bap enter into the cycle and 
folded client polypeptide and NEF are separate from the Hsp70 molecule, representing the com-
pletion of one chaperone cycle

Heat Shock Protein 70 and Molecular Confession During Neurodegeneration
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 Hsp70 and Neurodegenerative Diseases

Neurodegenerative diseases are group of disorders that includes brain, peripheral 
nerves, spinal cord and leads to either functional loss (ataxia like condition) or sen-
sory dysfunction (dementia) (Uttara et al. 2009; Singh et al. 2004). The common 
neurodegenerative diseases are Alzheimer’s disease (AD), Parkinson’s disease (PD), 
Huntington disease (HD), Amyotrophic lateral sclerosis (ALS), Fragile-X- syndrome, 
Spinocerebellar Ataxia (SCA) etc. (de Diego-Otero et  al. 2009;  Andersen 2004) 

Fig. 3 Molecular Function of Hsp70 in normal and stress condition

Fig. 4 Molecular functions of Hsp70. Figure showing the normal function of Hsp70 that includes 
protein folding by chaperonin cycle and degradation of misfolded or protein aggregates by ubiqui-
tin proteasome system (UPS) and autophagy-lysosomal pathways

K. Panchal et al.
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(Table 1). In recent years, these diseases have become a major challenging problem 
for human beings and need immediate concern. Most of neurodegenerative diseases 
are associated with degeneration and death of specific neurons due to misfolding or 
aggregation (cytosolic/nuclear/extracellular) of certain proteins in the brain which 
are often ubiquitinated and may be associated with chaperones (Ardley and Robinson 
2004; Soto and Estrada 2008). The misfolded proteins or aggregates are tagged for 
refolding by molecular chaperones or degradation by ubiquitin proteasome system 
(UPS). Generally in a normal cell, this quality control of a protein is well organized 
and self-regulated for the whole life; however, in an abnormal cell these protein 
aggregates fail to be targeted or degraded by the proteasome system. Thus, proper 
cooperation between molecular chaperones and the  UPS is  an essential for the 
proper functioning of a protein. Any  abnormality in this cooperation  results in 
improper protein folding or aggregate formation that ultimately leading to the neu-
rodegenerative diseases. Several studies have suggested the regulatory role of Hsp70 
during neurodegenerative diseases and it was demonstrate that overexpression of 
Hsp70 in different neurodegenerative disease animal models protects neurons from 
degeneration, toxicity and aggregate formation (Turturici et al. 2011) (Table 2).

Table 1 List of neurodegenerative diseases

Sr. 
No.

Neurodegenerative 
diseases

Culprit 
protein/s Molecular functions Affected areas References

1. Alzheimer’s 
disease (AD)

Tau Hyper-phosphorylation 
of tau cause microtubule 
destabilization & 
hampered the 
mitochondrial axonal 
transport

Cortical and 
hippocampal 
neurons

Iqbal et al. 
(2009), 
Wang et al. 
(2013b), and 
Gong and 
Iqbal (2008)

Amyloid 
precursor 
protein 
(App)

Amyloidogenic cleavage 
of App forms Aβ42 
plaques, hampered 
vesicular and 
mitochondrial axonal 
transport

Chakraborty 
et al. (2011), 
Cassar and 
Kretzschmar 
(2016), and 
Moloney 
et al. (2010)

Presenilin 
(Ps1 & Ps 
2)

Increase Aβ42 plaques 
formation & 
accumulation, loss of 
Photoreceptor cell, 
degeneration of axonal 
projections and lethality

Iijima et al. 
(2008) and 
Prussing 
et al. (2013)

Amyloid 
β42

Mitochondrial 
depolarization, apoptosis 
and neuronal 
degeneration

Iijima et al. 
(2008), 
Iijima-Ando 
and Iijima 
(2010), and 
Starkov and 
Beal (2008)

(continued)

Heat Shock Protein 70 and Molecular Confession During Neurodegeneration
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Table 1 (continued)

Sr. 
No.

Neurodegenerative 
diseases

Culprit 
protein/s Molecular functions Affected areas References

2. Parkinson’s 
disease (PD)

α-synuclein Lewy bodies formation, 
locomotor dysfunction 
and neuronal loss

Dopaminergic 
neurons in the 
brain

Feany and 
Bender 
(2000) and 
Stefanis 
(2012)

PTEN- 
induced 
putative 
kinase 
1(PINK1)

Apoptosis, abnormal 
mitochondrial 
morphology, impaired 
dopamine release and 
motor dysfunction, 
inhibit ETC complex 1 
activity

Munoz- 
Soriano and 
Paricio 
(2011) and 
Morais et al. 
(2009)

Parkin Mitochondrial 
dysfunction, apoptotic 
muscle degeneration, 
abnormal synaptic 
transmission and 
neuronal death

Lu and Vogel 
(2009) and 
West et al. 
(2015)

Protein 
deglycase 
DJ-1

Increased 
ROS, mitochondrial 
dysfunction, increase 
lipid peroxidation and 
neuronal loss

Munoz- 
Soriano and 
Paricio 
(2011), 
Burchell 
et al. (2013), 
and Cookson 
(2012)

Leucine- 
rich repeat 
kinase 2 
(LRRK2)

Locomotor dysfunction, 
loss of DA neurons, 
mitochondrial 
dysfunction, synaptic 
abnormality and defect 
in autophagy-lysosomal 
pathway

Li et al. 
(2014), 
Munoz- 
Soriano and 
Paricio 
(2011), and 
Dachsel 
et al. (2011)

3. Huntington’s 
disease (HD)

Huntingtin Aggregation of the 
poly-Q expanded Htt 
protein, aggregates can 
physically block 
transport of numerous 
organelles along the 
axon, behavioral defect, 
axonal transport defect 
and neuronal loss

Striatal 
neurons

Krench and 
Littleton 
(2013), Slow 
et al. (2005), 
and Orr and 
Zoghbi 
(2007)

(continued)

K. Panchal et al.
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Table 1 (continued)

Sr. 
No.

Neurodegenerative 
diseases

Culprit 
protein/s Molecular functions Affected areas References

4. Spinocerebellar 
ataxia (SCA)

Ataxin-2 
(ATXN2)

Pathogenic CAG repeat 
expansion in the ataxin-2 
gene (ATXN2) and cause 
neuronal toxicity

Midbrain and 
cerebellum

Laffita-Mesa 
et al. (2013) 
and Bonini 
and Gitler 
(2011)

5. Spinal and bulbar 
muscular 
atrophy (SBMA)

Androgen 
receptor 
(AR)

The AR gene mutation 
that causes abnormal 
expansion of a DNA 
segment called a CAG 
triplet repeat. Weakness 
in the spinal lower motor 
neurons. Fasciculations 
in bulbar, tough and lips 
muscles.

Nerve cells 
originate in 
the spinal cord 
and the part of 
the brain that 
is connected to 
the spinal cord 
(the 
brainstem)

La Spada 
(2014)

Amyotrophic 
lateral sclerosis 
(ALS)

TAR DNA 
binding 
protein 
(TDP-43)

Neuronal and glial 
aggregates of 
phosphorylated and 
ubiquitinated pTDP- 
43 protein which leads 
to degeneration of motor 
neurons

Bran’s motor 
cortex, upper 
motor neurons 
and the lower 
motor 
neurons, body 
muscles 
and spinal 
cord

Scotter et al. 
(2015), 
Ludolph 
et al. (2015), 
and 
Mackenzie 
and 
Rademakers 
(2008)

Fused-in- 
Sarcoma 
(FUS)

Ubiquitinated FUS forms 
neuronal and glial 
cytoplasmic inclusions 
(NCI) in the region of 
motor cortex, basal 
ganglia and spinal cord, 
as well as dystrophic 
neuritis, abnormal 
neurites, astrogliosis, 
microglial activation, 
moderate neuronal loss 
of Betz cells within layer 
V of motor cortex and 
motor nuclei of 
brainstem

Nolan et al. 
(2016), 
Sharma et al. 
(2016), and 
Rademakers 
et al. (2010)

Superoxide 
dismutase 1 
(SOD 1)

Increase oxidative stress 
and neuronal death

Bunton- 
Stasyshyn 
et al. (2015), 
Banci et al. 
(2008), and 
Sau et al. 
(2007)

Heat Shock Protein 70 and Molecular Confession During Neurodegeneration
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Table 2 Hsp70 and its association with neurodegenerative diseases

Sr. 
No.

Neurodegenerative 
diseases Hsp70 functions in disease condition References

1. Alzheimer’s disease 
(AD)

It inhibits Aβ42 plaques oligomerization Koren et al. (2009), 
Ou et al. (2014), 
and Lu et al. 
(2014)

Overexpression of Hsp70 in AD increases 
Insulin Degrading Enzyme (IDE), an 
Aβ-degrading enzyme) and TGF-β1 (a 
cytokine helps in brain injury and 
inflammation present in the case of AD and 
also activates phagocytic microglia for Aβ 
plaques clearance)
Hsp70 inhibits tau degradation and enhance its 
microtubule binding capacity
Hsp70 affect both Apaf-1 caspase-dependent 
and AIF caspase-independent pathways and 
inhibits apoptosis/neuronal cell death

2. Parkinson’s disease 
(PD)

Hsp70 helps in the survival of dopaminergic 
neurons from toxicity induced by α-syn and 
Lewy bodies.

Labrador-Garrido 
et al. (2011), Witt 
(2009), and 
Roodveldt et al. 
(2009)

Promotes α-syn degradation via Chaperone 
Mediated Autophagy (CMA) process
Hsp70 via CHIP (carboxyl terminus of 
HSP70-interacting protein) cause 
ubiquitylation of the unfolded protein followed 
by proteasomal degradation

3. Huntington’s disease 
(HD)

Hsp70 inhibits the conformational change in 
mutant htt and prevent heterotypic 
interactions between polyQ expanded htt and 
transcription factors

Wakabayashi et al. 
(2007) and 
Broadley and Hartl 
(2009)

Hsp70 cleaves α-Syn in HD patient brain and 
able to bind with htt and increase its 
aggregation
Overexpression of Hsp70 decreases the polyQ 
toxicity and the formation of polyQ inclusion 
body

4. Spinocerebellar 
ataxia (SCA)

Expression of Hsp70 inhibits neurodegeneration 
induced by ataxin-7

Ogawa et al. 
(2013), Helmlinger 
et al. (2004), and 
Tsai et al. (2005)

Overexpression of Hsp70 protects cells from 
cytotoxicity of mutant protein kinase Cγ 
(γPKC) and neurodegeneration
Hsp70 attenuates poly Q induces toxicity in 
SCA3 fly model and mouse model too

(continued)
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 Hsp70 and Alzheimer’s Disease

AD is one of the most common type of irreversible senile dementia occurs mostly 
after the age of 65 in susceptible individuals (Lu et al. 2014; Iijima-Ando and Iijima 
2010). The main pathologies of AD are associated with misfolding of proteins, 
accumulation of Aβ42 plaques, formation of neurofibrillary tangles and neuronal cell 
death (Prussing et al. 2013; Lu et al. 2014), and is characterized by motor dysfunc-
tion, short-term memory loss, sleeping disorders and uptrend agitation (Buchman 
et al. 2011; Jahn 2013). Previous studies have been shown that aggregation of Aβ42 

Table 2 (continued)

Sr. 
No.

Neurodegenerative 
diseases Hsp70 functions in disease condition References

5. Spinal and bulbar 
muscular atrophy 
(SBMA)

Overexpression of Hsp70 decreases the 
localization of mutant androgen receptor 
protein in nucleus and rescue the phenotype 
associated with spinal and bulbar muscular 
atrophy in transgenic mouse model

Kobayashi et al. 
(2000), Adachi 
et al. (2003), and 
Bailey et al. (2002)

Overexpression of Hsp70 decreases the mutant 
AR aggregation and neuronal cell death in 
neurodegenerative disease model of SBMA
Upregulated Hsp70 promotes protrosomal 
degradation of mutant androgen receptor 
protein

6. Amyotrophic lateral 
sclerosis (ALS)

Hsp70 decreases the symptoms and increases 
the lifespan of mouse model of ALS

Gifondorwa et al. 
(2007), Miyazaki 
et al. (2016), and 
Liu et al. (2005)

Overexpression of Hsp70 increases innervated 
NMJ numbers.
Overexpression of Hsp70 inhibits plaques 
formation and neuronal toxicity in the 
SOD1G93A mutant fly
Hsp70 helps in the proper folding of mutant 
SOD1 protein in the case of ALS

7. Fragile X-syndrome Co-expression of Hsp70 rescues the rough eye 
phenotype in CGG100GFP expressing 
Drosophila

Oh et al. (2015)

Overexpression of Hsp70 suppresses the 
CGG100GFP-induced neurodegeneration by 
enhancing ubiquitin proteasomal system for 
degradation of protein aggregates and 
decreases CGG-repeat-elicited toxicity in 
Drosophila
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plaques are due to the amyloidogenic cleavage of APP protein by β-secratase and 
γ-secratase and also by accumulation of neurofibrillary tangles in the brain by tau 
hyperphosphorylation (Chakraborty et  al. 2011; Carmine-Simmen et  al. 2009; 
Moloney et al. 2010; Wittmann et al. 2001). The other pathologies associated with 
AD are an increased oxidative stress, mitochondrial depolarization and  axonal 
transport defects etc. (Huang et al. 2016; Moreira et al. 2010). Several studies have 
shown the involvement of Hsp70 and its protective role in AD as discussed below:

 Overexpression of Hsp70 Inhibits Aβ Oligomerization and Enhances 
the Clearance of Aβ42 Plaques in AD Brain

As discussed above accumulation of Aβ42 plaque is the key pathological condi-
tion associated with AD, it is toxic for the survival of the neurons and ultimately 
causes the onset of disease (Glenner and Wong 1984; Wilhelmus et al. 2007). The 
accumulation of Aβ42 takes place in different steps such as formation of Aβ oligo-
mer, protofibrils and finally the Aβ mature fibrils formation (Fig. 5A) (Upadhaya 
et al. 2012). It has been shown that Hsp70 can prevent the Aβ toxicity by three ways: 
Clearance, refolding and degradation of Aβ oligomer (Najarzadegan et al. 2016). 
Hsp70 induces the clearance of Aβ oligomers by activating TGF-β1, a cytokine, 
involved in the regulation of brain injury and inflammation. TGF-β1 induces phago-
cytosis of Aβ oligomers by activating the phagocytic microglia and initiates the 
degradation of Aβ oligomers (Fig. 5B) (Wyss-Coray et  al. 2001; Lu et  al. 2014; 
Tichauer et al. 2014). Furthermore, Hsp70 can also initiate the degradation of Aβ 
oligomers through activating an Aβ42 degrading enzyme also known as insulin 
degrading enzyme (IDE). Aβ as a substrate tightly bind to IDE with irreversible 
manner. IDE and Aβ oligomers form stable complex and promote Aβ oligomer’s 
degradation (Fig. 5C) (de Tullio et al. 2013, 2008; Lu et al. 2014). In other mecha-
nism “refolding” the hydrophobic region of Aβ42 oligomer is recognized by 
Hsp70 for refolding and inhibition of Aβ oligomers formation (Evans et al. 2006; 
Ou et al. 2014; Lu et al. 2014) (Fig. 5D). The ATPase activity of Hsp70 is crucial 
against the intracellular amyloid formation while the holdase domain of secreted 
form of Hsp70 (secHsp70) plays an important role in the clearance of extracellular 
Aβ42 in Drosophila model of AD (Fernandez-Funez et al. 2016). Moreover, Hsp70 
can also facilitate degradation of Aβ oligomes by activating NF-ƙB and p38 MAPK 
through the Toll-like receptor-4 (TLR4) pathway (Ou et al. 2014; Kakimura et al. 
2002). Over expression of Hsp70 is sufficient to reduce the load of Aβ oligomer 
with a significant reduction in neuronal cell death (Evans et al. 2006).
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 Hsp70 Inhibits the Accumulation of Neurofibrillary Tangles in AD Brain

Neurofibrillary tangles (NFT) are formed due to the intracellular accumulation of 
hyperphosphorylated tau protein in the neurons (Iqbal et al. 2009; Prussing et al. 
2013). Tau is a microtubule binding protein which provides stability to the microtu-
bules in the neurons and its homeostasis is depended on its expression, 
 phosphorylation and turnover. Hyperphosphorylation of tau causes conformational 
changes of tau protein which leads to detachment of tau from the microtubules and 
results in microtubule destabilization and neurodegeneration (Wentzell and 
Kretzschmar 2010; Iijima-Ando and Iijima 2010; Ballatore et al. 2007; Pooler et al. 
2013). Overexpression of Hsp70 stabilized the tau protein and promotes its binding 
to the microtubules. Hsp70 can also binds to tau aggregates and enhance its degra-
dation by ubiquitin-proteasome/autophagy system and inhibits the tauopathy (Dou 

Fig. 5 Hsp70 obviates the Aβ42 toxicity. (A) Aβ42 monomer gets aggregates to form oligomer, 
protofibrils and mature amyloid beta fibrils. Hsp70 tends to affect the oligomeric form efficiently. 
Hsp70 neutralizes the effect of Aβ42 toxicity by (B) activating TGF-β1 and enhancing Aβ42 oligo-
mers phagocytosis by the formation of phagocytes and promote degradation of Aβ42 oligomers; (C) 
Hsp70 initiates Aβ42 oligomers refolding and inhibits the formation of Aβ oligomer; (D) Hsp70 
activates IDE, an Aβ degrading enzyme which is bind to the Aβ oligomers and degrade it
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et al. 2003; Abisambra et al. 2013; Ou et al. 2014). In AD, expression of Hsp70 
inhibits tau toxicity via two pathways such as refolding and degradation of hyper-
phosphorylated tau protein. Initially, Hsp70 along with CHIP and Hsp40 binds to 
hyprtphosphorylated tau and make a complex known as “intermediate complex” 
with Hsp90, HOP (Hsp70 and Hsp90 organizing protein) and HSF1 (Heat shock 
factor-1). In refolding pathway, Hsp70, Hsp40 and CHIP dissociated from interme-
diate complex, eventually Hsp90 initiate tau refolding and dephosphorylation with 
the help of HSF-1 and P23 (a cochaperone that bonds with Hsp90) (Blair et  al. 
2014; Wang et al. 2014a) (Fig. 6). In degradation pathway, inhibition of Hsp90 by 
using Hsp90 inhibitors induces the expression of Hsp70 which binds to hyperphos-
phorylated tau protein and formed a protein complex that is recognized by CHIP 
(carboxy- terminus of Hsc70-interacting protein), a tau ubiquitin ligase and used for 
ubiquitination proteasome degradation (Koren et  al. 2009; Shimura et  al. 2004; 
Wang et al. 2014a; Blair et al. 2014) (Fig. 6).

Fig. 6 Hsp70 regulates tau homeostasis. The refolding and degradation of hyperphosphorylated 
tau is mediated by Hsp70/90 chaperon’s complex. In refolding pathway, it prevents degradation of 
hyperphosphorylated tau with the help of Hsp90, HSF1 and P23 complex and enhances its refold-
ing to form mature tau protein. In degradation pathway Hsp70 degrades the hyperphosphorylated 
tau with the help of CHIP complex in the presence of Hsp90 inhibitor
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 Hsp70 Inhibits the Neuronal Cell Death in AD

Neuronal cell death is a prominent pathological feature of AD and it could be due to 
the accumulation of Aβ42 plaques and neurofibrillary tangles which increases the 
oxidative stress, DNA damage, lipid peroxidation, protein oxidation and release of 
pro-apoptotic proteins in the cytosol from the mitochondria (Martin 2001; Niizuma 
et al. 2009; Silva et al. 2014). Previous studies have shown that overexpression of 
Hsp70 inhibits thermal stress induced neuronal apoptosis by attenuating both cas-
pase dependent and caspase independed pathways via apoptotic protease activation 
factor 1 (Apaf-1) and apoptosis inducing factor (AIF), respectively (Sabirzhanov 
et al. 2012b; Ou et al. 2014).

The mechanism via which Hsp70 inhibits caspases depended apoptosis is 
ATPase domain of Hsp70 binds to Apaf1 and inhibits its oligomerization, therefore, 
it inhibits the recruitment of pro-caspase-9 to the apoptosome and apoptosis of the 
neurons (Sabirzhanov et al. 2012b; Beere 2001; Saleh et al. 2000) (Fig. 7a). Peptide-
binding domain and EEVD motif of Hsp70 is essential to inhibit the activation of 
caspase-3 in vitro (Li et al. 2000; Mosser et al. 2000). In caspase independent path-
way, Hsp70 attenuates the apoptosis by neutralizing AIF, a mitochondrial inter-
membrane protein which translocate to the nucleus and induce DNA fragmentation 
(Sabirzhanov et  al. 2012a; Ravagnan et  al. 2001) (Fig. 7b). Additionally, Hsp70 
also attenuates the expression of death causing signaling molecules such as c-Jun 
N-terminal kinase (JNK), p38, and apoptosis signal-regulating kinase (Ask1) (Leak 
2014; Luo et al. 2008; Li et al. 2010). Mitochondrial depolarization induces release 
of cytochrome c in the cytosol and Hsp70 plays a vital role in inhibiting the cyto-

Fig. 7 Hsp70 impedes apoptosis in AD. Hsp70 inhibits apoptosis via A. caspases depended path-
way via regulating Apaf-1 and B. caspase independed pathway via affecting AIF. (A) Hsp70 regu-
lates Apaf-1 via its ATPase domain and inhibits pro-caspase 9 and subsequently, prevents the 
formation of apoptosome. (B) Furthermore, Hsp70 inhibits AIF and following, inhibition of DNA 
fragmentation and eventually, via both the pathways, it inhibits the neuronal apoptosis and enhanc-
ing neuronal survival
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chrome c processing by acting as a downstream molecule and ultimately apoptosis. 
Peptide-binding domain and EEVD motif of Hsp70 is essential to inhibit the activa-
tion of caspase-3 in vitro (Li et al. 2000; Stankiewicz et al. 2005)

 Hsp70 and Parkinson’s Disease

PD is the second common irremediable neurodegenerative disease which is charac-
terized by progressive loss of dopaminergic neurons, locomotor defects, muscles 
rigidity, bradykinesia, postural instability and resting tremor (Alexander 2004; 
DeMaagd and Philip 2015; Magrinelli et al. 2016). In natural population, the spo-
radic cases of PD occurs predominantly, while the familial form of PD is rare (~5–
10%) (Munoz-Soriano and Paricio 2011; Klein and Westenberger 2012). The 
genetic risk of PD are due to mutations in different genes such as α-synuclein (α- 
Syn), parkin, DJ-1, phosphatase and tensin homolog (PTEN) induced kinase 1 
(PINK1), ubiquitin C-Terminal hydrolase-1 (UCHL-1), leucine-rich repeat kinase 2 
(LRRK2), Omi/HtrA2, ATP13A2, and glucocerebrosidase (GBA) ((Lev et al. 2006; 
Pickrell and Youle 2015; Li et al. 2014; Stefanis 2012; Munoz-Soriano and Paricio 
2011; Maraganore et al. 2004). The pathologies of the PD includes abnormal pro-
tein aggregation such as accumulation of Lewy bodies (LBs), which are formed by 
α-Syn and ubiquitination occur of modified α-Syn in  LBs (Tofaris et  al. 2003; 
Wakabayashi et al. 2007). The accumulation of LBs in DA neurons results in mito-
chondrial dysfunction and increased oxidative stress in the neurons (Beyer et  al. 
2009; Wakabayashi et al. 2007).

 Hsp70 Inhibits the Accumulation of α-Synuclein and Possess Protective 
Role in PD Condition

The α-Syn present presynaptically in the neurons which is linked to genetic form of 
PD (Stefanis 2012; Giraldez-Perez et  al. 2014). Insoluble α-Syn oligomers form 
protofibrils which are toxic for the neurons and cause neuronal cell death. This phe-
nomenon is collectively known as “synucleinopathies” characterized by accumula-
tion of misfolded α-Syn protein and formation of intracellular protein bodies known 
as Lewy bodies (LWs) (Marti et  al. 2003; Goedert et  al. 2017). Hsp70 plays an 
important role to prevent the synucleinopathies by promoting proper folding of mis-
folded α-Syn or through its degradation or via chaperone mediated disaggregation 
(Ebrahimi-Fakhari et al. 2013; Witt 2010). Previous studies have shown that in PD 
patient there is an increase of Hsp70 expression in the substantia nigra pars com-
pacta region (SNc) of the brain suggesting the involvement of Hsp70 during disease 
progression (Ebrahimi-Fakhari et al. 2013; Leak 2014). A study by Klucken et al. 
(2004) have shown that overexpression of Hsp70 in mice, expressing α-Syn, there 
is a reduce aggregation of α-Syn and Hsp70 can efficiently bind to α-Syn via its 
substrate-binding domain to the core hydrophobic region of soluble α-Syn 
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intermediates. Hsp70 initiate open conformational state of α-Syn which inhibits 
α-Syn to bind with another α-Syn molecule and eventfully formation of oligomers 
(Witt 2009; Ebrahimi-Fakhari et al. 2013). (Auluck et al. 2002) have shown that 
Hsp70 increases the clearance of α-Syn accumulation and prevent dopaminergic 
neuronal loss in PD model of Drosophila. Accumulation of α -Syn in LBs are get 
cleared by the interaction between Hsp70 with C-terminal Hsp70-interacting pro-
tein (CHIP) and parkin related ubiquitinylation pathways which promotes proteoso-
mal degradation of misfolded protein in PD (Kalia et al. 2015; Shin et al. 2005). 
CHIP tends to bind with Hsp70-misfolded protein complex and then promotes the 
ubiquitylation of the unfolded protein associated with Hsp70 and subsequently pro-
motes its degradation via proteasome and lysosomal pathway (Shin et  al. 2005; 
Donnelly et al. 2013). Previous study has shown that co-expression of CHIP with 
WT α-Syn in human H4 neuroglial cells results in a significant decrease in the 
α-Syn  oligomerization and eventully, degrades α-Syn (Labrador-Garrido et  al. 
2011: Witt 2010; Klucken et al. 2004). Witt (2010) have shown that flies expressing 
human WT α-Syn shows 50% less neurons after 20 days as compare to control flies. 
Whereas, coexpression of Hsp70 with human WT α-Syn expressing flies shows no 
loss of fly neurons after 20 days. This experiment reveals that Hsp70 plays a protec-
tive role in case of PD.

Furthermore, Chaperone Mediated Autophagy (CMA) is an alternate pathways 
by which Hsp70 rescue the cell death induced by α-Syn. Hsp70 accelerates the 
degradation of α-Syn via CMA and thus protect the neuronal death (Witt 2010). 
Mutation in other PD causing gene “LRRK2” results in early onset of PD and neu-
ronal toxicity. It was shown that CHIP involved in the degradation of LRRK2 with 
the help of Hsp70 by promoting its ubiquitylation and proteasomal degradation 
(Ding and Goldberg 2009; Ko et al. 2009).

DJ-1 is also associated with PD, mutation in DJ-1 causes early onset of PD with 
autosomal recessive inheritance. DJ-1 is present in mitochondria and has protec-
tive role in PD through ROS mitigating mechanism. It protects neuronal cells by 
hydrogen peroxide and 6-hydroxydopamine induced ROS production (Ariga et al. 
2013). Lev et al. (2006) have demonstrated that DJ-1 inhibits protein aggregation 
and neurotoxicity by up-regulating Hsp70  in the cell.  In another study, Hsp70 
supresses the paraquate induced JNK and caspase activation in Drosophila model 
of PD (Shukla et al. 2014). Simmilarly, in DJ-1βΔ93 flies, a paraquate induced ROS 
model of PD in Drosophila, Hsp70 was upregulated in the adult brain regions 
(Kumar et al. 2017). Overexpression of WT DJ-1 inhibits A53T human α-Syn tox-
icity via increasing the expression of Hsp70 (Ariga et al. 2013; Batelli et al. 2008). 
Therefore, this study suggests that Hsp70 might involve in the DJ-1 mediated inhi-
bition of α-Syn aggregation and toxicity. DJ-1 colocallizes with mitochondrial 
Hsp70/Grp75 and CHIP in PD. Previous studies have shown that L166P and M26I 
mutant forms of DJ-1 found in PD were strongly associated with Hsp70 and CHIP 
as compared to the wild type and other mutants of DJ-1. This association enhances 
with the treatment of hydrogen peroxides to the cell and concluded that DJ-1 per-
forms anti-oxidant activity to reduce the ROS with the help of Hsp70. In another 
form of PD, mutation in PTEN-induced putative kinase 1 (PINK1) and Parkin, an 
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E3 ubiquitin ligase causes the autosomal recessive form of disease. Previous stud-
ies have shown a link of Hsp70 with PINK1 and Parkin in PD (Zheng et al. 2018; 
Kumar et al. 2012; Yoo et al. 2018). A study by Zheng et al., 2018 demonstrated 
that Hsp70 stabilizes the PINK1 by decreasing its degradation. In case of Parkin, 
Hsp70 act as a substarte for ubiquitin ligase activity of Parkin (Moore et al. 2008). 
Overexpression of Hsp70 ameliorates the effect of parkin null mutation and protect 
the DA neurons in PD (Zhang et al. 2016). The significance of parkin-mediated 
ubiquitination of Hsp70 is still a question for debet.

 Hsp70 and Huntington’s Disease

HD is an inherited neurodegenerative disease caused due to polyglutamine (polyQ) 
expansion in the huntingtin (Htt) gene (Krench and Littleton 2013). It is an autoso-
mal dominant disease caused by single gene mutation and manifests with 100% 
penetrance (Lewis and Smith 2016; Krench and Littleton 2013). The huntingtin 
(Htt) protein plays a vital role in the intracellular cascades and in case of HD, it gets 
mutated and deregulate the basic cellular processes. Mutation in the Htt protein 
alters the signaling pathways associated with neuronal survival and causes neuronal 
loss (Krench and Littleton 2013). In HD, the repetition of CAG sequence in the 
exon 1 of huntingtin gene (Htt) generates a protein with an expanded polyglutamine 
(polyQ) tail at the N terminus. The expansion of polyQ tails results in genetic defect 
characterized by expansion of glutamine self-aggregation or aggregation with dif-
ferent proteins and formation of inclusion bodies in the affected neurons which 
leadings to the neuronal death. Apart from HD, another human neurodegenerative 
diseases caused by polyQ expansion are dentatorubral and pollidoluysian atrophy, 
spinal and bulbar muscular atrophy and the spinocerebellar ataxias 1, 2, 3, 6, 7, and 
17 (Krench and Littleton 2013; Wolfgang et al. 2005).

 Hsp70 Inhibits the Toxicity of Huntingtin Protein in HD

Expression of polyQ proteins in cell culture, results in an increase expression of 
Hsp70 protein (Turturici et al. 2011; Tagawa et al. 2007). To finding out the role of 
Hsp70 in the HD, researcher used different polyQ models in cell lines, yeast, worm 
(C. elegance), fly (D. melanogaster) and Vertebrate (Zebrafish) (Kikis 2016; 
Wolfgang et al. 2005; Muchowski et al. 2000). Hansson et al. (2003) have shown 
that overexpression of Hsp70 showed moderate effect on neuropathologies associ-
ated with HD in R6/2 HD mice. Furthermore, Hsp70 binds with Bag-1 which is 
associated with inclusion bodies, reduces the pathologies of HD which are associ-
ated with polyQ-stretch huntingtin protein (Jana et  al. 2005). It was shown that 
Hsp70 inhibits the formation of mature aggregation of polyQ-stretch of Htt protein 
with the help of Hsp40 in ATP dependent manner. Hsp70/Hsp40 causes intramo-
lecular conformational changes in polyQ-stretch of  huntingtin protein, 
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immediately  during, the formation of new  aggregates, feasibly while huntingtin 
present in the monomeric condition. Thus, Hsp70 inhibits the formation of spherical 
and ring like oligomers’s aggregation and promote the stabilization of Huntingtin 
protein in the monomeric form. Therefore, as a result of Hsp70 action on the polyQ-
stretch huntingtin protein, it promotes inhibition of toxic effect of protein aggrega-
tion, fibrillary aggregation pathway and prevents accumulation of amorphous 
aggregates of the huntingtin protein in the HD (Wacker et al. 2004; Schaffar et al. 
2004). By the changes of mutant huntingtin conformation by Hsp70, it is no longer 
involved in the inhibition of essential cellular pathways and machinery such as 
polyQ-containing transcription factors. Furthermore, Hsp70 inhibits an intra-
molecular conformational change of mutant Htt protein. It prevents heterotypic 
interactions between polyQ expanded htt and transcription factors associated with 
it. Additionally, Hsp70 helps in the reduction of oxidative stress in HD cellular 
model. The overexpression of Hsp70 inhibits the intracellular accumulation of iron 
ions in the cells transiently expressing the polyQ expanded Htt protein and decreases 
the formation of reactive oxygen species (ROS) (Wyttenbach et al. 2002).

 Hsp70 and Spinocerebellar Ataxia

Spinocerebellar Ataxia (SCA) is an autosomal dominant disorder associated with 
degeneration of cerebellum, often accompanied by central nervous system and 
brainstem degeneration (and less commonly the peripheral nervous system) (Taroni 
and DiDonato 2004; Paulson 2009). The pathologies associated with SCA are 
expanded CAG/polyQ ataxia and non-protein coding repeat expansion ataxia 
(Paulson 2009). Hsp70 plays a vital role in the neuroprotection in the case of SCA. 
(Cummings et al. 2001) have shown that overexpression of Hsp70 play a neuropro-
tective role in SCA1 mice model. (Helmlinger et al. 2004) have demonstrated that 
Hsp70 attenuates poly Q induced toxicity in SCA3 fly model and in mouse mode. 
Previous studies have shown that overexpression of Hsp70 in SCA3 poly Q diseased 
model of Drosophila and SBMA mouse model reduced the toxicity of the disease 
protein without any effect on protein aggregation (Adachi et al. 2003; Cummings 
et al. 2001; Warrick et al. 1999).

 Hsp70 and Spinal and Bulbar Muscular Atrophy

Spinal & Bulbar Muscular Atrophy (SBMA) also known as Kennedy’s disease 
(Kennedy et al. 1968), is an X linked inherited neuromuscular disorder character-
ized by loss of motor neurons, progressive muscle wasting, muscles weakness, fas-
ciculations and one of the most common genetic causes of infant death. A 
trinucleotide (CAG) repeat expansion in the androgen receptor (AR) gene on the X 
chromosome occur in the SBMA. This mutation results in an androgen-dependent 
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toxic gain of function in the mutant protein and an expanded polyglutamine tract 
(Grunseich et al. 2014; Kennedy and Alter 2000). Recent studies have shown that 
SBMA can be cure by decreasing the amount of polyglutamine androgen receptor 
(polyQ AR). HSP70 involves in the maintenance of polyQ AR proteostasis. Hsp70 
with co-chaperone, Hsp70 interacting protein (Hip) promotes polyQ AR ubiquitina-
tion and its clearance. Overexpression of Hsp70 ameliorates the toxicity of the 
Drosophila model of SMA (Wang et al. 2013a). A study by (Adachi et al. 2003) 
demonstrated that the overexpression of Hsp70 decreases the localization of mutant 
androgen receptor protein in nucleus and rescue the phenotype associated with spi-
nal and bulbar muscular atrophy in transgenic mouse model. Furthermore, they 
have shown that overexpression of Hsp70 decreases the mutant AR aggregation and 
neuronal cell death in neurodegenerative disease model (Kobayashi et  al. 2000; 
Adachi et al. 2003). The treatment with arimoclomol, a well-known HSP co-inducer 
induced the expression of Hsp70 in spinal and bulbar muscular atrophy AR100 mice 
so it helps in the delays disease progression. Increased level of Hsp70 promotes 
proteiosomal degradation of mutant androgen receptor protein (Bailey et al. 2002; 
Malik et  al. 2013). Additionally, Overexpression of human Hsp70 decreases the 
disease pathology and improves the phenotype of diseased mice (Adachi et  al. 
2003). Another compound geranylgeranylacetone also known for induction of 
Hsp70, Hsp90 and Hsp105 via activation of HSF1 (Katsuno et al. 2005; Wang et al. 
2014b). Hence, the treatment with geranylgeranylacetone, ameliorates the neuro-
muscular phenotype in SMA in an AR-97Q mouse model of spinal and bulbar mus-
cular atrophy (Katsuno et al. 2005; Malik et al. 2013).

 Hsp70 and Amyotrophic Lateral Sclerosis 

Amyotrophic Lateral Sclerosis (ALS) is a diseases associated with degeneration of 
specific nerve cells regulating muscle movement. ALS is characterized by progres-
sive loss of motor neurone (atrophy) resulting in muscle weakness and inability of 
motor control (Gifondorwa et  al. 2007). It is a disease of upper motor neurons 
(UMN) and lower (LMN) motor neurons in the brain and spinal cord (Gordon 
2013). Copper, zinc superoxide dismutase 1 (SOD1) mutation associated with 
familial ALS. Mutated SOD1 aggragation occur in the mitochondria in the case of 
familial ALS. HSP70 plays an important role in the decreases the ALS pathology 
associated with SOD1 mutation (Banci et al. 2008). A study by (Miyazaki et al. 
2016) shown that serum level of Hsp70 remain increased throughout the disease 
period in the patient. So, HSP70 might have a vital role in the ALS. Hsp70 plays a 
neuroprotective role by inhibited the accumulation of mSOD1 (mutant SOD1) 
accumulation (Jain et  al. 2008). The administration of exogenous recombinant 
human rhHsp70 in G93A SOD1 mice, increases the life span, induced motor nor-
mal function and prolonging motor neurons survival and delayed ALS disease 
symptoms. By the treatment with exogenous rhHsp70, increasing in the number of 
innervated neuromuscular junctions as compare to control tissue (Gifondorwa et al. 
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2007). It also inhibits plaques formation and neuronal toxicity in SOD1G93A mutant 
flies.

 Hsp70 and Fragile X-Syndrome

Fragile X-syndrome is the neurodegenerative disorder caused due to the multiple 
repeat of CGG trinucleotide (>200 repeats) in 5′ UTR of FMR1gene and results in 
transcriptional silencing and loss of Fragile X Mental Retardation Protein (FMRP) 
(O’Donnell and Warren 2002; Jin et al. 2003). Studies have suggested that this repeat 
disorder also has neuronal inclusion bodies that are Hsp70 and ubiquitin positive and 
overexpression of Hsp70 suppress this phenotype (Jin et al. 2003). Overexpression 
of Hsp70 suppress the CGG100GFP-induced neurodegeneration by enhancing ubiq-
uitin-Proteasomal system for degradation of protein aggregates and decreases CGG-
repeat-elicited toxicity in Drosophila. Co-expression of Hsp70 rescues the rough eye 
phenotype in CGG100GFP expressing Drosophila (Oh et al. 2015).

 Therapeutic Strategies Using Hsp70

As mentioned above, several studies have suggested the neuroprotective potential of 
Hsp70 in various diseased conditions. Thus, to find out the mechanistic details how 
to modulate/control the functions of Hsp70 in diseased conditions is one of the key 
area for research to explore the possibility of the use of Hsp70 in diseased condi-
tions. The following strategies can be used as potentials ways to modulate/control 
the Hsp70 in diseased conditions.

 Modulation of Endogenous H70 Expression Level

As discussed, Hsp70 plays a vital role in the prevention of the formation of oligo-
mers in the neurodegenerative disease and therefore they inhibit toxicity (Pockley 
2001; Paul and Mahanta 2014). The induction of Hsp70 might be a promising 
approach for the treatment of various neurodegenerative disease such as AD, PD, 
HD, ALS, SMA and fragile X syndrome (Adachi et al. 2005). The pharmacological 
induction of Hsp70 is one of the hopeful ways to modulate the expression of Hsp70. 
As an example some drugs are being used for the treatment of AD which are 
involved in the induction of endogenous Hsp70 level. A study by (Dou et al. 2003) 
demonstrated that supplementation of geldanamycin increases the endogenous 
Hsp70 level and prevent the formation of neurofibrillary tangles in the COS-1 cell 
(Lu et al. 2014). Several studies have suggested that by controlling the activity of 
Hsp70 there are probability of regulating tau-based neurodegeneration. It has been 
shown that Hsp70 activation increases tau stability and inhibition of Hsp70 reduces 
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tau expression (Jinwal et al. 2009). Additionally, celastrol, pentacyclic triterpene act 
as a Hsp90 inhibitor and Hsp70 inducer and shows neuroprotective effects in polyQ 
diseased models and in HD (Hay et al. 2004; Cummings et al. 2001; Zhang and 
Sarge 2007). Geranylgeranylacetone (GGA), an ulcer drug and cyclic isoprenoid 
has been known for its role in activation of Hsp70. Previous study has shown that 
oral administration of GGA induced expression of Hsp70 along with Hsp90 and 
Hsp105 by activating the HSF1. GGA increases the Hsp70 level in CNS and reduces 
the accumulation of AR protein in the case of SBMA mouse model (Katsuno 
et  al. 2005). There are more chemical compounds such as  17-allylamino-17-  
demethoxygeldanamycin (17-AAG), 17-(dimethylaminoethylamino)-17- deme-
thoxygeldanamycin (17-DMAG) inhibits the toxicity associated with SBMA and 
HD, respectively (Waza et al. 2005; Sittler et al. 2001). Arimoclomil (BRX-220), a 
hydroxylamine derivatives an experimental drug developed by CytRx Corp, is an 
oral therapeutic medicine for the treatment of amyotrophic lateral sclerosis (ALS). 
It will help in the inhibition of the toxicity associated with ALS by inducing the 
expression of Hsp70 (Phukan 2010). BRX-220 also promotes the neuronal survival 
by increasing the expression of Hsp70 (Vigh et al. 1997; Ousman et al. 2017). A 
systematic administration of immunosuppressant drugs such as cyclosporine A and 
FK506 increases the expression of Hsp70 that enhances axonal regeneration and 
causes the recovery of sciatic nerve crush injury in rat (Gold 1997; Ousman et al. 
2017). The other compound herbimycins, a benzoquinone ansamycin antibiotic 
induces expression of Hsp70 and prevent the pathologies of neurodegeneration 
(Shaaban et al. 2013). Riluzole is pharmacological drug that is commonly used for 
the treatment of ALS is also induces the expression of Hsp70 and leads to the 
survival of primary embryonic spinal cord (Yang et al. 2008; Neef et al. 2011). It 
has been also noted that pharmacological inhibition of Hsp90 leads to release of 
Heat Shock Factor 1(HSF1) from it, the free HSF1 can also induced the endogenous 
Hsp70 (Bagatell et al. 2000; Neckers and Workman 2012; Soga et al. 2013), which 
can mitigate the neurodegeneration. 

 Administration of Exogenous Hsp70

Studies have shown that administration of exogenous Hsp70 is helpful in AD treat-
ment. (Bobkova et  al. 2015; Kampinga and Bergink 2016) have shown that 
intranasally- administered Hsp70, efficiently entered into the specific brain regions 
such as olfactory bulbs, hippocampus, cortex etc. in the mice and helps in reducing 
Aβ plaque in the mice. Furthermore, exogenous Hsp70 improve spatial memory in 
mice. (Morozov et al. 2017) have demonstrated that exogenous administration of 
Hsp70 decreases intracellular proteasomes activity of isoAβ42 treated cells.
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 Inhibition of Hsp70 ATPase Activity

The ATPase (catalytic) activity of Hsp70 is associated with increasing the affinity of 
Hsp70 to bind with misfolded, aggregated proteins by changing HSP70 conforma-
tion from adenosine triophosphate (ATP) bound form to adenosine diphosphate 
(ADP) bound form. Previous researches have shown that the inactivation of Hsp70 
ATPase activity enhances the capacity of Hsp70 to bind with misfolded, aggregated 
proteins by promoting its ADP bounded form. Hence, inhibition of ATPase activity 
increases the proper protein folding, initiate degradation or removal of protein 
aggregates in AD. Thus, these studies suggested that modulation (activation/inhibi-
tion) in ATPase activity of Hsp70 could be beneficial for neurons in the case of 
neurodegenerative diseases (Repalli and Meruelo 2015). Some molecules that can 
be used for the inhibition of Hsp70 ATPase activity and keep Hsp70 into its ADP 
bounded form are MKT-07767, YM-01, methylene blue (MB), and YM-08 (Miyata 
et  al. 2011; Repalli and Meruelo 2015; Abisambra et  al. 2013). Other bioactive 
compounds such as myricetin (MY, flavones) and Azure C (AC, benzothiazines) 
used to enhance HSP70 activity for elimination of aggregated protein by inhibiting 
its ATPase activity (Jinwal et al. 2009).

 Conclusions

Hsp70 are highly conserved protein and plays a pivotal role during different cellular 
events. One of the key function is protein folding by which it can regulate the activ-
ity of a protein. If a protein is not properly folded it should be refolded or can be 
going for degradation pathway using ubiquitin proteasome system. Thus, Hsp70 is 
very important to maintain the cellular homeostasis. As discussed above overex-
pression of Hsp70 plays a protective role in AD, PD, ALS and Poly Q diseases and 
there are several molecules that can exogenously induce the expression of Hsp70 
and help in safety mechanism. Thus, Hsp70 can be used as a potential therapeutic 
agent to target various neurodegenerative diseases. Due to advancement of science 
& technology, onset of neurodegenerative diseases became a major challenging 
problem for the human beings. As discussed above, protein quality control plays a 
key role in NDs and this quality control is regulated by molecular chaperones, ubiq-
uitin ligases and autophagy lysosomal pathway etc. In recent year’s several efforts 
have been taken to resolves the issues related with these diseases but still there are 
no proper cures for any of these diseases. Thus, more and more basic research is 
required to find out the detailed molecular mechanism of these diseases to use the 
information for the development of therapeutics targets to control/treat these dis-
eases. As discussed above most of the NDs are due to the misfolding of protein and 
their accumulation in cell that ultimately generate cellular stress and NDs. Thus, 
molecules that can refold are initiate the refolding of misfolded proteins or initiate 
the clearance process can be a key area of research in the search of therapeutic target 
for the diseases. As described, Hsp70 possess neuroprotective potential thus, 
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identification of mechanistic details of Hsp70 and the molecules that can modulate 
the activity of Hsp70 will shed a light in the area of use of Hsp70 in different dis-
eased conditions.
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and Neurodegenerative Diseases

Zheying Sun, Roy J. Blackburn, Laura J. Blair, and John Koren III

Abstract Neuronal proteostasis is a highly regulated and crucial component of 
neural function. Unlike other tissues and organ, cell loss due to damage and dys-
functional signaling mechanisms is not an option for the brain. Neurons are thusly 
dependent on the collective cellular machinery of the molecular chaperones. Hsp70, 
a molecular chaperone which hydrolyzes ATP to fold proteins into a functional 
state, has been implicated as both a driver of disease pathogenesis and a therapeutic 
target for the activities and associations identified in several neurodegenerative dis-
eases. Through interaction studies, genetic models, and small molecule therapeutics 
which serve as chemical tools, we have gained a greater understanding and appre-
ciation for the role of Hsp70  in several neurodegenerative diseases. This chapter 
will discuss the studies and tools which elucidated the role of Hsp70 family mem-
bers in neurodegenerative disorders and will offer perspective into therapeutic inter-
ventions which may prove beneficial for treating these diseases.

Keywords Alzheimer’s disease · Hsp70 · Molecular chaperones · 
Neurodegenerative diseases · Parkinson’s disease
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CME Clatherin-mediated endocytosis
fALS Familial Amyotrophic lateral sclerosis
GA Geldanamycin
HD Huntington’s disease
Hsc Heat shock cognate
Hsp Heat shock protein
LRRK2 Leucine-rich repeat kinase 2
MAPT, tau Microtubule associating protein tau
PCR Polymerase chain reaction
PD Parkinson’s disease
polyQ Polyglutamine-expansions
SCA Spinocerebellar ataxia
SNpc Substantia nigra pars compacta
SOD1 Superoxide dismutase 1
TDP-43 TAR DNA binding protein 43
UPS Ubiquitin-proteasome system

 Introduction

A hallmark pathology of many neurodegenerative disorders is the aberrant protein 
accumulation. These aggregating proteins have escaped or became immune to pro-
teostasis mechanisms which normally govern their localization and turnover. The 
causes underlying this breakdown in proteostasis vary as wildly as the accumulating 
and aggregating proteins themselves. Some, such as the microtubule associating 
protein tau (MAPT, tau) in Alzheimer’s disease, aggregate following abnormal pat-
terns of phosphorylation, while others, such as tau in Pick’s disease or huntingtin in 
Huntington’s disease, aggregate due to mutations or peptide expansions. Whatever 
processes and mechanisms serve as the impetus for aggregation, these proteins 
become abnormally regulated and often present a detrimental impact to neural biol-
ogy. Hsp70, a molecular chaperone which hydrolyzes ATP to fold proteins into a 
functional state, with the rest of the molecular chaperone network regulates protein 
folding, the triage of damaged or misfolded proteins for degradation, and the pre-
vention of protein aggregation. Because of these cellular functions, Hsp70 and other 
molecular chaperones have been well studied for roles in neurodegenerative disor-
ders; both as pathogenic factors and as potential therapeutic agents. The Hsp70 
family of chaperones, ahead of other chaperone families, interacts with several 
families of chaperones and co-chaperones (namely – Hsp90 and the family of DNAJ 
proteins) which allow Hsp70 family members to interact with and regulate a wide 
variety of disordered and damaged proteins. Upon interacting with a mutated or 
misfolded protein, a molecular “decision” is made following cues from interactions 
with other molecular chaperones and co-chaperones. This decision can lead to the 
preservation or degradation of potentially aberrant protein. All too often in 
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neurodegenerative disorders, a preservation of potentially damaging proteins 
occurs. Though this is not a fixed outcome, many studies have shown that interac-
tions with molecular chaperones are necessary for the formation of pathology; par-
ticularly in neurodegenerative diseases. This chapter will detail our understanding 
of how Hsp70 family members impact various neurodegenerative disease proteins 
and highlight any attempts to utilize Hsp70 family members as therapeutics or ther-
apeutic targets in the treatment of these disorders.

 Alzheimer’s Disease and Tauopathies

Alzheimer’s disease (AD) is a neurodegenerative disorder and the primary cause of 
dementia in the United States. Pathologically, AD is characterized by the presence 
of extra-neuronal plaques comprised of amyloid beta (Aß), and intra-neuronal tan-
gles of the microtubule associating protein tau (MAPT, tau). The accumulation of 
tau is driven by aggressive phosphorylation, thought to be a cellular response to 
extracellular Aß accumulation. Tau mutations, though typically absent in AD, are 
common in a group of non-AD neurodegenerative disorders collectively known as 
tauopathies. These disorders, similar to AD, feature the intracellular accumulation 
of tau, impaired cognition, and a progressive loss of neurons. To date, there are no 
FDA approved therapeutics for treating the molecular pathogenesis of AD, and all 
current approved therapies are palliative. Recently, there have been advances in 
several small molecule’s capable of regulating molecular chaperones which have 
demonstrated beneficial outcomes for models of tauopathy. Here, we will discuss 
the roles of heat shock proteins in the regulation of tau and Aß, based on the avail-
able literature. Early evidence of a role for Hsp70 in AD was identified when the 
levels of Hsp70 were found to be elevated in the brains of AD patients (Yoo et al. 
1999). Later, it was found that higher levels of Hsp70 and Hsp90 correlated with 
lower levels of insoluble tau and increased tau-microtubule association (Dou et al. 
2003). From these studies, and the availability of commercial Hsp90 inhibitors, 
much effort was placed on characterizing the role of Hsp90  in tau biology. One 
interesting phenomenon was the identification of an Hsp90 population in the tem-
poral cortex but not the cerebellum of AD patients which had an elevated affinity for 
the co-enzyme ATP (Dickey et al. 2007). The elevated affinity of Hsp90 for ATP 
also meant that Hsp90  in AD brain had an increased affinity for small-molecule 
Hsp90 inhibitors. Inhibition of Hsp90 reduced soluble tau levels in cells treated with 
these compounds (Dickey et al. 2007). These findings mirrored a similar phenom-
enon found in cancer cells and patient tumors which presented Hsp90 with elevated 
affinity for ATP and a sensitivity of Hsp90 associated oncogenes to Hsp90 inhibi-
tion (Kamal et  al. 2003). However, prior to encountering and interacting with 
Hsp90, tau was found to interact with Hsc70 or Hsp70, two cytosolic Hsp70 family 
members.
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 Hsp70 and Tau

Hsc70 and Hsp70 regulate the tau ‘triage decisions’ for degradation by the protea-
some or through autophagy mechanisms (Fig.  1). Microtubule destabilization or 
removal of tau from the microtubules drives an interaction between tau and Hsc70 
(Jinwal et al. 2010). Once formed, this complex stabilizes tau, protecting against 
proteasomal degradation. Additionally, the presence of the Bcl2-associated athano-
gene-1 (BAG-1), an Hsc70 co-chaperone, prevents proteasomal degradation of tau; 
this is, however, reversible by the induction or overexpression of Hsp70 or by 
silencing BAG-1(Elliott et  al. 2007). Hsp70, through interactions with CHIP 
(Hsc70-interacting protein), an E3 ubiquitin ligase, promotes the ubiquitination and 
of tau. Following ubiquitination, tau is targeted for degradation by the proteasome 
(Dickey et al. 2007, 2008; Shimura et al. 2004). Together, these data suggest Hsc70 
can preserve tau whereas tau interacting with Hsp70 may promote degradation 
(Fig.  2). Similar findings have been observed with other client proteins of both 
Hsp70 and Hsc70 (Koren 3rd et  al. 2010). This suggests that neuronal levels of 
Hsc70 and Hsp70, and perhaps most importantly the ratio between these two pro-
teins, may be a critical factor governing the accumulation or clearance of tau. Low 
cellular levels of Hsp70 and CHIP may control the basal levels of “house-keeping” 
turnover and degradation of tau, a pathway that is better accessed by tau when more 
Hsp70 is available to present tau to CHIP. These ideas are consistent with findings 
that Hsp70 differentially regulates tau isoforms and may function primarily in 

Fig. 1 The Hsp70 family regulates many distinct “fates” for client proteins. The fate of a client 
following interaction with an Hsp70 family member is often dictated by the (1) member of the 
Hsp70 family, (2) the repertoire of Hsp70 co-chaperones associating with the Hsp70, and (3) the 
physical properties of the client. Hsp70 family members have been shown to promote protein 
degradation though both proteasomal and autophagic mechanisms, reduce or promote the aggrega-
tion of distinct clients, and fold proteins following heat shock or other stress events
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regulating dysfunctional tau isoforms (Voss et al. 2012). Hsp70 family members, 
through interactions with distinct DNAJ proteins, were also associated with the 
pathological spread of tau; a phenomenon believed to be a major driver of 
Alzheimer’s disease progression. The complex of DNAJC5 and Hsc70 was found to 
promote the extracellular release of tau via SNARE and SNAP-23 (Fontaine et al. 
2016). This release was not limited to tau, but was also capable of exporting 
α-synuclein and TDP-43 (TAR DNA Binding protein 43). This mechanism was 
originally hypothesized to be protective. However, the recent investigations into the 
mechanisms and outcomes of tau spreading in AD and other tauopathies (Boluda 
et al. 2015; Guo et al. 2016; Iba et al. 2015) suggests that, though the DNAJC5 and 
Hsc70 complex may be functioning to protect neurons by forcing the release of 
pathogenic tau species, DNAJC5 and tau may be working save the cell at the 
expense of the surrounding tissue and organism.

Currently, small molecules capable of regulating Hsp70 and Hsc70 activity are 
under investigation as anti-tau therapeutic strategies. Some of these compounds 
have demonstrated promise results in studies using in vitro and mouse models of 
tauopathy. Work from the Dickey and Gestwicki groups identified and characterized 
small molecule inhibitors, as well as activators, of Hsc70/Hsp70 (Jinwal et  al. 
2009). Activation of Hsp70 stabilized tau, possibly bypassing tau through an unpro-
ductive folding cycle, or by selectively activating Hsc70 (Fig. 3). Conversely, inhi-
bition of Hsp70 reduced tau levels both in vitro and in vivo, resulting in the 
ubiquitination and degradation of tau (Abisambra et al. 2013; Evans et al. 2011; 
Jinwal et al. 2009; O’Leary 3rd et al. 2010; Thompson et al. 2012). Additionally, the 

Fig. 2 Hsc70 and Hsp70 are frequently found to promote different “fates” for the same client 
protein, despite their extreme homology. The constitutive and ubiquitously expressed Hsc70 is 
often associated with client protein stabilization and aggregation. Whereas Hsp70, which is 
induced under various stress conditions, is often associated with a clearance of aggregating and 
mutant proteins; typically through the proteasome degradation machinery
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‘gold standard’ for small molecule inhibitors of Hsp90 is an induction of Hsp70 
following treatment. Thus, it is hypothesized that inhibition of Hsp90, which may 
aid in the clearance of tau, will subsequently drive the induction of Hsp70; thereby 
increasing neuronal levels of Hsp70 which was shown to promote tau clearance 
(Fig. 4) as well as provide neuroprotection against apoptosis.

Fig. 3 The fate of an 
Hsp70 client protein is 
often dictated by Hsp70 
activity. Small molecules 
capable of enhancing the 
ATPase activity of Hsp70 
have been shown to 
stabilize and enrich pools 
of client proteins. While in 
contrast, small molecule 
inhibitors of Hsp70 often 
promote the ubiquitination 
and degradation of certain 
client proteins

Fig. 4 Small molecules can activate the heat shock response. Some act directly while others, such 
as ATPase inhibitors of Hsp90, are indirect. These compounds promote the release of HSF1; thus 
allowing HSF1 to be phosphorylated, trimerize, and translocate to the nucleus
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 Hsp70 and Amyloid Beta

Though not typically associated with cytosolic chaperones, there is some evidence 
that Hsp70 can regulate the extracellular Aß. Using a recombinant model, a combi-
nation of Hsp70 with the co-chaperone Hsp40 could block early phases of Aß 
aggregation. This activity was dependent on the ATPase activity of Hsp70 as it 
could be modified by small molecules capable of enhancing or inhibiting these 
functions. Though these interactions remain unexplored, it suggests that exogenous 
or extracellular chaperones from the Hsp70 family, if functional, could regulate the 
accumulation and pathogenicity of Aß in AD patients.

 Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder caused by decreased dopa-
mine levels in the brain from damaged neurons. PD affects 1% of all people over the 
age of 60 years old, and includes symptoms such as slow movement, stiffness, and 
loss of balance. In some cases, PD and progress to generate dementia in afflicted 
persons. While some medications such as dopamine promoters, and anti-tremor 
medications can assist in helping PD’s symptoms, there is currently no treatment to 
fully cure the disease (Jankovic 2008). The progression of PD is the result of aggre-
gation of prion-like proteins: alpha-synuclein (α-syn) and parkin, located in the pre-
synaptic terminals of neurons. Accumulating α-syn in neurons causes the 
degeneration through loss of dendritic spines. These abnormal aggregates of α-syn 
and Parkin proteins in PD are referred to as Lewy bodies, or lewy neurites depend-
ing on their location. PD is also progressed by mutations in the leucine-rich repeat 
kinase 2 (LRRK2). Mutations in LRRK2 are the most common cause of autosomal 
dominant PD, and it is found that patients with LRRK2 mutations have accumula-
tion α-syn aggregates, tau aggregates (commonly found in Alzheimer’s disease), 
and/or ubiquitin-positive inclusions (Witt 2010).

 Hsp70 and Alpha-Synuclein

The progression of PD is the result of aggregation of the prion-like proteins 
α-synuclein (α-syn) in the pre-synaptic terminal and dendritic spines. α-syn is a 
disordered protein which, similar to tau, can form toxic oligomeric species (Lashuel 
et al. 2002). Accumulating α-syn in promotes neural degeneration through loss of 
dendritic spines. These abnormal aggregates of α-syn in PD forms aggregate struc-
tures collectively known as Lewy bodies, or Lewy neurites depending on their loca-
tion. A major role in molecular chaperones is to mediate protein misfolding and 
mitigate accumulation of protein aggregates. It is hypothesized that chaperones are 
part of a cellular arsenal that protect against α-syn toxicity, and increasing levels of 
Hsp70 via transgene or chemical activator will protect cells from 
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neurodegeneration. Similar to tau, Hsp70 and CHIP, as well as Hsp90, interact with 
α-synuclein. Hsp70 has been shown to be critical for regulating the general aggrega-
tion of α-syn (Aprile et al. 2015; Auluck et al. 2002; Gao et al. 2015; McLean et al. 
2004). Additionally, a publication in 2017 identified a complex between Hsp70 and 
DNAJB6 to be a stronger inhibitor of α-syn aggregation than Hsp70 alone (Aprile 
et al. 2017). CHIP, a ubiquitin ligase which frequently, with Hsp70, facilitates the 
degradation of accumulating proteins via the ubiquitin-proteasome system (UPS), 
was shown to interact with α-syn and Hsp70 (Tetzlaff et al. 2008). This interaction 
is significant since CHIP overexpression was observed to reduce high molecular 
weight oligomers of α-syn. These oligomers were then cleared by both the protea-
some and the lysosome (Tetzlaff et al. 2008). Hsp90 also influences α-syn aggrega-
tion as determined by in vitro studies. In these studies, Hsp90 interacting with 
monomeric α-syn prevented α-syn from interacting with single-membrane vesicles. 
Additionally, this interaction promoted α-syn fibril formation in an ATP-dependent 
manner (Falsone et al. 2009). Unfortunately, only indirect data support the notion 
that Hsp70 likely binds monomeric forms of soluble α-synuclein: following Hsp70 
depletion, α-synuclein reactions resumed at a rate similar to the initial monomer-
containing reactions (Luk et al. 2008). While the field continues to explore possible 
mechanisms of α-synuclein-induced toxicity, in vitro studies suggest that, Hsp70 
and CHIP likely interact in a dynamic process to regulate α-synuclein fibril assem-
bly and degradation.

In vivo studies, from the study of PD patient tissue or a drosophila model of 
α-syn accumulation, suggested that overexpression of Hsp70 may be a response to 
the accumulation of α and an attempt by the cell to inhibit α-syn toxicity. It is 
assumed that the cellular attempt to mitigate proteotoxic stress in PD models 
involves recruiting molecular chaperones, including Hsp70. This hypothesis is sup-
ported by one of many studies which shows how the overexpression of α-synuclein 
in the substantia nigra pars compacta (SNpc) of mice resulted in an increased level 
of Hsp70 mRNA, as assayed by quantitative PCR in neurons recovered by laser 
capture microscopy (St Martin et al. 2007). Another supporting study showed that 
time-lapse imaging of fluorescently labeled α-syn demonstrated that aggregate for-
mation and toxicity induced by a C-terminally truncated form of α-syn could be 
reduced by the co-expression of Hsp70 in living cells (Opazo et al. 2008). In trans-
genic flies with neuronal-directed expression of α-syn presented features of α-syn 
accumulation similar to those observed in PD; including adult-onset loss of dopami-
nergic neurons, filamentous intraneuronal inclusions containing α-syn, and locomo-
tor dysfunction. The study showed that flies expressing wildtype (non-mutated) 
α-syn in dopaminergic neurons presented a 50% reduction in neurons after 20 days. 
When wildtype α-syn was co-expressed with human Hsp70, no loss of fly neurons 
was seen at 20 days. Interestingly, Lewy bodies were still found present within the 
neurons after the Hsp70 co-expression, which lead to the belief that Hsp70 works 
by protecting dopaminergic neurons from degenerative cell death caused by α-syn 
toxicity. The Lewy bodies found present within the neurons after the co-expression 
of Hsp70 were not toxic, but instead inert. The toxic species of α-syn appeared to be 
exclusive to soluble forms (Fukuzono et al. 2016).
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Hsp70 has since been explored in other model types, including a yeast model of 
PD. Normally, wildtype α-synuclein, along with α-syn mutations (such as A53T and 
A30P), will trigger apoptosis in yeast saccharomyces cerevisiae. In this yeast model 
experiment, cell death was observed with apoptotic markers such as externalization 
of phosphatidylserine causing membrane asymmetry, release of cytochrome c from 
the mitochondria, and an accumulation of reactive oxygen species. When co-
expressed with Hsp70, α-syn expressing yeast cells showed none of the previously 
displayed apoptotic markers. Hsp70, however, did not decrease the level of expres-
sion of α-syn, indicating that Hsp70 induced protective proteins responsible for 
inhibiting the α-syn induced apoptosis (Flower et al. 2005). Another PD model that 
was used to observe the effects of hps70 included a cell culture model of α-syn 
aggregation and inclusion formation. Co-expression of Hsp70 in this model led to 
reduced aggregate formation, and lowered total and detergent-insoluble fractions of 
misfolded α-syn (Klucken et al. 2004). A rat model of PD showed how the induction 
of Hsp70 mitigated neurotoxicity in acute brain slices, ultimately induced by the 
mitochondrial toxin rotenone (Tantucci et al. 2009). Studies indicate that activation 
of the heat shock response, such as through geldanamycin (GA) which induces the 
expression of Hsp70 via the inhibition of Hsp90, may be therapeutically relevant for 
the treatment of PD pathology (Fukuzono et al. 2016) (Fig. 4). Introducing Hsp70 
has shown to accelerate the degradation of α-syn via CMA and thus protecting cells 
from neurodegenerative death (Fukuzono et al. 2016). Though Hsp70 can induce 
the degradation of wildtype α-syn through CMA, mutant forms of α-syn, such as 
A53T and A30P, are immune to degradation by chaperone-mediated autophagy and 
may even inhibit the CMA pathway.

 Hsp70 and LRRK2

Despite the prevalence and focus on α-syn as a pathological driver of PD, α-syn is 
not alone in the proteinopathy which is PD. Mutations in LRRK2 are the most com-
mon cause of autosomal dominant PD, and it is found that patients with LRRK2 
mutations have accumulation a-syn aggregates, tau aggregates (commonly found in 
Alzheimer’s disease), and/or ubiquitin-positive inclusions (Witt 2010). LRRK2 
expression in Zebrafish embryos increased GFP ubiquitination. The authors sug-
gested that LRRK2 is more accessible in the presence of Hsp70 and that certain 
LRRK2 species, such as LRRK2 mono- or oligomers may mediate the accumula-
tion of other proteins. CHIP can bind to multiple LRRK2 domains and promote 
LRRK2 degradation in HEK293 cells. Further, Hsp90 and CHIP activity levels are 
determinants of LRRK2-mediated toxicity. CHIP overexpression and increased 
LRRK2 degradation rates in HEK293 cells and also reduced LRRK2-mediated tox-
icity in SH-SY5Y cells and HeLa cells.

Mechanisms similar to, yet distinct from, α-synuclein aggregation may govern 
the function and stability of Leucine-repeat- rich kinase 2 (LRRK2) in Parkinson’s 
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disease. The LRRK2 G2019S substitution is the most common sporadic and inher-
ited PD-causing mutation and is associated with dominantly inherited PD. LRRK2 
inclusions, similar to α-syn containing Lewy bodies found in Parkinson’s patients, 
also contain molecular chaperones. Specifically, Hsp70 and CHIP, and BAG2 were 
found to interact with LRRK2. While exploring the interaction between LRRK2 
and BAG2, it was discovered that LRRK2 did not interact directly with BAG2 
(Lichtenberg et al. 2011). However, overexpression of Hsc70 promoted the interac-
tion of LRRK2 with BAG2, suggesting BAG2 was interacting with LRRK2 specifi-
cally through Hsc70. This experiment, however, lead to an experiment which 
demonstrated that overexpression of Hsc70 enhanced the effects of LRRK2 on pro-
tein accumulation but did not influence levels of soluble LRRK2; an effect similar 
to those observed in tau biology where Hsc70 stabilized tau, but Hsp70 reduced tau 
accumulation (Lichtenberg et al. 2011) (Fig. 2). When overexpressed with Hsp70, 
both WT LRRK2 aggregation was decreased. As Hsp70 decreases LRRK2 aggrega-
tion and increases its positive effect on protein levels, the accumulation of proteins 
caused by LRRK2 is due to the higher accessibility in the presence of Hsp70 (Beere 
et al. 2000).

The characteristics of most PD forms are mostly dependent on α-syn, which 
brought up the idea that observing the effects of LRRK2 on α-syn levels would lead 
to a more accurate representative model of LRRK2. This idea lead to one study in 
which wildtype LRRK2 (WT LRRK2) and a mutant LRRK2 (GSLRRK2) were 
transfected in HeLa cells and mouse primary neurons to observe its effects on α-syn 
levels. The mutant gene, GSLRRK2, has been found to be the most common cause 
of hereditary PD, and is toxic to cells due to its excessive amount of kinase activity. 
Both WT LRRK2 and GSLRRK2 overexpression led to increased levels of mutated 
α-syn as well as increased amounts of ubiquitinated proteins (Lichtenberg et  al. 
2011), indicating that mutant LRRK2 was impairing protein degradation by the 
proteasome. This data lead to an experiment that showed the co-expression of 
Hsp70 enhanced the effects of LRRK2 proteasome inhibition and subsequent accu-
mulation of ubiquitinated proteins. However, when overexpressed with Hsp70, both 
WT LRRK2 and GSLRRK2 aggregation were decreased (Lichtenberg et al. 2011). 
It was also tested to see if co-expression of Hsp70 affected the LRRK2-mediated 
accumulation of GFP. The results showed that Hsp70 overexpression did enhance 
LRRK2 mediated GFP accumulation compared to control. These investigations 
suggest that Hsp70 allowed LRRK2 to be much more accessible as a promoter of 
protein aggregation or inhibitor of the proteasome when in monomeric or oligo-
meric form (Lichtenberg et al. 2011). The mechanism for how Hsp70 impairs the 
UPS degradation of LRRK2 is unclear. However, this example of “client fate” fol-
lowing an interaction with Hsp70 does suggest that, unlike tau, Hsp70 may not 
always serve to benefit cells and neurons expressing mutant or aggregating 
proteins.
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 HD and PolyQ Expansions

Unlike PD and AD, Huntington’s disease (HD) and spinocerebellar ataxia (SCA) 
are a part of a neurodegenerative disorder family linked by the accumulation of 
proteins featuring polyglutamine-expansions (polyQ). These diseases (polyQ disor-
ders) are genetically driven autosomal dominant diseases. The common factor is the 
presence of repeating CAG repeats which can generationally increase in number. 
Polyglutamine expansion of ataxin proteins causes, a spectrum of progressive neu-
rodegenerative diseases currently attributed to mutations in over 29 genes (Orr 
2012). Evidence suggests the Hsp70 family of chaperones and related co-chaper-
ones regulates mutant ataxin biology. Similar to tau and polyQ-expanded hunting-
tin, Hsp70 and Hsp40 prevented aggregation of mutant ataxin-1 (Cummings et al. 
1998). Hsp70 was found to be neuroprotective in several in vivo models of polyQ 
ataxia (Cummings et al. 2001; Warrick et al. 1999). Again similar to tau and α-syn, 
proteasomal degradation of polyQ-expanded ataxin is regulated by CHIP ubiquiti-
nation (Al-Ramahi et al. 2006; Williams et al. 2009); this interaction, under stress 
conditions, is regulated by Hsp70 (Al-Ramahi et al. 2006). In HD, almost all the 
cases are caused by inherits of the CAG-expanded huntingtin gene, only 10 percent 
of the cases are due to other gene mutation (Durr et  al. 2012). Increased CAG 
repeats form an uninterrupted series of glutamines which disrupt the structure of the 
protein. This disruption, in turn, leads to toxic aggregation.

Huntington’s disease patient contains 36-180 glutamine repeats whereas unaf-
flicted persons carry only 6-39 repeats (Muchowski et al. 2000). As Huntington’s 
disease is an inherited disease, genetic testing can be utilized to detect a mutant 
huntingtin gene (Dayalu and Albin 2015). Akin to other polyQ expansion disorders, 
both Hsp70 and Hsp40 were shown to limit aberrant huntingtin accumulation and 
the ubiquitin ligase CHIP was shown to promote the degradation of polyQ hunting-
tin (Jana et al. 2005; Muchowski et al. 2000). Increasing intracellular CHIP levels 
ablated the aggregation of huntingtin and reduced huntingtin-driven toxicity. Yeast 
models showed similar roles for both Hsp70 and Hsp40 when co-expressed in a 
yeast model of polyQ huntingtin. Both Hsp70 and Hsp40 inhibited the formation of 
insoluble huntingtin fibrils and, instead, promoted the formation of soluble inclu-
sions. This pattern is similar to what has been observed with tau and α-synuclien: 
the ability of Hsp70 and related co-chaperones to promote degradation or aggrega-
tion formation (Fig. 1). The same result was observed in vitro (Muchowski et al. 
2000). In 2010, Lotz et al. also noted that Hsp70 inhibited the formation of aggre-
gated huntingtin protein through an interaction with Hsp40 (Lotz et al. 2010). Later 
in 2015, Monsellier et al performed a characterization of the Hsp70/Hsp40/hunting-
tin interaction. This group found that Hsp70 interacts with the 17 amino acids in the 
N-terminal of the huntingtin protein, and, with Hsp40, can inhibit huntingtin protein 
aggregation (Monsellier et al. 2015). Hsc70 has also been associated with insoluble 
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aggregates of huntingtin in both cell culture models and in HD patient tissue (Jana 
et al. 2000); this suggesting a role for Hsc70 in the accumulation of polyQ expanded 
huntingtin distinct from the fate if huntingtin following interaction with Hsp70 
(Fig. 2). However, the Morimoto lab discovered an interesting role for Hsc70 in the 
pathophysiology of polyQ disorders. A previous study found that polyQ expanded 
proteins, including huntingtin, SOD1, and ataxin, could sequester away a yeast 
Hsp40 homologue, Sis1p. This sequestration blocked the transportation of proteins 
into the nucleus for proteasomal degradation; possibly driving toxicities associated 
with the accumulation of polyQ expanded proteins like huntingtin. Increased 
expression of Sisp1 restored the inhibited nuclear transport (Park et al. 2013). Hsc70 
regulates clatherin-mediated endocytosis (CME); a neuronal process necessary for 
the internalization of membrane receptors such as AMPA (α-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid) receptor. The aggregation of polyQ expanded 
proteins sequestered Hsc70 away from the membrane causing deficits in CME 
(Fig. 5). Increasing Hsc70 levels restored these deficits (Yu et al. 2014). This phe-
nomenon could lead to many of the cognitive and neuronal deficits observed in 
polyQ disorders, as well as any other neurodegenerative disorder which features 
aggregating client proteins of Hsc70.

Fig. 5 Sequestration of 
Hsc70 by aberrant client 
can impact AMPA 
internalization, 
endocytosis, and other 
clathrin dependent 
pathways. This function 
can be restored by 
increasing the intracellular 
pool of Hsc70 or through 
reduction of aberrant client 
proteins
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 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS), also called Charcot disease or Lou Gehrig’s 
disease, is a neurodegenerative disease caused by the progressive loss of cortical 
and spinal motor neurons. ALS is a late-onset disease presenting around the age of 
60. Initial symptoms can be as innocuous as pain in leg muscles, stumbling when 
running and difficulty when swallowing. As the disease progresses, weakness in 
muscles spreads and symptoms become more obviously (Kelly 2013). Because of 
the innocence and the similar symptoms with other neurodegenerative diseases, it is 
difficult to diagnose ALS in the early stage. Though most cases are considered spo-
radic, 5–10% of the cases are familial ALS (fALS) which are inherited from patient’s 
parents (Kiernan et al. 2011; Zarei et al. 2015). Currently, there is no treatment for 
ALS, Riluzole is the only FDA-approved drug for ALS, however, it only has a mod-
est effect on patient’s survival.

Superoxide dismutase 1 (SOD1) is the most common cause of familial 
ALS. SOD1 protects cells from superoxide free radicals which converts superox-
ides to oxygen and hydrogen peroxide. In 20% of familial ALS patients, SOD1 is 
mutated and aggregates into insoluble intracellular inclusions (Rosen et al. 1993) 
inducing a toxic gain of function, as confirmed by dismutase-inactivated SOD1 ani-
mal models (Bruijn et al. 1997). Mutant SOD1 accumulates in spinal cord mito-
chondria promoting mitochondrial dysfunction, abnormal ATP production, and 
apoptosis. Mutant SOD1 is regulated by the Hsp70-family. Through interactions 
with CHIP, Hsp70 can induce the proteasomal degradation of SOD1 via the UPS 
(Choi et al. 2004; Ishigaki et al. 2007). Hsc70, however, is commonly found to be 
associated with SOD1  in fALS intracellular aggregates (Watanabe et  al. 2001; 
Zetterstrom et al. 2011). This indicates SOD1 may be differentially regulated by 
Hsp70 and Hsc70, a situation similar to the tau protein in AD (Fig. 2) (Elliott et al. 
2007; Jinwal et  al. 2010): Hsc70 interaction with SOD1 protects against protea-
somal degradation, facilitating accumulation, whereas SOD1 interacting with 
Hsp70 promotes the ubiquitination and degradation of SOD1. This hypothesis is 
supported by data from motor neuron models of mutant SOD1 expression indicated 
that elevating Hsp70 expression promoted a decrease in aggregated SOD1; this, in 
turn, reduced toxicity in this model (Durham et al. 1997; Koyama et al. 2006; Roy 
et al. 1998). Additionally, activation of HSF-1, following the inhibition of Hsp90 
with the geldanamycin derivative 17-AAG, also demonstrated cytoprotective effects 
associated with elevated Hsp70 levels, along with other heat shock proteins (Fig. 4) 
(Batulan et  al. 2006). Direct overexpression, however, of Hsp70 in vivo did not 
recapitulate the in vitro results (Liu et al. 2005). However, in vivo ALS models did 
demonstrate positive results when Hsf-1 was activated (Kalmar et al. 2008, 2012; 
Kieran et al. 2004). These studies treated mouse models of fALS featuring SOD1 
mutations with arimoclomol, an inducer of the heat shock response. Arimoclomol 
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treatment resulted in a reduction of SOD1 aggregates, retarded the progression of 
the mutant SOD1 phenotype, and ultimately increased the lifespan of the treated 
mutant SOD1 mice. Currently (2017), arimoclomol is under Phase II/III investiga-
tion for patients afflicted with fALS caused by mutant SOD1. Thus, increasing 
Hsp70 levels or activity, in conjunction with the other heat shock proteins, may be 
an effective strategy for the treatment of mutant SOD1-driven fALS.

 Conclusions

The Hsp70 family of molecular chaperones represent a highly adaptive and redun-
dant network. During normal cellular processes, the Hsp70 family, namely Hsc70, 
work to maintain cellular proteostasis to ensure proper cellular function. However, 
despite the adaptive nature of this machinery, when a cell or neuron transitions from 
“normal” to a diseased state, Hsp70 and the other molecular chaperones seem to 
poorly adjust to the new proteomic conditions of this disease environment. Hsc70 
often against the neuron by preserving and possibly facilitating the accumulation of 
aggregation-prone toxic proteins. These actions are not only not in the best interest 
of the cell, but also work against the organism. Hsp70, however, appears quite capa-
ble of alleviating disease phenotypes initiated by the accumulation of toxic aggre-
gating proteins. These are important considerations when attempting to target the 
actions of an Hsp70 family member as a treatment for disease. Inhibition of Hsp70 
may be beneficial; acting to slow or prevent the accumulation of pathogenic pro-
teins. However, small molecules capable of inhibiting Hsc70 may also be capable of 
inhibiting Hsp70. Hsp70, as we have discussed, is quite potent and capable of clear-
ing accumulating proteins and is a known regulator of pro-survival (anti-apoptotic) 
mechanisms. Thus, any ideal therapeutic would be capable of inhibiting Hsc70 
while activating or inducing Hsp70. One potential mechanism for this may already 
exist on the genetic level. Silencing of Hsc70 has been shown to induce the expres-
sion of Hsp70 (Koren 3rd et al. 2010). Thus, tools like CRISPR technologies or 
translation inhibiting morpholinos capable of reducing the intracellular pool of 
Hsc70 may sufficiently increase Hsp70 levels. It is of critical importance, however, 
for future studies to elucidate therapeutic risks associated with Hsc70 inhibition or 
suppression in patients with afflicted with neurotoxic proteinopathies.
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Abstract The HSP70 is a chaperon protein that is expressed during stress conditions 
that participates in many biological processes, including protein trafficking, nascent 
polypeptide folding and the refolding of the wrong proteins and cleaning of the mis-
folded ones. The expression is increased during various pathological conditions such 
as cerebral ischemia, neurodegenerative diseases, epilepsy, and trauma. They are 
found in both intracellular and extracellular compartments. HSP70 exhibits different 
functions in accordance with its location. Intracellular HSP70 exerts cytoprotective 
functions as a chaperone protein, whereas extracellular HSP70 exerts immunomodu-
latory functions that trigger immunological responses. They play an auxiliary role in 
antigen presentation in the appearance of immunological response in multiple scle-
rosis. Epilepsy is thought to have emerged as a stressor. HSP overexpression is pro-
posed as a potential therapy for neurodegenerative diseases characterized by the 
accumulation or aggregation of abnormal proteins. In this chapter, we wanted to 
summarize the recent studies on the role of HSP70 in neurological disorders.

Keywords Alzheimer disease · Heat shock protein 70 · Hsp70 · Neurological 
disorders · Neuroprotection
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EAE Experimental allegic encephalomyelitis
FFI Fatal familial insomnia
GSS Gerstmann-Sträussler-Scheinker syndrome
HD Huntington disease
HSP Heat shock protein
LRRK2 Leucine-rich repeat kinase-2
MG Myasthenia gravis
MS Multiple sclerosis
MTS Mesial temporal sclerosis
PD Parkinson’s disease
PINK1 PTEN-induced putative kinase 1
polyQ Poly-glutamine
PrPC Cellular prion associated proteins
PrPSc Disease associated prion proteins
SNCA Alpha-synuclein
TDP-43 Tar DNA binding protein 43
UPS Ubiquitin-proteasome system
vCJD Variant Creutzfeldt-Jakob disease

 Introduction

Heat shock protein (HSP) is a survival protein that acts as a molecular chaperone. 
When the metabolism is in danger, HSP70 expression increases in order to remove 
the unwanted, unfolded proteins, to repair of the damaged proteins and to help the 
synthesis of new polypeptides. HSP70 binds to protein substrates to stabilize them to 
avoid denaturation and apoptosis, assists the maintenance of cellular integrity. In the 
central nervous system, it has been found that HSP is produced in many cell types, 
including neurons, glia and endothelial cells. In this chapter we review the role of 
HSP70 in common neurological disorders and discuss the therapeutic interventions.

 HSP70 in Alzheimer Disease

Alzheimers Disease is the most common cause of fatal neurodegenerative disease 
characterized by progressive memory loss, language disorders, cognitive function 
impairment. Advancing age, mitochondrial DNA mutations, oxidative stress are the 
factors that facilitate the development of the disease. The amyloid plaques caused by 
β Amyloid (Aβ) peptide aggregation inside the cell and the neurofibrillary tangles 
formed by phosphorylated tau aggregation outside the cell are the pathologic hall-
marks of the disease. Hippocampus and cerebral cortex that is responsible for mem-
ory and cognition are the most affected parts (Ciechanover and Kwon 2015). Efforts 
to treat the disease is focused on the accumulation of Aβ and hyperphosphorylated 

P. Ortan et al.



59

tau proteins. Pathological processes resulting incorrectly folded proteins leads to the 
clinical manifestation of the disease (Desler et al. 2017). In the normal cell life, the 
nascent (newly formed) proteins about 30%of them are misfolded and they are 
destroyed quickly in the cell. Misfolded and aggregated proteins pass from quality 
control but some mutant proteins escape from proteolysis and form intracellular 
inclusions and extracellular plaques (Pratt et al. 2015). As the proteasome activities 
diminish at the older ages, the accumulation of protein aggregate gets easier.

Protein folding is required for a functional and stable protein. Synthesized poly-
peptide chains pass from thermodynamically unstable, α-helix form to a stable 
three-dimensional tertiary structure. The most important reason of misfolding of 
proteins is mutations rather than posttranslational protein modifications, oxidative 
stress, environmental conditions like pH and heat (Ho et al. 2015). Aβ proteins can 
accumulate as oligomer, and aggregate as amyloid fibril forms. HSP70 can selec-
tively recognize the Aβ oligomers which are the most toxic form (Whyte et  al. 
2017). Therefore, HSP70 overexpression inhibits Aβ aggregation that may lead to 
the clinical improvement. On the other hand, HSP 70 has an important role on tau 
hemostasis by helping degradation of tau by either proteasomal pathway or ubiqui-
tination (Patterson et  al. 2011). HSP70 prevents cell death by weakening the 
caspase- dependent and independent pathways (Sabirzhanov et al. 2012). For this 
reason, treatment approaches to elevate the HSP70 levels are under investigation. 
Geldamycin which is a HSP70 inducer prevents the formation of neurofibrillary 
tangles by inhibiting tau accumulation (Lu et  al. 2014; Hung and Fu 2017). We 
think neuroprotective therapy approaches on the chaperone system based studies 
must be executed.

 HSP70 in Parkinson’s Disease

Parkinson’s disease (PD) is second most common movement disorder, and it affects 
nearly 1% of the population over the age of 60. PD is characterized mainly by pro-
gressive and selective loss of dopaminergic neurons in the substantia nigra pars 
compacta, with the subsequent dopamine (DA) decline in the nigrostriatal pathway, 
and by the presence of intracytoplasmic fibrillar α-Syn protein aggregates (Lewy 
Bodies) in the remaining nigral neurons (Halliday et al. 2011). Increased levels of 
α-synuclein or α-synuclein-containing aggregates are also characteristic of other 
neurodegenerative diseases, including Lewy body dementia, multiple system atro-
phy and AD.  This group of diseases termed “synucleinopathies”. Motor impair-
ments, bradykinesia, rigidity, and resting tremor are clinical characteristic features 
of PD. These impairments are result of loss of dopaminergic neuron loss in substan-
tia nigra. Although the mechanism is not fully understood it is hypothesized that 
disease arise from combination of genetic and environmental factors. Oxidative 
stress associated with mitochondrial dysfunction, proteolytic stress due to dysfunc-
tion of the ubiquitin-proteasome system (UPS), and local inflammation are patho-
genic pathways that have been concerned. Although the majority of cases of PD 
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appear to be sporadic when the age of symptom onset is younger than 50 years 
genetic factors play more role. Glucocerebrosidase, Alpha-synuclein (SNCA), 
leucine- rich repeat kinase-2 (LRRK2), Parkin, PTEN-induced putative kinase 1 
(PINK1; PARK6) mitochondrial DJ-1 (PARK7) are the genes that was described 
which has role in PD (Krüger et al. 1998).

Correct protein folding is essential for proteins’ biological functions. Heat shock 
proteins are critical elements of the cellular response to unfolded proteins. HSP are 
involved in promoting proper protein folding and preventing aggregation, as well as 
promoting ubiquitination and degradation of misfolded proteins. Under certain patho-
logical conditions the protein quality control machinery is not sufficient to prevent the 
accumulation of misfolded proteins and these accumulations may lead to neurodegen-
erative disorders including PD (Kalmar and Greensmith 2017). The role of molecular 
chaperones in PD was first suggested by the detection of HSP90, HSP70, HSP60, 
HSP40, and HSP27 molecules in lewy bodies. In 1991 Namba Y et al. worked on brain 
tissues, which were obtained from the autopsy of patients who had neurodegenerative 
diseases including PD. They performed immunohistochemical studies on brain tissues 
from patients with various neurodegenerative conditions by using specific polyclonal 
antibody to HSP 70 and found HSP 70 association with abnormal cytoplasmic inclu-
sions, which are characteristic for neurodegenerative diseases (Namba et al. 1991).

Fiszer U et al. worked on CSF of patients PD. They measured IgG levels against 
anti-HSP 70 molecules and found significantly increased levels in patients with PD 
compared to patients who had non-inflammatory neurological diseases (Fiszer et al. 
1996). It has been shown that neuron cells, are postmitotic cells and they are suscep-
tible to misfolded proteins (Muchowski and Wacker 2005). The misfolded aggregates 
are immunoreactive for ubiquitin, and most have been reported to contain molecular 
chaperones and components of the proteasome (Davies et al. 1997). Molecular chap-
erones and components of the proteasome can also be found in aggregates formed in 
transgenic animal models and transfected cell cultures (Suhr et  al. 2001). Sheng 
Chen and Ian R. Brown demonstrated intermediate Hsc70 levels in neurons of the 
substantia nigra affected as PD in a rat model (Chen and Brown 2007). In this way 
determining these proteins, suggest that protein aggregates are recognized as targets 
and cellular protein quality control mechanisms are activated in an attempt to prevent 
their accumulation (Kazemi-Esfarjani and Benzer 2002). α-Syn is a 140-amino acid 
neuronal protein probably involved in regulating cell differentiation, synaptic plastic-
ity, and dopaminergic neurotransmission.It has been demonstrated that HSP70 over-
expression reduced α-Syn accumulation and toxicity in both mouse and Drosophila 
models of PD. (Klucken et al. 2004; Auluck et al. 2002). Other experiments using 
heat shock induced expression of chaperones demonstrate that HSP70 supplies pro-
tection against cytotoxicity of PD-inducing pesticide rotenone and reduced alpha 
synuclein aggregation in a cellular model (Zhou et al. 2004). In the light of this infor-
mation’s Huang et al. showed that HSP70 inhibits as fibril formation via preventing 
the formation of prefebrillar α-syn, binding with these species to inhibit nuclei for-
mation, as well as binding with nuclei to retard fibril elongation (Huang et al. 2006).

Roodveldt et al. showed that HSP70 depletion can be a direct result for the pres-
ence of aggregation-prone polypeptides. They found that a nucleotide-dependent 
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interaction between HSP70 and αSyn, which leads to the aggregation of HSP70, 
with the presence of ADP along with αSyn. Such a co-aggregation phenomenon 
could be prevented in vitro by the co-chaperone Hip (ST13). Their findings indi-
cated that Hip utilizes stabilization of HSP70 and helps chaperone mediated amy-
loid formation inhibition. Another finding of this study was that ADP-bound HSP70 
has a very high tendency to co-aggregate with α-syn, suggesting that chaperone 
depletion favored under certain conditions could be an important feature in the onset 
and progression of amyloid disorder (Roodveldt et al. 2009). DnaK/DnaJ/GrpE of 
HSP70 system model used by Ahamad et al. By this system they showed that HSP70 
inhibits αSyn fibrillar assembling but cannot activate refolding process (Ahmad 
2010). For all these reasons misfolded proteins are considered a common therapeu-
tic target in PD and many studies have focused on the neuroprotective role of HSP.

 HSP70 in Amyotrophic Lateral Sclerosis

Tar DNA binding protein 43 (TDP-43) neuronal cytoplasmic inclusion aggregations 
are thought to be the key in some neurodegenerative disease (amyotrophic lateral 
sclerosis, frontotemporal lobar degeneration) Inhibition or the clearance of this toxic 
aggregation is, therefore, a strategy for therapeutic intervention. The ubiquitin- 
proteasome system or the autophagy pathway participates in resolving potentially 
detrimental protein aggregates. HSP might refold TDP-43 and return it to its natural 
physiological state. Either transgenic TDP-43 mouse model or sporadic ALS patients 
reduced HSP70 levels are assessed. Strategies against HSP activation be may be an 
important therapeutic challenge for the TDP-43 proteinopathies. Arimoclomol that 
is a co-inducers of heat shock protein 70 and 90 expressions under cellular stress, is 
neuroprotective in a number of neurodegenerative disease models, including famil-
ial Amyotrophic Lateral Sclerosis (ALS). Superoxide Dismutase 1 transgenic mice 
(an animal model of ALS), Arimoclomol has effects on the prevention of neuronal 
loss and the promotion of motor neuron survival. The therapeutic potential of 
Arimoclomol is currently under investigation in Phase II/III clinical trials for famil-
ial ALS patients with SOD1 mutations. The HSP70 co- inducer drugs like 
Arimoclomol may be a hope for ALS and other neurodegenerative disorders.

 HSP in Huntington Disease

Huntington disease (HD) is a non curable, adult-onset, autosomal dominant inher-
ited disorder associated with cell loss within a specific subset of neurons in the basal 
ganglia and cortex. The disease named by the physician who described it as heredi-
tary chorea in 1872 (Huntington 1872). Involuntary movements, dementia, and 
behavioral changes are HD characteristic hallmarks. Formation of intracellular 
inclusions composed primarily of the ubiquitous protein huntingtin, the subsequent 
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death of striatal medium spiny neurons and cortical pyramidal neurons are respon-
sible for disease symptoms and signs (Vonsattel and DiFiglia 1998). Electron 
microscopy reveals both cytoplasmic and nuclear abnormalities, including the pres-
ence of large neuronal intra nuclear inclusions or aggregates similar to those in 
other polyglutamine disorders. The aggregates are also found in dystrophic neurites. 
The genetic basis of HD is the expansion of a cysteine-adenosine-guanine repeat 
encoding a polyglutamine tract in the N-terminus of the protein product called hun-
tingtin. This leads to a mutant protein that contains an expanded poly-glutamine 
(polyQ) sequence (Ho and Hocaoglu 2011). The length of the polyQ sequence 
determines the age of disease onset and severity (Zoghbi and Orr 2000). In HD 
pathologic examination we can see cytoplasmic and nuclear aggregates, including 
large neuronal inclusions like other polyglutamine disorders (Davies et al. 1998).

PolyQ-expanded Htt cooperate differently with the proteostasis network com-
pared to other disease-associated proteins. Bersuker K et al. show that the heat shock 
response is not activated by mutant huntingtin gene even in cells selected for the high-
est expression levels and for the presence of inclusion bodies containing aggregated 
protein (Bersuker et al. 2013). Tagawa K et al. worked on tree types of neuron and 
found different response to mutant polyQ proteins. They established that HSP70 was 
up regulated only by mutant htt and selectively in the granule cells within the cerebel-
lum. They also found that granule cells, that are unresponsive to degeneration in HD 
pathology, lost their resistance by suppressing HSP70 with siRNA, on the other hand 
cortical neurons, affected in human HD, gained resistance by over expressing HSP70. 
This indicates that induction levels of HSP70 are a critical factor for determining 
vulnerabilities to mutant htt among neuronal subtypes (Tagawa et  al. 2007). The 
recent studies show that HSP70 and its co-chaperone HSP40 inhibits huntingtin exon 
1 fragment aggregation and modifies the structural, seeding, and infectious properties 
of the resulting fibrils in a polyQ-independent manner (Monsellier et al. 2015).

 HSP70 in Stroke

The effect of HSP70 is studied in many brain ischemia models. In a global cerebral 
ischemia model, like the brain damage after cardiac arrest, HSP70 mRNA expres-
sion increased in hours. HSP70 expression was observed within astrocytes, neurons 
by glial transfer to protect the neurons from damage. Ischemia in rodents showed 
neuroprotection after different kinds of nerve injuries in astrocyte cultures of HSP70 
transgenic mice. HSP70 was used as a therapeutic agent in a focal ischemia model 
which was formed with 4-min middle cerebral artery occlusion. Twenty minutes 
before occlusion some mice were given intravenous HSP70. They reported that the 
ischemic zone was little about the group treated with HSP70 (Shevtsov et al. 2014). 
Gomez-Choco M et al. studied the existence of HSP70 in lymphoid tissue of acute 
stroke patients and exhibited that highly immunoreactive HSP70 was associated 
with smaller infarct size and better outcome (Gomez-Choco et  al. 2014). 
Geldanamycin is a HSP inhibitor that is emerged as a therapeutic agent with the 
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ability of upregulation of HSP70. Pretreated astrocytes and glial cells with gel-
damycin were more preserved from cell death (Kacimi and Yenari 2015). Another 
experiment on a model of brain ischemia was done with a protein called Dynamin 
that triggers apoptosis leads to caspase-dependent cell death. Kim et al. showed that 
HSP70 transgenic mice had a better outcome and dynamin inhibitor dynasore also 
protected the mice from the stroke. They drew attention to HSP70 and dynamin 
interaction may be worthy and target strategies on dynamin inhibition may protect 
the brain from the ischemic stroke (Kim et al. 2016).

 HSP70 in Epilepsy

Epilepsy is a paroxysmal disorder that is characterized by repeated seizures, which 
may be idiopathic, symptomatic or cryptogenic in origin. The repeated seizures 
induce apoptosis in the neurons within the brain especially hippocampus. Stress 
proteins might be assumed to counteract the pathology of increased neuronal excita-
tion. HSP70 is the most studied neuroprotective chaperon on epilepsy. Seizures are 
triggered by hyperexcitability that is caused by the excessive calcium influx into the 
cells. HSP70 has an influence of the decrease of the calcium influx to the neurons 
thus prevents brain cells from seizure-induced apoptosis. Consequently, HSP70 
might be involved in endogenous cellular preservation during seizures. Many animal 
experiments demonstrate overexpression of HSP70 exerts protective effects during 
kindling. According to recent studies HSP70, transgenic mice were more resistant to 
kindling with chemical agents. Seizure threshold and survival during kindling were 
higher in HSP70 transgenic mice as compared to wild-type mice (Ammon-Treiber 
et  al. 2007). Thus, overexpression of HSP70 exerts protective effects on seizure 
severity and overall survival during PTZ kindling and decreases the development of 
kindling. Mesial temporal sclerosis (MTS) is the most known cause of intractable 
epilepsy that can be treated by hippocampal resection. In the surgery material of 
human MTS cases, Kandratavicius et al. showed increased expression of HSP70 in 
the hippocampal formation. After successful surgery, they saw decreased levels of 
HSP70 and HSP90. Surgical excision of the hippocampus with more HSP expres-
sion showed poorer outcome compared with the hippocampus with less HSP expres-
sion (Kandratavicius et al. 2014). There was a positive correlation between seizure 
frequency, duration of epilepsy and HSP70 expression as in many studies.

 HSP 70 in Migraine

Migraine is the most common primary headache that affects many people in the 
world. The World Health Organization estimates the prevalence of migraine %14. It 
is characterized by recurrent episodes of headache, mostly unilateral throbbing or 
pulsatile intensified with movement and accompanied by nausea or vomiting. The 
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pathogenesis is explained by the neurovascular theory which is a primarily neuro-
genic process, and secondary change takes place in cerebral perfusion. In aura 
phase, Neuronal hyperexcitability usually begins in the occipital cortex and spread-
ing cortical depression affects the cortex and activates the trigeminovascular system 
by stimulation of nociceptive neurons. The sterile inflammation is accompanied 
with vasodilatation that causes the headache. In our paper, we examined serum 
HSP27 levels during the migraine attack and during remission phase and compared 
with control subjects. We couldn’t show any difference between attack and remis-
sion. We showed a positive correlation of HSP27 with headache severity scores 
during the migraine attack (Coban et al. 2011). Similarly, Yön et al. found no statis-
tical difference in chronic migraine patients (Yon et al. 2016).

 HSP70 in Myasthenia Gravis

Myasthenia gravis (MG) is an autoimmune neuromuscular disease. There is a lim-
ited number of studies into the role of HSP70 in MG. Munakata, et al. studied serum 
levels of MG patients just before and after treatment. They found a significant 
increase in the patient group. After treatment, in the group which responded therapy, 
the HSC71 levels decreased. In the therapy-resistant group, they found no change. 
They revealed that heat shock cognate protein 71 elevations may be a useful marker 
for the disease prognosis (Munakata et  al. 2008). Helgeland et  al. showed anti- 
HSP70 level elevation in Myasthenia Gravis and Guillain Barre syndrome 
(Helgeland et al. 2010).

 HSP70 in Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease characterized by inflammation, 
demyelination, and axonal injury in central nervous system that leads disability in 
one-third of the patients. Between the ages of 20–40, it is the most common cause 
of disability after trauma. Myelin sheaths, oligodendrocytes and less frequently 
axon and the nerve cell itself are damaged by inflammation (Lucchinetti et al. 2000). 
The hallmarks of MS pathology are multifocal demyelination that is characterized 
by inflammation and gliosis. These areas are seen as MS plaques, which are diag-
nostic for MS. According to the disease status, MS plaques may be active, including 
the more inflammatory infiltrates, T lymphocytes, macrophages fewer 
B-lymphocytes, plasma cells, immunoglobulins, and complements (Lucchinetti 
et al. 2000). Critical approaches to MS therapy focus on the protection of oligoden-
drocytes and neurons by immunomodulation of T-cells against myelin. As a conse-
quence, the activation of myelin-specific CD4 T-cells by secretion of Inflammatory 
cytokines(such as IFN-γ, TNF-α, IL-1β, and IL-6) leads to release of adhesion mol-
ecules from the vascular endothelial cells, help the migration of lymphocytes across 
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the blood-brain barrier. CD8+ T cells, B cells, antibodies, natural killer cells, join 
the complex immune response and responsible for the axonal injury (Mansilla et al. 
2014).

The exact role of HSP70 in MS pathogenesis is still debated as the effect changes 
with the localization of the protein. While the intracellular HSP70 is neuroprotec-
tive, the HSP70 released into the extracellular space seems to be an antigen- adjuvant 
and may have a role in antigen presenting. Selmaj demonstrated the colocalization 
of T-cell receptor gamma delta cells with HSP65 and HSP70 in MS lesions post-
mortem (Selmaj et al. 1991). Boiocchi C et al. studied genetic polymorphism of 
HSP70 159 relapsing-remitting and 36 secondary progressive MS patients and com-
pared with 586 healthy controls. They hypothesized that over expression of HSP70 
as in AA genotype may have less inflammation, and better prognosis (Boiocchi 
et al. 2016).

Experimental allergic encephalomyelitis (EAE) is an animal model of MS. After 
the injection of a myelin protein (myelin associated protein, myelin basic protein, 
proteolipid protein, etc.), a cell-mediated immune reaction against myelin develops 
and causes disease like MS (Hernandez-Pedro et  al. 2013). Studies with EAE 
showed HSP70 over expression seems to be beneficial for the recovery from the 
disease. Conversely, the HSP70 knockout mice were significantly resistant to EAE 
development (Mansilla et  al. 2014). Talla et  al. demonstrated that mitochondrial 
HSP70 elevation in retinal ganglion cells, which preserves vision by preventing 
neuronal apoptosis, and axonal damage in the EAE model with mice. HSP70 can 
also act via an anti-inflammatory mechanism by inducing the expression of anti- 
inflammatory cytokines and inhibiting inflammatory ones (Talla et  al. 2014). In 
Boiocchi’s study, Genotyping of HSP70–2 + 1267 A/G polymorphism was found in 
195 MS patients. In addition, HSP70-2 protein content in vitro from PBMC was 
meaningfully lower in MS patients with GG genotype compared to AA genotype, 
indicating an implication of the G allele of HSP70-2 gene polymorphism in the 
development of MS (Boiocchi et al. 2016). Caussi et al. found that humoral response 
to HSP70 was meaningfully high in a large group of MS patients (Cassu et al. 2013). 
Significantly elevated antibody titers against HSP70 proteins were not only found in 
peripheral blood but also in the cerebrospinal fluid sample of MS patients (Chiba 
et al. 2006). The mitochondrial dysfunction has been proposed to be the key of neu-
rodegeneration in MS.  There are studies targeting on mitochondrial HSP70 
 enhancement as a treatment of choice. Gene therapy to enhance the HSP70 in mito-
chondria is under investigation.

 HSP70 in Prion Disease

Prion diseases are neurodegenerative diseases that have long incubation periods and 
once clinical symptoms destructively progress. Five human prion diseases are cur-
rently recognized: kuru, Creutzfeldt-Jakob disease (CJD), variant Creutzfeldt-Jakob 
disease (vCJD also known as new variant CJD), Gerstmann-Sträussler-Scheinker 
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syndrome (GSS), and fatal familial insomnia (FFI) (Prusiner 2001). In prion dis-
eases cellular prion associated proteins(PrPC) are changed into disease associated 
prion proteins(PrPSc) and those misfolded proteins accumulate within the neural 
tissue (Budka 2003). This accumulation gives rise to common features to prion dis-
eases including neuronal loss, proliferation of glial cells, absence of an inflamma-
tory response, and the presence of small vacuoles within the neurons, which produces 
a spongiform appearance. For understanding role of chaperons in prion multiplica-
tion yeast eukaryotic models have been used. Transmission, self propagating and 
aggregation are properties of yeast prions (PSI+) (King et  al. 1997). Jones et  al. 
worked with yeast cells and showed that a mutation in the SSA1 HSP70 allele 
(SSA1–21p) significantly impaired PSI+ self-replication and propagation (Jones 
et al. 2004). Propagation of Saccharomyces cerevisiae [PSI+] prion is impaired by 
factors that regulate HSP70 substrate binding. Diedrich et al. show elevation in pro-
tein levels of inducible HSP70  in active astrocytes with a C57BL6 mice model 
injected with 22L strain of scrapie (Diedrich et al. 1993). In addition a significant 
increase in HSP70 RNA expression demonstrated in mice brain that infected with 
scrapie forms (Kenward et  al. 1994). Tamguney et  al. conducted a study on 20 
potential genes candidates that could regulate the replication of prions in mice 
infected by scrapie or cow 301V prions. They worked in a mice infected with scrapie 
or cow 301V prions model potential genes that may regulate replication of prions 
examined and overexpression of human HSP70 did not show effect on prion disease 
onset (Tamguney et al. 2008). To our knowledge, the mechanism of the aggregation 
of those proteins and interventions with chaperons is not exactly understood.

 Conclusions

HSP70 has an important role on the immunopathogenesis of multiple neurological con-
ditions. It has neuroprotective effects in various diseases. We think that, treatment of 
many neurological diseases with HSP70 overexpression, will be possible in the future.
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Abstract Intracellular protein homeostasis is largely controlled by Heat shock pro-
teins (Hsp). Heat shock proteins (Hsp) impart an age-old defense mechanism for all 
forms of life on earth. Misfolded proteins are refolded with the aid of Hsp and pro-
teins which are damaged beyond repair are eliminated with assistance from Hsp. 
Hsp are known as molecular chaperones for their cytoprotective roles. In cancer 
cells the Hsp are frequently overexpressed and are assumed to be associated with 
tumor formation. Hsp demonstrate specific affinity to particular classes of onco-
genic peptides and client proteins in cancer cells, and are able to stabilize mutated 
oncogene proteins. They play a key regulatory role in prevention of apoptotic cell 
death during tumorigenesis and thereby enhance cell growth and proliferation. They 
may also promote chemoresistance in cancer cells. Here we present the current 
knowledge on the role of molecular chaperones in particular heat shock protein 70 
(Hsp70) in human gastrointestinal cancers along with their therapeutic targeting. 
This review will focus on the role of Hsp 70 and related chaperones in several gas-
trointestinal cancers such as pancreatic, gastric, and liver cancers.
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Abbreviations

α-SMA α-smooth muscle actin protein
CHIP carboxyl-terminus of Hsp70 interacting Protein
CSC cancer stem cells
GC gastric cancer
GI gastrointestinal
HCC hepatocellular carcinoma
HNSCC head and neck squamous cell cancer
HOP Hsp70/Hsp90 organizing protein
MAPK mitogen activated protein kinase

 Introduction

Ferruccio Ritossa in 1962 first discovered Heat shock proteins (HsP) or stress pro-
teins (Ritossa 1962). He observed temperature induced puffing patterns in salivary 
gland chromosomes of Drosophila melanogaster larvae. The increase in tempera-
ture stimulated the expression of proteins with molecular masses of 26 and 70 kDa 
(Tissieres et al. 1974). As such, the original definition of HsP was based on their 
enhanced expression in response to cellular insults, such as raised temperature, oxi-
dative stress, chemical exposure and irradiation (Young et al. 2004). Under normal 
physiological conditions, a complete set of functionally competent proteins are 
maintained in the cell. When exposed to cellular stressors, disturbance of the intra-
cellular milieu induces a stress response in the cell, which inhibits the activity of 
many housekeeping genes while activating stress genes (Gao et al. 2004). This leads 
to increased levels of stress protein and their chaperones in the cell in a concerted 
effort to maintain protein homeostasis.

 Chaperoning System

In 2008 the ‘chaperoning system’ has been projected as a concept to include all 
molecular chaperones, co-chaperones, and cofactors of an organism (Macario and 
Conway de Macario 2009). The concept visualizes a physiological system encom-
passing all chaperones and their functionally-related molecules and structures, in all 
tissues, organs, and biological fluids. This physiological system is essential for the 
control of protein homeostasis and maintenance of a complete set of proteins in all 
fluids, cells, and tissues, with the correct and functional conformation (Macario and 
Conway de Macario 2009). Many vital biological processes such as antigen presen-
tation, hormone receptor assembly, formation of complexes with a variety of ligands 
and unrelated to protein homeostasis also show direct involvement of the 
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chaperoning system (Macario et al. 2010). The scientific discipline that deals with 
the chaperoning system is called chaperonology which also includes the study of 
the genomic sequences of chaperone genes (e.g. by applying chaperonomics) 
(Brocchieri et al. 2007), the study of the diseases that involve chaperones as caus-
ative factors (i.e.chaperonopathies) (Macario and Conway de Macario 2005), and 
the use of chaperones (molecules and genes) for the treatment of chaperonopathies 
(i.e.chaperonotherapy) (Macario et al. 2010).

 Classification of Heat Shock Proteins

Hsps are classified into six major families according to their molecular mass in kilo-
daltons (Schlesinger 1990) (a) the large molecular weight Hsp of100–110 kDa, (b) 
the Hsp90 family of 83–90 kDa, (c) the Hsp70 family of 66–78 kDa, (d) the Hsp60 
family of 55–64 kDa, (e) the Hsp40 family of 35–54 kDa, and (f) the small Hsp of 
8–34  kDa. The family members have functional homologs in different compart-
ments of the cell. There is a high degree of homology between the Hsp counterparts 
of different organisms (e.g., the Escherihia coli DnaK and the human Hsp70 share 
approximately 50% sequence identity). However, no noticeable sequence homology 
between different families of Hsp could be perceived (e.g., Hsp60 and Hsp70).

The Hsp70 system collaborates with extended peptide segments of proteins as 
well as partially folded proteins to avert aggregation, modification of folding path-
ways, and modulation of activity. When not in a state of interaction with a substrate 
peptide, Hsp70 is typically in an ATP bound state. A very weak intrinsic ATPase 
activity is possessed by Hsp70. As newly synthesized proteins emanate from the 
ribosomes, the substrate binding domain of Hsp70 identifies sequences of hydropho-
bic amino acid residues, and interacts with them. After a peptide binds on the binding 
domain of Hsp 70, ATPase activity of Hsp70 is stimulated and the slow rate of ATP 
hydrolysis is enhanced. On ATP hydrolysis to ADP, the binding pocket of Hsp70 
closes, thus, the now-trapped peptide chain is tightly bound (Mashaghi et al. 2016).

 Chaperones Act in Multi Chaperone Complexes

Although chaperones are relatively abundant, they very rarely function alone (Smith 
et al. 1995). They typically create large multiprotein complexes that contain other 
chaperones, co chaperones and various accessory proteins. Chaperone assisted fold-
ing is a complex multistep process based on non-covalent interactions between 
chaperones and their substrates, called “clients”. The folding cycle of Hsp90 is pro-
pelled by ATP hydrolysis which aids conformational changes and the recruitment of 
different co-chaperones. The mechanism of the Hsp90 folding cycle was described 
for the maturation of steroid-hormone receptors (SHR) by Smith et al. (Smith et al. 
1995). The chaperone cycle starts when the newly synthesized or denatured client 
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protein associates with Hsp70 (heat-shock protein of 70 kDa), Hsp40 (heat-shock 
protein of 40 kDa) and the adapter HIP (Hsp70-interacting protein) to form an early 
complex. Then adapter protein HOP (Hsp70/Hsp90-organising protein), that binds 
both Hsp70 and Hsp90 chaperones simultaneously, shifts the client protein to Hsp90 
dimer and displaces Hsp40 to form an intermediate complex. In an ATP-dependent 
manner, the Hsp90 dimer binds the client protein and Hsp70, HOP and HIP are 
replaced by cochaperones p23 and CYP40 (cyclophilin 40) to complete the mature 
complex. Hormone binding to SHR in the mature complex leads to a conforma-
tional change of SHR driven by ATP hydrolysis. Finally, SHR is dissociated and 
transferred to the nucleus to regulate gene transcription. The spectrum of folded 
clients is also influenced by association of Hsp90 with different co-chaperones. For 
example, Cdc37 (cell division cycle 37) is a co-chaperone which binds to the 
N-terminal domain of Hsp90 and facilitates the recruitment of various kinases to the 
Hsp90 machinery (Smith et al. 1995).

Hsp70 binds tightly to partially synthesized peptide sequences (incomplete pro-
teins), therefore forbidding them from aggregation and being relinquished as non-
functional. After the synthesis of the entire protein, a nucleotide exchange factor 
(such as BAG-1 and HspBP1) prompts ADP release and binding of fresh ATP, open-
ing the binding pocket. The protein can fold free on its own, or can be transported 
to other chaperones for further processing. Peptides can be transferred from Hsp70 
to Hsp90 with the help of HOP (Hsp70/Hsp90 Organizing Protein) as HOP can bind 
to both Hsp70 and Hsp90 concomitantly. Hsp70 also facilitates in transmembrane 
relocation of proteins, by ossifying them in a partially folded state. Hsp70 proteins 
can protect cells from thermal or oxidative stress. These stresses normally act to 
impair proteins, fostering partial unfolding culminating in aggregation. By tran-
siently binding to hydrophobic residues exposed by stress, Hsp70 intercepts these 
partially denatured proteins from aggregating, and permits them to refold. Low ATP 
is an attribute of heat shock and strengthened binding is seen as aggregation repres-
sion, while recovery from heat shock inculcates substrate binding and nucleotide 
cycling (Wegele et al. 2004).

Hsp70 is able to take part in disposition of damaged or defective proteins. These 
altered proteins are directed to the cell’s ubiquitination and proteolysis pathways 
through interaction with CHIP (Carboxyl-terminus of Hsp70 Interacting Protein) –
an E3 ubiquitin ligase (Lüders et al. 2000). Finally, in addition to improving overall 
protein integrity, Heat-shock protein 70 (Hsp70) can block apoptosis at several lev-
els, and is thought to play a carcinogenic role related to its antiapoptotic activity 
(Lüders et  al. 2000; Murphy 2013). One distinctive feature of apoptosis is the 
release of cytochrome c, which then employs Apaf-1 and dATP/ATP into an apopto-
some complex. This complex then cleaves procaspase-9, leading to caspase-9 acti-
vation and eventually induction of apoptosis via caspase-3 activation. The arrival of 
procaspase 9 to this complex is blocked by Hsp70. It renders procaspase-9 binding 
less favorable by inducing a conformational change. Hsp70 is shown to interplay 
with endoplasmic reticulum stress sensor protein IRE1alpha thereby safeguarding 
the cells from ER stress induced apoptosis. This interaction prolonged the splicing 
of XBP-1 (a transcription factor) mRNA thereby actuating transcriptional upregula-
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tion of targets of spliced rescuing the cells from apoptosis (Gupta et al. 2010). HBP 
21, a chaperone of heat shock protein 70, acts as tumor suppressor in hepatocellular 
carcinoma. But, due to allele loss and aberrant methylation when HBP21 is down 
regulated, HSP70 confers resistance to apoptosis by blocking Bax translocation to 
mitochondria (Yang et al. 2012) which is required for cytochrome c release. Thus, 
HBP21 can promote cell apoptosis caused by unfavorable conditions and exert neg-
ative influence on Hepatocellular carcinoma (HCC) pathogenesis.

Chaperones maintain protein homeostasis not only by maturation of newly syn-
thesised proteins and stabilization of unstable proteins, but also by recognitionand 
transport of defective proteinsto the degradation pathway. This needs the recruit-
ment of another co-chaperone, CHIP (an E3 ubiquitin ligase), into the Hsp90 chap-
erone machinery (Murata et al. 2001). It was shown that CHIP suppresses tumor 
progression in human breast cancer by enhancing the degradation of several onco-
genic proteins (Kajiro et al. 2009). Moreover, knockdown of CHIP in breast cancer 
cells results in rapid tumor growth and metastatic phenotypes in mice. The mecha-
nisms regulating the protein folding/degradation balances involve chaperone bind-
ing to CHIP and HOP that depends on a phosphorylation state of Hsp90 and Hsp70 
C-termini (Muller et al. 2013). The phosphorylation of these chaperones prevents 
binding to CHIP and enhances binding to HOP. Proliferating cells express lower 
levels of CHIP and higher levels of HOP, Hsp70 and Hsp90 compared to non- 
proliferating cells (Ruckova et al. 2012). Decreased CHIP expression in prolifera-
tive cells supports its proposed tumor suppressor properties, while overexpression 
of HOP may contribute to excessive Hsp90 activity and stabilization of client pro-
teins in cancer cells. These reports reflect elevated protein folding environment in 
cancer cells regulated by the action of co-chaperone expression and chaperone 
modifications.

 Cancer Stem Cells (CSC) in GI Cancer: Role of Hsp70

Our understanding of phenotypic plasticity of gastrointestinal cancer cells has con-
siderably evolved in the past decade (Bekaii-Saab and El-Rayes 2017; Brungs et al. 
2016). Evidences from several malignancies indicate that the cancer cells acquire 
stem-like phenotype often after chemotherapy (Monteiro and Fodde 2010; Hu et al. 
2012). This has been substantiated both in functional assays (ALDH1 activity) and 
by the expression of several stem cell markers (CD44, CD133, NANOG, SOX2, 
BMI1, ALDH1, cMYC, KLF4 etc. (Hadjimichael et al. 2015). The hypothesis that 
a small sub-population of the tumor bulk maintains a stem-like phenotype and 
accounts for the therapeutic refractoriness, dormant behaviour with subsequent 
metastasis and recurrence has now been experimentally established using genetic 
lineage tracing of cancer cells in mouse model. CSC is at the hierarchical apex of 
tumorcells with the potency of self-renewal, clonal growth and differentiation into 
different cell types which characterizes the tumor bulk (Alcolea and Jones 2013; 
Kretzschmar and Watt 2012; Schepers et al. 2012).
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Gastric CSCs were first described in 2007 by Yang et al. (Yang et al. 2007). The 
gastric cells that were isolated from patient tumors showed several phenotypic char-
acteristics of stem and progenitor cells as determined by their enhanced clonogenic 
potential and differentiation capacity, high susceptibility to spontaneous immortal-
ization and the expression of stem cell inversely correlated with patient survival 
abrogating the expression of GRP78 marker OCT4, and Nanog. Work by Takashi 
et al. further showed that CD44 can be a reliable cell surface marker for isolating 
gastric cancer stem cells (Takaishi et al. 2009). Gastric cancer cell lines MKN-45, 
MKN-74, and NCI-N87 had a significant subpopulation of high CD44 expressing 
cells which can be FACS sorted into CD44+ and CD44− population. CD44+ cells 
formed tumor spheres and showed higher tumorigenic ability when injected into 
stomach and skin of severe combined immunodeficient (SCID) mice. Further, The 
CD44+ gastric cancer cells differentiated to give rise to CD44(−) cells. CSCs are 
also critical for the formation and maintenance of liver metastasis derived from 
colorectal cancers (de Sousa e Melo et al. 2017). The role Hsp70 in the malignant 
progression of highly metastatic human colorectal cancer (CRC) cell lines sug-
gested a strong correlation with the advanced clinical stages and positive lymph 
node involvement (Hwang et  al. 2003). Particularly in colorectal cancer, CD44–
hyaluronan (HA) binding, leads to the assembly of a signalling complex that 
includes Hsp70 and the co-chaperone CDC37, which promotes phosphorylation 
and activation of the ERBB2–ERBB3 receptor tyrosine kinases (RTKs). The CD44–
ERBB2–ERBB3 complex provides a strong stimulus for cyclooxygenase 2 (COX2) 
transcription and thus trigger the anti-apoptotic machinery in the CSC population 
(Misra et al. 2015).

GRP78 (BiP/HSPA5), is an important member of the Hsp70 superfamily that is 
evolutionarily conserved across a wide range of species from yeast to humans, and 
plays a crucial role in the maintenance of the embryonic stem cells (Wang et al. 
2010). Wu et  al. have recently demonstrated a significantly high expression of 
GRP78 in CSC population of the Head and neck squamous cell cancer (HNSCC) 
(Wu et al. 2010). Depleting GRP78 reduced the self-renewal ability, expression of 
stemness genes, tumorigenic potential both in cell based and mouse xenograft mod-
els and induced apoptotic cell death, thus providing a potential therapeutic avenue. 
Studies conducted on 86 cases of resected gastric cancer demonstrated a positive 
correlation of GRP78 with lymph node metastasis. Compared to the adjacent non 
tumorigenic region of the gastric mucosa GRP78 was specifically overexpressed in 
the tumor specimens including both primary tumors and metastatic lymph nodes 
(Zhang et al. 2006). Although this study did not focus on CSC population of the 
gastric tumors, but given the elevated expression of GRP78 both in primary and 
secondary metastatic sites of gastric tumors, and the similarity in phenotypic char-
acteristics observed in HNSCC, a putative role of GRP78 in the gastric cancer can 
be envisioned and warrants further study.

Most preclinical and clinical studies on gastro-intestinal carcinoma have indi-
cated that maximum therapeutic advantage in terms of tumor regression, inhibition 
of metastasis and recurrence, along with resenstization of persistent tumors to sec-
ond line chemotherapy could be achieved by the combinatorial therapy targeting 
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both the non-stem-like differentiated tumor bulk and the CSC population (Takaishi 
et al. 2009; Vries et al. 2010). In lymphoma, siRNA-mediated attenuation of HSF1 
targeted both the CSC and the non CSC population arguing strongly in favor of 
Hsp90/Hsp70 inhibitors for treating gastrointestinal cancers that are frequently 
plagued by chemoresistance (Newman et al. 2012). Promising data was obtained 
using small molecule inhibitors of Hsp70 and Hsp90  in the in vitro studies con-
ducted on colorectal cancer (Massey et al. 2010). Treatment of colon cancer cells 
with the Hsp70 inhibitor VER-155008 or Hsp90 inhibitor 17AAG alone, did not 
exhibit any potent therapeutic effect, but a combinatorial therapy induced more than 
90% cell death. Similar results were also obtained by combining another Hsp90 
inhibitorVER-82,160 with VER-155008  in HCT116 colon carcinoma cell lines 
(Massey et al. 2010). It is likely that while Hsp90 inhibitor induces a more cytotoxic 
effect in the non CSC population, ablation of the CSC population is achieved by the 
inhibition of Hsp70 function (Fig. 1).

 Pancreatic Cancer: An Overview

Pancreatic ductal adenocarcinoma is one of the most aggressive cancers and is the 
fourth most-frequent tumour-related cause of death in the Western world (Siegel 
et al. 2012). The prognosis for patients with this disease is extremely poor, with an 

Fig. 1 A literature extracted representation of chaperoning in pancreatic cancer pathogenesis
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overall median survival of 5–8 months and fewer than 5% have a long-term survival 
of more than 5 years (Bilimoria et al. 2007). Although patients who do not undergo 
surgical resection of the tumor do not have a long prognosis (median survival of 
about 6 months), the 5-year survival rate after resection plus adjuvant therapy is 
over 20% (Bilimoria et  al. 2007). About 70% of all patients develop metastatic 
recurrence even after successful surgical resection (Bilimoria et  al. 2007; Oettle 
et al. 2007). Therefore, pancreatic adenocarcinoma is considered to be a systemic 
disease in the majority of patients at the time of diagnosis. Consequently, adjuvant 
chemotherapy is the standard of care after surgical resection, and has been shown to 
further increase long-term survival rates by about 10% (Oettle et al. 2007).

The increased expression of one or more Hsp above the level observed in normal 
tissues is a common feature of human cancers, both solid tumours and haematologi-
cal malignancies (Kimura et  al. 1993). A number of molecular chaperones have 
been found to be over expressed in human pancreatic cancer (detailed in the Table 1).

 Role of Chaperones in Human Pancreatic Cancer Pathogenesis

This may be an adaptive response by pancreatic cancer cells to maintain protein 
homeostasis and promote cell survival in an unfavorable environment, as well as to 
stimulate cell proliferation and inhibit cell death (given in Table  2). Increased 
amounts of Hsps allow pancreatic cancer cells to tolerate changes from within, such 
as potentially lethal mutations that have a role in oncogenesis. Chaperones, such as 
Hsp90, are known to be highly expressed in most tumor cells, including pancreatic 
cancer cells (Giessrigl et al. 2012). Hsp90 also acts as protectors for genetic aberra-
tions found in cancer, facilitating the performance of mutated proteins in promotion 
of malignancy while conferring cellular tolerance to the imbalanced signaling pro-
duced by these oncoproteins (Zhang et al. 2011). Indeed, Hsp are seen to participate 
in the six essential alterations in cell physiology proposed by Hanahan and Weinberg 
to define cancerous growth (Hanahan and Weinberg 2000) and described below:

Table 1 Important chaperones and co-chaperones in human pancreatic cancer

Protein 
name

Type of 
molecule Evidence Reference

Hsp70 Chaperone Hsp70 follows an over-expression pattern in 
human pancreatic cancer

Lee et al. 
(1994)

Hsp90 Chaperone Heat shock protein Hsp90 is frequently over- 
expressed in pancreas carcinomas

Giessrigl et al. 
(2012)

HOP Co-chaperone Elevated expression of HOP was observed in 
pancreatic tumor tissue compared to normal 
pancreas

Walsh et al. 
(2009)

CHIP Co-chaperone CHIP, a co-chaperone of HSP70, was found to be 
down-regulated in human pancreatic cancer

Cao et al. 
(2015)
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 Self-Sufficiency in Generating Growth Signals in Cancer Cell

Hsp90 is needed to stabilize the fragile structures of many transcription factors and 
protein kinases that are involved in normal cellular growth pathways. This molecu-
lar chaperone is also required to maintain signaling molecules in an active confor-
mation so as to allow rapid triggering by growth signals. In cancer, Hsp90 maintains 
the activities of the EGFR, HER2 (proto-oncogenic trans-membrane receptor), pro-
tein kinases Akt, c-Src and Raf-1(important signaling molecules), CDK4, CDK6 
(cell cycle regulator) to promote pancreatic tumour growth, proliferation and sur-
vival (Zhang et al. 2008). It also stabilizes the conformations of mutant proteins 
such as p53, thus allowing these mutated molecules to accumulate within the pan-
creatic cancer cell (Zhang et al. 2011).

 Insensitivity to Anti-growth and Proliferative Signals

Hsp70 has been shown to bind to p53 and other tumor suppressor proteins. Mutation 
in the p53 protein is one of the most common events in cancer development (Lee 
et  al. 1994). However, although Hsp70 has been shown to accumulate in large 
amounts in association with mutant p53 protein in cancer cells, there is no 

Table 2 The role of Hsp70 chaperones in pancreatic cancer pathogenesis

Protein 
name

Type of 
molecule

Affected 
oncogenic 
process Evidence Reference

Hsp70 Chaperone Cell 
proliferation

Hsp70 plays an important role in 
pancreatic ductal adenocarcinoma 
(PDAC) associated cell proliferation

MacKenzie 
et al. (2013)

Apoptosis Hsp70 mediates TRAIL resistance in 
human pancreatic cancer

Monma et al. 
(2013)

Apoptosis Hsp70 prevents activation and 
translocation of BAX into 
mitochondrial membrane and thereby 
protects pancreatic cancer cells from 
apoptosis

MacKenzie 
et al. (2013)

Apoptosis Hsp70 inhibits caspase-9 recruitment 
and apoptosome formation in human 
pancreatic cancer

Aghdassi 
et al. (2007)

Apoptosis Hsp70 promotes lysosomal integrity 
and subsequently suppress caspase 
independent apoptosis in a MUC1 
responsive ways

Banerjee 
et al. (2012)

Chemo- 
resistance

Hsp70, constitutively over-expressed in 
pancreatic cancer cells and provides 
chemoresistance

Hyun et al. 
(2013)
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conclusive evidence to indicate that increased Hsp levels are necessary to inactivate 
tumour suppressor molecules for malignant transformation to take place (Lee et al. 
1994). On the contrary, Hsp90 plays a very critical role in stabilization of mutant 
p53  in pancreatic tumor and thereby largely accounts for the enhanced level of 
oncogenicity (Zhang et al. 2011).

 Resistance to Cell Death or Avoidance of Apoptosis

A number of studies showed that elevated levels of Hsp can protect malignant cells 
against apoptosis generated by therapy (Joly et al. 2010). The apoptotic mechanism 
follows two pathways, the intrinsic and the extrinsic. For both intrinsic and extrinsic 
pathways, the ultimate executers of apoptosis are proteases, called caspases, which 
are activated enzymatically in response to an apoptotic stimulus (Cappello et  al. 
2002). Due to their cytoprotective role, Hsp have been found to play extremely 
complex roles in the regulation of apoptosis. They are implicated in both caspase- 
dependent and independent apoptotic pathways, as well as in the maintenance and 
activation of anti-apoptotic mediators. Hsp70, which is over expressed in human 
pancreatic cancer, plays a master regulatory role in inhibition or neutralization of 
pancreatic cancer associated apoptosis, through imparting TRAI (TNF-related 
apoptosis-inducing ligand) resistance (Monma et al. 2013), preventing BAX trans-
location into mitochondria (MacKenzie et al. 2013), inhibiting caspase-9 recruit-
ment and apoptosome formation (Aghdassi et al. 2007) and by providing lysosomal 
and mitochondrial integrity (Banerjee et al. 2012).

 Molecular Chaperones as Anti-cancer Targets in Pancreatic 
Cancer

There is currently much effort being made to develop more effective Hsp inhibitors 
for use in pancreatic cancer treatment (Table 3). A large number of chemotherapy 
combinations has been tested in patients with advanced pancreatic cancer. Only one 
combination showed significant improvement of survival, however also increased 
toxicity. Survival of patients with pancreatic cancer could not be improved by the 
use of these inhibitors. That is why the most important challenge is to define the 
appropriate way in which to deploy chaperone inhibitors in the treatment of pancre-
atic cancer.
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 Gastric Cancer: An Overview

 Gastric Cancer and Hsp70

Among most commonly diagnosed type of cancers in the world Gastric cancer (GC) 
is the fifth (Bray et al. 2012; IARC (International Agency for Research on Cancer) 
2012). Although incidence rates have been declining since the 1990s, significant 
geographical variations have been observed in the occurrence pattern of GC with 
some Asian countries and Central and Eastern Europe still showing higher inci-
dence (Bertuccio et  al. 2009; Ferro et  al. 2014). Anti-sense nucleotides against 
Hsp70 have been shown to cause cell death in gastric adenocarcinoma cells (Zhao 
and Shen 2005). In patient samples of gastric tumors, high Hsp 70 levels were asso-
ciated with poor prognosis (Lee et al. 2013). Reduced levels of Hsp 70 and increased 
apoptosis were observed in gastric adenocarcinoma cells after triptolide treatment 
(Arora et al. 2017). On the other hand, Helicobacter pylori, which is among many 
of those agents that lead to incidences of gastric cancer in human, may bring about 
a reduced level of Hsp70. Although the detailed pathology of H. pylori induced 
gastric cancer is not well demonstrated till date, few studies indicate the ability of 
the expression is one such effect that could be evidenced in patients exhibiting H. 
pylori infection. A study conducted by Axsen WS and colleagues (Axsen et  al. 
2009) showed that C57B/L mice infected with human H. pylori undergo reduced 
expression of not only hsp70 but also hsf1, a transcription factor regulating the 
expression of hsp70 gene (Axsen et al. 2009). A similar study with human epithelial 
cell line infected with H. pylori also demonstrated altered proliferation of the cul-
tured cells accompanied by reduced expression of hsp70 (Tao et  al. 2014). This 

Table 3 List of potential therapeutic drugs against molecular chaperones in human pancreatic 
cancer

Name of drug
Molecular 
targets Evidence Reference

Triptolide Hsp70 Triptolide causes pancreatic cancer cell death 
in vitro and in vivo by induction of apoptosis and 
its mechanism of action is mediated via the 
inhibition of Hsp70

MacKenzie 
et al. (2013)

PFT-miu Hsp70 HSP70 and autophagy inhibitor pifithrin-miu 
enhances the antitumor effects of TRAIL on 
human pancreatic cancer

Monma et al. 
(2013)

GO-201 Hsp70 GO-201 was effective in reducing tumor burden 
in pancreatic cancer mouse model

Banerjee 
et al. (2012)

Triazole 
Nucleoside 
Analog

HSF1, 
Hsp70, 
Hsp90, 
Hsp27

This compound targets heat shock response 
pathways by down-regulation of heat shock 
transcription factor 1 and consequential 
down-regulation of multiple heat shock proteins 
HSP27, HSP70 and HSP90

Xia et al. 
(2012)
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altered proliferation is predominantly represented by reduced growth rate. 
Accordingly, in a separate study, the fate of cultured gastric epithelial cells exposed 
H. pylori infection was investigated in detail. This study demonstrated increased 
expression of apoptosis inducing factor and cytosolic cytochrome c leading to 
increased instances of apoptotic cell death events. Besides, an upregulation of p21 
and associated cell cycle modulation could also explain S-phase arrest of the 
infected cells and subsequently reduced growth rate (Liu et al. 2011). All these stud-
ies therefore quite successfully established a negative correlation between H. pylori 
infection and expression of host hsp70 gene. However, one of the studies led by 
Ding S. Z. and colleagues provided important molecular insights into the underly-
ing mechanism of H. pylori infection mediated hsp70 down-regulation (Ding et al. 
2010). This study showed an epigenetic component in the regulation of hsp70 
expression upon H. pylori infection. Phosphorylation on serine 10 of histone H3 in 
the promoter region of hsp70 gene was shown to condense chromatin thereby inhib-
iting hsp70 transcription resulting in reduced levels of Hsp70 protein.

Besides altered transcript levels of Hsp70 observed in gastric cancer patients, in 
many cases differential spatial distribution of the protein within the cell could also be 
noticed. Like increased translocation of Hsp70 to the nucleus that helps protecting 
the cell from stress induced nuclear damage. One of the nuclear import carriers of 
Hsp70 is an evolutionarily conserved protein called Hikeshi (Kose et al. 2012). In a 
study led by Yanoma T et al., the expression pattern of Hikeshi was investigated in 
207 gastric cancer tissue samples. This study showed an elevated expression of this 
nuclear import protein in gastric cancer tissue samples compared to normal cells. 
Although apparently this signifies an increased nuclear translocation of Hsp70 as 
well, no such observation could be noticed at normal temperature. At elevated tem-
perature however, the increased expression of Hikeshi could be well-correlated to 
increased migration of Hsp70 from cytoplasm to nucleus. Accordingly Hikeshi inhi-
bition in combination with hyperthermia has been suggested as a potential therapeu-
tic tool for refractory gastric cancer (Yanoma et al. 2017). Other therapeutic tools 
targeting Hsp70 for treatment of gastric cancer includes recently demonstrated cyto-
megalovirus protein UL138, overexpression of which has been found to induce apop-
tosis in gastric cancer cell lines (Chen et al. 2016). This is however, in contrary to the 
common belief that human cytomegalovirus (HCMV) plays an ‘oncomodulatory’ 
role in neoplastic processes stimulating neoplastic growth (Michaelis et al. 2009).

Hsp70 being an important component of signaling cascades regulating inflam-
matory responses, therefore constitute a crucial limiting factor affecting successful 
H. pylori infection. Polymorphisms within the gene sequence controlling the vigor 
of immune response therefore can be expected to expose individuals to risk of H. 
pylori infection induced acute gastritis followed by onset of gastric cancer differen-
tially. Oswaldo Partida Rodriguez and colleagues carried out studies in this direc-
tion and found out that in a Mexican population a single nucleotide polymorphism 
in hsp70-1 gene at position +190 is associated with predisposition to gastric cancer 
and duodenal ulcer (Partida-Rodrıguez et al. 2010). Similarly the BB genotype of 

D. Datta et al.



83

hsp70-2 is found to be associated with gastric pre malignant condition in H. pylori 
infected older patients in a Japanese population (Tahara et al. 2009).

 Liver Cancer (Hepatocellular Carcinoma): An Overview

 Role of Extracellular Hsp70 in the Progression of Tumor Cell 
Invasion and Metastasis Leading to Hepatocellular Carcinoma 
(liver cancer)

Tumor cell invasion and metastasis may be integrated with RhoA. RhoA-mediated 
regulation of this process takes place through the activation of cytoskeletal proteins 
that promote myosin interaction with F-actin, leading to contractility. Enhanced 
contractility of tumor cell greatly aids tumor cell movement and migration ability 
(Valtcheva et al. 2013). RhoA is an essential member of the rho gene family, which 
is a homolog of Ras protein (Strutt et al. 1997). Heat shock protein 70 and peptide 
complexes (eHSP70/HSP70-PCs) regulate Hepatocellualar Carcinoma (HCC) cell 
migration that occurs via regulation of RhoA expression (Yi et al. 2017).

An array of biological functions of tumor cells is modulated by extracellular heat 
shock protein 70 and peptide complexes (eHsp70/Hsp70-PCs). The expressions of 
Hsp70, E-cadherin, α-SMA and phosphorylated-p38 MAPK may characterize 
malignant potential and could categorize the extent of liver cancer. eHsp70/Hsp70- 
PCs play a focal role in the EMT of hepatocellular carcinoma through the mediation 
of the p38/MAPK pathway (Li et al. 2013). EMT is an intricate process that refers 
to the transmogrification of epithelial cells to stromal cells, where the polarity of 
epithelial cell fizzles out, consorted by escalated migration and invasion. EMT 
could be identified by the loss of epithelial cell markers (cadherin and E-cadherin) 
expression and/or overexpression of mesenchymal cell markers (e.g., α- smooth 
muscle actin protein, α-SMA) (Gheldof and Berx 2013). The occurrence of liver 
cancer is closely related to its tumor microenvironment (Gao et al. 2012). A number 
of components of the tumor microenvironment such as hepatocyte growth factor 
(HGF), fibroblast growth factor (FGF), and platelet-derived growth factor (PDGF) 
could be involved with EMT (Jung et al. 2007). Presence of Hsp70 and Hsp70 pep-
tide complexes (Hsp70/Hsp70-PCs) has also been observed in the tumor microenvi-
ronment (Schildkopf et  al. 2011). Moreover, eHsp70/Hsp70-PCs could also 
influence a variety of tumor cell functions, such as proliferation and invasion. (Wu 
et al. 2012; Walsh et al. 2011). A recent study has shown that eHSP70/HSP70-PCs 
carried out their action through Jun-terminal kinase JNK1/2 signaling pathway in 
hepatocarcinoma (Zhe et al. 2016). Studies have also demonstrated that the stress- 
activated mitogen activated protein kinases (MAPK) c-Jun NH2-terminal kinase 
(JNK) and p38 MAPK greatly influence hepatocarcinogenesis. Both these kinases 
have important cellular functions and considerable amount of cross-talk between 
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them. Therefore, it is difficult to firmly indicate a specific drug target associated 
with these pathways (Nakagawa and Maeda 2012).

 Role of Hsp70 as DAMP (Damage-Associated Molecular 
Pattern Molecules): Implications in Liver Cancer (HCC)

In the tumor microenvironment, tumor cells destructed by immune cells release 
intracellular molecules. Some of these molecules are inflammatory mediators 
referred to as damage-associated molecular pattern molecules (DAMPs) (Tsai et al. 
2014). DAMPs play crucial roles in triggering immune responses and activating 
repair mechanisms to produce both antitumor and protumor effects. Hsp 70 is a 
well-characterized DAMP in chronic inflammation (Kang et  al. 2013). Stress- 
inducible Hsp70 functions as a cytoprotective protein when cells are subjected to 
stressful stimuli. Although, necrotic cells can passively release stress-inducible 
Hsp70 (Gogate et al. 2012), Hsp70 is also actively released when tumor cells suffer 
from extrinsic stress. Inside the tumor microenvironment, extracellular Hsp70 can 
bind to TLR2 and TLR4 expressed by tumor cells and can promote immune toler-
ance, cancer advancement and promulgation of the tumor microenvironment 
(Horibe et al. 2014). However, Hsp70 also takes part in averting apoptosis by means 
of autophagy and can promote a pro-survival mechanism. Eminently, Hsp70 aug-
mented autophagy by means of c-Jun N-terminal kinase (JNK) phosphorylation and 
Beclin-1 upregulation. Several studies have indicated that inhibition of the autoph-
agy regulator Beclin-1 in tumor cells inhibited stress induced autophagy and high- 
mobility group protein B1 (HMGB1) release (Schmitt et al. 2007). Numerous tumor 
cells widely express HMGB1 and upon necrotic cell death it can be secreted or 
released. Migrating growth cones and malignant cells show high HMGB1 expres-
sion. HMGB1 binds tissue-type plasminogen activator and plasminogen, stimulat-
ing production of plasmin and tissue invasion (Gong 2013). Secreted 
HMGB1effectuates responses to infection and injury by achieving high affinity 
binding with several receptors including receptor for advanced glycation end prod-
ucts (RAGE), TLR2 (Toll-like receptor 2) and TLR4 (Toll-like receptor 4), hence 
invigorating tumor invasion and metastasis (Chen and Yu 2016). Extracellular 
Hsp70/Hsp70-PCs can stimulate the HCC cell proliferation through TLR2 and 
TLR4 activation and subsequent activation of the intracellular JNK1/2/MAPK sig-
naling pathway. Recent studies show, MAPK signaling pathway may mediate sig-
naling through TLRs (Wu et al. 2013). MAPK (p38, ERK1/2, and JNK1/2) signaling 
pathways can control a number of cellular functions in cancer cells. Previous studies 
have revealed that cyclin D1 plays a principal role in the normal regulation of the 
cell cycle (Gong 2013). Cyclin D1 is regulated positively by MAPK, thus exerting 
influence on tumor cell proliferation (Qiu et al. 2014). Cyclin D1 over-expression 
could shorten the time required for G1 to S phase transition and elevates cell cycle 
rate, resulting in rapid and uncontrolled cell proliferation. HCC demonstrates clear 
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evidence of Cell cycle imbalance Overexpression of cyclin D1 has been clearly 
linked to the occurrence and growth of hepatocarcinoma (Zhang et  al. 2015, b). 
Among different signaling pathways induced by Hsp70, the promotion of tumor 
growth by activation of the NF-κB cascade has been identified in several tumor cells 
(Wu et  al. 2012). Thus, Hsp70 can enhance both the NF-κB and JNK- Beclin- 1/
HMGB1 pathways in tumor cells (Zhe et al. 2016). Activation of NF-κB was signifi-
cant for the effect of Hsp70. H70sp induced a positive feedback loop associating 
Beclin-1/HMGB1 production, causing re-phosphorylation of NF-κB. This triggered 
a promotion of cell invasion ability of the cancer cells, a critical aspect of tumor 
progression (Gong 2013).

 Regulatory Effects of Glucose on Heat Shock Response

In the hepatocellular carcinoma cell lines, Glucose can activate HSF1 transcription 
activity and augment the gene expression of alpha B-crystallin, Hsp70, and onco-
genic proteins CSK2, and RBM23 (Mendillo et al. 2012). Glucose can stimulate 
HSF1 hyper-phoshorylation at serine 326 by activation of the mTOR pathway. The 
mTOR pathway is upregulated in most tumors and takes part in modulating tumor 
protein synthesis, cell proliferation, and autophagy by targeting various substances. 
Inhibition of mTORC1 with rapamycin can significantly suppress the Hsp90 and 
Hsp70 protein synthesis in breast cancer cell lines (Chou et al. 2012). mTOR C1 
kinase can interact with and stimulate the phosphorylation of HSF1/S326 leading to 
activation of HSF1. Glucose-mTOR is one of the signaling pathways that maintain 
HSF1 activation in tumor cells. HSF1-mediated heat shock response can in turn 
regulate the glucose metabolism as well as the proteostasis involved in cell prolif-
eration, metastasis, and therapeutic resistances. The glucose-mTOR-HSF1 pathway 
is a prospective target for tumor therapy (Ma et al. 2015).

 Role of Hsp 70 as Biomarker of Hepatocellular Carcinoma 
(HCC)

Hepatocellular carcinoma (HCC) is one of the predominant malignancies in the 
world (Di Tommaso and Roncalli 2017). Many causative factors are connected to 
HCC occurrence and development, such as chronic hepatitis B virus (HBV) and 
hepatitis C virus (HCV) infection, consumption of alcohol, and cirrhosis (Gehrmann 
et al. 2014). It has been observed that tumor suppressor protein (p53) and heat shock 
protein 70 may exert vital influence in chronic liver diseases. Hsp70 and p53 are 
frequently observed to be over-expressed in HCC biopsy, especially in advanced 
HCC (Chuma et al. 2003). They are believed to be putative biomarkers for HCC 
diagnosis, and proper amalgamation of these 2 markers could improve diagnostic 
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accuracy. It has been reported that both the mRNA and protein levels of Hsp70 
increase markedly more in advanced HCC than in early HCC (Di Tommaso et al. 
2007). Up-regulation of serum Hsp70 is observed in both liver cirrhotic and HCC 
patients (Shevtsov and Multhoff 2016).

 Conclusions

Over the last few years new vistas leading towards a clearer insight of the molecular 
basis of GI cancers have opened up. Our knowledge was substantially aided by a 
better understanding of the genetic basis of the disease and the availability of new 
information on the role of molecular signaling pathways. Still, many aspects of the 
functioning of chaperones in disease progression remain unexplored. This review 
aims to provide a summary of the current knowledge of the role of the Hsp70 and 
related chaperones in human GI tumorigenesis. Since their initial discovery, signifi-
cant input has been given towards developing molecular chaperone inhibitors as 
anticancer agents. The question whether the inhibitors of heat shock proteins would 
be of any significant help to combat GI cancers still remains to be clearly answered.
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Abstract Heat shock proteins (HSP) constitute a large family of proteins involved 
in protein folding and maturation and the expressions of HSP are induced by heat 
shock or other stressors. The major groups, which are classified based on their 
molecular weight, include HSP27, HSP40, HSP60, HSP70, HSP90, and large HSP 
(HSP110 and glucose-regulated protein 170). The human HSP70 family is consists 
of 13 members and five of them have a strong association with cancer. HSP play a 
significant role in cellular proliferation, differentiation, survival, apoptosis, and car-
cinogenesis. In this chapter, we thoroughly discussed the roles of HSP70s in cancer 
biology and pharmacology. The HSP70 proteins have important functions in the 
molecular mechanisms leading to cancer development, progression, and metastasis. 
They may also have potential clinical use as biomarkers for cancer diagnosis or 
assessing disease progression, and as therapeutic targets for cancer therapy. 
Understanding of the functions and molecular mechanisms of HSP70 proteins is 
critical for enhancing the accuracy of cancer diagnosis as well as for developing 
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AIF apoptosis-inducing factor
AKT protein kinase B
ALL acute lymphoid leukemia
AML acute myelogenous leukemia
AMPK AMP-activated protein kinase
APAF-1 apoptotic protease activating factor 1
ATF activating transcription factor
ATP adenosine triphosphate
ATPase adenosine triphosphatase
BAG-1 Bcl-2 associated athanogene 1
BAX Bcl-2 associated X
Bcl-2 B-cell lymphoma-2
Bcl-xL B-cell lymphoma-extra-large
BIK Bcl-2 interacting killer
BIP binding immunoglobulin protein
B-RAF v-raf murine sarcoma viral oncogene homolog B
CDK cyclin-dependent kinase
CHIP carboxyl-terminus of HSP70-interacting protein
CML chronic myeloid leukemia
C-RAF v-raf murine sarcoma viral oncogene homolog C
DMC demethoxycurcumin
EGFR epidermal growth factor receptor
EMT epithelial-mesenchymal transition
ER endoplasmic reticulum
ERK Ras/extracellular signal-regulated kinase
FDA Food and Drug Administration
GRP glucose-regulated protein
HBV hepatitis B virus
HDAC histone deacetylases
HER2 human epidermal growth factor receptor 2
HIV human immunodeficiency virus
HSC heat-shock cognate protein
HSE heat shock element
HSF heat shock factor
HSP heat shock protein
HUGO Human Genome Organization
IL interleukin
JAK Janus kinase
MAPK mitogen-activated protein kinase
MCL-1 myeloid cell leukemia 1
MEK mitogen-activated protein kinase kinase
mTOR mechanistic target of rapamycin
MTX methotrexate
NF-κB nuclear factor NF-κB
NSCLC non-small cell lung cancer;
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oxLDL oxidative modified low density lipoprotein
PES phenylethynesulfonamide
PFT pifithrin
PI3K phosphatidylinositol-4, 5-bisphosphate 3-kinase
PSA prostate-specific antigen
SAHA suberanilohydroxamic acid
SK1 sphingosine kinase 1
STAT signal transducer and activator of transcription
TGF transforming growth factor
TNF tumor necrosis factor;
TNIP1 TNF-α-induced protein 3-interacting protein 1
UBXN2A UBX Domain Protein 2A

 Introduction

Heat shock proteins (HSP) are a group of proteins that function to reverse or inhibit 
denaturation or unfolding of cellular proteins in response to stress or high tempera-
ture. Traditionally, HSP have also been known as molecular chaperones because of 
their physiological and protective roles in cells. They facilitate protein folding and 
maintenance of natural structure and function when cells are exposed to homeo-
static challenges such as extreme temperature, anoxia, hypoxia, heavy metals, 
drugs, or other chemical agents that may induce stress or protein denaturation 
(Macario and Conway de Macario 2007; Liu et al. 2012). HSP are generally classi-
fied according to their molecular weights with the majority of them belonging to the 
groups of HSP27(HSPB1), HSP40, HSP60, HSP70, HSP90, and large HSP 
[HSP110 and glucose-regulated protein 170 (GRP170)] (Ciocca and Calderwood 
2005). Heat shock factors (HSF) act as inducible transcriptional regulators of HSP 
and they are required for the expression of the majority of HSP. Heat shock ele-
ments (HSE) are cis-acting sequences located upstream of HSP genes where HSF 
bind to and induce HSP gene expression (Akerfelt et al. 2010). Except for the small 
HSP group, other HSP family members including HSP70 proteins are ATP- 
dependent proteins with adenosine triphosphatase (ATPase) activity (Bepperling 
et  al. 2012). The HSP70 proteins are an ATP binding chaperones with intrinsic 
ATPase activity which hydrolyzes ATP into ADP. Hydrolysis of ATP initiates the 
conformational change of HSP70 proteins and further causes substrate binding to 
them (Fig. 1) (Jakob et al. 1996; Sullivan and Pipas 2002).

The nomenclature of human HSP is based on the system assigned by the Human 
Genome Organization (HUGO) Gene Nomenclature Committee and uses the Entrez 
Gene database from the National Center of Biotechnology Information. Specifically, 
as shown in Table 1, the human HSP70 family consists of thirteen members which 
are encoded by the HSPA genes (Kampinga et al. 2009). HSP70 proteins have a 
highly conserved domain structure including a ~44  kDa amino-terminal ATPase 
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domain, a ~18  kDa substrate binding domain, and a ~10  kDa carboxyl-terminal 
domain (Liu et al. 2012). The chaperone activity of HSP is regulated by their co- 
chaperones including HSP40, Bcl-2 associated athanogene 1 (BAG-1), and 
carboxyl- terminus of HSP70-interacting protein (CHIP) (Wang et al. 2014a, b). In 
general, HSP70 proteins play an important role in cancer development, progression, 
and metastasis and they are often observed at abnormally high expression in cancer 
cells. HSP70 proteins promote carcinogenesis as a survival factor due to their 
tumor-associated expression and anti-apoptotic effect (Rérole et al. 2011). HSP70 
proteins can protect cancer cells from tumor necrosis factor (TNF)-induced cytotox-
icity, indicating that HSP70s may increase the oncogenic potential in certain cancer 
cells by an escaping mechanism from the immune system (Jäättelä et al. 1992). The 

Table 1 Human HSP70 (HSPA) family members

HSPA
Gene 
name

Protein 
name Old/common name(s)

Human gene 
ID

1 HSPA1A HSPA1A HSP72; HSPA70–1; HSPA1 3303
2 HSPA1B HSPA1B HSP70–2 3304
3 HSPA1L HSPA1L Hum70t; hsp-hom 3305
4 HSPA2 HSPA2 Heat-shock 70KDa protein-2 3306
5 HSPA5 HSPA5 GRP78; BIP; MIF2 3309
6 HSPA6 HSPA6 HSP70B’; heat shock 70 protein 6 3310
7 HSPA7 HSPA7 Heat shock 70 protein 7 3311
8 HSPA8 HSPA8 HSC70; HSC71; HSP71; HSP73 3312
9 HSPA9 HSPA9 Mortalin; GRP75; HSPA9B; MOT; MOT2; 

mtHSP70; PBP74; mot-2
3313

10 HSPA12A HSPA12A FLJ13874; KIAA0417 259,217
11 HSPA12B HSPA12B RP23-32 L15.1; 2700081N06Rik 116,835
12 HSPA13 HSPA13 Stch 6782
13 HSPA14 HSPA14 HSP70–4; HSP70L1; MGC131990 51,182

Fig. 1 The model of HSC70 binds to the substrates and releasing cycle. HSP70 has a low affinity 
with the substrates in the ATP-bound state. After hydrolysis of ATP by ATPase, HSP70 binds to the 
substrates with a high affinity in the ADP bound state. Some co-chaperones such as Dna J homo-
logues enhance the ATPase activity of HSP70. Nucleotide exchange factors such as GrpE enhance 
the dissociation of bound ADP from HSP70 to allow the binding of ATP and reset the cycle
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proposed roles of HSP70s in cancer development and as potential therapeutic tar-
gets for anti-cancer agents are illustrated in Fig. 2 (Wu et al. 2017).

HSP70 proteins have crucial functions in mediation of protein folding, mainte-
nance of protein homeostasis, and enhancement of cell survival following a multi-
tude of stresses (Murphy 2013). Five important and well studied members in the 
HSP70 family have a strong association with cancer: the stress inducible HSP70s 
include HSPA1A (also known as HSP72, mainly located in the cytosol, ~72 kDa) 
and HSPA6 (also known as HSP70B’, mainly located in the cytosol, ~71 kDa); the 

Fig. 2 Proposed roles of HSP70 in regulation of cancer development and as the potential thera-
peutic targets for anticancer drugs. (a) Inhibition of both intrinsic and extrinsic apoptotic pathways 
by HSP70. HSP70 inhibits apoptosis through (1) binding to and inhibition of translation of BAX 
from cytosol to mitochondria, (2) prevention of the recruitment and transportation of APAF-1 to 
apoptosome, (3) binding to and inhibition of the activity of kinases involved in stress signaling, and 
(4) binding to and disruption of the sensitivity and function of AIF. (b) Control of cell senescence 
by HSP70. HSP70 inhibits cell senescence through (1) interruption of p53-dependent regulation 
and (2) antagonization of p53-independent regulation. (c) Stabilization of lysosome function and 
regulation of autophagy by HSP70. HSP70 promotes cell survival through (1) stabilization of 
lysosomes by binding to endo-lysosmal lipid bisphosphate, (2) inhibition of lysosomal membrane 
permeabilization and (3) stimulation of autophagy. (d) Regulation of HSP90 client proteins by 
HSP70. HSP70 works as a co-chaperone of HSP90 via delivery of client proteins to HSP90. The 
HSP90 client proteins delivered by HSP70 include HER2, CDK4, AKT and C-RAF
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constitutively expressed HSP70s include HSPA5 (also known as GRP78 or BIP, 
mainly located in the endoplasmic reticulum (ER), ~78 kDa), HSPA8 (also known 
as HSC70, mainly located in the cytosol, ~73 kDa), and HSPA9 (also known as 
mortalin, GRP75 or mtHSP70, mainly located in the mitochondria, ~75  kDa) 
(Arispe and De Maio 2000; Kampinga et al. 2009). In this chapter, we will focus on 
discussing the five major HSP70 members of HSPA1A/HSP72, HSPA5/GRP78, 
HSPA6/HSP70B’, HSPA8/HSC70, and HSPA9/mortalin. Their roles related to can-
cer characters are summarized in Table 2.

Table 2 The roles of major HSP70 family members in cancer development, progression, 
metastasis, diagnosis, therapy and drug resistance

Gene/protein
Cancer 
development Biomarker Drug resistance and target

HSPA1A/ 
HSP72

↑Tumor cell ↑ In oral, liver, 
prostate, colorectal, 
lung, uterine and 
cervical cancers, 
melanoma

Mediates resistance of cisplatin, 
oxalipatin, borezomib

oncogenesis ↓ In renal cancer Target of HSP70 general inhibitors 
(fisetin, cantharidin, apoptozole, 
MKT-077, PES, pifithrin-μ, quercetin, 
DMC, apoptin), HS-72

proliferation
migration
metastasis
↓ Apoptosis

HSPA5/ 
GRP78

↑Tumor-genesis ↑ In ER stress, 
breast, lung, 
prostate, overian, 
gastric, liver, 
esophageal, renal, 
and endometrial 
cancers, melanoma, 
glioma, 
fibrosarcoma

Mediates resistance of BRAF inhibitors 
(vemurafenib and dabrafenib), cisplatin, 
sorafenib, doxorubicin

↑Autophagy Target of HKH40A, OSU-CG-5, 
carfizombi, SAHA, gefitinib, 
clarithromycin, celecoxib, antibodies 
(C38, C107, anti-CDT, SAM-6), natural 
compounds (epigallocathchingallate, 
subtilase toxin AB5, versipelostatin, 
prunustatin A, isoliquirtigenin), 
peptides

↓ Apoptosis

HSPA6/ 
HSP70B’

↓ Apoptosis ↑ In breast, liver, 
and colon cancers, 
lymphoma

Target of MG-132, HSP90 inhibitors 
tanepimycin and radicicolMacrophage 

survivial
HSPA8/ 
HSC70

↑Tumor cell 
survival

↑ In colon and 
esophageal cancers

Mediates resistance of MTX
Target of 15-deoxyspergualin

HSPA9/ 
Mortalin

↑Migration, 
invasion, EMT, 
metastasis

↑ In breast and liver 
cancers

Mediates resistance of cisplatin

↓ Apoptosis Target of MKT-077, embelin, UBXN2A
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 Role of HSPA1A/HSP72 in Cancer Development and Diagnosis

The HSP72 protein is coded by the HSPA1A gene and has malignant behaviors as 
evidenced by the decrease of cell proliferation, migration and invasion, increase of 
apoptosis after knockdown of HSP72  in cervical squamous cell carcinoma cells 
(Yoshidomi et al. 2014). HSP72 promotes the survival of glioblastoma cells through 
the inhibition of the degradation of activating transcription factor 5 (ATF5) (Li et al. 
2011). HSP72 also inhibits oncogene-induced senescence pathways in either a 
p53-depdendent (via PI3K) or a p53-independent (via Ras/ERK) manner in multi-
ple types of cancer cells including breast, colon, lung, ovarian and pancreatic can-
cers (Gabai et al. 2009). In addition, the study of HSP72 in autophagy and cancer 
showed that HSP72 functions as a survival protein by stabilizing the integrity of 
lysosomes in cancer cells (Nylandsted et al. 2004).

HSP72 is overexpressed in various cancers and the high expression is correlated 
with increased tumor grade and poor prognosis. The overexpression of HSP72 is 
observed in oral cancer, liver cancer, prostate cancer, colorectal cancer, lung cancer, 
uterine cervical cancer, and melanoma (Murphy 2013; Wu et al. 2017). Cai et al. 
studied tumor tissues of 507 patients with nasopharyngeal cancer and they found 
that the expression patterns of HSP72 are correlated with the outcomes of the 
patients as: high levels of HSP72 in the membranes and cytoplasm are associated 
with increased survival, while high levels of HSP72 in the nuclei are correlated with 
poor survival (Cai et al. 2012). The study by Wang et al. showed that the expression 
of HSP72 in the cytoplasm of esophageal cancer cells was significantly associated 
with remote metastasis (Wang et al. 2010). However, HSP72 was found to be under- 
expressed in renal cancer cells (Ramp et al. 2007). HSP72 is a prognostic marker for 
cholangiocarcinoma, chondroscarcoma, bladder cancer, acute myelogenous leuke-
mia (AML), breast cancer, endometrial cancer, cervix/uterus cancer, pancreatic can-
cer, heat and neck cancer and colorectal cancer (Kocsis et al. 2011; Boonjaraspinyo 
et al. 2012; Bayer et al. 2014; Trieb et al. 2016; Wu et al. 2017).

 Role of HSPA5/GRP78 in Cancer Development and Diagnosis

The HSPA5 protein, commonly known as GRP78, is coded by the HSPA5 gene. It is 
the HSP70 family protein primarily presented in the ER, thus it is important in regu-
lation of the cellular response to ER stress. GRP78 is responsible for maintaining 
the normal function of ER during protein translocation, assisting protein folding and 
assembly, and targeting misfolded proteins for degradation (Ma and Hendershot 
2004]. Cancer cells are subject to ER stress and GRP78 is a survival factor in cancer 
development. GRP78 plays an important role in initiation of cancinogenesis, pre-
vention of apoptosis and autophagy, and enhancement of drug resistance (Lee 2007). 
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GRP78 is a co-factor for Cripto signaling via both TGF-β and Src/MAPK/PI3K 
pathways to promote oncogenesis in somatic stem cells (Gray and Vale 2012). 
GRP78 binds to prostate-specific antigen (PSA) and upregulates the expression of 
PSA in prostate cancer cells, promoting cell survival via the activation of ERK, p38 
MAPK, and PI3K pathways (Misra et al. 2011). GRP78 prevents ER-stress induced 
apoptosis in normal and cancer cells. GRP78 interacts to and inhibits pro-apoptotic 
BIK and BAX proteins in ER to protect human breast cancer cells from estrogen 
starvation-induced apoptosis (Fu et al. 2007). GRP78 also protects cancer cells from 
topoisomerase inhibitors-induced apoptosis via binding to and suppression of cas-
pase-7 (Reddy et  al. 2003). Inhibition of GRP78 by polyclonal antibodies up- 
regulates p53 activity and promotes apoptosis, via the inhibition of Ras/MAPK and 
PIK3/AKT pathways and activation of NF-κB (Misra et al. 2009). Another impor-
tant function of GRP78 in cancer development is the regulation of ER stress-related 
autophagy in cancer cells (Li et al. 2008). For examples, GRP78 level is elevated 
during ER-stress mediated autography, which is induced by drug and irritation treat-
ments in nasopharyngeal carcinoma cells (Song et al. 2013). The polymethoxyfla-
vone derivative nobiletin displays anticancer effect by inducing apoptosis, however, 
the apoptotic effect is compromised by protective autophagy induced by GRP78 in 
human gastric cancer cells SNU-16 (Moon and Cho 2016). Studies also have showed 
that treatment of serine/threonine-protein kinase B-RAF inhibitors vemurafenib and 
debrafenib activated GRP78 regulated ER stress response to induce protective 
autophagy and further induced drug resistance, while autophagy inhibitor hydroxy-
chloroquine can overcome the resistance to B-RAF inhibitors in melanoma cells and 
tumor xenografts in animal model (Ma et al. 2014).

GRP78 is overexpressed in multiple cancers including breast cancer, lung can-
cer, prostate cancer, ovarian cancer, gastric cancer, liver cancer, esophageal cancer, 
renal cancer, endometrial cancer, melanoma, glioma, and fibrosarcoma. 
Overexpression of GRP78 is a negative predictor of survival in high-risk patients 
with endometrial cancer (Ulianich and Insabato 2014). In addition, cell surface 
GRP78 may be a potential marker for good prognosis and response to chemother-
apy in breast cancer (Yerushalmi et al. 2015).

 Role of HSPA6/HSP70B′ in Cancer Development 
and Diagnosis

The HSPA6 gene is located in chromosome 1q in the human genome but not pres-
ents in the genomes of rat and mouse (Khalouei et al. 2014). It encodes a 71-kDa 
HSP70 family protein, also known as HSP70B’, with the characteristics of unique 
induction (Khalouei et al. 2014). The expression of HSPA6 is low to undetectable 
under normal physiological condition but it is highly stress induced in most cancer 
cells and tissues (Leung et al. 1990). Ramired et al. reported that the expressions of 
HSP including HSPA6, HSP72, and HSP40s were reduced following 
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overexpression of TNF-α-induced protein 3-interacting protein 1 (TNIP1) in human 
epidermal keratinocytes, suggesting the potential role of HSPA6 in TNF-mediated 
inflammation and apoptosis (Ramired et al. 2015). The study by Smith showed that 
the expression of HSPA6 can be induced by oxidative modified low density lipopro-
tein (oxLDL) in the human promonocytic lymphoma cells U937 which originated 
from resident macrophages. Knockdown of HSPA6 by small interfering RNA 
resulted in a decrease of the level of mRNA and phosphorylation of sphingosine 
kinase 1 (SK1), as well as an increase in the production of IL-10 in U937 cells. The 
results indicate that HSPA6 has functions in activation and stimulation of macro-
phage survival via the regulation of SK1 activity and IL-10 production (Smith 
2010). A study by Regeling et al. also showed that the extract from cigarette induced 
HSPA6 expression in human intestinal epithelial cells DLD-1. HSPA6 interacts 
with and stabilizes the anti-apoptotic protein BCL-XL in DLD-1 cells, suggesting 
the anti-apoptotic role of HSPA6 (Regeling et al. 2016). The expression of HSPA6 
is higher in the tumor tissues of liver cancer compared to normal tissues and it is 
associated with earlier recurrence and poor outcome in the patients with HBV- 
related early-stage hepatocellular carcinoma (Yang et al. 2015).

 Role of HSPA8/HSC70 in Cancer Development and Diagnosis

The HSC70 (also called HSP73) protein is a 73 kDa heat shock cognate protein 
which is coded by the HSPA8 gene. The basic structure of human HSC70 has three 
parts: a 44 kDa amino-terminal ATPase domain (1–384 residues), also known as the 
ATP-binding domain, a 18 kDa peptide (substrate) binding domain (385–543 resi-
dues), and a 10 kDa carboxyl-terminal domain (544–646 residues), also known as 
the variable or “lid” domain (Liu et al. 2012). Studies have found that the concentra-
tions of HSC70 were much higher in the cells during proliferation, particularly in 
S-phase, compared to differentiated cells in rat glioma C6 cells, suggesting the role 
of HSC70  in promotion of cell proliferation (Helmbrecht and Rensing 1999). 
HSC70 regulates the functions of tumor-related genes and proteins. It binds and 
links to the non-phosphorylated tumor suppressor retinoblastoma (pRb) protein and 
mutant form of p53 and p73 for degradation (Liu et al. 2012). More recent studies 
showed that HSC70 promoted cell survival by inhibition of the degradation of Ras- 
related protein Rab-1A under stress conditions in colon adenocarcinoma cells 
(Tanaka et al. 2014).

HSC70 is overexpressed in colon cancer and esophageal cancer (Kubota et al. 
2010; Moghanibashi et al. 2013). Mutation or deletion of HSC70 is detected in the 
tissues from patients with breast cancer, suggesting HSC70 is a target of somatic 
mutation and deletion in breast cancer (Bakkenist et  al. 1999). The 1541–1542 
delGT heterozygous genotype of HSC70 is associated with decreased risk in lung 
cancer (Rusin et al. 2004). In addition, HSC70 has been identified in the neuroblas-
toma cells cultured in conditioned media, suggesting it may be a potential tumor 
marker (Sandoval et al. 2006).
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 Role of HSPA9/Mortalin in Cancer Development 
and Diagnosis

The HSPA9 gene is located in the human chromosome 5q31 interval coding for 
mortalin. It is involved in myeloid malignancies and is commonly deleted in patients 
with myelodysplasticsyndrome (MDS) and AML (Chen et  al. 2011). Mortalin 
(HSPA9) binds to and sequesters p53 in the cytoplasm to prevent the translocation 
of p53 into nucleus in human colorectal adenocarcinoma cells, indicating its role in 
regulation of cell cycle and apoptosis (Gestl and Anne Böttger 2012). Inhibition of 
mortalin induces apoptosis in hematopoietic progenitor cells and cancer cells (Chen 
et al. 2011; Lu et al. 2011; Liu et al. 2017). Mortalin contributes to carcinogenesis 
by activation of MAPK/MEK/ERK pathway in ovarian cancer and medullary thy-
roid cancer cells (Starenki et al. 2015; Hu et al. 2016). Overexpression of mortalin 
increases the migration, invasion, epithelial–mesenchymal transition (EMT), and 
metastasis in breast cancer cells, in which the process is regulated by PI3/AKT and 
Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signal-
ing pathways (Na et al. 2016). Mortalin is overexpressed in breast cancer and liver 
cancer (Chen et al. 2014; Jin et al. 2016). The overexpression of mortalin is associ-
ated with early tumor recurrence and metastasis in liver cancer (Yi et  al. 2008). 
Elevated levels of mortalin can be used as a prognostic marker for worse prognosis 
and poor survival in patients with gastric cancer and colorectal cancer (Rozenberg 
et al. 2013; Ando et al. 2014).

 Role of HSP70 Proteins as the Therapeutic Targets 
for Anticancer Drug Discovery and Development

HSP70 proteins promote tumorigenesis and their expressions are elevated in various 
cancers. HSP70 proteins are also involved in mediating drug resistance in cancer 
therapy. Due to their important roles in cancer biology, the HSP70 molecular chap-
erones, especially HSP72 and GRP78, are promising drug targets for cancer ther-
apy. Therefore, identification, characterization and development of HSP70 inhibitors 
are of high interest for novel anticancer drug discovery and development.

Some compounds target and inhibit general HSP70 family proteins. Kim and 
colleagues reported that fisetin, a dietary flavonoid, can induce apoptosis in colon 
cancer HCT-116 cells by inhibition of the activity of HSF1 via blocking the binding 
of HSP72 promoter. Fisetin down-regulates HSP72/BAG3 and induces apoptosis 
via decreasing the levels of BCL-2, BCL-XL and myeloid cell leukemia 1 (MCL-1) 
proteins in human colon cancer HCT-116 cells (Kim et al. 2015). The same group 
also found that the natural compound cantharidin induces cancer cell death through 
the inhibition of HSP72 and BAG3 by binding of HSF1 to the promoter of HSP72 
(Kim et al. 2013). Apoptozole, a small molecule inhibitor of the ATPase region of 
HSP72, induces apoptosis in cancer cells and displays antitumor activities against 
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tumor xenografts in mouse models, through disruption of the interaction between 
HSP70 and APAF-1 (Ko et  al. 2015). MKT-077, as an analog of the allosteric 
HSP70 inhibitor, is effective against human breast cancer MDA-MB-231 and 
MCF-7 cells (Li et  al. 2013). Pifithrin-μ (PFT-μ), also known as 
2- phenylethynesulfonamide (PES) inhibits the activity of HSP72 via binding to the 
substrate-binding domain of HSP70 (Balaburski et al. 2013). As a potent and selec-
tive HSP72 inhibitor, PFT-μ has been proved to have anti-tumor activities against 
multiple cancers including AML, acute lymphoid leukemia (ALL), and prostate 
cancer (Kaiser et al. 2011; Sekihara et al. 2013). Quercetin is a HSP72 inhibitor 
(also inhibiting HSP27 and HSP90) and inhibits the proliferation of human cervical 
cancer Hela cells via down-regulation of AMP-activated protein kinase (AMPK)-
induced HSP72 and epidermal growth factor receptor (EGFR) (Jung et al. 2010). 
Demethoxycurcumin (DMC) is a kind of curcumin. Similar to quercetin, DMC also 
inhibits cell proliferation via AMPK-induced down-regulation of HSP72 and EGFR 
in prostate cancer cells (Hung et al. 2012). Apoptin is a nonstructural viral protein 
encoded by the VP3 gene of chicken anemia virus. Apoptin inhibits HSP72 tran-
scription and induces apoptosis in a HSP70-dependent manner in liver cancer 
HepG2 cells. Inhibition of HSP72 expression is regulated by the ability of apoptin 
to promote HSF1 trimer depolymerization and inhibits HSF1-mediated HSP70 
transcription (Yuan et al. 2013).

Studies have also shown that HSP72 is a therapeutic target for certain anti-cancer 
drugs and regulates drug resistance. For example, knockdown of HSP72 enhances 
the sensitivity to cisplatin treatment in cervical cancer cells (Yoshidomi et al. 2014). 
HSP72 protects human gastric cancer cells from oxalipatin induced apoptosis 
(Takahashi et al. 2016). Overexpression of HSP72 promotes bortezomib resistance, 
and inhibition of HSP72 enhances bortezomib-induced cell death in human bladder 
cancer cells (Qi et al. 2013). Howe et al. identified HS-72 as an allosteric selective 
inhibitor of HSP72. HS-72 reduces the ATP affinity of HSP72 to inhibit tumor 
growth and prolong the survival of tumor-bearing mice in an animal model of 
HER2+ breast cancer (Howe et al. 2014). Study by Zhang et al. showed that HSP72 
significantly promoted the proliferation of human gammasigma T cells in vitro, 
indicating that HSP72 could be a potential target for adjuvant therapy of gamma-
sigma T cells in cancer immunotherapy (Zhang et al. 2005).

GRP78 is involved in mediation of drug resistance and may be a potential thera-
peutic target for anticancer drugs. GRP78 and its downstream target AKT are 
important in regulation of cisplatin resistance in ER stress-tolerant human lung can-
cer cells (Lin et al. 2011). Inhibition of GRP78 by small-interference RNA sensi-
tizes cisplatin- and doxorubicin-induced apoptosis in drug-resistant human 
melanoma cells (Jiang et al. 2009). GRP78 was identified as a positive regulator for 
sorafenib resistance acquisition in liver cancer cells (Chiou et al. 2010). The anti- 
HIV drug nelfinavir enhances the cytotoxicity of doxorubicin in vitro and potenti-
ates the antitumor efficacy of doxorubicin in vivo via up-regulation of GRP78 in 
doxorubicin-resistant breast cancer MCF-7 cells, suggesting a role of GRP78  in 
mediation of doxorubicin resistance (Chakravarty et al. 2016). In addition, GRP78 
is also a therapeutic target for the exertion of anti-tumor activity of anticancer drugs. 
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Nanoparticles conjugated with GRP78 antibody inhibit carcinogenesis in liver can-
cer cells and promote the delivery of 5-fluorouracil (5-FU) to the cell surface with 
higher expression of GRP78 to enhance the anti-tumor efficiency (Zhao et al. 2014). 
GRP78 is identified as a specific and direct target of natural compound isoliquirti-
genin which inhibits the proliferation of breast cancer cells via the blockage of 
β-catenin signaling (Wang et  al. 2014a, b). HKH40A belongs to bisimidazoacri-
dones and has antitumor activity. The mechanisms of action for its antitumor activ-
ity include downregulation of GRP78 and upregulation of ATF6 in different types of 
cancer cells (Kosakowska-Cholody et  al. 2014). OSU-CG-5 is a novel energy 
restriction mimetic agent. It inhibits the proliferation of human colorectal cancer 
cells via up-regulation of GRP78 and inhibition of p-mTOR and p-p70S6 kinase 
(Arafa et al. 2014). Combination of carfilzomib (a proteasome inhibitor) and suber-
anilohydroxamic acid (SAHA, an HDAC inhibitor) synergistically promotes ER 
stress with up-regulation of GRP78 in non-small cell lung cancer (NSCLC), sug-
gesting GRP78 may be a potential therapeutic target for the combination therapy in 
the treatment of NSCLC (Hanke et al. 2016). The combination treatment of gefitinib 
(an EGFR inhibitor) and clarithromycin (a macrolide antibiotic) effectively 
enhances cytotoxity via up-regulation of GRP78  in NSCLC cells (Sugita et  al. 
2015). The COX-2 inhibitor celecoxib can inhibit cell growth and induce apoptosis 
via down-regulation of GRP78 expression in human leukemia cells (Sobolewski 
et al. 2015). Some important GRP78 inhibitors including antibodies, natural com-
pounds and peptides are listed in a review article by Roller and Maddalo (Roller and 
Maddalo 2013). We modified and updated them in Table 2.

The expression of HSPA6 can be induced by anticancer agents. MG-132 is an 
inhibitor of proteasome used for the treatments of multiple myeloma and lymphoma 
clinically. Treatment of MG-132 can induce the expression of HSPA6 on the surface 
of human colon cancer HT-29 and CRL-1809 cells (Noonan et al. 2008). HSP90 
inhibitors tanespimycin and radicicol significantly induced the expression of 
HSPA6  in breast cancer MCF-7 cells, suggesting that HSPA6 may be a specific 
target for HSP90 inhibition (Kuballa et al. 2015).

Liu et al found that HSC70 located in the cell membrane works as a transporter 
of methotrexate (MTX) in L1210 leukemia cells, and abnormal tyrosine phosphory-
lation of HSC70 leads to the occurrence of MTX resistance in the cells (Liu et al. 
2015). Significant upregulation of HSC70 is observed in CD34+ chronic myeloid 
leukemia (CML) cells and treatment of HSC70-specific inhibitor 15- deoxyspergualin 
decreases cell proliferation, suggesting HSC70 can be a target for cancer therapy 
(Liu et al. 2012).

Mortalin mediates drug resistance in cancer therapy. For instance, inhibition of 
the expression of mortalin inhibits cell growth and reverses cisplatin resistance in 
ovarian cancer cells (Yang et al. 2013). MKT-077 shows anti-tumor efficacy through 
binding to mortalin and interruption of the interaction between mortalin and p53. 
MKT-077 also reverses the resistance and sensitizes the cellular response to 
complement- dependent cytotoxicity in human leukemia K562 cells and human 
colon cancer HCT-116 cells (Wadhwa et al. 2000; Pilzer et al. 2010). Embelin, a 
natural quinone, is found in the fruits of Embelia ribes. It inhibits the transcription 
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of mortalin and abrogates the interactions of mortalin-p53 in cancer cells. Embelin 
targets mortalin leading to the activation of p53 and inhibition of the metastatic 
signaling in human breast cancer cells (Nigam et  al. 2015). Recent studies have 
showed that UBXN2A, a UBX-domain containing protein, is a potential mortalin 
inhibitor and can sensitize cancer cell response to chemotherapeutic agents such as 
5-FU. UBXN2A also promotes cell death by interfering with the interaction of mor-
talin- p53 in colon cancer cells (Sane et al. 2016).

 Conclusions

Here we have provided an overview of the complex relationship between cancer and 
the major HSP70 genes/proteins including HSPA1A/HSP72, HSPA5/GRP78, 
HSPA6/HSP70B’, HSPA8/HSC70, and HSPA9/mortalin. As summarized in Table 2, 
HSP70 proteins play an important role in tumorigenesis and may be used as poten-
tial clinical biomarkers for the diagnosis and predicting prognostic outcome of the 
patients with cancer. HSP70 proteins are molecular chaperones and their expres-
sions and functions are activated during stress stimulation. Most of the HSP70 pro-
teins have similar functions in carcinogenesis, prevention of apoptosis and conferring 
of drug resistance. In addition, HSP70 proteins may be used as therapeutic targets 
for cancer therapy, prompting discovery and development of novel chemotherapeu-
tic agents. Among HSP70 proteins, GRP78 is the target of most of the novelly 
developed anti-cancer drugs. These drugs have proven to be effective in cancer cells 
in vitro and tumor xenografts in animal models in vivo, and some of them are being 
tested in clinical trials. A variety of anticancer drugs with HSP targets have been 
approved by the USA FDA for cancer treatment. For example, sorafenib (Nexavar®), 
a kinase inhibitor that reduces the expression of GRP78  in cancer cells, was 
approved by the USA FDA for treatment of renal cell carcinoma (2005), hepatocel-
lular carcinoma (2007) and locally recurrent or metastatic, progressive, differenti-
ated thyroid carcinoma (2013) (Roberts et al. 2015). Ruxolitinib (Jakafi®) is a JAK 
inhibitor that also decreases the expression of HSP70 and HSP90 in cancer cells and 
animal models. It was approved by the USA FDA for the treatment of intermediate 
or high-risk myelofibrosis (2011) and polycythemia vera (2014) (Tavallai et  al. 
2016). However, none of the specific HSP inhibitors has been approved by the USA 
FDA for the treatment of patients with cancer so far. We propose three major pos-
sible reasons for why no HSP inhibitors have been approved by the USA FDA in 
clinical use: (1) HSP are very critical for the survival of the cells. Once the activities 
of HSP are inhibited, the basic functions of cancer cells as well as normal cells will 
be severely affected. We still do not fully understand the different requirement in the 
amount of HSP between cancer cells and normal cells, which may provide a neces-
sary therapeutic window for discovery and development of more efficacious and 
less toxic novel anticancer HSP inhibitors. (2) HSP inhibitors can cause severe 
organ-specific toxicities (liver or ocular toxicity) which are not easy to be managed. 
The functions of HSP are essential for both normal and tumor cells. It is difficult to 
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identify the functions of HSP that are only presented in cancer cells but not in nor-
mal cells. To identify the functions of HSP only being specific for cancer cells may 
overcome HSP inhibitors induced organ-specific toxicities. (3) Some HSP inhibi-
tors may lack convincing anticancer activity. Different HSP family members inter-
act and collaborate with each other in the signaling network to regulate cellular 
functions in the cells. Inhibition of one HSP can stimulate the overexpressions of 
other HSP members, which compensates the inhibitory effects caused by a single 
HSP inhibitor. Therefore, combination of different HSP inhibitor may be a good 
strategy to enhance the anticancer efficacy in cancer therapy. In conclusion, HSP70 
proteins have a significant role in cancer development and progress. Understanding 
of the functions and molecular mechanisms of HSP70 proteins is critical for enhanc-
ing the accuracy of cancer diagnosis and for the development of more effective 
chemotherapeutic agents.
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Abstract Gastric cancer is the third most common cause of cancer linked mortality 
in the world. Despite recent advances in treatment regimes, effective prognosis and 
diagnosis of GC is still a formidable task as the disease is asymptomatic in early 
stages. Heat Shock Proteins (HSP) constitute a class of ubiquitous and highly con-
served proteins that show differential expression during different stresses including 
cancer. HSP70, an important member of the HSP family, regulate various biological 
processes like protein folding and degradation, apoptosis, and angiogenesis related 
with tumorigenesis. Differential expression of HSP70 has been explored in tumor 
versus normal tissues. Upregualtion of HSP70 has been validated in advanced 
stages making it a future potential prognostic marker in GC.  Infection with 
Helicobacter pylori, a major causative agent of GC, is known to communicate with 
HSP70 and downregulate its expression. Genetic polymorphism has been correlated 
with susceptibility to many diseases and association of HSP70 polymorphism in GC 
is no exception. This chapter deals with various functional roles of HSP70 and its 
implication in tumorigenesis, particularly gastric cancer.
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kDA kilo dalton
RT-PCR real time – polymerase chain reaction
sHSP small heat shock proteins

 Introduction

Cancer is a class of diseases characterized by the uncontrolled cell division that 
generally leads to the formation of a tumor, which tends to invade healthy tissues 
around and spread other regions of the body. Medical researchers have recognized 
many types of cancer and the classification has been expanding with time and inves-
tigations. Among the different type of cancers gastric cancer (GC) is the fourth most 
common cancer in men and the fifth most common cancer in women. The incidence 
and mortality rate of GC vary with respect to different factors like geographical 
location, age, sex and ethnicity of the subjects. Infection with Helicobacter pylori 
and Epstein Barr Virus (EBV), dietary habits, smoking, consumption of alcohol and 
red meat are various risk factors known to contribute towards occurrence of gastric 
cancer. The Cancer Genome Atlas (TCGA) Network (2014) has categorized GC 
into Chromosomal Instable (CIN; 50%), Microsatellite Instable (22%), genomically 
stable (20%) and EBV + (9%) GCs. WHO has classified GC on the basis of its his-
tological patterns into tubular adenocarcinoma, papillary adenocarcinoma, muci-
nous adenocarcinoma, poorly cohesive carcinomas and mixed carcinomas.

Although a decline has been observed in the incidence of gastric cancer recently, 
it still occupies a higher rank in the cancer hierarchy in the world with huge number 
of cases reported every year (Stewart and Wild 2017). The mechanisms of initiation 
and proliferation of gastric cancer are not fully established and therefore compre-
hensive and effective GC treatment strategies are still obscure (Kim et al. 2011). 
Identification of the key players driving regulatory mechanisms of gastric tumori-
genesis is an important and urgent goal of contemporary cancer research (Liu et al. 
2015). Conventional treatment options for gastric cancer include surgery, chemo-
therapy, radiation therapy or multimodal therapy. Most of the symptoms of gastric 
cancer occur in the advanced stages of the disease and therefore early diagnosis of 
the disease is difficult.

Heat shock proteins (HSP) represent a large family of conserved proteins that are 
generally present in all cell types and primarily function as molecular chaperones 
involved in protein folding and refolding, and maintenance of cell integrity (Sessa 
et al. 2013). HSP were first discovered in Drosophila on the basis of their overex-
pression in response to heat stress and thus named as heat shock proteins (Seigneuric 
et al. 2011). They overexpress in response to many other physiological stresses also 
and hence they are often called as stress proteins. The stress inducing agents include 
radiation, magnetic fields, oxidative stress, cold, altered pH, nutrient depletion, 
presence of metal ions, alcohol, etc. (Macario et al. 2010). Some other pathophysi-
ological factors like oncogenesis, neurodegenerative and autoimmune diseases, 
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viral infections and aging also induce higher expression of HSP (Nollen and 
Morimoto 2002; Ranford and Henderson 2002; Pockley 2003; Takayama et  al. 
2003). HSP are designated on the basis of their molecular weight such as HSP40, 
HSP60, and HSP70. Mammalian HSP are classified according to their molecular 
weights into five families: large HSP, HSP90, HSP70, HSP60 and small HSP includ-
ing HSP27. HSP are also required during normal cell growth in significant quantity 
as they channel the old proteins to proteasomes for proteolysis and recycling, and 
help in the proper folding of the newly synthesized proteins (Kapoor and Vaidya 
2013). The transcription of the HSP is regulated by the Heat Shock Factor (HSF) 
family of the transcription factors. The HSF gene family includes hsf1 transcription 
factor which actively participates in the transcription for HSP and two other less 
studied factors, hsf2 and hsf4 (Ciocca and Calderwood 2005). HSP lack transmem-
brane domains and therefore they mostly exist as intracellular soluble proteins but 
certain HSP such as HSP27, HSP60, HSP70 and HSP90 exist as both intracellular 
and extracellular protein and are involved in various immunogenic events (Gallucci 
and Matzinger 2001; Schmitt et al. 2007). Intracellular heat shock proteins remain 
highly expressed in cancer cells and are essential to the survival of these cells. 
Interestingly, HSP have attained great significance in cancer research recently as 
they are found overexpressed in most cancers, particularly during tumor prolifera-
tion (Ciocca and Calderwood 2005). This chapter sheds light on the implication of 
HSP70 in gastric cancer and how the information is useful for the development of 
biomarkers for a better management of the disease.

 Implication of HSP in Cancer

Overexpression of HSP has been linked to tumor growth and differentiation, and 
provides resistance to cancer treatment. HSP form multiprotein complexes that bind 
to their respective cofactors (Calderwood et al. 2006; Khalil et al. 2011). The impli-
cation of some important HSP in different cancers is briefly presented here.

HSP27 comes under small heat shock protein (sHSP) family located in the endo-
thelial cells and helps in enhancing DNA repair mechanism. Increase in the expres-
sion level of HSP27 was observed during progression of prostate cancer and breast 
cancer. Furthermore, it has been reported as marker of squamous metaplasia in the 
uterine cervix (Ciocca and Calderwood 2005). Phosphorylation leads to the modifi-
cation of the structure and function of HSP27. Moreover, HSP27 is also actively 
involved in protein refolding (Bruey et  al. 2000). Overexpression of HSP27 has 
been associated with the good prognosis in esophageal cancer and endometrial ade-
nocarcinomas (Seigneuric et al. 2011).

HSP60 is a highly conserved family of chaperones termed as chaperonin that 
help in the protein folding of mitochondrial proteins. HSP60 is present in the cyto-
sol and enters into the mitochondria in response to the Mitochondrial Import Signal 
(MIS) (Vilasi et al. 2014). IHC expression of HSP60 has been reported to be associ-
ated with tumor progression of prostate cancer. In a clinical study, androgen 
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 suppression treatment revealed that HSP60 is highly associated with androgen inde-
pendence (Castilla et al. 2010). Higher expression of HSP60 is highly associated 
with prognosis of prostate cancer, cervical cancer and colorectal cancer (Glaessgen 
et al. 2008; Seigneuric et al. 2011).

HSP90, an ATP-dependent chaperone family protein, is involved in the regula-
tion of a number of proteins such as focal adhesion kinase, epidermal growth factor 
receptor, hypoxia inducible factor-1, and vascular endothelial growth factor 
(Neckers and Workman 2012). It is also involved in the protein folding of myriad 
proteins. High expression of HSP90 has been observed in gastric and breast cancer 
indicating a positive association with vascular invasion and metastasis (Seigneuric 
et al. 2011). As most of the proteins regulated by HSP90 are associated with gastric 
cancer, expression of HSP90 has been used in the prognosis of gastric cancer (Liu 
et al. 2015).

HSP70 belongs to an ATP-dependent anti-apoptotic chaperone family of pro-
teins. This protein is involved in the proper folding of the native proteins and also in 
refolding of the denatured proteins. Further, they also participate in the signaling 
pathways by translocating the membrane and secretory proteins. HSP70 is consid-
ered as the central core of the chaperone family as they perform a diverse range of 
functions in most of the cellular mechanisms (Didelot et al. 2007) (Fig. 1). These 
activities of HSP70 show that higher level of HSP70 expression is more crucial in 
cancer cells in order to cope up with the elevated level of metabolic rates and cel-
lular mechanisms (Maehara et  al. 2000). The homologs of HSP70 consist of an 
N-terminal ATPase domain and a C-terminal substrate binding domain of 45 kDa 
and 25 kDa, respectively. Sequence differences of HSP70s, as revealed by sequence 

Fig. 1 Various roles of HSP70 in cancer related cellular processes
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alignment, have shown association with the variation in their function. Undulation 
between the ATP state with low affinity and fast exchange rates for substrates, and 
the ADP state with high affinity and low exchange rates for substrates takes place in 
the ATPase cycle of HSP70 (Mayer and Bukau 2005). A recent study has reported 
higher level of HSP70 in advanced gastric cancer cases concomitant with the reduc-
tion in the predominance of Helicobacter pylori suggesting thereby that HSP70 can 
be used as a prognostic marker for the efficient diagnosis of gastric cancer (Bodoor 
et al. 2016).

 HSP70 Regulated Protein Folding and Degration

HSP70 plays a crucial role in the maintenance of the integrity of protein structures 
and their transport by facilitating precise protein folding and degradation of mis-
folded or old proteins across various cell organelles. A brief description of its role 
in protein folding and degradation is presented below.

 Protein Folding

HSP70 facilitates the process of protein folding in cytoplasm, endoplasmic reticu-
lum and mitochondria (Fig. 2). In cytoplasm, after synthesis of a protein on ribo-
some, the hydrophobic area of the protein is captured by HSP40 for further binding 
to substrate domain of HSP70 so that unwanted aggregation of proteins does not 
occur. Factors such as Hip further assist the binding of nascent protein to HSP70. 
The C-domain covers the bound protein forming a lid to the HSP70 molecule. ATP 
hydrolysis by HSP40 occurs within N-domain to promote the binding affinity of 
protein to the substrate domain. The conversion of ATP to ADP leads to decrease in 
the protein affinity towards substrate domain of HSP70 and finally the folded pro-
tein is released. In endoplasmic reticulum, the protein synthesized on ribosome gets 
transported to endoplasmic reticulum through a membrane translocon, which 
attracts HSP70 (BiP) and regulate its ATPase activity. BiP binds to hydrophobic 
area of the first protein with which it interacts and prevents the polypeptide chain to 
escape back into the cytoplasm. A continuous cycle of ATP and ADP conversion 
ensures the binding of BiP to the next protein and results in the release of polypep-
tide chain and folding of protein. In mitochondria, proteins follow the similar route 
for protein folding as they do in endoplasmic reticulum. The cytoplasmic HSP70 
helps in maintaining the linear state of protein which further aids in the penetration 
of protein through translocons of the mitochondria. The polypeptide chain comes 
into mitochondrial matrix and formation of spatial protein structure occurs with 
ATP generated energy (Hartl et al. 1992).
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 Protein Degradation

HSP70 acts as a cleaning agent as it removes erroneous proteins that are harmful to 
the cell. HSP70 performs this job in two ways: proteasomal and lysosomal degrada-
tion. HSP70 along with HSP40 recognizes damaged proteins and transport them to 
proteasomes and lysosomes (Fig. 3). Protein ubiquitination occurs once the undesir-
able protein enters a proteasome. It includes binding of ubiquitin-activating enzyme 
E1 to ubiquitin, which further shifts ubiquitin to enzyme carrier E2. Ubiquitin is 
delivered by E2 to inaccurate protein and then E3 ligase transports ubiquitin from 
E2 to the incorrect protein. Finally, proteasomes identify and degrade the proteins 
attached with ubiquitin (Bercovich et  al. 1997). Normal proteins start degrading 
when a cell undergoes starvation to complete the demand of essential proteins 
required by the cell for its survival. The normal proteins which need to be degraded 
are sent to lysosomes containing an amino acid sequence described as KFPRQ. This 
sequence is recognized by HSP70, HSP90, HSP40, Hip, Hop and Bag-1 forming a 
complex. The complex binds to lysosome membrane and sends the unwanted pro-
tein to the lysosome for degradation (Salvador et al. 2000).

Fig. 2 Involvement of HSP70  in protein folding in cytosol, endoplasmic reticulum and 
mitochondria
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 HSP70 and Tumorigenesis

The HSP70 family is the most important and best characterized family of 
HSP. HSP70 along with HSP90 functions as potent regulator of the adaptive immune 
system as they work in the cross-presentation of tumor-specific peptides and there-
fore are potential biomarkers for cancer severity or mortality (Schild et al. 1999; 
Janetzki et al. 2000; Feng et al. 2001; Ciocca and Calderwood 2005). HSP70 can be 
considered as a tumor-specific marker since its unusual membrane expression 
occurs only on the surface of the tumor cells, but not on normal tissues (Multhoff 
et al. 1995; Gehrmann et al. 2003). HSP70 in conjunction with HSP60 and HSP90 
also plays a significant role in folding of nascent polypeptide chains and transloca-
tion of precursor proteins across the membranes of cytoplasmic organelles (Hendrick 
and Hartl 1993; Pratt 1993; Hartl 1996). HSP70 is also required in protein matura-
tion and regulation during cell growth under normal condition (Welch 1992; Kaur 
et al. 2000).

Various studies have implicated overexpression of HSP70  in tumorigenesis, 
development of aberrant phenotype, resistance towards cell death (Samali and 
Cotter 1996; Hoang et al. 2000; Kaur et al. 2000; Witkin 2001). Overexpression of 
HSP70 has been found to be a poor prognostic factor in colorectal cancer (Lazaris 
et  al. 1995). Tumor derived HSP70 protein can evoke cancer specific immune 

Fig. 3 Mechanism of HSP70 regulated protein degradation in lysosome and proteasome
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response against the same tumor from which it was derived by binding to tumor- 
specific peptides (Graner et  al. 2003). Some studies have suggested that tumor- 
specific response can be mediated by CD8+ T lymphocytes, γδT+ cells or NK cells, 
and the mechanism involves MHC-1 molecule-restricted and non-MHC-1 molecule- 
restricted responses (Graner et al. 2000; Manjili et al. 2002; Castelli et al. 2004). 
HSP70 interacts with abnormal gene products of altered or mutated tumor suppres-
sor and oncogenes (Hinds et  al. 1987; Abd et  al. 1998). HSP70 has been found 
overexpressed in tumors of diverse origin including tumor of lung, colon, breast and 
pancreas (Bonay et al. 1994; Gress et al. 1994; Lazaris et al. 1995). Role of HSP70 
has been detected in infectious and autoimmune diseases as well (Jindal 1996). 
Moreover, overexpression of HSP70 has been reported in many types of cancer and 
has been found associated with poor differentiation, lymph node metastasis and a 
shorter patient survival prognosis (Ciocca et al. 1990; Lazaris et al. 1995; Kaur et al. 
1998; Elpek et al. 2003). Some researchers have reported that the role of HSP70 in 
human malignancies could be attributed to the interaction between p53 and HSP70, 
however, other studies have reported contradictory results (Ciocca et  al. 1993; 
Nanbu et al. 1996; Ciocca and Calderwood 2005). The function of HSP70 in cancer 
progression remains unclear, although the expression of HSP70 is frequently found 
in malignant neoplasm.

 Apoptosis

The programmed cell death or apoptosis is a highly regulated energy dependent 
metabolic pathway that performs the fundamental event of the developmental and 
physiological processes. Defects in the regulation of apoptotic process would lead 
to a wide range of disorders. HSP70 acts as a negative regulator of intrinsic and 
extrinsic apoptotic pathways. Overexpression of HSP70 leads to tumor formation 
by readily inhibiting the factors involved in apoptosis. In the intrinsic apoptotic 
pathway, HSP70 binds with Bax and Apaf1 and inhibits their function. During inter-
nal malfunction like DNA damage, the proapoptotic factors like Bax get activated 
and bind to the outer membrane of the mitochondria to help in the release of 
Cytochrome C. Along with Apaf1 and pro-caspase9, cytochrome-c binds to form 
apoptosome which leads to the activation of caspase-9. This caspase-9 acts on pro-
caspase- 3 (inactive caspase-3) and activates it to ensure subsequent apoptosis. As 
HSP70 has the capacity to inhibit Bax and Apaf1, activation of Caspase-9 gets 
inhibited and thereby further apoptotic processes are stopped leading to uncon-
trolled cell growth. In extrinsic pathway, HSP70 binds to death receptors, DR4 and 
DR5, and inhibits the assembly of death inducing signaling complex (DISC) 
(Murphy 2013) (Fig. 4).
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 Angiogenesis

Like cell proliferation and immune evasion, angiogenesis also plays a critical role 
in the development and progression of a tumor. Angiogenesis not only contributes 
to increased supply of nutrients to the tumor cells but also in the migration of these 
cells from the oncogenic tissue to different parts of the body. Like all other promi-
nent tumors, in GC also, the major challenge remains to be either diagnosis of GC 
post metastasis or remission of tumor state with development of angiogenic vessels. 
Recent studies have shown that along with assisting in tumor cell proliferation and 
immune evasion, HSP70 also plays an important role in the formation of microves-
sels in tumor environment (Juhasz et al. 2014; Park et al. 2017). Role of HSP70 has 
been suggested to stimulate the human umbilical vein endothelial cell (HUVEC) 
migration and tube formation in vitro along with microvessel development in vivo, 
in a manner similar to as induced by recombinant vascular endothelial growth factor 
(VEGF). Multiple pathways have been explored and identified to explain the role of 
HSP70 family proteins in angiogenesis. HSP70-1A has been described to be over-
expressed on the surface of HUVECs. This expression in turn increases the phos-
phorylation activity of mitogen-activated protein kinase (MAPK) proteins, which 
have been well established to play a crucial role in angiogenesis. However, it has 
also been suggested that HSP70 mediated activation of MAPK pathway is 

Fig. 4 Schematic representation of HSP70 regulated apoptotic pathways

Implication of HSP70 in the Pathogenesis of Gastric Cancer



122

independent of VEGF and VEGF receptors (Kim et  al. 2016). Another study by 
Park and colleagues has also reported the angiogenic role of HSP70 to be indepen-
dent of VEGF.  Simultaneously, they also described that HSP70 mediates IL-5 
induced angiogenesis (Park et al. 2017) and thus connecting a link between immune 
system and angiogenesis. HSP70 along with other chaperonin TRiC (T-complex 
protein-1 ring complex) is also required for the proper folding of Von Hippel-Lindau 
protein that modulates the concentration of hypoxia-inducible transcription factor, 
HIF-1α, and other proteins, in an oxygen-dependent manner, required for tumor 
growth and vascularisation (Feldman et al. 2003; Melville et al. 2003). In conclu-
sion, HSP70 is a good candidate involved in the inhibition of angiogenesis in tumor 
tissues and it could also be hypothesized as one of the important factors for VEGF 
tolerance in cancer therapies.

 Tumor Proliferation

Cell Survival, proliferation and apoptosis processes ensure the regulation of life 
cycle of a normal tissue and the well-being of an organism. Activation of onco-
genes, inactivation of tumor suppressor genes and aberrant mismatch repair machin-
ery promote reprogramming of the metabolic pathways. Cancerous cells adapt to 
withstand deprivation of oxygen and nutrients so that they could proliferate indefi-
nitely. A war is initiated between cancer and normal cells for the utilization of the 
limited resources and similar to Darwinian Theory, nature selects the ones more fit 
for the survival in the extreme environment. The stressed environment of a cell 
causes activation or deactivation of various proteins to combat the struggle of its 
survival. HSP70 is one such protein which modifies its own role under normal and 
stress conditions.

HSP70 is localized both as intracellular and extracellular. Intracellular HSP70 
protects the cell and restricts cytokine production, whereas extracellular HSP70 
stimulates cytokine production and labels cells for destruction. Intracellular HSP70 
leads to tumor development by supporting homeostasis in tumor cells, stabilization 
of cyclin D1 and suppression of oncogene induced apoptosis. Extracellular and 
membrane bound HSP70 helps the immune system to destroy the tumor. Natural 
killer cells recognize HSP70 on tumor cell membrane and kill the cells. The second 
function depends on the type of receptors on the target cells that bind HSP70. 
Signaling receptors, such as the toll-like receptor (TLR), confer the ability to HSP70 
to activate cytokine production and stimulate the innate response, whereas scaven-
ger receptors help HSP70 to deliver antigens to antigen-presenting cells and there-
fore stimulate an adaptive response. The other function of HSP70 depends on the 
circumstances of synthesis and release of HSP70 from the cell. For example, in the 
case of microbial invasion, HSP70 is involved in the formation of antigen- dependent 
immune memory, and in the case of different stresses in the formation of antigen- 
independent immune memory (Guzhova and Margulis 2016).
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 HSP70 and Gastric Cancer

 Helicobacter pylori Associated GC

Helicobacter pylori, is a Gram-negative, spiral-shaped microaerophilic bacterium, 
affecting 50% of the world population and has been classified under class I carcino-
gen by WHO (Brown 2000). H. pylori secretes urease enzyme which provides acid 
resistance and virulence, making the bacterium survival easy under highly acidic 
condition of stomach. The inflammatory response towards colonization of the bac-
teria can lead to gastritis, gastric ulcers, mucosa-associated lymphoid tissue lym-
phoma and gastric cancer (Kusters et  al. 2006). Various studies have cited the 
interaction of H. pylori with HSP70  in the occurrence of gastric cancer. HSP70 
facilitates attachment of H. pylori to gastric epithelia (Hoffman and Garduno 1999). 
Infection with H. pylori has been found to lower the expression of HSP70 in MKN7 
cell lines. Furthermore, attenuation of this expression was observed when cagA and 
vacA positive H. pylori was cultured and incubated for 48 h. Likewise, H. pylori 
strain, negative for cagA and vacA, also showed a time dependent reduced expres-
sion, most prominent at 72 h of incubation. Moreover, complete disappearance of 
mRNA expression of HSP70 took place when cagA was added to cagA and vacA 
positive H. pylori, suggesting that cagA accelerate the inhibitory effect of H. pylori 
on HSP70. However, cagA alone failed to alter the expression of HSP70 (Targosz 
et al. 2012). Another study showed significant down regulation of the expression of 
HSP70  in response to H. pylori in gastric cell line RGM-1. On the contrary, the 
expression of HSP70 was upregulated in macrophages, dendritic cells and their exo-
somes. Furthermore, ELISA experiments corresponding to the above results sug-
gested a potential role of HSP as a diagnostic marker. Upregulation of iNOS-2 and 
COX-2 in H. pylori infected RGM-1, macrophages and dendritic cells suppressed 
the HSP70 provoking H. pylori induced gastric damage and pointing towards the 
role of H. pylori infection in macrophage oxygen/nitrogen metabolism (Yao et al. 
2016).

A recent study on association of HSP70 with H. pylori infection corroborates 
with other studies showing significantly downregulated HSP70 expression in GC 
patients. Patients harboring positive HSP70 expression in their tissues were shown 
to display worse disease free survival than those with negative HSP70 expression 
(Bodoor et  al. 2016). Prevalence of H. pylori infection has been recorded to be 
higher in patients with gastritis in comparison of gastric cancer patients. 
Simultaneously, the proportion of cag positive strains is found to be higher in gas-
tritis than gastric cancer (Ferrer-Ferrer et  al. 2013). The effect of drug 
Geranylgeranylactone (GGA), used for the treatment of ulcers and gastritis, has 
been studied on H. pylori infection. It was observed that GGA binds to H. pylori 
HSP70 with 26-fold higher affinity as compared to human HSP70, causing confor-
mational changes that leads to the suppressed activity of H. pylori (Grave et  al. 
2015). According to Yeo et al. (2004) H. pylori reduces the expression of HSP70 
while exposure of GGA restores the expression of HSP70.
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 HSP70 Gene Polymorphism

Association of HSP70 gene polymorphism with gastric cancer has been an area of 
interest to many researchers. A study on Japanese patients including 159 men and 
64 women diagnosed with gastric cancer reported association of HSP70-2 with the 
disease. Study of polymorphism was based on two alleles, P1 and P2, which corre-
spond to the presence and absence of PstI restriction site, respectively. P2/P2 poly-
morphism of HSP70-2 was proved to have a protective effect showing association 
with a significant lower risk of gastric cancer in females (Shibata et  al. 2009). 
Polymorphism at allele C in HSP70-1 showed an increasingly significant associa-
tion from non-atrophic gastritis to gastric cancer in Mexican patients as this poly-
morphism causes modifications in the expression and location of HSP70 that leads 
to increased risk of tissue damage and progress to more serious disease. In addition, 
there was a lack of association of HSP70-2 with GC (Partida-Rodrı’guez et  al. 
2010). Contrary to this study, Ferrer-Ferrer found association of HSP70-2 with 
GC. The possible reason for such a discrepancy may be the differences in genetic 
background of the cases studied. Polymorphism of HSP70-2 and HSP70-Hom were 
studied in Costa Rica, which is known for highest incidence and mortality rates for 
GC worldwide. Increased risk of GC was proposed for GA genotype in HSP70-2 
and TT genotype in HSP70-Hom as compared to GG genotype and CT genotype 
(Ferrer-Ferrer et al. 2013).

HSP70 genes are linked to different pathological conditions other than GC also. 
One such condition, coal workers’ pneumoconiosis caused probably by occupa-
tional exposure to coal mine dust, has shown susceptibility to polymorphism of 
HSP70 genes. The polymorphism in three members of HSP70 gene namely 
HSP70- 1, HSP70-2 and HSP70-hom occur at nucleotide position 190, 1267 and 
2437 displayed in amino acid substitutions Gla/Arg, Gln/Gln and Met/Thr, respec-
tively. Association of these missense mutations and CWP implied a potential role of 
HSP70 genes in the disease process. Polymorphism in HSP70-2 and HSP70-hom 
suggest susceptibility towards development and progression of the disease (Zhang 
et al. 2011). Polymorphism of HSP70 with another disease, idiopathic pulmonary 
fibrosis (IPF) was observed and three out of the four SNPs detected were linked 
with decreased risk of IPF (Aquino-Gálvez et al. 2015).

 Study of HSP70 Expression

Various techniques like immunohistochemistry, western blot, flow cytometry, etc. 
have been used to study the expression of HSP70. Using avidin-biotin method of 
IHC, HSP70 immunoreactivity was observed in gastric adenocarcinoma and 
described to be an important prognostic factor in GC in addition to invasion depth, 
lymph node metastasis, vascular invasion and tumor size (Canoz et  al. 2002). 
Another study analysed the potential of HSP70 as a marker for GC through IHC 
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using streptavidin biotin-peroxidase. Enhanced expression of HSP70 in cancerous 
tissues in comparison to the surrounding tissue was further validated by western 
blotting (Isomoto et al. 2003). Similarly, IHC was used to determine the expression 
level of HSP70  in archival tumor samples (Lee et  al. 2013; Bodoor et  al. 2016). 
Upregulation of HSP70 was analysed by immunocytochemistry, immunofluores-
cence cytochemistry and flow cytometry in GC cell line and was proposed to be 
related with the proliferation and tumor cell survival (Wang et al. 2005). The expres-
sion of HSP70 was observed by flow cytometry and it was concluded that membrane 
positive phenotype of HSP70 is associated with better prognosis and overall survival 
in 37% GC patients (Pfister et al. 2007). Suppression of HSP70 by RNA interference 
leads to the inhibition of tumor cells, cell cycle arrest and apoptosis in gastric cancer 
(Xiang et al. 2008). Inhibition of HSP70 expression by live strain of H. pylori was 
investigated by RT-PCR and immunoprecipitation (Targosz et al. 2012).

 Clinical Studies Involving HSP70

HSP have garnered a great amount of interest in the recent past as a potential target 
for cancer treatment. Among these, HSP90 and HSP70 happen to be the major play-
ers for targeting tumor cells. Clinical trials conducted with HSP90 inhibitors are 
either in their primary stages or have been terminated, leaving HSP70 an interesting 
target for tumor therapy. HSP70 has been attributed to be a major cause of resistance 
of tumor cells against various drugs. It has been shown that salvage pathway occur-
ring via HSP70 activation is one of the major reasons for tumor cells acquiring a 
resistance for HSP90 inhibitors. Due to overexpression of HSP70 on tumor cells, it 
has been used in clinical trials for identifying and specifically targeting them by 
immune system using vaccine based therapies for multiple tumors like NSCLC and 
cervical cancer (NCT00027144; NCT00121173; NCT00030303; NCT02118415). 
Direct downregulation of HSP70 is also under scrutiny by inhibiting its promoter, 
HSF1 (heat shock factor 1). Bioflavonoid quercetin has been found to be one such 
compound inhibiting the HSF1 activation leading to downregulation of HSP70.

 Conclusions

HSP, particularly HSP70, have been implicated in various cancers and their role is 
being explored in tumor progression and response to therapy. HSP70 participates in 
different biological processes related with tumorigenesis providing important leads 
to understand pathogenesis of gastric cancer. The differential expression of HSP70 
observed in tumor cells suggests it to be an important target for developing bio-
markers and drug therapy. However, more efforts are required in this direction to 
explore the potential of HSP70 as biomarker useful in the management of gastric 
cancer.
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expressed under several stress conditions (Hsp70). To date, the intracellular func-
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Abbreviations

APC antigen presenting cell
CNS central nervous system
CSF cerebrospinal fluid
CTL cytotoxic T lymphocyte
DC dendritic cells
EAE experimental autoimmune encephalomyelitis
ECM extracellular matrix
ER endoplasmic reticulum
EV extracellular vesicle
HSP heat shock protein
HUVEC human umbilical vein endothelial cell
LPS lipopolysaccharide
MBP myelin basic protein
MHC major histocompatibility complex;
MS multiple sclerosis
NF-kB nuclear factor kB
NK natural killer
PBL peripheral blood lymphocyte
ROS radical oxygen species
TLR toll like receptor

 Introduction

Heat shock proteins are highly conserved molecular chaperones involved in proper 
folding of newly synthesized proteins. They are also able to interact with naïve and 
denatured proteins to avoid inappropriate interactions and the formation of protein 
aggregates of aberrantly folded proteins (Liberek et al. 2008). Furthermore, HSP 
facilitate protein translocation, exhibit cytoprotective (Sharp et  al. 1999; Giffard 
et al. 2004) and antiapoptosis functions (Martin et al. 1992; Aquino et al. 1993; Gao 
et al. 1995; Aquino et al. 1997), directly interacting with various components of the 
tightly regulated programmed cell death machinery, upstream and downstream of 
the mitochondrial events (Garrido et al. 2001; Beere 2004; Madden et al. 2008). 
More recently, it has been demonstrated that HSP are also involved in controlling 
cell signaling (Calderwood et al. 2007), in modulation of both immune response 
(Johnson and Fleshner 2006) and chronic disease conditions (Kampinga et  al. 
2007). Furthermore, HSP has cytostimolatory functions (Asea 2008). Almost all the 
HSP families consist of constitutively expressed members playing housekeeping 
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roles and stress-induced members, which display a crucial role in recovery after 
different cellular stresses (e.g. heat shock, ultraviolet radiation, viral or bacterial 
infections, oxidative stress, ischemia, exercise, metabolic stress, heavy metals and 
so on) (Collins and Hightower 1982; Lindquist 1986; Patel et  al. 1995; Richard 
et  al. 1996; Yang et  al. 1996; Feder and Hofmann 1999; Said Ali et  al. 2010; 
Pierzchalski et al. 2014). For many years heat shock proteins were thought to be 
exclusive cytoplasmic proteins, acting only in intracellular compartments. The biol-
ogy of both intracellular constitutive and inducible HSP has been extensively sum-
marized by a large number of reviews and it will be not treated anymore (Lindquist 
and Craig 1988; Morimoto 1991; Bukau et al. 2006; Hartl and Hayer-Hartl 2009).

A new twist in the stress field was given by the finding that HSP could be also 
extracellular protein. In fact, it is now widely accepted that almost all the HSP are 
released in the extracellular environment, exerting multiple effects on different cell 
types (Tytell 2005). For example, in 1986 Tytell and coworkers identified an HSP- 
like protein as a glia-axon transfer protein in squid giant axon (Tytell et al. 1986). In 
addition, Hightower and Guidon found that Hsp70 is released extracellularly by a 
mechanism different from the classical secretion endoplasmic reticulum (ER)-Golgi 
pathway (Hightower and Guidon Jr 1989), as later confirmed by Hunter-Lavin et al. 
(Hunter-Lavin et al. 2004). Therefore, HSP could have a dual function depending on 
their intracellular or extracellular location. In the past years heat shock proteins 
were classified into different families depending on their molecular mass (i.e., 
Hsp110, Hsp90, Hsp70, Hsp60, Hsp40 and the small HSP). They comprise mem-
bers with different inducibility and intracellular localization (Feder and Hofmann 
1999). In 2009, Kampinga and coworkers proposed new guidelines for human HSP 
nomenclature (Kampinga et al. 2009). However, as most literature refers to HSP 
with their old name we decided to maintain the old nomenclature.

 Hsp70 Family

One of the most conserved and abundant subsets of HSP is the Hsp70 family 
(Muchowski and Wacker 2005; Noble et al. 2008), consisting of at least four distinct 
proteins, two are cytosolic/nuclear, whereas the other two are localized within mito-
chondria and endoplasmic reticulum (ER) (Kregel 2002; Voos 2013). Furthermore, 
cytosolic Hsp70 includes the stress inducible form Hsp70 (Voellmy 2004) and the 
constitutively expressed Hsc70. Although Hsp70 synthesis is induced by several 
types of stressors (Wu et al. 1985; Milarski and Morimoto 1989), it is now well 
accepted that a basal concentration of Hsp70 is present in many tissues without any 
stress. Indeed, in addition to their cytoprotective properties member of the Hsp70 
families are involved in physiological processes, such as cell differentiation, cell 
maturation and proliferation (Luft and Dix 1999; Lui and Kong 2007).
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 Extracellular Hsp70 and Its Release Mechanisms

As for other HSP (Chabas et al. 2001; Stadelmann et al. 2005), it has been demon-
strated that Hsp70, in both basal and stress-induced conditions, is not only an intra-
cellular (iHsp70) but also an extracellular protein (eHsp70), functioning as 
intercellular-signaling ligand (Asea et al. 2000; Asea 2003; Calderwood et al. 2007; 
Turturici et al. 2011). Indeed, it has been demonstrated that a variety of cell types, 
including neural cells (Guzhova et  al. 2001; Taylor et  al. 2007), epithelial cells 
(Broquet et al. 2003), embryo cells (Hightower and Guidon Jr 1989), B lympho-
cytes and dendritic cells (Théry et al. 1999, Clayton et al. 2005), maturing erythro-
cytes (Mathew et al. 1995) and tumor cells (Gastpar et al. 2005) is able to release 
Hsp70 in the culture medium.

Early studies on eHsp70 hypothesized that this protein was released by necrotic 
or dead cells, due to its aminoacidic sequence, and in particular to its lack of any 
exocytosis signals, (Gallucci et al. 1999, Basu et al. 2000; Saito et al. 2005). On the 
contrary, it is now well known that eHsp70 is also actively released by mammalian 
cultured cells through non classical secretory pathways, excluding the ER/Golgi 
compartment (Hightower and Guidon Jr 1989; Broquet et al. 2003), as already dem-
onstrated for other proteins that lack secretion leader sequence. eHsp70 was also 
detected in the peripheral circulation of either healthy subjects or in several patho-
logical states (Pockley et al. 1998, 2002; 2003; Asea 2007; Giraldo et al. 2008). All 
these data demonstrated that there are at least two different methods of Hsp70 
release: one active due to an unconventional secretory pathway (Nickel and Seedorf 
2008), and the other one passive, due to cell death and subsequent lysis. One of the 
possible active Hsp70 release pathway is similar to that identified for IL-1β (Eder 
et al. 2008). Specifically, Mambula and Calderwood demonstrated the involvement 
of a lysosome-endosome pathway, requiring the ABC-1 transporter (Mambula and 
Calderwood 2006). Hsp70 has also been proposed to be released by secretory-like 
granules (Evdonin et al. 2006), typical of specialized endocrine and exocrine cells, 
but already identified in non-secretory cells (Beuret et al. 2004). Another interesting 
idea images that Hsp70 release was dependent on its initial insertion into plasma 
membrane, depending on phosphatidylserine presence, membrane fluidity and, for 
certain cell types, lipid raft integrity (Triantafilou et al. 2002; Broquet et al. 2003; 
Arispe et al. 2004; Hunter-Lavin et al. 2004; Chen et al. 2005; Wang et al. 2006a; 
Horvath et al. 2008; Vega et al. 2008; Evdokimovskaya et al. 2010). The importance 
of Hsp70 insertion in cellular membrane is confirmed by the finding of Hsp70 con-
taining extracellular vesicles (EVs) in cell culture medium, even in the absence of 
detectable cell death (Hunter-Lavin et  al. 2004; Gastpar et  al. 2005; Vega et  al. 
2008). Two principal EV types, i.e. exosomes and membrane vesicles, with differ-
ent cellular origins have been demonstrated to be involved in Hsp70 release in the 
extracellular environment. Exosomes are nanovesicles derived from the multive-
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sicular endosomal cell compartment (Heijnen et al. 1999; Fevrier and Raposo 2004; 
Théry 2011). Several authors have demonstrated that in vitro different cell types are 
able to release Hsp70 in the extracellular environment by an unconventional path-
way involving exosomes (Bausero et al. 2005; Gastpar et al. 2005; Lancaster and 
Febbraio 2005; Zhan et al. 2009). Indeed, for many years Hsp70/Hsc70 have been 
considered as exosome markers (Mathivanan and Simpson 2009). Contrary to this 
idea, for the first time Barreca et al. in 2017 demonstrated that mesoangioblasts, 
mouse vessel associated progenitor stem cells, are able to release Hsp70  in the 
extracellular milieu, even under basal growth conditions, by EVs originating directly 
from the plasmatic membrane (Barreca et al. 2017). Schematic model of different 
Hsp70 release mechanisms is represented in Fig. 1.

Fig. 1 Mechanism of Hsp70 release from cells. Hsp70 is able to leave cells using different way: I 
through endolysosome pathway; II by using secretory-like pathways; IIIa it can penetrate through 
the lipid bilayer via phospatidylserine IIIb or through of lipid raft interaction; IV it can be released 
inside exosomes; V or within membrane vesicles. In the extracellular milieu Hsp70 can interact 
with several cell types (target cells)
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 Extracellular Hsp70 Roles

As several mechanisms for extracellular Hsp70 release have been identified, there 
should be also several physiological roles for this protein in the external environ-
ment. In particular, its passive release from dying cells is considered as a danger 
signal. On the contrary, Hsp70 active release from living cells could indicate a suc-
cessful stress response, and eHsp70 could have an active signaling role. An intrigu-
ing aspect of Hsp70 roles is its ability to induce antagonistic events, depending on 
its localization (Rodrigues-Krause et al. 2012). For example, iHsp70 exerts a strong 
anti-inflammatory effects through the interaction with the nuclear factor kB (NF-
kB), blocking its activation (Jones et al. 2011), whereas eHsp70 has the opposite 
role, inducing the activation of several proinflammatory pathways. To date, there is 
evidence that eHsp70 can be internalized by several cell types, localizing both in the 
cytoplasm and in the nucleus, often promoting cell survival (Guzhova et al. 2001; 
Novoselova et al. 2005; Tytell 2005).

 eHsp70 and Immune Responses

eHsp70 possesses powerful immunological properties. Two are the possible origins 
of eHsp70: pathogen derived Hsp70, which signals a local infection, and mamma-
lian Hsp70, usually indicating an intracellular trauma. Hsp70, as other HSP associ-
ates itself with a broad variety of peptides, generated within the cells (Zhu et al. 
1996). These peptides consist of normal self-peptides as well as antigenic peptides 
(i.e., tumor, bacterial and viral antigens) (Nieland et al. 1996; Castelli et al. 2001; 
Zugel et al. 2001). Several studies have demonstrated that eHsp70 is able to initiate 
both innate and adaptive immunity response as illustrated in Fig. 2 (Johnson and 
Fleshner 2006; Tsan and Gao 2009). For example, it is involved in the activation of 
cells of the innate immune pathway, such as macrophages, monocytes, which are 
directly induced in cytokine synthesis, neutrophils, dendritic cells (DCs), natural 
killer (NK) cells (Asea et al. 2000; Basu et al. 2001; Vabulas et al. 2002a; Gastpar 
et al. 2004; Aneja et al. 2006; Kovalchin et al. 2006; Wang et al. 2006a; Vega et al. 
2008). In addition, eHsp70 also increases microbicidal capacity and chemiotaxis of 
neutrophils (Ortega et al. 2006, 2009) and phagocytosis (Wang et al. 2006a).

Phagocytosis characterizes the innate immune response and is initiated and exe-
cuted by the antigen presenting cells (APCs). Some of these cells, including macro-
phages, are activated either by the presence of pathogens, or by physical, chemical 
stress, trauma and so on. All these conditions are responsible for HSP, and espe-
cially Hsp70, release in the extracellular environment. Immunologically, eHsp70 
binds different receptors on macrophages membrane regulating several functions, 
such as cytokine release, phagocytosis, tumor-rejection and upregulation of co- 
stimulatory molecules (Basu et al. 2001; Delneste et al. 2002; Srivastava et al. 2002; 
Vabulas et al. 2002b; Asea 2005). Wang et al. demonstrated that eHsp70 is able to 
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enhance murine macrophage-mediated antigen uptake. This process is concentra-
tion and time dependent. They also showed that eHsp70 mediated macrophage acti-
vation depends on actin cytoskeleton reorganization, and is not influenced by de 
novo protein synthesis. All these observations have suggested to the authors that the 
process of eHsp70 mediated phagocytosis occurs through the activation of a short 
signaling pathway, not involving gene upregulation. Moreover, they proved that 
eHsp70 and macrophages interaction occurs on lipid raft microdomains of 
 macrophage plasmamembrane. Indeed, lipid raft disruption by cholesterol removal 
partially abrogates eHsp70 effects on phagocytosis. Finally, eHsp70 mediated 
phagocytosis enhances antigenic processing and presentation to CD4+ T lympho-
cytes in a MHC II limited manner (Wang et al. 2006a). The involvement of eHsp70 in 
macrophage activation was also demonstrated by Vega and collaborators, confirm-
ing the paracrine role in cytokine expression and secretion by macrophages, already 
observed by Svensson and coworkers (Svensson et al. 2006). In particular they dem-
onstrated that extracellular membrane bound Hsp70 activated macrophages that 
produced higher level of TNF-α in comparison with unstimulated cells. Furthermore, 
TNF-α production after stimulation with membrane positive eHsp70 was much 
higher than that observed with recombinant or purified Hsp70. According to these 
results the authors hypothesized that the membrane environment makes eHsp70 a 
better target to be recognized by macrophages that can engulf it via phagocytosis. 
On the other end, it is possible that eHsp70 insertion within extracellular membrane 

Fig. 2 Schematic model of eHsp70 immune response activation. eHsp70 is able to initiate both 
innate and adaptive immunity. On the one end, eHsp70 is involved in the activation of cells belong-
ing to the innate immune pathway, such as macrophages, DCs and NK cells, directly induced in 
cytokine synthesizing (chaperokine role). On the other end, eHsp70 can acts as chaperone of anti-
gens, which are transferred to APCs, processed, and cross-presented to T cells, inducing a strong 
T cell activation (chaperone role)
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is responsible for its multimerization, making it more active in triggering a response 
by macrophages (Vega et al. 2008).

In vivo wound healing experiments carried out by injecting into naïve mice mim-
icking a wounding model, macrophages pretreated with Hsp70 showed an enhanced 
macrophage wound closure ability, compared to buffer treated cells (Kovalchin 
et al. 2006). It is well known that macrophage-mediated phagocytosis plays a fun-
damental role in wound healing by clearing debris and neutrophils. Kovalchin’s 
group results indeed demonstrated that eHsp70 mediates some of its action on 
wound closure through the regulation of macrophage phagocytic activity (Kovalchin 
et al. 2006). According to HSP capability to interact with other cell types, such as 
neutrophils and platelets (Hilf et al. 2002; Radsak et al. 2003), it is also possible that 
eHsp70 stimulates wound closure not only by stimulating macrophage-mediated 
phagocytosis, but also altering the wound milieu via cytokine release.

The extracellular chaperone is also responsible for DC activation through their 
surface binding. In their immature form these cells are prevalently involved in anti-
gen capture and processing, whereas mature DCs are potent APCs. Indeed, when 
their maturation is induced, they become potent stimulator of naïve T cells 
(Banchereau and Steinman 1998). According to this dual role, DCs represent a con-
nection between the adaptive and the innate immune system. Therefore, in its func-
tion of DC activation, eHsp70 may stimulate a cross-talk between the two immune 
responses (Srivastava 2002). In particular, Kuppner et al. have observed that eHsp70 
bound and stimulated maturation of immature differentiated DCs, but reduced their 
maturation from monocyte precursor cells, probably due to its incapacity to interact 
with these cells. In addition, DCs matured by eHsp70 increased cell proliferation 
level of PBL and showed an enlarged capability to stimulate IFN-γ synthesis from 
specifically stimulated CTL (Kuppner et al. 2001). DCs are also able to bind tumor 
eHsp70-peptide complex, which is endocyted through a receptor mediated process 
and cross-presented to MHC I (Noessner et al. 2002). Milani et al. demonstrated 
that eHsp70-peptide complex is not only involved in providing to DCs the peptide 
for presentation for T cell stimulation, but also stimulates DCs to release TNF-α 
inducing by an autocrine loop their maturation (Milani et al. 2002).

All the presented data indicate that eHsp70, acting as a danger signal to the 
innate immune system, on one hand induces: a cascade of proinflammatory cyto-
kines (e.g. TNF-α, IL-1-IL-6, Il-12); NO and C-C chemokines release by mono-
cytes, macrophages and DCs (Asea et al. 2000, 2002; Chen et al. 2002; Panjwani 
et al. 2002; Asea 2006); the stimulation of DCs and the activation of NK cells. Qiao 
et al. demonstrated a positive switch of the DC-NK cells cross activation. In particu-
lar, they found that soluble Hsp70, which in vivo is released as results of pathologi-
cal cell stress and death (Basu et al. 2000), could amplify DC-NK cell interaction, 
leading to a higher IFN-γ response (Qiao et al. 2008). On the other hand, eHsp70 
acts as chaperone of bound peptides, which are transferred to DCs, also induced to 
mature, and cross-presented to T cells, inducing stronger cell activation compared 
with antigenic peptide alone (Li et al. 2002; Bendz et al. 2007).

In the last years various papers have demonstrated that HSP-reactive T cells have 
an immunoregulatory phenotype, suggesting that these proteins, and in particular 
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Hsp60 and Hsp70, could activate immunoregulatory pathways, which can suppress 
the immune response occurring in human inflammatory diseases. In fact, several 
data highlighted that in various inflammatory diseases, eHsp70 exerts under certain 
circumstances also immunoregulatory and suppressive functions. (Wieten et  al. 
2007). In various autoimmune models, such as rheumatoid arthritis and diabetes, 
eHsp70 can also downregulate the immune response through its ability to stimulate 
T cells (Th2 and Tregs) to produce IL-10, the main anti-inflammatory and 
 immunosuppressive cytokine (Moore et  al. 2001; Borges et  al. 2012; Stocki and 
Dickinson 2012). This process, depending on the form of eHsp70 (i.e., associated 
with peptide, with membranes, with nucleotides, peptide free) and the receptor acti-
vated (Li et  al. 2012) shifts cell phenotype towards a tolerogenic one exhibiting 
anti-inflammatory properties. It has been demonstrated that several adaptive mecha-
nisms could be involved in eHsp70 specific induced Tregs. In particular, peptides 
derived from eHsp70, either pathogen associated or secreted endogenous Hsp70, 
can be presented to MHC II on IFN stimulated APCs or non APCs. Most Tregs 
subset induce IL-10, responsible for inflammatory response suppression (Wendling 
et  al. 2000; Prakken et  al. 2001; Bluestone 2005). Another example of the anti-
inflammatory eHsp70 role was observed in a mouse model of allergic bronchial 
asthma inflammatory process. eHsp70 treated mice showed a significant decrease in 
Th2 associated cytokines IL-4, IL-5 and IL-13 secretion compared to untreated 
mice. In addition, it has been observed that eHsp70 administration promoted sur-
vival of neutrophils at the site of inflammation, and reduced the influx of the eosino-
phils to the lungs (Shevchenko et al. 2016).

Under certain circumstances also crossreaction with self-Hsp70 induce T cells to 
synthesize of IL-10 (Tanaka et al. 1999; Wendling et al. 2000). Indeed, in animal 
models of experimental arthritis T cell reactivity to self Hsp70 downregulates 
inflammation developing Th2 CD4+ T cells producing the regulatory cytokines IL-4 
and IL-10 (Tanaka et al. 1999; Wendling et al. 2000; Wieten et al. 2007). Another 
anti-inflammatory role for eHsp70 was observed in rheumatoid arthritis. In particu-
lar, eHsp70 exerts an anti-inflammatory role on fibroblast-like synoviocytes inhibit-
ing TNF-α induced IL-6, IL-8 and MCP-1 secretion. The silencing of this 
inflammatory response is due to the downregulation of NF-kB nuclear translocation 
(Luo et al. 2008). Immunization with the recognized bacterial Hsp70 peptide pro-
tects rats against adjuvant-induced arthritis (Tanaka et al. 1999). A protective effect 
from experimentally induced arthritis was also observed in rats pre-immunized with 
mycobacterial Hsp70 (Wendling et al. 2000; Prakken et al. 2001).

 eHsp70 Role in Cancer Immunity

The eHsp70 or the one expressed on the tumor cell surface have been shown to elicit 
a strong anti-tumor immune response mediated by T cells, APCs and NK cells 
(Multhoff et  al. 1997; Asea et  al. 2000; Dressel et  al. 2000; Clark and Ménoret 
2001). It is by now demonstrated that many cancer cells contain a high level of 
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chaperones, especially Hsp70 (Ciocca and Calderwood 2005). Indeed, contrary to 
normal cells, cancer cells overexpress Hsp70 in the cytoplasm, and also display the 
chaperone on their plasma membrane (mHsp70) (Multhoff et al. 1997; Gehrmann 
et  al. 2003). This overexpressed Hsp70 has been found to stimulate an immune 
response specific to cancer cells (Suto and Srivastava 1995). Literature data high-
lighted that eHsp70 exerts a dual role in cancer, promoting survival of tumor cells, 
as well as contributing to anti-tumor immunity. In fact, in tumor environment 
eHsp70 can inhibit early-stage tumor growth by activating the immune response, 
whereas it stimulates late-stage tumor growth by inhibiting the immune system (Wu 
et al. 2012). Thus some eHsp70 features help cancer cells to escape from cytotoxic 
cells, while others facilitate an immune attack. According to the mechanism of 
Hsp70 release in the extracellular environment, i.e. as a free soluble molecule or in 
association with extracellular vesicles, it mediates distinct functions through the 
interaction with different target cells (e.g., immune cells, endothelial cells), and the 
activation of different intracellular pathways. Three different mechanisms could be 
involved in Hsp70 anti-tumor immunity:

 (a) Hsp70, due to its chaperone role can act as carrier for tumor derived peptides 
which are re-presented by APCs, such as macrophages and DCs, the most pow-
erful APC. This complex is recognized by specific receptors, internalized within 
the APCs, and cross-presented to CD4+ T cells on MHC II (Tamura et al. 1997; 
Li et al. 2002), initiating an adaptive tumor-specific immune response (Arnold- 
Schild et  al. 1999; Schild et  al. 1999; Noessner et  al. 2002; Enomoto et  al. 
2006). DCs are also able to efficiently transfer tumor and self-antigens on to 
MHC I (cross-presentation) (Heath and Carbone 2001). eHsp70 has also immu-
nogenic functions related to its C-terminal substrate-binding domain, which is 
involved in interaction with APCs and consequently in antigen cross- presentation 
(MacAry et al. 2004).

 (b) The interaction between eHsp70 and its receptors on APCs stimulates these 
cells to secrete immunostimulatory cytokines, playing a proinflammatory role, 
responsible for enhanced programming of cytotoxic lymphocytes (Calderwood 
et  al. 2012). For this “chaperokine” effect immunogenic peptides are not 
required (Asea et al. 2000, 2002; Asea 2006).

 (c) The last possible mechanism of action against tumor cells is NK dependent, and 
is correlated to plasmamembrane localization of Hsp70 (Multhoff et al. 1999). In 
fact, resting NK cell activation either by eHsp70 or by mHsp70 derived from 
tumor, even in the absence of immunogenic peptides (Multhoff et  al. 1998), 
leads to an increased proliferative, migratory and cytotoxic activity against trans-
membrane Hsp70 positive tumor cells, whereas no killing activity was observed 
for Hsp70 negative cells (Multhoff et al. 1997; Gastpar et al. 2004, 2005).

Schematic model of different eHsp70 roles in cancer immunity is represented in 
Fig. 3.

Due to the observation that preactivated CD94+ NK cells (Gross et al. 2003a, b), 
through an Hsp70 peptide (TDK) plus low doses of interleukin 2, were able to 
induce regression of Hsp70 membrane positive tumors in immunodeficient mice 
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(Moser et al. 2002; Stangl et al. 2006), Hsp70 was used in clinical trials of patients 
with colorectal and non small lung cell cancer who failed standard therapies such as 
chemotherapy, radiotherapy or laser induced thermotherapy (Krause et  al. 2004; 
Specht et al. 2015). The recognition by NK cells of fragment crystallizable region 
of antibodies that have bound to tumor specific antigens activate antibody- dependent 
cellular cytotoxicity, establishing a link between B cell and NK cell mediated 
immune responses.

It is now well demonstrated that increased membrane bound Hsp70 expression 
and its extracellular release can stimulate an anti-tumor immune response, render-
ing cancer cells more susceptible to immune cells. For this reason two possible 
methods have been tested to increase eHsp70 amount: pharmacological agents 
(Arispe et al. 2002), and physical factors (e.g., hyperthermia, photodynamic therapy 
and ionizing radiations) (Stangl et al. 2011). Some in vivo data indicate the prospect 

Fig. 3 Summary of Hsp70 activities in inducing anti-tumor immune responses. eHsp70 either 
alone or in combination with immunogenic peptides is able to induce an immune response. 
mHsp70 acts as a tumor-specific antigen, which is recognized by NK cells inducing their cytolytic, 
proliferative, and migratory capacity. eHsp70 also induces macrophages (M), NK and DCs to 
release proinflammatory cytokines. Moreover, eHsp70 could act as a carrier for tumor antigens and 
could support antigen uptake, processing, and presentation on MHC I to CD8+ cytotoxic T lym-
phocytes, or on MHC II s to CD4+ helper T cells
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of therapeutic vaccines based on Hsp70 administration (Ito et al. 2004; Geng et al. 
2006; Kumar et al. 2009; Abkin et al. 2013). eHsp70 released by tumor cells can 
serve as autocrine and paracrine cytokine and through the interaction with receptors 
on tumor cells or APCs it stimulates the secretion of chemokines, and proinflamma-
tory cytokines and nitric oxide respectively (Asea et al. 2000; Panjwani et al. 2002; 
Vega et al. 2008), providing an inflammatory microenvironment. This inflammation 
exerts anti-tumor activity at early tumor stage, whereas it support tumor growth and 
metastasis formation at a chronic stage. Equally, eHsp70 has an effect also on den-
dritic cells, which were activated, and chemoattracted from tumor tissues to second-
ary lymphoid organs, where they showed an improved capacity in the induction of 
tumor antigen-specific cytotoxic T lymphocytes (Kuppner et al. 2001; Wang et al. 
2005; Chen et al. 2009).

In confirmation of the protective role of the protein in tumors, it has been dem-
onstrated that its inhibition is lethal, and its silencing induces in vitro cell death as 
well as in tumor xenografts in mice (Wei et al. 1995; Kaur et al. 2000; Nylandsted 
et al. 2000). For this reason, in several cancer patients a more elevated eHsp70 level 
was found in blood compared to patients with non-cancerous pathologies (Gehrmann 
et al. 2014) (e.g., chronic myeloid leukaemia, acute leukaemia, colorectal cancer, 
glioblastoma, pancreatic cancer) (Yeh et al. 2009, 2010; Kocsis et al. 2010; Elstner 
et al. 2011; Dutta et al. 2012). Wu and coworkers demonstrated that eHsp70 encour-
ages hepatocarcinoma growth by promoting tumor cell proliferation and apoptosis 
resistance (Wu et al. 2012). Both the events were induced in a dose dependent man-
ner through the activation of the NF-kB pathway. The involvement of eHsp70/
Hsp70-peptide complex in hepatocellular carcinoma cell proliferation was also con-
firmed by Zhe et al. (2016). Protective effect of eHsp70 on induced apoptosis by 
H2O2 on lymphoma cells was also observed. Indeed, pretreatment of U937 cells 
with eHsp70 inhibited hydrogen peroxide apoptosis induction (Franco et al. 2016).

 eHsp70 and the Nervous System

To date it has been extensively demonstrated that Hsp70 exerts a cellular protective 
role under stress conditions. However, some cell types are not able to express this 
protein, among them there are certain types of neurons (e.g., hippocampal neurons) 
(Sprang and Brown 1987; Guzhova et al. 2001; Robinson et al. 2008). These mature 
neurons are particularly susceptible to toxic conditions due to their inability to 
increase Hsp70 level after stress (Morimoto et al. 1997), even if they contain Hsc70 
(Brown 1991). The inability to activate the stress response is responsible for a wide 
range of neurodegenerative diseases (Planas et al. 1997), such as amyotrophic lat-
eral sclerosis, Parkinson’s disease, Alzheimer’s disease, and polyglutamine diseases 
(Adachi et al. 2009). In this context, it has been demonstrated that Hsp70 released 
by surrounding glial cells is able to be endocyted by them (Guzhova et al. 2001; 
Novoselova et al. 2005; Robinson et al. 2005). The internalization of eHsp70 makes 
the neuronal cells resistant to cytotoxic effects and thermal stresses (Guzhova et al. 

M. M. Barreca and F. Geraci



145

2001). A protective effect of exogenous Hsp70, on moto or sensory neurons and 
glial cells has been demonstrated by several authors (Edbladh et al. 1994; Guzhova 
et al. 2001; Tidwell et al. 2004; Robinson et al. 2005; Tytell 2005). The eHsp70 
neuroprotective effect was also observed both under stress growth conditions (e.g., 
oxidative stress common in several neurodegenerative disease) and for those neu-
rons undergoing natural cell death (Robinson et al. 2005).

Luo and colleagues demonstrated that eHsp70  in a dose dependent fashion is 
responsible for Schwann cell protection against apoptosis induced by H2O2. In par-
ticular, this protective effect was exerted through failure of caspase 3 and 9 activa-
tion and Bcl2 upregulation (Luo et al. 2012). Oxidative stress is the cause of several 
neurodegenerative diseases, as ROS induces membrane lipid peroxidation, nitration 
of proteins, and degradation of DNA, all inducing cell apoptosis (Fiskum 2004; Park 
et al. 2005). Because Schwann cells can regulate neuron survival and nerve regen-
eration, their preservation by eHsp70 is fundamental for peripheral nerve protection. 
Oxidative stress also impairs motoneurons during exercise. In fact, exercise induces 
ROS production, depending on the intensity, the type and the duration of the exer-
cise. Although motoneurons during exercise are submitted to stress they still con-
tinue to function without any apparent damage, even if they are not able to increase 
iHsp70 synthesis (Robinson et al. 2005). This resistance can be explained by the 
release of eHsp70 by the liver, or by in vitro external addiction, and its internaliza-
tion in motoneurons. eHsp70 could also act as extracellular signaling molecule, and 
this ability, together with its chaperone role after endocytosis, helps the cells against 
stress and damage (Robinson et al. 2005; Krause and Rodrigues-Krause 2011).

On the one end, many papers have demonstrated the involvement of HSP in cen-
tral nervous system (CNS) diseases, such as those characterized by the presence and 
accumulation of misfolded proteins. Because HSP are found in protein aggregates, 
along with disease proteins, ubiquitin or other cellular molecules, we can hypothe-
size that both iHSP and eHSP have a role in refolding the misfolded proteins. In the 
other end, diseases in which CNS immune activation is a prominent feature, such as 
ischemia, immune-mediated disorders, infections, and trauma, may involve eHSP, 
because they are able to induce the innate immune response and to enhance the 
adaptive immunity. The most important HSP implicated in the immune response is 
eHsp70 (for a review see Turturici et al. 2011). eHsp70, through the interaction with 
specific cell surface receptors, are responsible for the expression of proinflamma-
tory cytokines, chemokines and for DC activation, which are involved in antigen 
presentation to B and T lymphocytes.

High levels of anti-Hsp70 autoantibodies were found in the cerebrospinal fluid 
(CSF) of patients affected by multiple sclerosis (MS), than in that of healthy con-
trols. In particular, the highest levels were detected in patients with progressive MS, 
in contrast to those with a stable disease (Chiba et al. 2006). This increase induces 
a higher production of IL-8 in THP-1 monocytes with consequent higher inflamma-
tory levels (Yokota et al. 2010). eHsp70 was also found in and around MS lesions, 
and it may be involved in the induction or exacerbation of the immunologic response, 
because of its ability to act as a proinflammatory cytokine (for a review see Turturici 
et  al. 2014). In addition, Lund and collaborators demonstrated that eHsp70 was 
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associated with myelin basic protein (MBP)-derived peptides in normal appearing 
white matter of both MS ad normal human brain. They hypothesize that part of 
eHsp70-MBP peptide is secreted by stressed oligodendrocytes and it can act as an 
adjuvant molecule that stimulates an adaptive immune response against specific 
autoantigens. This event could be involved in the initiation of MS, and in the subse-
quent immune mediated destruction of myelin (Lund et al. 2006).

Galazka et  al., obtained conflicting results which demonstrated that mouse 
immunization with eHsp70 fraction associated with peptide complexes isolated 
from animals with experimental autoimmune encephalomyelitis (EAE) reduced its 
subsequent induction (Galazka et al. 2006). On the contrary, the disease was not 
induced using eHsp70-complexes isolated from healthy donors. These results sug-
gest substantial differences in the peptide that bind Hsp70 in normal versus patho-
logical CNS.  In contrast, in EAE, Hsp70 pharmacologically induced (e.g., with 
geldamycin) has a protective role because it suppresses the glial inflammatory 
response and ameliorates clinical signs (Dello Russo et al. 2006). All the evidences 
according to which Hsp70 is not only an intracellular chaperone but has also extra-
cellular functions, such as neuroprotective effects in many brain diseases, could 
open a new scenario in CNS disease therapy.

 Other Functions of eHsp70

In recent years new roles for eHsp70 have been found. For example, several studies 
have demonstrated that circulating eHsp70 is a marker for cardiovascular disease 
(Pockley et al. 2003). In addition to its marker role, eHsp70 actively participate in 
the inflammatory damage typical of the cardiovascular damage through its binding 
to TLR4 (Yang et al. 2005). Furthermore, in 2013 Gonzáles-Ramos et al. demon-
strated that eHsp70 acts as a profibrotic regulator of the ECM protein synthesis 
(fibronectin and type I collagen) by the vascular smooth muscle cells. Also this 
stimulation depends on eHsp70 binding to the membrane receptor TLR4 and the 
subsequent activation of the ERK and JNK pathways. These two kinases determine 
the activation of the transcription factor AP-1, which increased the transcriptional 
capacity of the TGF-β1 promoter involved in increasing fibronectin and collagen I 
amount (Gonzáles-Ramos et al. 2013).

In vitro and in vivo assays showed that eHsp70 could be also an angiogenic regu-
lator. Indeed, experiments on HUVEC cells demonstrated that eHsp70 activates the 
ERK signaling pathway involved in cell migration, tube formation and microvessel 
formation (Kim et al. 2016). Furthermore, eHsp70 promotes osteogenic differentia-
tion of mesenchymal stem cells. Chen et al. showed that the addition of Hsp70 to the 
culture medium of the stem cells stimulate the expression of the alkaline phospha-
tase, an early marker of osteoblastic differentiation. eHsp70 also enhanced calcium 
deposits in both dose and time dependent manners, via the activation of the ERK 
signaling pathway (Chen et al. 2015).
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Additionally, eHsp70 is involved in stem cell migration as demonstrated by 
Barreca et al. (Barreca et al. 2017). One of the fundamental problems in stem cells 
based therapies is their homing to the site of injury. It is well known that MMPs play 
a fundamental role in mesenchymal stem cell migration (Ries et al. 2007). Barreca 
and coworkers demonstrated that mouse mesoangioblast release Hsp70  in mem-
brane derived vesicles as a transmembrane protein. mHsp70 acts via an autocrine 
signaling pathway by increasing mesoangioblast MMP2 release and accentuating 
their migration and invasion capability. A predominant role in the activation of these 
processes was carried out by the eHsp70 receptors TLR4 and CD91 and the conse-
quent NF-kB pathway activation (Barreca et al. 2017).

 eHsp70 Receptors

As described above Hsp70 may be released in the extracellular environment by both 
active and passive mechanisms, it can travel through the circulation to reach cellular 
target cells, such as immune effector cells. HSP have two essential properties that 
allow them to activate the immune response. First they are chaperones of antigenic 
peptides produced by specific cell types and presented via MHC I and MHC 
II. Second HSP are capable of binding to membrane receptors on APCs. Indeed, for 
eHsp70 activating innate and adaptive immune responses, it must bind to specific 
cell receptors. In the last years many cell-surface receptors involved in eHsp70 
mediated signaling have been identified, including TLR2 and TLR4 with their 
cofactor CD14 (Asea et al. 2000, 2002), the co-stimulatory molecule CD40 (Becker 
et al. 2002; Wang et al. 2001), the chemokine receptor CCR5, the scavenger recep-
tors (SR) LOX-1 (Delneste et al. 2002; Thériault et al. 2006), SCREC-1 (Thériault 
et  al. 2006), FEEL-1 (Thériault et  al. 2006), CD94 (C-type lectin) (Gross et  al. 
2003a, b), CD91 (Basu et al. 2001), CD36 (Delneste et al. 2002). All these immune 
receptors are differentially expressed on various cell types and have different roles 
in eHsp70 signaling (Fig. 4). Indeed, the receptors can be divided in three groups: 
pattern recognition receptors (e.g., TLR2, TLR4), uptake of antigens by APCs (e.g., 
LOX-1, CD91), mediating co-stimulatory signals (e.g., CCR5, CD40).

The TLR family consists of several members recognizing specific ligands, e.g., 
TLR2 (triacyled lipoproteins) and TLR4 (LPS). Activation of TLR pathway by 
ligand binding is responsible for activation of the transcription factors NF-kB and 
AP1 (Takeda and Akira 2004). NF-kB is central to the inflammatory response by 
innate cells (neutrophils, macrophages and DCs). For the first time Asea et al. in 
2002 demonstrated that eHsp70 induced proinflammatory cytokine by binding 
monocyte TLR2 and TLR4 with their cofactor CD14 and the adaptor molecule 
MyD88, and by activating the NF-kB pathway involved in IL-1β, IL-6 and TNF-α 
(Asea et al. 2000, 2002). Furthermore, LRs located on macrophages have been dem-
onstrated to be involved in antigen uptake and phagocytosis induction (Blander and 
Medzhitov 2004 Science). In particular, another member of TLR family which is 
able to interact with eHsp70 is the lipid raft associated TLR7, generally involved in 
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viral RNA recognition. Wang et al. demonstrated that exogenous Hsp70 binds TLR7 
on the lipid raft, which is essential for this binding. The interaction between eHsp70 
and this member of the TLR family stimulates phagocytosis and antigen presenta-
tion through PI3K and the p38 MAPK pathway (Wang et al. 2006b).

TLR2 and TLR4 are not only expressed on immune cells, but also on endothelial 
cells, and airway epithelial cells (Greene et  al. 2005). In heart eHsp70 directly 
decreased cardiomyocyte contractility and increased cell death through the activa-
tion of the inflammatory response by the signaling pathway TLR2-MyD88-NF-kB 
(Mathur et al. 2011). On the other hand, eHsp70 induced inflammation in the lung 
is TLR4-NF-kB dependent (Chase et al. 2007).

Another receptor involved in eHsp70 binding is CD40, a member of the TNF 
family. This binding was competed by the cochaperone Bip, whereas it is enhanced 
by the antigenic peptide. As observed for other receptor, binding of eHsp70-peptide 
complex to CD40 increases peptide uptake and activate the p38 intracellular path-
way (Becker et al. 2002). Moreover, CD40+ cells were stimulated to produce che-
mokines (Lehner et al. 2003). As TLRs, CD40 is not only expressed on immune 
cells, but also on other cell types, such as HUVEC endothelial cells, where it func-
tions by competing CD40 ligand and decreasing tubular formation process 
(Futagami et  al. 2008). By binding assays Multhoff’s group demonstrates the 
involvement of the C-type lectin receptor CD94 in the interaction of NK cells with 

Fig. 4 Hsp70 release from the donor cells and its binding to cell surface receptors on the target 
cells. Several cell types release the Hsp70 into the extracellular microenvironment through differ-
ent active secretion mechanism or through a passive release after necrosis. eHsp70 can be recog-
nized by several receptors on the target cells. Among them there are TLR2, TLR4, LOX-1, CD91, 
CD94, CCR5 and CD40 expressed on APCs, NK cells, and T cells Their integrated function is 
discussed in the text
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eHsp70/mHsp70 (Gross et al. 2003b). This interaction induce both their prolifera-
tion and cytolytic activity (Multhoff et al. 1999, 2001).

Another receptor implicated in eHsp70 binding is CD91, a transmembrane scav-
enger receptor ubiquitously expressed in multiple tissues where it plays a key role 
in intracellular signaling and endocytosis. Basu et al. identified CD91 as a receptor 
for several HSP including eHsp70 (Basu et al. 2001). Its role in binding and inter-
nalization of HSP by APCs, necessary for HSP chaperoned peptides cross- 
presentation, was reported in several papers (Delneste et  al. 2002; Martin et  al. 
2003; Tobian et al. 2004). CD91-HSP was recently also be shown to be a signaling 
complex regulating multiple pathways in APCs (Pawaria and Binder 2011). The 
signaling pathway started up by CD91 upon HSP stimulation includes the activation 
of NF-kB and p38 MAPK (Pawaria and Binder 2011). As a consequence of this 
intracellular signaling several cytokines are released by HSP stimulated APCs (such 
as TNF-α, IL-1β, IL-6, IL-12 and GM-CSF) (Pawaria and Binder 2011). APCs also 
upregulate the expression of costimulatory molecules, including CD80, CD86, 
CD40 and MHC II (Basu et al. 2000). The costimulatory molecules and cytokines 
expressed depends on both the APC stimulated and the HSP involved in stimulation. 
According to these data CD91 has a role in cross-presentation and in costimulation 
given by the APCs to T cells in response to eHSP. The receptor CD91 expressed on 
monocytes, after eHsp70-peptide binding stimulates antigen specific CD4+ T cell 
proliferation (Fischer et al. 2010). Although CD91 is highly expressed on macro-
phages, it is very low on immature DCs. Delneste and coworkers demonstrated that 
on these cells the scavenger receptor LOX-1 is the main eHsp70 binding receptor 
and is involved in antigen cross-presentation to MHC I in vitro and in vivo (Delneste 
et al. 2002).

One of the last eHsp70 receptor identified is the receptor for advanced glycation 
endproducts (RAGE), a receptor that interacts with several inflammation and stress 
mediators to activate the inflammatory pathway (Xie et al. 2013). The activation of 
RAGE by eHsp70 evokes strong proinflammatory changes in human lung carci-
noma cell line. In fact, interaction between eHsp70 and RAGE trigger the typical 
cellular effects of this receptor activation (i.e., ERK phosphorylation and activation 
of NF-kB, increased expression of RAGE itself and secretion of proinflammatory 
cytokines) (Somensi et al. 2017).

 Conclusions

Over the years several authors have detected Hsp70  in the extracellular environ-
ment. Early studies hypothesized that this protein was released consequently to cell 
death, as it lacks any exocytosis signals. Nowadays, it is well demonstrated that 
Hsp70 is released through active mechanism, involving non classical secretory 
pathways (e.g., extracellular vesicles, lysosome-endosome pathway and so on). 
Several roles have been demonstrated for eHsp70, especially at cell signaling and 
cell communication level, depending on its state (i.e. membrane-bound or 
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membrane- free). An intriguing aspect of eHsp70 biology is its ability to induce 
antagonist responses, such as inflammatory and anti-inflammatory events. A par-
ticularly abundant field on eHsp70 functions regards its ability to modulate the 
immune system. Indeed, it has been displayed that eHsp70 possesses powerful 
immunological properties, acting both on innate and adaptive immune system. 
eHsp70 activates innate immune system cells by inducing cytokine release, or stim-
ulate the adaptive immune response via antigen cross presentation. In addition to its 
immunological role, eHsp70 has protective functions in nervous cells, such as 
motoneurons, sensory neurons, glial cells. Finally, eHsp70 has been demonstrated 
to be involved in cell migration and angiogenesis, and it is a marker for several dis-
eases. A better comprehension of eHsp70 multiple roles will be useful for therapeu-
tic applications in inflammatory diseases, cancer and autoimmunity.
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HSP70 Is a Major Contributor 
to the MHCII Ligandome and Inducer 
of Regulatory T Cells

Willem van Eden, Femke Broere, and Ruurd van der Zee

Abstract Experimental models of autoimmunity have revealed anti-inflammatory 
effects of immunization with HSP70 or its derivative peptides. In depth cellular analysis 
of the effects of HSP70 immunization has shown the capacity of HSP70 to induce and 
expand self-tolerance promoting regulatory T cells (Tregs). In other words, in the models 
tolerance was re-established by the action of HSP70 specific Tregs. For the inflammation 
suppressive activity of antigen specific Tregs it is essential that the targeted antigen is 
ubiquitously expressed in the tissues. HSP70 family members, especially those that are 
stress-inducible, are widely expressed by stressed cells in the inflamed tissue due to the 
local presence of inflammatory mediators. In addition, cell stress is known to lead to 
autophagy, which in the case of chaperone mediated autophagy does lead to the prefer-
ential loading of HSP70 in MHC class II molecules. MHCII peptide elution profiles 
obtained from cells in a steady state have also revealed the dominating presence of 
HSP70 derived peptides in MHC class II molecules. For these reasons HSP70 is one of 
the most frequent cytosolic/nuclear MHCII natural ligand sources. HSP70, when pre-
sented by tolerizing antigen presenting cells in tissues, does induce Tregs, which seem to 
contribute to the tolerance promoting default setting of the healthy immune system.
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IL-10 interleukin 10
JNK c-jun N-terminal kinase
LAG-3 lymphocyte activating gene-3
MAPK mitogen activated protein kinase
MHC major histocompatibility complex
MS multiple sclerosis
NFkB nuclear factor kappa beta
OVA ovalbumin
PBMC peripheral blood mononuclear cells
PBS phosphate buffered saline
PGIA proteoglycan induced arthritis
RA rheumatoid arthritis
TcR T cell receptor
TNF tumor necrosis factor
tolDC tolerized dendritic cells
Treg regulatory T cells

 Introduction

The first observations showing the disease suppressive effects of HSP in autoim-
mune disease models were made in the model of adjuvant arthritis in rats (van Eden 
et al. 1988). Since then the effects of HSP immunizations were analyzed in many 
different disease models, amongst which were arthritis, diabetes, EAE and allergies. 
Almost without exception HSP was found to prevent or diminish the expression 
disease (reviewed by (van Eden et al. 2005). In a study by Anderton et al. (1995) it 
was shown that mycobacterial HSP60 was protective in adjuvant arthritis due to the 
induction of a regulatory response of T cells that cross-recognized the mammalian 
HSP60, as expressed in the tissues. By this and subsequent studies it was shown that 
due to their evolutionary conservation, microbial HSP were triggering self-HSP rec-
ognizing T cells with IL-10 mediated anti-inflammatory activities. In addition to 
this, when it was shown that other conserved and immunogenic microbial proteins 
had no disease inhibitory effect in the models, it became apparent that HSP were 
exceptional in this quality of modulating inflammatory diseases (Prakken et  al. 
2001). It is possible that besides conservation, also the stress inducibility in tissue 
adds to the unique features of HSP as disease modulators.

 HSP70 and Its Anti-inflammatory Effects in Experimental 
Models

For HSP70, disease suppressive effects in adjuvant arthritis were seen with M. 
tuberculosis derived recombinant HSP70. Again, a conserved mycobacterial HSP70 
sequence was found to be immunogenic and to induce T cells that cross-reacted 
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with the rat homologue sequence. In this case parenteral immunization with the 
peptide containing the critical cross-reactive T cell epitope did not suppress disease. 
Upon analysis of cytokines produced by the peptide-specific T cells, IL-10 produc-
tion was found, as was the case with T cells responsive to whole HSP70 protein. 
Nasal administration of this peptide led to inhibition of subsequent adjuvant arthri-
tis induction (Wendling et al. 2000). Another HSP70 family member, ER chaperone 
BiP, a 78-kDa glucose regulated protein, was proposed as an autoantigen in RA, as 
it stimulated proliferative responses of synovium derived T cells from RA patients 
and not from patients with other joint diseases. Attempts to induce arthritis with BiP 
in CFA failed, and in line with earlier observations, also this immunization led to 
resistance against induction of arthritis (Corrigall et al. 2001). Interestingly, more 
recently, BiP was studied in a first phase clinical trial in RA patients (see below).

A recent analysis of mycobacterial HSP70 was performed in the model of pro-
teoglycan induced arthritis (PGIA) in Balb/c mice. First of all, a mapping exercise 
was done with mycobacterial HSP70, which revealed the presence of a very con-
served T cell epitope at positions 141–155, which we termed the “B29” epitope. 
When this epitope, in the form of the B29 synthetic peptide, was administered intra-
nasally in PBS (100 ugr) at days -7, -5 and -3 prior to PG immunizations at day 0, a 
reduced arthritis was noted. And this was also seen in control groups that received 
whole mycobacterial HSP70 in PBS (30 ugr) and not with control peptide pOVA 
(100 ugr). Follow-up experiments were then performed with B29 immunization in 
the presence of DDA as adjuvant, in naïve recipient mice. Splenocytes were sam-
pled 10 days later and from these cells CD4+ CD25+ T cells were collected by cell- 
sorting and found to be suppressive in a standard suppression assay, using CD3 
antibody stimulation. Phenotypic analysis showed upregulated neuropilin (Nrp-1) 
and LAG-3, both known as markers of regulatory T cells. In addition the percentage 
of IL-10 positive T cells was also increased. Not surprisingly, a similar phenotypic 
and functional behavior was noted in these assays with splenocytes from pOVA 
immunized mice. Interestingly however, when CD4+ CD25+ T cells were trans-
ferred into naïve recipient mice prior to induction of PGIA, only the B29 primed T 
cells protected from disease, whereas the pOVA primed T cells did not. Upon inter-
pretation of all available findings it was concluded that the B29 peptide was induc-
ing a T cell response that cross-reacted with the self-homologs present in the mouse. 
And indeed, the B29 specific T cell were also showing in vitro proliferative responses 
in the presence of mammalian B29a (mB29a) and B29b (mB29b). Therefore, on the 
basis of the cross-recognition of endogenously expressed HSP70 self-homologs, the 
B29 induced Tregs suppressed disease whereas the pOVA induced Tregs did not.

Subsequent studies showed an exceptional tolerance promoting impact of the 
B29 induced Tregs in the PGIA model. Making use of a congenic marker (CD90.1) 
present on the transferred Tregs, it was shown that the transferred T cells survived 
for a long period of time. Even 50 days after transfer, the Tregs were still present in 
spleen, draining lymph-nodes and the joints. And they were still having the pheno-
typic qualities of Tregs. Interestingly, when 5  weeks after transfer a depleting 
CD90.1 monoclonal antibody was infused, the disease suppressive activity of the 
Tregs was halted. Disease returned in the anti-CD90.1 infused animals and not in 
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the controls, where apparently the Tregs were still actively engaged in suppression 
of arthritis. The prevention of disease by early transfer of B29 Tregs was possible 
with as few as 3.10E5 transferred CD4+ CD25+ T cells. When the T cells were 
selected on the basis of LAG-3 expression, even the minimal number of 4000 T 
cells was sufficient to suppress disease (van Herwijnen et al. 2012). Altogether, the 
B29 mouse experiments have indicated that the targeting of endogenous HSP70 for 
Treg recognition is a potentially powerful intervention to restore tolerance in inflam-
matory conditions.

 HSP70 in Human Autoimmune Diseases

Analysis of T cell responses to mycobacterial HSP60 in juvenile idiopathic arthri-
tis has shown that such responses were present mainly in cases with self-remitting 
forms of the disease, namely the subgroup of patients with so-called oligo-articu-
lar arthritis and not in the systemic or poly-articular patients. In addition, it was 
seen that HSP60 specific T cell responses peaked just prior to disease remission. 
These findings were suggestive of a protective effect of HSP60 specific T cell 
responses (De Graeff-Meeder et al. 1991, 1995; Prakken et al. 1996). Possibly, 
similar protective effects can be seen for HSP70. In the case of multiple sclerosis 
(MS), the presence of HSP70 specific auto-antibodies were found to be a charac-
teristic of patients with relapsing-remitting MS. In patients with primary or sec-
ondary progressive MS such antibodies were not seen (Quintana et al. 2008). For 
BiP comprehensive mapping exercises have been performed with human periph-
eral blood mononuclear cells (PBMC). In a study by Shoda et al. both effector and 
regulatory T cell epitopes were identified to be present in BiP (Shoda et al. 2015). 
The BiP epitope 336–355 was found to induce IL-10 secretion in CD25+ PBMCs 
obtained from RA patients. In addition, suppression of proliferative T cell 
responses and pro-inflammatory cytokine production was noted. In mice suppres-
sion of disease and induction of Foxp3+ Tregs was obtained following immuniza-
tion with this epitope.

A recent phase 1 clinical trial with BiP in RA patients showed, besides safety 
of the approach, some positive clinical effects at the higher doses of peptide 
intravenously administered (5 and 15 mgr) and not a the 1 mgr dosis. In addition 
to slight clinical effects, C-reactive protein (CRP), an acute phase protein that 
acts as a marker of inflammation, was significantly suppressed (Kirkham et al. 
2016). Besides induction of Tregs, HSP70 seems to mediate other potentially 
anti-inflammatory effects. In RA fibroblast-like synoviocytes, the TNF induced 
production of pro- inflammatory cytokines was inhibited by addition of human 
HSP70. This effect was claimed to be caused by inhibition of ERK, JNK and 
p38 MAPK and by inhibitory effects on NF-κB (Luo et al. 2008). Others have 
shown the HSP70 mediated degradation of the p65 subunit of NF-κB (Tanaka 
et al. 2014).
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 Presence of HSP70 Fragments in MHCII in Various Tissues

Elution studies have shown the frequent presence of HSP70 derived protein frag-
ments (peptides) in the groove of MHCII molecules. This can be learned, amongst 
others, from the SYFPEITHY database of peptides known to bind MHC molecules. 
In the supplementary data of the Paludan paper (Paludan et al. 2005) it is argued that 
the cytosol or nucleus derived natural peptides in MHCII are mostly originating 
from long-lived proteins and their paper shows that among them HSP70 and HSC70 
next to GAPDH stand out. And this can be most relevant for the recognition of the 
HSP70 peptides by Tregs. Tregs are CD4+ T cells that recognize antigens in the 
context of MHCII. And, as indicated by Shevach, “it is unlikely that suppression is 
secondary to the presence of the very small number of autoantigen-specific Treg 
cells present in the polyclonal population. A more likely scenario is that polyclonal 
Treg cells are able to control various responses because they are continuously being 
activated via their TcR by complexes of MHC class II and ubiquitous self-peptides” 
(Shevach 2009). It seems that HSP70 is a significant provider of such ubiquitous 
self-peptides. And as already shown in the case of the B29 peptide of HSP70, the 
recognizing Tregs can be demonstrated to exist.

A relevant question in this regard is of course how central tolerance with respect 
to these peptides is organized in the thymus. Following our common understanding 
of the thymic selection process, it is possible that high affinity T cells will be nega-
tively selected through deletion, whereas intermediate and still relatively high affin-
ities will be leading to the generation of Tregs. A study that explored the MHC-peptide 
matrix in the human thymus has already revealed the presence of HSP70 fragments 
in the MHCII molecules of positively selecting thymic epithelial cells (Adamopoulou 
et al. 2013). And interestingly, a relatively high number of stress response related 
protein fragments was detected in the thymic DC depleted MHCII positive antigen 
presenting cell preparations. Also a larger protein fragment was found in the MHC 
cleft of these cells that included the HSP70-B29 mammalian homolog.

Dengjel et  al. have analyzed the MHCII ligandome obtained from nutrient 
deprived human B cells (Dengjel et al. 2005). The stress caused by nutrient depri-
vation had led to autophagy, which had influenced the loading of the MHCII com-
partments of the cell. Possibly through the mechanism of so-called chaperone 
mediated autophagy (CMA), a chaperone dependent targeting of cytosolic pro-
teins to lysosomes, a preferential loading of MHCII with HSP70 fragments was 
seen. In the cleft of the HLA-DR4 molecules in this case also our HSP70-B29 
was present. Given the known association of HLA-DR4 with RA, this finding is 
of interest. Apparently, also RA patients with disease predisposing HLA mole-
cules have in principle the genetic capacity to present a proposed disease protec-
tive peptide to their T cells. And indeed, with the use of HLA-DR-B29 tetramers 
the presence of B29 specific Tregs has now been shown in the human T cell rep-
ertoire (de Wolf et al. 2016). And very similar to what was seen in mice, the B29 
specific T cells were again cross-reactive with the mammalian B29 homologs 
mB29a and mB29b.
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 HSP70 Loaded MHCII Is a Treg Inducer

The studies with HSP70-B29 have shown that HSP70 harbors epitopes that can be 
used to induce disease suppressive anti-inflammatory Tregs (van Herwijnen et  al. 
2012). And also that these Tregs are functionally active through their cross- recognition 
of the endogenously expressed and presented mammalian homologs of peptide B29. 
However, whether or not the endogenous HSP by itself can function as an inducer of 
Tregs remained unclear. And certainly one may ask the question, whether upregu-
lated HSP at sites of tissue inflammation would be capable of doing so.

In studies by Wieten (Wieten et al. 2010) we have exploited the capacity of a so- 
called HSP-co-inducer to increase the expression of HSP in the context of cell- 
stress. This co-inducer was carvacrol, an essential oil obtained from Oregano plant 
species. When cells, mouse splenocytes or peripheral blood lymphocytes, were 
exposed to carvacrol for one hour and after that heated (42.5 °C) or exposed to low 
dose arsenite for two hours and rested in overnight culture, there was a firmly upreg-
ulated expression of HSP70 visible with intracellular staining’s. When administered 
intragastrically in mice, carvacrol treated mice showed an upregulated HSP70 in the 
Peyer’s patches, the lymphoid organs lining the gut. Upon analysis, the mesenteric 
lymphnodes and speen cells appeared to be enriched for Foxp3 positive T cells in 
carvacrol treated mice and transfer of these cells (selected on the basis of CD3 
expression) led to suppression of PGIA in recipient animals. Herewith it seemed 
that the in vivo upregulated HSP70 expression had indeed induced a regulatory T 
cell population with disease suppressive functionality. When T cell responses 
against HSP70 were analyzed in carvacrol treated mice, it was found that HSP70 
specific T cells had expanded as a consequence of the intragastric carvacrol admin-
istration. In more general terms, we have shown herewith that food components can 
boost the protective cellular response to stress and that the immune system may 
transduce such information into regulation and suppression of inflammation. What 
we eat can up-regulate immune regulatory T cells and down-regulate disease.

The induction of Tregs depends most likely on the presence of so-called tolerant 
DCs (tolDC). Generally, tolDC are characterized by low expression of T cell co- 
stimulatory molecules, low production of proinflammatory cytokines and high pro-
duction of immunoregulatory cytokines compared with immunogenic DC (Stoop 
et al. 2011). It seems that the endogenous upregulation of HSP70 in DCs can turn 
immunogenic DC into tolerogenic DC.  When mouse bone marrow derived DCs 
(BMDC) was exposed to carvacrol in combination with thermal stress, it turned out 
that these treated DCs had a reduced capacity to activate pro-inflammatory T cells 
(Spiering et al. 2012). When such treated DCs were transferred into naïve recipient 
mice together with CFSE labelled OVA specific T cells, it was found that, of the 
transferred T cells, especially the Foxp3+ Treg population had expanded. In addi-
tion, injection of the carvacrol-thermal stress treated BMDC caused a prophylactic 
suppression of subsequently induced PGIA.

Altogether, experiments with HSP co-induction have shown that upregulated 
endogenous HSP70 does trigger an anti-inflammatory Treg cell population. It is 
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possible that the above mentioned effect of HSP70 on NFκB does contribute to this 
through the production of tolDC. A specific and irreversible alternative NFκB inhib-
itor, Bay11–7082 was already tested in a clinical trial using the autologous tolDC as 
a treatment for RA (Benham et al. 2015). In the same vein, we are preparing grounds 
for such an autologous tolDC trial, with B29 loaded tolDC. In the latter case, we 
will follow a recently published protocol of tolDC prepared with exposure of DC to 
corticosteroids in combination with vitamin D3 (Bell et al. 2017).

 Conclusions

Regulatory T cells (Treg) are effector T cells that have the capacity to control 
inflammation and to maintain herewith the state of self-tolerance. Effective control 
of inflammation will depend on the cognate interactions with abundantly expressed 
self-antigens at the site of inflammation. Due to stress imposed on cells exposed to 
inflammatory mediators HSP are abundantly expressed at sites of inflammation. In 
the absence of inflammation molecules such as HSP70 can function as default pep-
tide donors for MHCII molecules, which always depend on peptide loading for their 
cell-surface expression. In this manner, HSP may have a function in the mainte-
nance of self-tolerance.
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Immune Properties of HSP70

Yves Delneste, Vincent Larochette, and Pascale Jeannin

Abstract In addition to their conventional chaperon activity, numerous studies 
have reported that heat shock protein 70 (HSP0) exhibit immune properties and 
especially the capacity (i) to induce the presentation and cross-presentation of asso-
ciated or client proteins and, (ii) to control myeloid cell activation. Several studies 
were focused on the identification of HSP70-binding elements that contribute to 
their immune properties. A general consensus was reached on the nature of the 
endocytic receptors involved in the internalization of extracellular HSP70 with 
belong, for most of them, to the innate immunity receptor family. However, the 
nature of signaling receptors recruited by HSP70 remains unclear, because the stim-
ulatory versus regulatory properties of HSP70 remains a subject of debate. 
Nevertheless, these unique immune properties allowed developing innovative pro-
phylactic and therapeutic vaccines, especially in the treatment of cancers and 
chronic viral infections. Although HSP70 constitute potent vaccine vehicles in dif-
ferent preclinical models, clinical studies remain disappointing. The fact that the 
immune properties of HSP70 have not been totally clarified may explain their rela-
tive efficacy in human. In this review are presented the main immune properties of 
HSP70 related to the HSP70-binding elements identified to date, and discuss our 
current knowledge on their intrinsic immune properties.
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Abbreviations

A2M alpha2 macroglobulin
Ac-LDL acetylated low-density lipoprotein
ADP adenosine dipohosphate
AGE advanced glycation end product
AIF apoptosis inducing factor
APAf-1 apoptotic peptidase activating factor 1
APC antigen-presenting cell
APOER apolipoprotein E receptor
ATP adenosine triphosphate
Bax Bcl-2-associated X protein
BCR B cell receptor
BiP binding immunoglobulin protein
CCL C-C motif ligand
CCR C-C chemokine receptor
CD cluster of differentiation
CLEC8A C-type lectin domain family 8 member A
CLEVER-1 common lymphatic endothelial and vascular endothelial receptor-1
CTL cytotoxic T cell
DAMP danger-associated molecular pattern
DC-SIGN dendritic cell-specific ICAM-grabbing non-integrin
EBV Epstein-Barr virus
EGF-like and link domain-containing scavenger receptor-1
ER endoplasmic reticulum
ERK Extracellular signal-regulated kinases
FAT fatty acid translocase
FEEL-1 fasciclin EGF-like laminin-type
HBV hepatitis B virus
HCV hepatitis C virus
Her2/Neu human epidermal growth factor receptor 2/proto-oncogene Neu
HLA human leukocyte antigen
HMGB1 high–mobility group box 1
HPV human papilloma virus
HSP heat shock protein
IFN interferon
IL interleukin
IRAK IL-1 receptor-associated kinase
IRE1α inositol requiring enzyme 1α
JAK Janus kinase
LBP LPS-binding protein
LDL low-density lipoprotein
LRP1 low density lipoprotein receptor-related protein 1
MAGE-1 melanoma-associated antigen 1
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Mart-1 melanoma antigen recognized by T-cells 1
MD2 myeloid differentiation factor 2
MDSC myeloid-derived suppressive cells
MHC major histocompatibility complex
MyD88 Myeloid differentiation primary response 88
NBD nucleotide-binding domain
NF-κB nuclear factor-kappa B
NK natural killer
Ox-LDL oxidized low-density lipoprotein
PAMP pathogen-associated molecular pattern
PDZK PDZ domain-containing protein 1
PRM pattern recognition molecule
PRR pattern recognition receptor
PSA prostate-specific antigen
PTX3 pentraxin 3
RAP receptor-associated protein
SBD substrate-binding domain
SIGLEC sialic-acid-binding immunoglobulin-like lectins
SP-D surfactant protein D
SREC scavenger receptor expressed by endothelial cells
STAT signal transducers and activators of transcription
TAB1 TAK1-binding protein 1
TAK1 TGFβ-activated kinase
TAM tumor-associated macrophages
TCR T cell receptor
Th helper T cell
TLR toll-like receptor
TNF tumor necrosis factor
TNFSF TNF superfamily
TRAF TNF receptor-associated factor
Trp2 tyrosinase-related protein 2
TSP-1 thrombospondin 1

 Introduction

Heat shock proteins (HSP) are involved in 3D-folding of newly synthesized proteins 
and protect them against endogenous and exogenous assaults. Besides their classi-
cal biochemical properties, several studies have demonstrated that HSP70, one of 
the largest and highly conserved family of HSP, exhibit intrinsic immune properties. 
The potential immune properties of HSP70 were first hypothesized in the 1970s by 
showing that proteins with an apparent molecular weight of 70 kDa and isolated 
from tumor cells may induce a protective immune response in vivo, in the absence 
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of adjuvant. Thereafter, a huge quantity of studies aimed at deciphering, in vivo and 
in vitro, the biological mechanisms involved in the immune properties of HSP. Most 
of the immune properties of HSP were first elucidated for gp96 (HSP90B1), a mem-
ber of the HSP90 family, and thereafter for HSP70. One of the most remarkable 
immune properties of HSP70 is their ability to mediate the cross-presentation of 
exogenous antigens and to initiate protective antitumor immune responses. In agree-
ment with the cross-presentation process, HSP70 have been shown to interact with 
different immune receptors, especially innate receptors. However, the exact nature 
of the endocytic and signaling receptors engaged by HSP70, as well as whether 
HSP70 exhibit stimulatory or regulatory immune properties, remain a subject of 
debate. Nevertheless, and whatever the mechanism involved, HSP70 constitute 
interesting vehicles to induce, in vivo, antigen-specific cytotoxic responses. This 
review thus addresses the immune properties of HSP70, with a focus on the innate 
immune receptors engaged, and the consequences on vaccine strategies.

 HSP70 Family of Chaperones

 Common Features of HSP70

The 70 kDa heat shock proteins (HSP70s) constitute a family of highly conserved 
proteins that are ubiquitously expressed in prokaryotes and eukaryotes. Prokaryotes 
express three HSP70 proteins (DnaK, HscA (Hsc66), and HscC (Hsc62)) whereas 
eukaryotes express several HSP70s. As an example, the human family comprises 13 
proteins, that differ from each other by their amino acid sequence, their levels of 
expression and their localization (Radons 2016). The mostly expressed inducible 
human HSP70s are Hsp70–1 (encoded by the HSPA1A gene) and Hsp70–2 
(HSPA1B); these two genes are closely located in the genome (Brocchieri et  al. 
2008). In line with the topic of this review, it is important to mention human HSP70–
14 (also referred to as Hsp70L1), a stress-induced HSP identified in dendritic cells, 
exhibits potent immunostimulatory properties by favoring Th1 responses (Wan 
et al. 2004). Interestingly, the levels of HSP0L1 are elevated in some tumors (Yang 
et al. 2015).

HSP70s display a common functional domain structure: (i) a 44 kDa N-terminal 
nucleotide binding domain (NBD) that binds and hydrolyzes ATP, (ii) a middle 
protease-sensitive domain and, (iii) a 28 kDa C-terminal substrate-binding domain 
(SBD) that can interact with 6–9 amino acid-long peptides; SBD has preferential 
affinity for neutral and hydrophobic amino acids. HSP70s are monomeric chaper-
ons that participate, in physiological situations, to the folding of neo-synthesized 
proteins, to their transport and to the assembly of multi-protein complexes. The 
binding/release of polypeptides is dependent on the ATPase activity: the ADP- and 
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ATP-bound states favor peptide binding and release, respectively. HSP70s also reg-
ulate the activity of proteins and prevent their aggregation. Indeed, HSP70s exhibit 
an « unfoldase » activity, meaning that they recognize unfolded or aggregated pro-
teins and unfold them before native refolding (Radons 2016). The expression of 
HSP70s is strongly upregulated by cellular stress, such as heat, toxic chemicals 
(such as heavy metals), ischemia, irradiations, infection, inflammation and nutrient 
deprivation. In stressed cells (induced by endogenous or exogenous challenges), 
HSP70s promote cell survival and allow cells to restore cellular homeostasis.

HSP70s act as anti-apoptoti proteins via their capacity to prevent mitochondrial 
translocation and activation of Bax (Yang et al. 2012) and to inhibit assembly of the 
death-inducing signaling complexes (Guo et  al. 2005). HSP70s also inhibit the 
activity of different pro-apoptotic molecules (such as Apaf-1, AIF and caspase 3) 
(Beere et al. 2000; Ravagnan et al. 2001). HSP70s can protect cells against apopto-
sis induced by endoplasmic reticulum stress via their interaction with the ER stress 
sensor protein IRE1α (Wei et al. 2013).

 Intracellular, Membrane and Extracellular HSP70

As the other HSP, members of the HSP70 family are mainly expressed in intracel-
lular compartments, including cytosol, endoplasmic reticulum (such as binding 
immunoglobulin protein (BiP) or Grp78) and mitochondria (mtHsp70 or Grp75), to 
exert their chaperon activities. Nevertheless, HSP70s can be expressed at the mem-
brane surface or present, in a soluble form, in different biological fluids. Membrane 
HSP70s (mHSP70) accumulate at the surface of infected and tumor cells but not 
living cells (Multhoff et al. 1995; Multhoff and Hightower 1996; Poccia et al. 1996). 
Different mechanisms have been proposed to explain the membrane relocalization 
of proteins devoid of secretion signals, such as the release of secretory granules 
(Evdonin et al. 2004; Mambula and Calderwood 2006a, b) and of exosomes (Gastpar 
et al. 2005; Lancaster and Febbraio 2005). The apparently « passive » accumulation 
of HSP70 at the cell membrane appears similar to the one reported for other intra-
cellular molecules, such as PTX3 (Jaillon et al. 2009), or danger molecules, such as 
histones and nucleic acids (Cunin et al. 2016) that have also been reported to accu-
mulate at the surface of stressed cells. Accordingly, mHSP70 may have an impor-
tant role in the recognition of stressed and tumor cells by innate immune cells 
(Multhoff 2007; Radons and Multhoff 2005). Based on their biochemical proper-
ties, one can suspect that mHSP70 are associated to membrane proteins; however, 
to date, the nature of these putative mHSP70-associated molecules remains 
unknown.

Another explanation should be that extracellular HSP70s may bind to altered 
molecules, such as oxidized proteins, that are present at the surface of stressed cells, 
in a way similar to the one of bridging molecules (Henson 2017). HSP70s can be 
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released by numerous cell types in response to various stimuli (Campisi and Fleshner 
2003). Different ways of secretion of HSP70 have been described:

 – A passive release by necrotic cells (Fleshner and Johnson 2005),
 – The disruption of HSP70-containing secretory vesicles/exosomes released via a 

non-classical secretion pathway (MacKenzie et al. 2001) and,
 – A release via the secretion of lysosomal endosomes (Baraldi et al. 2004; Mambula 

and Calderwood 2006b).

HSP70s can be used as biomarkers. As an example, mHSP70s are considered as 
selective markers of aggressive tumors. Circulating HSP70 have been proposed as 
biomarkers of inflammation in healthy subjects (Gehrmann et al. 2014a; Marotta 
et al. 2007). HSP70s have been detected in the serum of patients suffering from 
cancer or chronic infection (Pockley et al. 2014) and are proposed as biomarkers of 
tumor outcome after treatment (Gehrmann et al. 2014a, b). These data suggest that 
the immune properties of HSP70s may depend not only on the nature of the chaper-
oned peptides but also on their localization. Indeed, membrane and extracellular 
HSP70 may influence the nature and amplitude of signals delivered to immune cells 
present in the close vicinity or at distance.

 HSP70 Induce Protective Immune Responses Against Tumors 
and Microbial Pathogens

Most of the studies on the use of HSP70s as vaccine vehicles have been performed 
in preclinical models of tumor growth. Nevertheless, and based on their vaccine 
potential, HSP70 have been also used for the induction of protective immune 
responses against microbes. In this paragraph, we focus on the antitumor immune 
responses induced by HSP70s.

 HSP70s Mediate Antigen Presentation and Cross Presentation

The pioneering studies by the group of PK Srivastava demonstrated that tumor- 
derived gp96 initiate protective tumor-specific CTL responses, suggesting that HSP 
may act as major tumor-rejection antigens (Suto and Srivastava 1995; Tamura et al. 
1997). This capacity to induce protective antitumor immune responses has been 
extended to other HSP families, especially HSP60 and HSP70 families (Castellino 
et  al. 2000). The capacity of HSP70s to induce protective antitumor immune 
responses was mainly reported in both prophylactic and therapeutic murine models 
of tumor development (reviewed in (Srivastava 2002). Moreover, HSP70s also 
induce cross-presentation of human tumor antigens (Castelli et  al. 2001; Milani 
et  al. 2002; Noessner 2006; Noessner et  al. 2002), the rationale for their use in 
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tumor vaccines in humans. In fact, numerous studies have clearly demonstrated that 
the specificity of the anti-tumor immune response was determined by the chaper-
oned peptides (Binder and Srivastava 2005; Ishii et al. 1999; Suto and Srivastava 
1995). Biochemical analysis have shown that peptides associated to HSP70 are very 
diverse, deriving from self-proteins, tumor, microbial or minor histocompatibility 
antigens (Srivastava 2002). As an example, HSP70s isolated from melanoma cell 
lines can chaperon peptides derived from the tumor antigens Mart-1, gp100, Trp2 
and gp100 (Castelli et al. 2001; Noessner et al. 2002).

According to the classical view of antigen presentation, antigen-derived peptides 
are presented into the MHC class I (MHC-I) and MHC class II (MHC-II) molecules 
of antigen-presenting cells (APC) to epitope-specific T cell receptors (TCR) 
expressed by CD8+ and CD4+ T cells, respectively. This interaction is the basis of 
the antigen-specificity of the adaptive immunity. Although different myeloid cells 
are able to present antigens to T cells (such as macrophages and neutrophils), den-
dritic cells are the only APC able to prime naive T cells and to initiate immune 
responses (Banchereau et al. 2000; Cella et al. 1997).

The process by which some exogenous antigens are endocytosed by APCs, gain 
access to the MHC class I pathway, and stimulate CD8+ T cells is called cross- 
presentation (Heath and Carbone 2001; Yewdell et al. 1999). Indeed, the classical 
view of antigen presentation claimed that exogenous antigens endocytosed by APC 
are mainly loaded into the MHC-II molecules for recognition by CD4+ T cells, 
while, in contrast, endogenous antigens (self and viral proteins) are loaded in the 
MHC-I molecules for recognition by CD8+ T cells. Antigen cross-presentation has 
revolutionized our view of the induction of antigen-specific immune responses and 
allowed to propose « conventional » vaccine approaches for the treatment of can-
cers. The HSP-mediated antigen cross-presentation is dependent on three essential 
mechanisms:

 – A receptor-mediated internalization of the antigens by professional APCs, espe-
cially dendritic cells,

 – The functional maturation and activation of professional APC, rendering them 
able to prime naive T cells and,

 – An intracellular trafficking allowing exogenous antigens/peptides to get access 
to the MHC-I presentation pathway.

One of the most important, and also most debated immune property of HSP, is 
their capacity to activate APCs. Indeed, the priming of CD8+ T cells by exogenous 
antigens requires that APC are fully activated (Banchereau et al. 2000), a status that 
may require CD4+ T cell help (Heath and Carbone 1999). The cross-presentation of 
an antigen by non-activated dendritic cells maintains or induces antigen-specific tol-
erance; this process is referred to as cross-tolerance. Ideally, the induction of func-
tional CD8+ T cell responses against exogenous antigens may require both antigen 
cross-presentation in MHC-I molecules to CD8+ T cells and presentation in MHC-II 
molecules to CD4+ T cells. In agreement with the classical view of antigen presenta-
tion, HSP70 also induce antigen-specific CD4+ T cell activation, as evidenced by the 
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induction of humoral immune responses and the interaction of microbial HSP70 
with HLA-DR and their peptide fragments (Haug et al. 2007). Moreover, HSP70 
chaperon both MHC-I and MHC-II epitopes (Stocki et al. 2010; 2011).

 Potential Immunomodulatory Roles of Extracellular HSP70

The fact that (i) HSP70s mediate the cross-presentation of chaperoned peptides and 
(ii) that the cross-presentation requires receptor-mediated internalization of the pep-
tide/chaperone complex, suggest that HSP70s have to be released in the extracellu-
lar milieu (Stocki and Dickinson 2012). According to their capacity to induce 
effective immune response, several studies reported that HSP70s are immunostimu-
latory molecules and, more interestingly, can induce the maturation and activation 
of dendritic cells, rendering them fully functional (reviewed in (Kuppner et al. 2001; 
Milani et al. 2002; Srivastava 2002). The term chaperokine was attributed to HSP to 
define this unique capacity of chaperons to activate immune cells (Asea et al. 2000). 
However, the intrinsic potential of HSP70s to activate APC remains a subject of 
debate (Borges et al. 2012) (see paragraph 5).

 HSP70-Binding Elements

Antigen cross-presentation requires that exogenous antigens are internalized via 
endocytic receptors [3, 4]. Accordingly, HSP70s bind to dendritic cells and macro-
phages (Arnold-Schild et  al. 1999; Todryk et  al. 1999; Wassenberg et  al. 1999) 
before being internalized in a receptor-dependent manner (Arnold-Schild et  al. 
1999; Basu et al. 2001; Binder et al. 2000; Castellino et al. 2000; Singh-Jasuja et al. 
2000; Sondermann et  al. 2000; Wassenberg et  al. 1999). Most if not all HSP70- 
binding elements identified are innate immune receptors. These results are in agree-
ment with the fact that, in an immunological point of view, extracellular HSP70 can 
be viewed (or detected) as a danger signal (modified self) released by altered/dying 
cells. These motifs are detected by the innate immune system.

By opposition to the adaptive immunity, innate immunity is defined as a non- 
antigen specific system. It is involved in numerous processes, such as antimicrobial 
activity, induction and resolution of inflammation, maintenance of tissue homeosta-
sis and wound healing. The innate immune system includes a large variety of molec-
ular and cellular actors, such as epithelial barriers, numerous soluble molecules 
(including the complement system) and innate lymphoid and myeloid cells. The 
most remarkable characteristic of innate immune cells is their capacity to discrimi-
nate self from non self (microbes) and altered or modified self (such as the detection 
of biochemical modification of cell surface molecules). The recognition of non self 
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and modified self is mediated by a restricted number of molecules (compared to the 
TCR and BCR repertoires) called pattern recognition molecules (PRM); this term is 
now preferred to the ancient nomenclature pattern-recognition receptor (PRR). 
PRM recognize microbial moieties called pathogen-associated molecular patterns 
(PAMPs) and motifs expressed by altered self and called danger-associated molecu-
lar patterns (DAMPs). Remarkably, a same PRM can detect different PAMPs and 
DAMPs and exhibiting diverse biochemical characteristics (such as nucleic acids, 
lipids, proteins or glucids). Innate immune cells also orchestrate the adaptive 
immune response via the production of soluble immune mediators (cytokines and 
chemokines) and the priming/activation of antigen-specific lymphocytes, thanks to 
the antigen-presenting functions of myeloid cells.

PRM can be classified into three families, based on their functions: (i) endocytic 
receptors, involved in ligand recognition and internalization, (ii) signaling recep-
tors, involved in ligand-induced cell activation and (iii) bridging molecules (also 
called opsonins), that bind to and favor the recognition of extracellular ligands by 
innate cells. To date, and except some individual cases, most of the HSP70-binding 
elements are endocytic and/or signaling PRM.

 Endocytic Receptors

 CD91

CD91 was the first HSP-binding element identified, initially as a gp96 receptor 
(Binder et al. 2000). CD91 was then reported as a receptor for human HSP70s on 
macrophages (Basu et al. 2001). CD91, also known as the α2 macroglobulin (A2M) 
receptor, low density lipoprotein receptor-related protein 1 (LRP1) or apolipopro-
tein E receptor (APOER), is an endocytic and signaling receptor belonging to the 
lipoprotein receptor family. CD91 is expressed by numerous cell types, including 
hepatocytes, fibroblasts, keratinocytes, smooth muscle cells and myeloid cells (Herz 
and Strickland 2001). CD91 is a multimeric receptor consisting of a 420 kDa α 
subunit, a 85 kDa β subunit and a 39-kDa associated molecule. CD91 binds to the 
activated form of α2M, a soluble molecule that binds to and inhibits a wide variety 
of proteinases and growth factors. CD91 is also suspected involved in lipid metabo-
lism and can bind, in addition to activated A2M, tissue-specific plasminogen- 
activator−inhibitor complex and urokinase-PAI1 complex.

The identification of CD91 as an HSP-binding structure was mainly based on 
competitive binding assays with the CD91 ligand A2M and with a neutralizing anti-
 CD91 mAb. The role of CD91 in HSP70-mediated antigen presentation to CD4+ 
and CD8+ T cells was confirmed by several independent studies (Fischer et  al. 
2010; Salimu et al. 2015; Tobian et al. 2004a).
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 Scavenger Receptors

Scavenger receptors represent a family of non-related cell-surface glycoproteins 
that recognize a large repertoire of ligands, ranging from bacteria and yeast to self 
(native proteins) and modified-self such as oxidized LDL (Ox-LDL) and apoptotic 
cells (reviewed in (Yamada et al. 1998; Yu et al. 2015)). Some scavenger receptors 
can also bind chemically modified LDL (acetylated LDL) that constitutes reliable 
tools in identifying HSP-binding elements, especially as binding competitors. 
Scavenger receptors thus represent an important family of endocytic PRM through 
their ability to bind endogenous and exogenous danger molecules (Jeannin et al. 
2008). Different studies reported that scavenger receptor-binding molecules, such 
as modified LDL (OxLDL or AcLDL), apoliprotein B, fucoidan and poly[IC], 
inhibited the binding of HSP70 to human APCs, suggesting that these PRM are the 
main cell surface HSP70 binding elements on human APCs (Delneste et al. 2002; 
Facciponte et al. 2007; Theriault et al. 2006; Theriault et al. 2005).

The first identified HSP70-binding scavenger receptors was SR-E1. Initially 
identified as an Ox-LDL receptor expressed by endothelial cells; this molecule, also 
known as LOX-1 or CLEC8A (C-type lectin domain family 8 member A), binds 
multiple ligands, including advanced glycation end products (AGE), activated 
platelets, and apoptotic cells. SR-E1 also binds exogenous ligands, such as virus 
and bacteria. In addition to endothelial cells, SR-E1 is constitutively expressed by 
macrophages and dendritic cells (Delneste et  al. 2002). By using a collection of 
scavenger receptor-expressing CHO cells, we have identified SR-E1 as one of the 
main HSP70-binding element on human macrophages and dendritic cells. 
Interestingly, the in vitro and in vivo cross-presentation of an antigen coupled to 
HSP70 is dependent on SR-E1 internalization (Delneste et al. 2002). Finally, the 
in vivo targeting of an exogenous antigen to SR-E1, by coupling to an anti-SR-E1 
antibody, induced an antigen-specific CD8+ T cell response (Delneste et al. 2002).

SR-E1 also exhibits features of C-type lectins (Sawamura et  al. 1997) which 
represent another important family of highly conserved PRM. Several studies have 
underlined the important role played by C-type lectins in mediating antigen cross- 
presentation, both in vitro and in vivo. Among these PRM, one can mention CD205 
(DEC205) (Bozzacco et  al. 2007) and CD209 (DC-SIGN) (Garcia-Vallejo et  al. 
2013). However, no binding of HSP70s to some other C-type lectins, such as CD209 
(Theriault et al. 2005) and CLEC7A (dectin-1), was reported so far. A binding of 
HSP70 family members was also reported to other scavenger receptors:

 – SR-A1 (Facciponte et al. 2007); SR-A1 (CD204) is a 220–250 kDa trimeric mol-
ecule that shares a collagen-like domain, essential for ligand binding. SR-A1 
binds numerous endogenous and exogenous ligands, such as AGE products, as 
well as microbes and microbial moieties.

 – SR-B1 (Fischer et al. 2010). Also known as CD36, platelet glycoprotein 4, fatty 
acid translocase (FAT) or glycoproteins 88 (GP88), IIIb (GPIIIB), or IV (GPIV), 
SR-B1 preferentially accumulates in caveolae. SR-B1 bind modified LDL 
(OxLDL and AcLDL), unmodified low density lipoproteins (LDL), very low 
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density lipoproteins (VLDL) and apoptotic cells. SR-B1 is a heavily 
N- glycosylated protein with the C-terminal cytoplasmic tail that interacts with 
the multisubunit adaptor protein PDZK.

 – SR-F1 (Facciponte et  al. 2007; Gong et  al. 2010; Theriault et  al. 2006). Also 
known as SREC-I, SR-F1 mediates the internalization of OxLDL (as well as 
AcLDL). SR-F1 can also interact with SREC-2, a homologous of SR-F1, via its 
extracellular domain; although the role played by this heterophilic interaction 
remains unclear, it is suppressed by SR-F1 ligands.

 – SR-H1 (Theriault et al. 2006). Also known as FEEL-1, CLEVER-1 or stabilin-1 
(STAB1), SR-H1 binds AcLDL, AGEs as well as Gram-negative and Gram- 
positive bacteria (Adachi and Tsujimoto 2002; Tamura et al. 2003).

These endocytic receptors are involved in the internalization and presentation 
of associated antigens to CD4+ and CD8+ T cells (Facciponte et al. 2007; Gong 
et al. 2010).

 CD40

In 2001, the group of T Lehner reported a very elegant study showing that CD40 is 
a binding and uptake receptor for Mycobacterium tuberculosis HSP70 (MtbHSP70), 
but not human HSP70 (Binder 2009; Wang et al. 2001). CD40, a membrane mole-
cule belonging to the TNF receptor superfamily (TNFRSF5), is constitutively 
expressed by APCs, including macrophages, dendritic cells and B lymphocytes. 
Triggering CD40 on myeloid cells induces the production of inflammatory cyto-
kines. The engagement of CD40 on B cells induces their maturation, antibody iso-
type switching, and their differentiation into plasma cells. The ligand of CD40 is a 
member of the TNF superfamily, TNFSF5, also called CD40 ligand (CD40L) or 
CD154. CD154 is mainly expressed by activated CD4+ T cells and acts as a costim-
ulatory molecule for B cells and myeloid cells; the engagement of CD154 partici-
pates to the T cell priming process.

A subsequent study by the same group showed that the binding of MtbHSP70 to 
the extracellular domain of CD40 was localized in the N-terminal nucleotide- 
binding domain in its ADP (peptide-binding) state (Becker et al. 2002). To date, 
CD40 has been mainly reported as a signaling receptor (reviewed in (Banchereau 
et al. 1994); its role in myeloid cell activation by HSP70 is discussed in the para-
graph “Signaling receptors”.

 C-type Lectins

As mentioned above, HSP70 can bind to the C-type lectin/scavenger receptor SR-E1 
which is constitutively expressed on myeloid cells. Studies have also reported that 
HSP70 can bind to the C-type lectin CD94 (Gross et al. 2003a; Moser et al. 2002). 
CD94/NKG2 is a family of receptors mainly expressed on natural killer (NK) cells 
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and a subset of CD8+ T cells. The consequences of HSP70 binding to CD94 on the 
biology of NK cells is detailed in the paragraph 4.

 Signaling Receptors

HSP70 can efficiently cross-prime naive T cells, a process that required an optimal 
activation of APCs. However, some of the endocytic receptors identified are not 
signaling molecules, such as SR-E1, suggesting that signaling receptors are recruited 
by HSP70s. Numerous studies were thus focused on identifying HSP70 signaling 
receptors.

 TLRs

Through their pivotal role in the activation of myeloid APCs, members of the Toll- 
like receptor (TLR) family are crucial in the initiation of innate and adaptive immune 
responses. The induction of in vivo immune responses by HSP70 suggested that 
they can activate myeloid cells and members of the TLR family rapidly emerged as 
candidate molecules. TLRs are type I integral membrane glycoproteins belonging to 
the IL-1 receptor (IL-1R) superfamily. TLR and IL-1R have a conserved region of 
≈ 200 amino acids in their cytoplasmic domain, known as Toll/IL-1R (TIR) domain. 
The TIR domain is required for the intracellular signaling induced by TLR ligands. 
TLR can sense a large variety of microbes and microbial moieties, as well as host 
motifs. They are localized either at the cell surface or in endosomes where there are 
specialized in detecting microbes or nucleic acids, respectively. After ligand bind-
ing, TLRs dimerize and undergo a conformational change required for the recruit-
ment of downstream signaling molecules that include the adaptor molecule myeloid 
differentiation primary-response protein 88 (MyD88), IL-1R-associated kinases 
(IRAKs), TGFβ-activated kinase (TAK1), TAK1-binding protein 1 (TAB1), TAB2 
and TNF-receptor-associated factor 6 (TRAF6). The engagement of TLRs gener-
ates potent activation signals for myeloid cells, as evidenced by the production of 
numerous pro-inflammatory cytokines, chemokines and interferons (IFNs). TLR 
agonists also induce the maturation of dendritic cells, a process required for naïve T 
cell priming. TLR agonists may also participate to the activation of innate and con-
ventional lymphoid cells.

Asea et al. reported that TLR2/TLR4 are involved in the activation of myeloid 
cells by HSP70 (Asea et  al. 2000, 2002), as evidenced by the production of the 
inflammatory cytokines IL-1β, TNFα and IL-12, and an elevated expression of the 
costimulatory molecule CD86. The HSP70-induced signaling was mediated via the 
MyD88/IRAK/NF-kB signaling pathway. The role played by TLR4 in the activation 
of dendritic cells and in the induction of a Th1 response by HSP70s was confirmed 
by others (Fang et al. 2011).
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TLR4 was initially described as an element of the multimeric LPS receptor 
which includes, in addition to TLR4, the binding elements CD14 and LBP and the 
accessory molecule MD2. Accordingly, the activation of APCs induced by HSP70 
requires CD14, in addition to TLR4; however, no data supported a direct binding of 
HSP70 to CD14 (Asea et al. 2000; Moroi et al. 2000). In line with the capacity of 
HSP70 to signal via TLR2/TLR4, several endogenous ligands have reported to bind 
to these molecules, including, in addition to other HSP (HSP60, HSP96), HMGB1, 
surfactant protein D (SP-D), fibrinogen, fibronectin, and hyaluronic acid (Bryant 
et al. 2015).

 CD91

CD91 is phosphorylated in response to HSP, triggering signaling cascades that ulti-
mately lead to the activation of NF-κB (Pawaria and Binder 2011). The stimulatory 
function of CD91 was confirmed in another study showing that the proliferation and 
cytokine production by CD4+ T cells in response to APC pulsed with complexes 
between HSP70 and antigenic peptides was inhibited by CD91 siRNA (Fischer 
et al. 2010). Accordingly, the CD91 ligand A2M acts as an adjuvant to prime CD8+ 
T cells in vivo (Kropp et al. 2010).

 CD40

MtbHSP70 induced a CD40-mediated production of numerous cytokines and che-
mokines, such as CCL3 (MIP1α) involved in the recruitment and activation of poly-
morphonuclear cells, CCL4 (MIP1β) chemotactic for numerous immune cells and, 
CCL5 (RANTES), chemotactic for T cells. This property can be explaind by the 
adjuvanticity of MtbHSP70 (Wang et al. 2001). The binding of MtbHSP70 to CD40 
induces an intracellular signaling via p38, associated with the internalization of the 
complex HSP70-CD40. P38 is a transduction molecule involved in the signaling 
cascade downstream CD40 that is involved in the production of pro-inflammatory 
cytokines, such as TNFα and IFNγ (Pullen et al. 1999).

 CCR5

C-C chemokine receptor type 5 (CCR5), also known as CD195, acts as a receptor 
for the C-C chemokines CCL3, CCL4, and CCL5, three chemokines induced by 
MtbHSP70. CCR5 is mainly involved in the attraction of T cells in specific tissues 
and organs. The signaling via CCR5 induces dendritic cell activation and aggrega-
tion and participates to the formation of the immune synapse between dendritic 
cells and T lymphocytes (Floto et al. 2006). The binding of MtbHSP70 to CCR5 
induces a Ca2+ signaling and the engagement of CCR5 participates in the 
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generation effector immune responses (MacAry et  al. 2004). In this study, the 
authors showed that the activation by MtbHSP70 was not dependent on TLR 
signaling.

 Cooperation Between Endocytic and Signaling Receptors

Except some HSP70-binding elements, such as CD91 and CD40 which can act as 
both endocytic and signaling receptors, several studies suggest that the activation of 
innate immune cells by HSP70 requires cooperation between an endocytic receptor 
and a signaling receptor. This mechanism of interaction is observed in several 
examples of innate immune cell activation by non self and altered self. Nevertheless, 
in most cases, this model is supported by indirect in vivo experiments using HSP70 
as a vaccine carrier molecule. As an example, Gong et al have demonstrated that the 
induction of antitumor immunity by HSP70 isolated from tumor-dendritic cell 
fusions is dependent on functional SR-F1 and TLR2/TLR4 expression by dendritic 
cells (Gong et al. 2009). In a similar manner, we have reported that targeting in vivo 
a vaccine antigen to SR-E1 is not sufficient to induce a protective antitumor response 
and that protection was only observed when antigen targeting was associated with 
the use of a TLR-activating adjuvant (Delneste et al. 2002). Interestingly, Mizukami 
et al showed that the cross-priming capacity of HSP70s was mediated by a TLR- 
independent mechanism, while the MyD88/IRAK signaling was required to induce 
tumor rejection (Mizukami et al. 2012).

 Hsp70 in the Regulation of Innate Immune Cell Activation

HSP70s, as other members of the HSP superfamily, induce antigen-specific immune 
responses, in vitro and in vivo, a process that requires activation of APCs. As a con-
sequence, several studies have reported that HSP70 induce the activation of innate 
immune cells, and especially myeloid cells.

 Activation of Myeloid Cells

In addition to their role as sentinels of the innate immune system, macrophages and 
dendritic cells also act as professional antigen-presenting cells. Although macro-
phages are only able to present antigens to memory T cells, dendritic cells have the 
unique capacity to prime naive T cells.  HSP70s can induce not only the cross- 
presentation but also the presentation of chaperoned peptides and coupled antigens 
to CD4+ and CD8+ T cells. The fact that HSP70s induce protective immune CD4+ 
and CD8+ T cell responses suggests that they are able to activate APCs. It is 
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important to mention that antigen presentation and cross-presentation induced by 
HSP70s involve the same endocytic and signaling receptors. As an example, CD91 
and scavenger receptors are involved in the activation of antigen-specific memory 
CD4+ T cells (Fischer et al. 2010). The role of HSP70 in the induction of CD4+ T 
cells has been also reported by other studies (Mycko et al. 2004; Tobian et al. 2004a, 
b; Wang et al. 2006).

As mentioned above, extracellular HSP70s induce the production of pro- 
inflammatory cytokines (TNFα, IL-1β, IL-6) and C-C chemokines by myeloid cells 
(Asea et  al. 2000, 2002; Redzovic et  al. 2015; Wang et  al. 2001). HSP70s also 
induce the production of IL-12 (Vabulas et al. 2002), a pro-Th1 cytokine, and of 
IL-15 (Redzovic et al. 2015), a cytokine involved in the activation of innate and 
adaptive cytotoxic lymphoid cells, as well as type I IFNs by plasmacytoid cells 
(Jacquemin et al. 2017). The activation of myeloid cells is also associated with an 
increase of expression of MHC-II and of the costimulatory molecules CD40, CD80 
and CD86 (Asea et al. 2002; Fang et al. 2011; Wang et al. 2002) which provide 
stimulatory signals required for optimal T cell activation.

Interestingly, HSP70s were reported to induce dendritic cell maturation (Kuppner 
et al. 2001; Vabulas et al. 2002; Wang et al. 2002), a process required to prime naive 
T cells against neo-antigens. Importantly, the capacity of HSP70 to activate and 
induce the maturation of dendritic cells supports their ability to generate immune 
responses in vivo, in the absence of adjuvant (Srivastava et al. 1998). As a conse-
quence of their dendritic cell-stimulatory activity, HSP70s have been reported able 
to convert T cell tolerance to autoimmunity in vivo, in a murine model of model of 
autoimmune diabetes (Millar et al. 2003). Studies also reported that an intratumoral 
infusion of HSP70 increase the infiltration of cytotoxic lymphoid and the produc-
tion of IFNγ (Shevtsov et al. 2014).

 Activation of Innate Lymphoid Cells

NK cells are innate lymphoid cells that play a pivotal role in the destruction of 
virus-infected cells and tumoral cells. Their activation is dictated by a delicate bal-
ance between stimulatory and regulatory signals (Narni-Mancinelli et al. 2013). The 
overexpression of HSP70 by tumor cells has been reported as a marker of tumor 
immunogenicity (Clark and Menoret 2001) and in vivo studies showed that tumors 
secreting HSP70s display increased immunogenicity, with induction of strong and 
specific CTL responses (Massa et al. 2004). Interestingly, CD94+ CD3- NK cells 
can recognize and kill membrane HSP70-positive tumor cells in a granzyme- 
dependent manner (Moser et  al. 2002; Multhoff et  al. 1995). The interaction of 
HSP70 with CD94 was demonstrated by competitive binding experiments (Gross 
et al. 2003a, b).

Moreover, in the absence of HLA-E expression, the activation of NK cells with 
the HSP70 peptide TKD render them cytotoxic against target cells (Bottger et al. 
2012; Gross et al. 2008). More intriguingly, Massa et al reported that the interaction 
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of HSP70 with NK cells may also participate in the initiation of antigen-specific T 
cell responses. More precisely, the authors demonstrated that the adjuvant activity 
of HSP70 requires NK cells at the site of dendritic cell-HSP70 interaction whereas 
its ability to induce antigen cross-presentation of chaperoned peptides is  independent 
of NK cells (Massa et al. 2005). A recent study reported that HSP70-positive exo-
somes derived from genotoxic drug-treated tumor cells induce the production of 
cytokines by CD56high NK cells in a TLR2-dependent manner (Vulpis et al. 2017).

 The Immune Properties of HSP70: An Unsolved Mystery

Innate immunity receptors act as immune sensors able to discriminate self from 
non-self and modified self. In most cases, the elimination of modified self does not 
activate immune cells, maintaining tissue homeostasis and preventing the initiation 
of a potentially harmful autoimmune response. Internalization without recruitment 
of a signaling receptor may lead to tolerance, as reported for the internalization of 
apoptotic cells. As an example, the interaction of TSP-1 with CD91 and CD36, two 
HSP70-binding elements, may participate to the tolerogenic status of dendritic cells 
after apoptotic cell phagocytosis (Poon et al. 2014). In agreement with these studies, 
the presentation of apoptotic-cell-derived antigens requires the presence of a TLR 
agonist in the same cargo as that of apoptotic cells (Blander and Medzhitov 2006).

However, most of innate endocytic receptors also recognize non self (microbes 
and microbial moieties) that induce a huge activation of immune cells. The concept 
of cooperation between endocytic and signaling receptors has thus emerged to 
explain this dichotomy. Innate cell activation induces the recruitment of signaling 
PRM after the binding of ligands to the endocytic receptor. In a similar manner, 
HSP70 endocytosis precedes signaling in myeloid cells (Kuppner et al. 2001; Moroi 
et  al. 2000). In contrast to early apoptotic cells, necrotic cells induce a pro- 
inflammatory response, thanks to the release of stimulatory endogenous molecules 
called alarmins. These alarmins, such as HMGB1, IL-33 and ATP, activate immune 
cells and participate in the initiation of antigen-specific immune responses. Based 
on the studies showing that HSP70s activate APCs, it has been proposed that HSP70 
may be considered as a danger signal. However, other authors refute to classify 
HSP70 as a DAMP (van Eden et al. 2012). Indeed, circulating HSP70 are detected 
in the serum of healthy subjects, without signs of inflammation. Moreover, different 
studies argue that the stimulatory activities of HSP70s are associated to the presence 
of contaminating molecules in HSP70 preparation.
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 Do HSP70 Interact with a Limited Number of Receptors?

To date, HSP70s have been reported to interact with a large variety of immune 
receptors. However, and even though most studies concur to recognize that HSP70 
are able to induce antigen (cross) presentation, different studies refuted the HSP70- 
binding capacity to some receptors. Although this initial study was confirmed by 
subsequent studies (Binder and Srivastava 2004; Salimu et al. 2015), authors con-
tested the fact that CD91 may be considered as an HSP-binding structure, either by 
using CD91null cells or by demonstrating that the binding of HSP to CD91 was not 
altered by the conventional CD91 ligand activated α2 macroglobulin (A2M*) or the 
CD91 antagonist molecule, receptor-associated protein (RAP) (Berwin et al. 2002). 
Moreover, although highly expressed on macrophages, the expression of CD91 is 
very low on dendritic cells, suggesting that its role in in vivo T cell priming should 
be marginal. Moreover, Theriault et al. reported that scavenger receptors, but not 
CD40 and CD91, are the main HSP70-binding elements (Theriault et al. 2005). In a 
similar manner, Bendz et al have shown that the cross-presentation capacity of dif-
ferent dendritic cell subsets was equivalent, irrespective of the level of CCR5 
expression (Bendz et al. 2008).

HSP70 are endogenous molecules that, theoretically, cannot activate APCs. 
Nevertheless, several studies reported that HSP70s can directly activate myeloid 
cells (and, at a lower extent, lymphoid cells) via innate receptors, such as TLR4. All 
the studies reporting a direct stimulatory activity of HSP70 claimed that this process 
was independent of contaminating molecules, especially endotoxins (Wang et al. 
2010). However, independent studies reported that contaminating endotoxins were 
responsible for the activation of myeloid cells (Bausinger et al. 2002; Gao and Tsan 
2003, 2004). Another study reported that calcium signaling induced by human 
HSP70 and MtbHSP70 may be caused by contaminating nucleotides (Bendz et al. 
2008).

 The Immunoregulatory Properties of HSP70

HSP70s are highly conserved molecules which can be released in the extracellular 
milieu. Consequently, the initiation of HSP70-specific immune responses remains 
exceptional. Contrary to the vast majority of studies, some authors have reported 
that HSP70 exhibit regulatory properties (reviewed in (Borges et al. 2012; van Eden 
et  al. 2005). The initial study on a potential regulatory role for HSP70s was the 
demonstration that MtbHSP70 has an anti-inflammatory role in an in vivo model of 
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autoimmune arthritis model (van Eden et al. 1998). The anti-inflammatory and pro-
tective roles of HSP70s and of selected HSP70 peptides have been thereafter 
reported in different models of severe or chronic inflammation (Vinokurov et al. 
2012; Yurinskaya et  al. 2009), infection (Kimura et  al. 1998) and skin allografts 
(Borges et al. 2010). Extracellular HSP70s also induce endotoxin tolerance in mac-
rophages (Aneja et al. 2006).

At the cellular level, HSP70 have been also reported to inhibit the maturation of 
dendritic cells, to induce the differentiation of monocyte-derived dendritic cells into 
tolerogenic cells (Motta et al. 2007; Stocki and Dickinson 2012) and to potentiate 
the suppressive activity of myeloid derived suppressive cells (MDSC) (Diao et al. 
2015). By inducing suppressive myeloid cells, HSP70s increase the immunosup-
pressive activity of CD4+ CD25+ FoxP3+ regulatory T cells (Wachstein et  al. 
2012); regulatory T cells (Treg) have the unique capacity to dampen inflammation 
and to maintain an immunoregulatory environment (Josefowicz et al. 2012). HSP70s 
also favor the production of immunosuppressive Th2 cytokines by CD4+ T cells 
(Tsan and Gao 2004).

Macrophages are involved in numerous processes, such as immune surveillance 
and wound healing. A binary classification has thus been proposed to define their 
functional polarization with M1 and M2 cells representing the extremes of a con-
tinuum of polarization profiles. M1 cells exhibit antimicrobial and antitumor prop-
erties while M2 cells, mainly involved in tissue homeostasis and repair, exhibit 
immunoregulatory and protumoral properties. In established solid tumors, tumor- 
associated macrophages (TAM) exhibit a M2 phenotype (Mantovani et al. 2017). As 
examples, SR-A1 promotes tumor progression in murine models of ovarian and 
pancreatic cancer (Neyen et al. 2013a, b). HSP70s favor the polarization of macro-
phages into regulatory M2 cells (Lopes et al. 2014). An intriguing study recently 
reported that HSP70 regulates the M2-like polarization of tumor-associated macro-
phages in a SR-A1-dependent manner, favoring in vivo glioma regression (Zhang 
et al. 2016). However, whether this mechanism can be extended to other HSP70- 
binding elements, and especially scavenger receptors and C-type lectins, remains 
unknown.

The immunoregulatory activity of HSP70 was demonstrated to be dependent on 
the induction of the suppressive cytokine IL-10 by myeloid cells ((Detanico et al. 
2004; Kimura et  al. 1998; van Eden et  al. 2005; Wendling et  al. 2000). HSP70- 
induced IL-10 may then favor the generation of regulatory cells (Treg) as Treg cell 
depletion completely abolished this effect (Hauet-Broere et al. 2006). The capacity 
of HSP70 to favor a M2 polarization was also suspected dependent on the induction 
of IL-10 (Lopes et al. 2016). More recent studies have shown that the capacity of 
HSP70 to inhibit the production of IL-10 is driven by a down-regulation of the tran-
scription factors C/EBPβ and C/EBPδ (Borges et al. 2013); this inhibition was cor-
related with a decreased production of pro-inflammatory cytokines and abrogated 
upon pretreatment of cells with ERK and JAK2/STAT3 inhibitors. These results are 
in agreement with studies reporting the pivotal role played by STAT3 in the estab-
lishment of an immunoregulatory environment (Yu et al. 2007). More intriguingly, 
Chandarwakar et al reported that the regulatory versus stimulatory activity of HSP 
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was dependent on their concentrations with low doses being efficient to initiate 
antitumor immune responses and high doses being inefficient or even immunosup-
pressive (Chandawarkar et al. 1999).

 Can SIGLEC4/15 Reconciliate Stimulatory and Regulatory 
Immune Properties of HSP70?

In 2015, Fong et al reported that the immune properties of extracellular HSP70s are 
mediated via the receptors Siglec-5 and Siglec-14 (Fong et al. 2015). Siglecs are 
transmembrane sialic acid-binding immunoglobulin-like lectins mainly expressed 
on leukocytes (Macauley and Paulson 2014; Schwarz et  al. 2015). Siglec-5 and 
Siglec-14 belong to the rapidly evolving CD33-related Siglecs (CD33rSiglecs) fam-
ily (Angata 2006). Siglec-5 and Siglec-14 are immune-suppressive and immune- 
activating paired receptors. This study reported that HSP70s bind Siglec-5 and 
Siglec-14 in a sialic-acid independent manner and that Hsp70 suppresses inflamma-
tion through Siglec-5 while, in contrast, its augments inflammation through 
Siglec-14. Interestingly, Siglec-5 and Siglec-14 can interact with other HSP70- 
binding elements, such as TLR and scavenger receptors/C-type lectins which have 
been defined as HSP70-binding elements. In addition to shed new light on the com-
plexity of the biology of extracellular HSP70, this study provides an elegant molec-
ular demonstration of the dichotomous immune properties of HSP70s and may help 
clarifying contradictory studies on the immune properties of HSP70s.

 HSP70-Based Strategies to Induce Protective Immune 
Responses

Even though the intrinsic immune properties of HSP70 remain unclear, most authors 
agree on the fact that HSP70s represent unique vehicles to induce protective antitu-
moral and antimicrobial CD8+ and CD4+ T cell responses in vivo (Blachere et al. 
1997; SenGupta et al. 2004; Udono et al. 1994; Udono and Srivastava 1993), thanks 
to their capacity to carry exogenous antigens into MHC-I and MHC-II antigen pre-
sentation pathways in professional APCs (Castellino et al. 2000; Srivastava 2002). 
Accordingly, different vaccine strategies have been proposed based on these unique 
immune properties. A recent review summarized some ongoing antitumoral vaccine 
clinical trials using HSP (Shevtsov and Multhoff 2016). In this paragraph are only 
mentioned the different HSP70-based vaccine strategies to induce protective antitu-
mor and antiviral immune responses.

The initial HSP70-based vaccine strategies relied on the peptide-biding capacity 
of HSP. Vaccines contained HSP70 isolated from tumor (or virus infected) cells 
(Noessner et al. 2002). In this approach, the antigen specificity is determined by the 
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chaperone-assisted peptides, allowing proposing individual vaccines irrespective of 
the nature of the vaccine antigens and of the MHC restriction (Suto and Srivastava 
1995). HSP70s can be also isolated from the supernatants of apoptotic or stressed 
tumor cells (Chen et al. 2009; Masse et al. 2004) or from HSP70-transfected tumor 
cells (Massa et al. 2004). An original approach was the use of HSP70 isolated from 
dendritic/tumor cell fusion which induce potent antigen-specific antitumor immune 
responses, superior to the one of HSP70 isolated from tumor cells. (Enomoto et al. 
2006). Another peptide-based approach is to reconstitute HSP-peptides complexes 
with immunodominant tumor antigen peptides (Blachere et al. 1997). Vaccinations 
with dendritic cells pulsed with tumor-derived HSP70 can also induce protective 
immune responses (Toomey et al. 2008).

Other strategies are based on the capacity of HSP70 to target dendritic cells 
in vivo, allowing the antigen to get access to the antigen presentation pathways. In 
this case, HSP70, coupled to the vaccine antigen, is used as a vaccine vehicle. 
Vaccine antigens can be chemically coupled to HSP70 (Delneste et  al. 2002) or 
produced as a recombinant fusion molecule (Zhang and Huang 2006). Fusion pro-
teins, consisting in HSP70 coupled to a vaccine antigen, have been validated using 
several different tumor antigens, such mesothelin, MAGE-1, PSA, carcinoembyonic 
antigen and Her2/neu (Ge et al. 2009; Yuan et al. 2014; Dong et al. 2013; Jiang et al. 
2013; Pakravan et al. 2010; Wu et al. 2005) as well as viral antigens, such as the 
HPV16 E7 antigen and a dominant epitope of the EBV latent protein 2A (Zong 
et al. 2009, 2013).

Based on its immunostimulatory properties, other strategies use HSP70s as an 
adjuvant molecule for vaccines using tumor cell lysates (Wang et al. 2010; Li et al. 
2010) or DNA vaccines as a source of antigens (Li et al. 2007; Zhang et al. 2007; 
Farzanehpour et al. 2013; Garrod et al. 2014) or in classical subunit vaccines (Lewis 
et  al. 2014; Li et  al. 2010; Shevtsov et  al. 2014) to initiate effective immune 
responses. Nevertheless, in order to ameliorate the efficacy of the vaccine or to 
overcome the tumor immunosuppressive environment, several studies associated 
HSP70 vaccines with an adjuvant. In most cases, combining HSP70 vaccine with 
adjuvant (Delneste et al. 2002) or CD40L (Gao et al. 2012) induced more potent 
protective immune responses.

 Conclusions

The identification of tumor-associated antigens and the presence of circulating 
tumor specific cytotoxic T lymphocytes (CTLs) in tumor-bearing patients suggested 
that initiating a protective antitumor immune response is feasible. A lot of work was 
thus done to propose antitumor vaccine strategies, such as the use of recombinant 
virus encoding human tumor antigens, tumor cell-derived exosomes or nucleic acid- 
based vaccines. Following the identification of the antigen cross-presentation pro-
cess, numerous studies aimed at identifying carrier proteins that may selectively 
target and activate immature dendritic cells in vivo. HSP70s have thus emerged in 

Y. Delneste et al.



193

the 1990s as powerful vaccine vehicles to initiate potent and protective antitumoral 
(and antiviral) CD8+ T cell immune responses. This remarkable property is related 
to the ability of extracellular HSP70s to interact with innate immune receptors 
involved in antigen cross-presentation. The initiation of an antigen-specific CD8+ T 
cells response against a neo-antigen requires that dendritic cells are fully activated. 
In agreement with their vaccine potentials, the initial studies suggested that HSP70s 
are intrinsically able to activate APCs. However, the exact nature of PRM involved 
in the immune properties of HSP70s remains, to date, controversed. Members of the 
scavenger receptor family appear as the less discussed endocytic receptors. 
Contrastingly, whether HSP70s are suppressive or stimulatory molecules remain 
debated. Based on the current view of the capacity of the innate immune system to 
maintain immune homeostasis in response to modified self, one could hypothesize 
that HSP70s are not stimulating molecules. Nevertheless, to precisely determine the 
immune status of HSP70s remains a big challenge that would allow reevaluating 
their therapeutic use.
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Abstract The maturation, storage and degradation of RNAs occur in RNA-protein 
membrane-less assemblies that have properties of liquid droplets and arise from the 
surrounding aqueous cytoplasm or nucleoplasm through a process known as liquid- 
liquid phase separation. In healthy cells, ribonucleoprotein (RNP) granules are 
highly dynamic compartments. In contrast, in aging cells or due to environmental 
stresses or genetic mutations, RNP granules, in particular stress granules (SGs), 
convert into solid, aggregate-like inclusions. The accumulation of these RNA- 
protein inclusions is linked to an increasing number of age-related neurodegenera-
tive diseases, such as amyotrophic lateral sclerosis and frontotemporal dementia. 
Thus, a detailed understanding of the molecular causes underlying the conversion of 
liquid-like RNPs into aggregates and the identification of the cellular players that 
can prevent this conversion may represent a valid approach to combat these 
diseases.

In this book chapter, we summarize the current knowledge about stress granule 
formation. We focus on recent findings demonstrating that liquid-like SGs can 
sequester aggregation-prone misfolded proteins with detrimental consequences for 
SG dynamics and functionality. We further discuss a specific protein quality control 
process, referred to as granulostasis, which prevents the accumulation of misfolding- 
prone proteins in SGs, thereby maintaining the physiological state of SGs and 
ensuring timely SG disassembly.

Simon Alberti and Serena Carra contributed equally to this work.

D. Mateju · S. Alberti (*) 
Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany
e-mail: alberti@mpi-cbg.de 

L. Mediani · F. F. Morelli · S. Carra (*) 
Department of Biomedical, Metabolic and Neural Sciences, Center for Neuroscience and 
Neurotechnology, University of Modena and Reggio Emilia, Modena, Italy
e-mail: serena.carra@unimore.it

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89551-2_10&domain=pdf
mailto:alberti@mpi-cbg.de
mailto:serena.carra@unimore.it


206

Keywords Membrane-less compartments · Molecular chaperones and co- 
chaperones · Neurodegenerative diseases · Phase transition · Protein aggregation · 
Stress granules

Abbreviations

AD Alzheimer’s disease
ALS amyotrophic lateral sclerosis
BAG Bcl-2 associated athanogenes
CCT/TRiC chaperonin-containing t-complex polypeptide 1/TCP-1 ring complex
CHIP carboxyl terminus of Hsc70-interacting protein
FTD frontotemporal dementia
FUS fused in sarcoma
HD Huntington’s disease
hnRNPA1 heterogeneous nuclear ribonucleoprotein A1
HSP heat shock proteins
IBM inclusion body myopathy
IDP intrinsically disordered protein
IDR intrinsically disordered region
LC3 microtubule-associated protein 1A/1B-light chain 3
LCS low-complexity sequences
mTOR mammalian target of rapamycin
NEFs nucleotide-exchange factors
PD Parkinson’s disease
PML promyelocytic leukemia protein
PQC protein quality control
RACK1 receptor for activated C kinase 1
RAN repeat-associated non-ATG
RBP RNA-binding protein
RNP ribonucleoprotein particle
SG stress granule
SOD1 superoxide dismutase 1
SQSTM1 sequestosome 1
TDP-43 TAR DNA-binding protein 43
TIA-1 T-cell intracellular antigen 1
TRAF TNF receptor associated factor
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 Introduction

Protein homeostasis refers to the ability of cells to maintain a healthy equilibrium 
between protein synthesis, folding, assembly and protein clearance (Morimoto and 
Cuervo 2014). Protein homeostasis is maintained by the protein quality control 
(PQC) system and is essential for the function and viability of eukaryotic cells. 
However, cells are constantly challenged by changes in their environment, such as 
temperature upshift, changes in salinity and osmolarity, exposure to environmental 
toxic agents and oxidative stress. These environmental changes cause protein 
unfolding and/or misfolding, thereby perturbing protein homeostasis and increasing 
the risk of protein aggregation. But even in absence of external stressors, a large 
fraction of proteins is constantly at risk for aggregation, because it is present at 
barely soluble, supersaturated concentrations (Ciryam et al. 2015). This is particu-
larly true for proteins that contain regions of low sequence complexity. Under phys-
iological conditions, these low complexity domains promote protein assembly into 
higher order macromolecular complexes, or membrane-less compartments, which 
are thought to exert specific cellular functions. Examples of membrane-less com-
partments are cytoplasmic ribonucleoprotein (RNP) particles, such as stress gran-
ules, and nuclear bodies including speckles, paraspeckles, nucleoli, PML (Banani 
et al. 2017). However, the presence of low complexity domains also makes these 
proteins prone to misfold and irreversibly aggregate. Thus, to maintain an intact and 
functional proteome, cells depend on the optimal functionality of the PQC system 
and imbalances in that system will inevitably lead to loss of protein homeostasis and 
accumulation of protein aggregates, with severe consequences on cell viability. In 
agreement, there are many neurodegenerative and neuromuscular diseases, referred 
to as protein conformational diseases, which are characterized by the accumulation 
of proteinaceous aggregates (Chiti and Dobson 2006). Not surprisingly, recent 
genetic and experimental evidence has demonstrated the accumulation of low com-
plexity proteins in pathological proteinaceous aggregates in e.g. amyotrophic lateral 
sclerosis (ALS), Alzheimer’s disease (AD), frontotemporal dementia (FTD), 
Parkinson’s disease (PD), Huntington’s disease (HD) and inclusion body myopa-
thies (IBM). Most importantly, genetic mutations in these proteins that enhance 
protein misfolding and aggregation have been documented and are causative for 
protein conformation diseases (Banani et al. 2017; Knowles et al. 2014).

In this chapter, we will provide a general introduction to the PQC. In particular, 
we will focus on the HSP70 chaperone machine and the BAG family of co- 
chaperones and how they regulate protein homeostasis. We will then summarize 
recent findings demonstrating that pathological aggregates may arise from the 
deregulated assembly of low complexity proteins into membrane-less compart-
ments, focussing on stress granules. Finally, we will examine emerging evidence 
showing that specific components of the PQC act in concert to prevent the patho-
logical conversion of stress granules into irreversible aggregates.
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 Protein Quality Control: Protein Folding and Degradation 
in Balance

To preserve the proteome, prokaryotic and eukaryotic cells evolved a sophisticated 
PQC system that assists proteins in their folding, assembly and translocation from 
the moment of their synthesis and throughout their life, until their destruction (Hartl 
et al. 2011). The PQC system includes molecular chaperones, co-chaperones and 
degradation systems, namely ubiquitin-proteasome system and the autophagolyso-
somal system. Molecular chaperones recognize and transiently bind to hydrophobic 
regions of unfolded or partially folded proteins, preventing their premature or aber-
rant folding and avoiding their aggregation (Hartl et  al. 2011). Many heat shock 
protein (HSP) family members function as molecular chaperones (Ellis and Hartl 
1999). The human genome encodes for more than 100 different HSP that are classi-
fied in 7 families based on their molecular weight: HSPH (HSP110), HSPC (HSP90), 
HSPA (HSP70), DNAJ (HSP40), HSPB (small HSP), the human chaperonin fami-
lies HSPD/E (HSP60/HSP10) and CCT/TRiC (Kampinga et al. 2009). While some 
HSP are constitutively expressed and not induced by stress (e.g. HSPA8), others are 
both constitutively expressed and upregulated upon stress (e.g. HSPA1A) or only 
expressed upon exposure of the cells to specific stressors (e.g. HSPA6) (Morimoto 
and Cuervo 2014). Together, these families of HSP constitute the cellular chaperone 
network, of which HSPAs are a central and crucial component. Specialized types of 
HSPAs assist the cotranslational folding and interact with the nascent polypeptide as 
it emerges from the ribosome tunnel and in the cytoplasm. Acting in concert with the 
HSP40/DNAJs co-chaperones, these specialized HSPAs detect the unfolding states 
of the nascent polypeptides during their elongation and recruit specific degradation 
factors to destroy defective nascent chains, which may exert potentially toxic effects 
(Beckmann et al. 1990; Gloge et al. 2014). When nascent chains are terminated, they 
are released in the cytoplasm to exert their functions or they translocate, with the 
assistance of specific chaperones to their final destination. For example, HSPA8 
facilitates the transport of proteins across the mitochondrial membrane (Stojanovski 
et al. 2012). Alternatively, when proteins cannot be completely folded by the HSPAs, 
they are transferred to the chaperonins or to the HSP90/HSPCs, which can also 
handle specific client proteins independently of HSPAs (Buchner 1999).

 HSPA and the Bag Family of Co-chaperones

In contrast to HSPBs, which possess no ATPase activity and are generally consid-
ered as “holdases”, HSPAs hydrolyze ATP to cyclically release the unfolded sub-
strate, which will spontaneously fold until it will reach its native state. HSPAs are 
thus considered as “foldases”. When bound to ADP, HSPAs have a high binding 
affinity for the substrate, but substrate binding and release rate is low. Instead, bind-
ing of HSPAs to ATP increases the association and dissociation rates for the 
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substrate, substantially decreasing the affinity for the substrate (10- to 50-fold) 
(Mayer and Bukau 2005; Schmid et al. 1994). Although essential for HSPA chaper-
one function, their intrinsic ATPase activity is very low and requires the stimulation 
by specific co-chaperones. These include the HSP40s/DNAJs and nucleotide- 
exchange factors (NEFs), such as the BAG (Bcl-2 associated athanogenes) family 
of proteins (BAG1-6), HSPBP1 and HSPHs (Andreasson et al. 2008; Laufen et al. 
1999; Mayer et al. 2000; Takayama and Reed 2001). Co-chaperones with J domains 
stimulate the ATPase activity of HSPAs, whereas the NEFs assist protein folding by 
accelerating ADP-ATP exchange on HSPAs (Laufen et al. 1999; Mayer et al. 2000; 
Xu et al. 2008). As a consequence, DNAJs mainly confer client specificity to the 
HSPAs, while NEFs are thought to be mainly involved in client fate, including client 
degradation (Kampinga and Craig 2010). This is exemplified by BAG1 and BAG3, 
which target HSPA-bound substrates to the proteasome and macroautophagy sys-
tem, respectively, for degradation (Alberti et al. 2002; Carra et al. 2008; Demand 
et al. 2001; Qian et al. 2006).

BAG1 possesses an ubiquitin-like domain and interacts with CHIP, an E3 ligase 
that ubiquitinates the HSPA-bound substrates and negatively regulates the folding 
and ATPase activities of HSPAs. Consequently, the BAG1-HSPA-CHIP complex 
promotes the transfer of HSPA-bound ubiquitinated clients to the proteasome for 
disposal (Alberti et al. 2002; Demand et al. 2001). In contrast to BAG1, BAG3 lacks 
the ubiquitin-like domain, but rather it acts as a scaffold that simultaneously recruits 
different players. BAG3 possesses two IPV motifs required for binding to HSPBs. 
Although BAG3 can bind to several members of the HSPB family (HSPB1- 
HSPB10), experimental evidence obtained in test tube, cell cultures and tissue 
extracts demonstrates that BAG3 has the highest binding affinity for HSPB8 (Carra 
et  al. 2008; Fuchs et  al. 2009; Rauch et  al. 2017). BAG3 also contains a PXXP 
region that allows it to interact with the retrograde motor protein dynein (Carra et al. 
2008; Gamerdinger et al. 2011). Moreover, BAG3 also interacts with the autophagy 
receptor p62/SQSTM1, a protein capable of simultaneously binding to ubiquiti-
nated proteins and the autophagosome anchored protein LC3-II (Bjorkoy et  al. 
2005; Gamerdinger et al. 2011). Therefore, it has been proposed that the HSPB8- 
BAG3- HSPA complex promotes the retrograde transport of HSPB8-HSPA-bound 
clients to the microtubule organization center (MTOC). Here, at the MTOC, the 
exceeding amounts of misfolded proteins are accumulated and stored in form of 
aggresome. The latter can be efficiently engulfed, and subsequently cleared, by the 
autophagic vacuoles, which are also retrogradely transported and concentrated at 
the MTOC (Carra et al. 2008; Gamerdinger et al. 2011; Minoia et al. 2014). Thus, 
BAG3 regulates the processing of both HSPA- and HSPB-bound clients; in particu-
lar, HSPAs will promote the release of the HSPB-bound substrate for subsequent 
refolding or targeting to aggresome or autophagosomes. Interestingly, while the 
BAG domain is highly conserved in all the six BAG proteins and represents the 
signature of the BAG family of proteins, only BAG3 possesses the IPV motifs that 
are required for binding to HSPBs. The ability of BAG3 to simultaneously bind to 
HSPBs and HSPAs (Rauch et al. 2017) and modulate the fate of their clients might 
explain why, among the six BAG proteins, it is the only one that is induced upon 
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proteotoxic stress conditions (Gamerdinger et  al. 2009; Minoia et  al. 2014). 
Moreover, BAG3 has the highest binding affinity for HSPAs compared to the other 
BAG proteins (Rauch and Gestwicki 2014). These findings suggest that, under pro-
teotoxic stress conditions or during aging, when BAG3 levels are induced, the fate 
of the majority of the HSPA-bound clients will be dictated by BAG3, and to a lesser 
extent by BAG1, whose expression levels remain unchanged or even decrease 
(Gamerdinger et al. 2009).

Combined these data support the interpretation that the HSPB8-BAG3-HSPA 
complex plays a crucial role in the maintenance of protein homeostasis, especially 
under stressful conditions and during aging (Gamerdinger et al. 2009). This inter-
pretation is further supported by genetic evidence linking mutations of the HSPB8- 
BAG3- HSPA complex to inherited diseases, including motor neuropathies, 
myopathies and cardiomyopathies. In particular, the K141E and K141N mutations 
of HSPB8 linked to motor neuropathies decrease the ability of HSPB8 to bind to 
BAG3 and negatively impair its chaperone-like activity (Carra et  al. 2010; Irobi 
et al. 2004; Shemetov and Gusev 2011). Moreover, the P209L mutation of BAG3, 
which is located within the HSPB-binding motif, leads to a severe form of myopa-
thy with yet unknown mechanisms (Selcen et al. 2009).

 Protein/RNA Aggregates in Neurodegenerative Diseases

Protein misfolding frequently occurs in cells. Under normal growth conditions, the 
capacity of the PQC system is sufficient to deal with misfolded proteins either by 
refolding or degradation. However, the functionality of the PQC machinery can be 
compromised by chronic stress or genetic mutations. This can cause disruptions in 
the balance between protein folding, misfolding, and degradation. In such cases, we 
observe that misfolded proteins accumulate in cells and form aggregates of tightly 
interacting proteins. When aggregates and misfolded proteins persist for extended 
times, this can lead to a pathological condition. Indeed, protein aggregates are a 
defining feature of various types of age-related disorders, including Alzheimer’s, 
Parkinson’s and Huntington’s disease as well as fronto-temporal dementia (FTD) 
and amyotrophic lateral sclerosis (ALS). Why the accumulation of protein aggre-
gates causes a pathological state is not completely understood. There is evidence for 
both gain-of-function and loss-of-function effects upon protein misfolding, but the 
specific molecular effects may differ from protein to protein (Hipp et al. 2014). One 
striking feature of protein misfolding diseases is that they most frequently affect the 
nervous system. The reasons for this tissue specificity are still debated. Possible 
explanations are the long life-time of neurons, the complex neuronal morphology or 
the specific metabolic needs of neurons.

One protein folding disorder, ALS, has received a lot of attention in recent years. 
ALS is characterized by the degeneration of motor neurons, which is followed by 
progressive muscle atrophy, usually leading to death within 3–5 years of disease 
onset (Morgan and Orrell 2016). ALS is the most common motor neuron disorder 
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with a life time risk of 1 in 400. The disease is rare in young individuals, but the risk 
increases exponentially with age. ALS cases are divided into familial and sporadic 
forms with unknown aetiology. Although there is evidence that environmental fac-
tors increase the risk of ALS, the disease appears to have a very strong genetic 
component. Regardless of whether ALS is due to genetic or environmental causes, 
the affected motor neurons and their neighbouring cells share one characteristic 
feature; they contain cytosolic protein aggregates, which are composed of specific 
proteins such as SOD1, TDP-43, FUS, and/or hnRNPA1 (Ruegsegger and Saxena 
2016; Scotter et al. 2015).

Genetic studies of families with recurrent cases of ALS and FTD have given us 
important insight into the molecular underpinnings of ALS. ALS-causing mutations 
have been identified in genes coding for SOD1, FUS and TDP-43, the very same 
proteins that are frequently aggregated in patient tissues (Kwiatkowski et al. 2009; 
Rosen et al. 1993; Sreedharan et al. 2008; Vance et al. 2009). Typically, these ALS- 
associated mutations increase the propensity of these proteins to misfold and aggre-
gate (Ruegsegger and Saxena 2016). More recent findings have implicated repeat 
expansion mutations in the C9orf72 gene as the most frequent cause of familial 
ALS.  In these cases, the toxicity might arise from the repeat-containing RNA as 
well as from the encoded proteins; C9orf72 repeat RNAs have been shown to 
deplete cells of important factors that are required for nucleocytoplasmic shuttling 
(Freibaum et al. 2015; Jovicic et al. 2015; Zhang et al. 2015); in addition, there is 
evidence that expansions in C9orf72 promote spurious translation events, called 
RAN (repeat-associated non-ATG) translation, which leads to the production of 
aggregation-prone and highly toxic dipeptide repeat proteins (Ash et al. 2013; Mori 
et  al. 2013). Importantly, there are additional, often rare mutations that do not 
increase the aggregation propensity of proteins. These genetic mutations have been 
identified in PQC factors, such as the autophagy receptors p62/SQSTM1 or optineu-
rin (Taylor et al. 2016b). Together, these findings suggest that ALS arises due to a 
disruption of protein homeostasis and formation of protein aggregates that cannot 
be cleared.

Findings in recent years have provided evidence for another important disease 
mechanism: ALS-associated proteins often have functional roles in RNA metabo-
lism (Li et al. 2013). The ALS proteins TDP-43 and FUS for example bind RNA and 
regulate various steps in transcription and RNA processing. This suggests that mis-
regulation of RNA homeostasis could be an important disease mechanism. This idea 
has further been bolstered by the finding that C9orf72 patients contain aberrant 
repeat RNAs that sequester diverse RNA-binding proteins (Barker et  al. 2017). 
Recently, the focus has moved to the role of these proteins and RNAs in forming 
large RNA/protein assemblies or RNP granules. One particular type of RNP gran-
ule, called stress granules (SGs), has emerged as a nexus of ALS and other protein 
misfolding diseases. This idea has been further supported by the recent finding that 
mutations in the gene encoding for TIA-1, an RNA-binding protein that participates 
in RNA metabolism and drives the assembly of SGs, is causative for ALS and FTD 
(Mackenzie et al. 2017).
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SGs form in response to stress conditions such as oxidative stress or heat stress 
(Li et al. 2013). The assembly of SGs is thought to be a protective response, which 
contributes to silencing of mRNA translation and storage of non-translating mRNA 
during cellular stress (Buchan 2014; Li et al. 2013). Moreover, SGs are also involved 
in the regulation of signaling pathways, such as mTOR, TRAF2 and RACK1, by 
sequestering key signaling proteins (Arimoto et al. 2008; Kim et al. 2005; Takahara 
and Maeda 2012). In agreement with these important functional roles, SGs are 
increasingly implicated in age-related diseases such as neurodegeneration and can-
cer (Li et al. 2013; Protter and Parker 2016). SGs are membrane-less organelles with 
material properties of dynamic viscous liquids. For a long time, it was mysterious 
how these compartments form in the absence of membranes. However, it is now 
becoming clear that SG assembly relies on a special class of compartment-forming 
proteins. Importantly, these compartment-forming proteins often misfold and aggre-
gate in ALS and FTD patients and frequently carry mutations that affect the dynam-
ics and functionality of SGs.

 Intrinsically Disordered Proteins, Membrane-Less 
Compartments and Protein Conformational Age-Related 
Diseases

FUS and TDP-43 are two ALS- and FTD-associated proteins that have been impli-
cated in the formation of SGs. The primary sequences of these two proteins are very 
unusual because they contain so-called low-complexity sequences (LCS). The 
amino acid composition of such LCS is biased towards only a small subset of the 20 
natural amino acids. Another characteristic is that LCS contain repeats of very short 
amino acid motifs. LCS impart unusual biochemical properties on proteins, because 
they do not fold into a three-dimensional structure but adopt a range of different 
conformational states. This ability to adopt different conformations is critical for the 
functionality of these proteins.

FUS and TDP-43 are a subclass of LCS proteins called prion-like proteins, 
because the amino acid composition of their LCS resembles that of yeast prion 
domains (Alberti et al. 2009; King et al. 2012). Prion domains are characteristically 
enriched for asparagines, glutamines, tyrosines and serines and they have a propen-
sity to form self-propagating amyloid fibrils (March et al. 2016). These amyloid 
fibrils can promote heritable phenotypic variation in fungi and have been associated 
with diseases such as prion disease in humans. However, it is now emerging that 
amyloid or prion formation is often not the function for which these proteins have 
been selected by evolution. Rather amyloid and prion formation often seems to be a 
structural and functional aberration of these domains, which manifests when an 
organism loses control over the conformational dynamics of these proteins.

Recent biochemical studies with prion-like proteins have given us important 
insight into the molecular function of prion-like domains. The current model is that 
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these domains promote the formation of membrane-less compartments such as RNP 
granules through a process called liquid-liquid phase separation (LLPS) (Molliex 
et al. 2015; Murakami et al. 2015; Patel et al. 2015). In LLPS an initially homoge-
nous solution of molecules separates (“demixes”) into two phases, one that is 
enriched for the molecule and one that is depleted. When the conditions are stable, 
these two phases can co-exist indefinitely, while the molecules in the dense and 
depleted phase are in equilibrium with each other and undergo dynamic interac-
tions. This has for example been demonstrated for the protein FUS (Patel et  al. 
2015). When purified FUS protein is exposed to low salt or low temperature condi-
tions, it demixes from solution into a protein-dense and protein-depleted phase. The 
dense phase has properties of a liquid, as demonstrated by the fact that the FUS 
molecules undergo rapid rearrangements and movement within the compartment. 
Moreover, when two dense liquid FUS droplets touch, they fuse rapidly and relax 
into a larger droplet. Despite the dynamic nature of these assemblies, they can con-
centrate proteins against steep concentration gradients. In addition, they are sur-
rounded by an interface that acts as a boundary and a selectivity filter, thus allowing 
these droplets to function as compartments with distinct composition. This suggests 
that prion-like proteins have been shaped by evolution to promote the formation of 
membrane-less compartments with properties of dynamic liquids. Importantly, 
prion-like domains plays a key role in this process, because their removal prevents 
phase separation and compartment formation (Molliex et al. 2015; Patel et al. 2015). 
The current thinking is that prion-like domains provide the molecular platform for 
the weak multivalent interactions that are required for the formation of liquid drop-
let compartments.

Although prion-like proteins initially form liquid droplet compartments, these 
droplets are metastable and mature into a more solid form with time. For example, 
the liquid droplets formed from purified FUS protein harden when incubated for 
several hours in the test tube (Patel et al. 2015). Initially, these hardened FUS drop-
lets have properties of gels, but later these gels convert into solid-like fibrils. These 
fibrils are reminiscent of inclusion structures seen in ALS and FTD patients. This 
has led to the hypothesis that this conversion from liquid to solid is an aberrant 
phase transition that is associated with disease (Patel et al. 2015). This is strongly 
supported by experiments with mutant versions of FUS that have been identified in 
ALS patients. For example, the presence of a point mutation in the prion-like 
domain of FUS strongly accelerates the rate with which the FUS protein converts 
into a solid state (Patel et al. 2015). Similar findings have been reported for ALS- 
associated mutations in the prion-like proteins hnRNPA1 and TIA-1 (Mackenzie 
et al. 2017; Molliex et al. 2015). This suggests that the inherent propensity of pro-
teins to form liquid droplet compartments has to be tightly controlled, because oth-
erwise it will lead to a disease state.

In agreement with this model, RNP granules such as SGs initially have properties 
of dynamic liquid droplets in living cells, but they can turn into a more solid- like 
state, for example when the inducing stress conditions are too severe (Mateju et al. 
2017). Once formed, such SGs persist, meaning that they do not dissolve anymore 
when the stress conditions subside. It has been hypothesized that these persisting 
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“aberrant” SGs could slowly convert into cytotoxic inclusions that cause disease 
(Alberti et al. 2017). In agreement with this idea, the nervous tissue of ALS and FTD 
patients often contains inclusions that are enriched for various SGs components, 
such as the proteins TIA-1, FUS and TDP-43. This raises important questions: How 
does the cell normally regulate and prevent the formation of aberrant SGs? Why do 
aberrant forms of SGs and inclusions only appear with increasing age?

 Granulostasis: A Specific PQC System that Surveys 
and Maintains Stress Granule Dynamics

SGs are highly dynamic compartments that disassemble within a few hours after 
their formation, thereby allowing the cells to restore proper translation and ensuring 
cellular response or adaptation to stress (Mazroui et al. 2007). During their forma-
tion, SGs can entrap misfolded proteins, an event that may have functional conse-
quences for their dynamic behaviour and functionality. The co-aggregation of SG 
components with misfolded aggregation-prone proteins has been demonstrated for 
both yeast and mammalian SGs; however, profound mechanistic differences exist. 
In fact, yeast SGs can be nucleated by misfolded proteins and are more solid-like 
compared to mammalian SGs (Cherkasov et al. 2013; Kroschwald et al. 2015). The 
disassembly of yeast SGs depends on the activity of the yeast chaperone Hsp104, 
which acts as a disaggregase. Hsp104-assisted SG disaggregation also ensures the 
restoration of mRNA translation during the recovery phase (Cherkasov et al. 2013; 
Kroschwald et al. 2015). Similarly, also in Drosophila melanogaster cells SGs co- 
aggregate with misfolding proteins, such as firefly luciferase and VHL (von Hippel- 
Lindau tumor suppressor) (Cherkasov et al. 2013; Kroschwald et al. 2015; Walters 
and Parker 2015).

In contrast to yeast and Drosophila melanogaster cells, in mammalian cells, mis-
folding proteins are not required for SG nucleation (Cherkasov et al. 2013). Among 
the misfolded aggregation-prone species that accumulate in mammalian cells prior 
to SG assembly are the so called defective ribosomal products (DRiPs) (Schubert 
et al. 2000; Yewdell 2011). DRiPs are nascent chains whose translation has been 
prematurely terminated and that are released by disassembling polyribosome imme-
diately prior to SG formation. Because DRiPs are truncated proteins they are highly 
aggregation prone. Immediately after their release, DRiPs are recognized and bound 
by chaperones such as HSPAs and VCP/p97, which target them to degradation by 
the proteasome and autophagy systems (Verma et al. 2013; Wang et al. 2013). We 
found that, although occurring with a low frequency, DRiPs and other misfolded 
proteins can accumulate inside SGs in healthy mammalian cells. Importantly, this 
event has profound consequences on SG behavior. DRiPs and misfolded proteins 
strongly delay the dynamic dissolution of mammalian SGs. They also change the 
biochemical properties of SGs: DRiP-enriched SGs become resistant to RNase 
digestion. Thus, when misfolded proteins are entrapped inside SGs, they convert 
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into an aberrant state where RNA is no longer required for their structural integrity 
and thus resemble protein aggregates. In agreement, key SG proteins, such as 
G3BP1, become less dynamic in SGs that contain high levels of DRiPs and other 
misfolded proteins (Ganassi et al. 2016; Mateju et al. 2017). This observation is in 
line with recent findings demonstrating that SGs are composed of a protein-rich, 
RNase-resistant core and a dynamic, RNase-sensitive shell (Jain et  al. 2016). 
Whether the core proteinaceous structures are solid RNPs that nucleate the forma-
tion of mammalian SGs is still unknown.

Interestingly, we found that “aberrant” SGs recruit high amount of chaperones, 
including e.g. the small heat shock proteins HSPB1, HSPB8, the HSPA co- 
chaperone BAG3 and VCP, likely in attempt to assist in misfolded protein process-
ing/clearance and avoid their irreversible aggregation with SG components (Ganassi 
et al. 2016; Jain et al. 2016; Mateju et al. 2017). This interpretation is supported by 
several findings. First, the concentration of HSPB8 and, to a lesser extent, HSPB1 
inside SGs is proportional to the amount of misfolded proteins: the higher the accu-
mulation of DRiPs and aberrantly folded proteins inside SGs, the higher the recruit-
ment of HSPB8 and HSPB1 inside SGs. This suggests that misfolded proteins 
recruit the chaperones. Second, depletion of HSPB8 and, to a lesser extent of 
HSPB1, leads to a significant accumulation of DRiPs inside SGs and delays their 
disassembly. HSPB1 and HSPB8 are ATP-independent chaperones that bind to and 
hold unfolded/misfolded clients maintaining them in a competent state for process-
ing by the HSPA ATP-dependent chaperones (Haslbeck et al. 2005); HSPAs, in turn, 
will either refold or target to degradation the bound clients (Hartl et  al. 2011). 
Combined these results support the hypothesis that HSPB1 and HSPB8 are recruited 
inside SGs to neutralize misfolded proteins, including DRiPs.

This interpretation is reinforced by our finding that the HSPA co-chaperone 
BAG3, which forms a complex with HSPB8 and HSPAs (Carra et al. 2008), is also 
recruited inside SGs that become enriched for misfolded proteins. Moreover, BAG3 
depletion, which also destabilizes and compromises the function of HSPB8 (Carra 
et  al. 2008), also promotes the conversion of physiological SGs into “aberrant” 
RNAse resistant SGs (Ganassi et al. 2016). A similar, and even stronger, effect is 
observed upon inhibition of the ATPase activity of HSPAs (Ganassi et  al. 2016; 
Mateju et al. 2017). Finally, as previously discussed, HSPB8, BAG3 and the stress- 
inducible form HSPA1A are all upregulated by many of the stressors that elicit SG 
formation, including proteasome inhibition and temperature upshift (Minoia et al. 
2014). Altogether these data support the interpretation that the HSPB8-BAG3- 
HSPA1A complex is one of the key players that surveys SG composition and avoids 
the irreversible co-aggregation of SGs with misfolded proteins. Because this spe-
cific type of proteostasis specifically affects RNP granules, we named the surveil-
lance function exerted by the HSPB8-BAG3-HSPA1A complex granulostasis 
(Ganassi et al. 2016; Mateju et al. 2017).

Besides HSPB8-BAG3-HSPA1A, other chaperones seem to participate in granu-
lostasis. Our data suggest that HSPB1 would act as a second player, which is 
recruited at later time points inside SGs that become enriched for additional 
 misfolded proteins. Also VCP participates in the maintenance of SG composition 
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and dynamics. Besides targeting DRiPs and other misfolded proteins to degrada-
tion, thereby maintaining SG composition and dynamics (Seguin et al. 2014; Verma 
et al. 2013), VCP seems to be also involved in the targeting of irreversibly aggre-
gated SGs to autophagy for disposal (Buchan et  al. 2013). Future studies will 
unravel if other chaperones and co-chaperones also participate with similar (or dis-
tinct) mechanisms to survey SG composition and disaggregation/dissolution, or in 
their digestion.

Concerning SG degradation by autophagy, our data suggest that only a minor 
fraction of irreversibly damaged SGs is targeted to autophagosomes for destruction. 
Instead, in mammalian cells, the majority of SGs are preferentially disassembled 
with the assistance of dedicated chaperones, especially HSPAs and co-factors. On 
the one hand, the disassembly of SGs allows the cells to recycle essential compo-
nents, such as proteins, signalling molecules, mRNAs and 40S ribosomal subunits. 
From an energetic point of view, the storage and chaperone-assisted release of SG 
components represents a more attractive solution than protein degradation and de 
novo synthesis. On the other hand, the deposition of misfolded proteins in 
membrane- less compartments seems to be a more general phenomenon that occurs 
also in other membrane-less compartments. For example, upon heat or acid stress 
conditions, misfolded proteins accumulate in the nucleolus, where they form the 
so-called amyloid or A body (Audas et al. 2016). The aggregation of proteins inside 
the nucleoli is not irreversible and A body dissolution requires the action of chaper-
ones such as HSPAs, similarly to what we observed for the dissolution of SGs that 
become enriched for misfolded proteins.

As mentioned previously, increasing experimental and genetic evidence points to 
deregulated SG dynamics and RNA metabolism as key pathomechanisms in age- 
related neurodegenerative diseases, including AD, ALS, FTD, inclusion body 
myopathy (IBM) and multisystem proteinopathy (Taylor et al. 2016a). Of note, the 
protein deposits that accumulate in disease-affected cells are enriched for TDP-43, 
a nuclear RNA-binding protein that is recruited into SGs upon stress and regulates 
RNA processing at every stage of its life cycle; however, together with TDP-43, and 
other SG components such as TIA-1, markers of the PQC system such as ubiquitin 
and p62/SQSTM1 also accumulate in the inclusion bodies; this observation sug-
gests an intimate connection between SGs and the PQC pathways (Lagier-Tourenne 
et al. 2010; Prudlo et al. 2016).

This interpretation is further supported by our finding that mutated disease- 
linked RBPs that accumulate inside SGs have a higher propensity to co-aggregate 
with misfolding-prone proteins; this, in turn, may further accelerate the conversion 
of SGs into dysfunctional aggregates (Ganassi et al. 2016). Similarly, pathogenic 
C9orf72-DPRs, in particular the highly toxic arginine-containing DPR proteins GR 
and PR, could interact with RBPs and decrease the dynamics of SGs; in parallel 
they could also negatively affect the material properties and functions of other 
membrane-less organelles such as nucleoli (Lee et al. 2016; Taylor et al. 2016b). 
Altogether these findings point to aberrant RNP granules as crucibles of age-related 
disease.
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 Conclusions

Recent findings discussed here highlight the importance of maintaining protein and 
RNA homeostasis. Failure to maintain homeostasis has severe consequences for 
normal cellular physiology and leads to many age-related diseases. In agreement 
with this, increasing genetic evidence links PQC factors to neurological diseases. 
For example, mutations in the genes coding for the chaperones VCP/p97, HSPB1, 
HSPB8 and BAG3 as well as the autophagy receptor p62/SQSTM1 cause ALS, 
motor neuropathies and IBM (Evgrafov et al. 2004; Ghaoui et al. 2016; Irobi et al. 
2004; Johnson et al. 2010; Mizuno et al. 2006; Rea et al. 2014; Selcen et al. 2009; 
Teyssou et al. 2013). In addition, there is increasing experimental data emphasizing 
the importance of a well-balanced interplay between PQC and RNP homeostasis. 
VCP as well as the granulostasis chaperone complex HSPB8-BAG3-HSP70 are 
emerging as key regulators of this interplay and thus prevent steps that lead to dis-
ease. This suggests that boosting specific chaperones and degradative systems could 
rescue protein and RNP homeostasis, and thus could represent an effective strategy 
to combat ALS, FTD, as well as other protein conformation age-related diseases.
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Abstract Heat shock proteins (HSP) are stress proteins induced in response to a 
wide variety of physiological and environmental insults. HSP function as molecular 
chaperones and they are required to maintain the proteome in a folded and func-
tional state, allowing the cells to survive stress conditions. These key proteins, 
which may be located intracellularly or extracellularly, have multiple functions that 
range from the regulation of essential cells function to the renaturation of misfolded 
proteins. In the last decades, the HSP involvement in both normal cell function and 
disease pathogenesis is widely studied, especially in the context of cardiovascular 
diseases (CVDs). This chapter covers the current knowledge on the function HSP in 
the cardiovascular system and particular in the relationship between these proteins 
and CVDs. Initially, the roles of HSP in cardiovascular health are outlined, followed 
by an evaluation of the role of HSP in CVDs key processes, such as atherosclerosis, 
vascular hypertrophy and heart failure. Finally, the therapeutic potential of roles 
HSP are examined in a CVDs context, considering how the knowledge actually 
gained may be capitalized in future clinical studies.
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Abbreviations

AIF apoptosis inducing factor
ApoE-/- apolipoproteinE knock out mice
Ca2+ calcium
CEL celastrol
CVDs cardiovascular diseases
GGA geranylgeranylacetone
HSEs heat shock elements
Hsf1 heat transcription factor 1
HSP heat shock protein
LDL-C low-density lipoprotein-cholesterol
RIPC remote ischemic preconditioning
ROS reactive oxygen species
sHSP small heat shock protein
sHSP60 soluble heat shock protein60
SMCs smooth muscle cells
TLR4s toll-like receptors 4
VSMCs vascular smooth muscle cells

 Introduction

Nowadays, despite a variety of therapeutic advances, cardiovascular diseases 
(CVDs) remain a leading cause of mortality worldwide (Kessing et al. 2016). CVDs 
include various diseases that affect heart and/or blood vessels, such as coronary 
artery diseases like angina and myocardial infarction. Heat shock proteins (HSP) 
are stress proteins, also called chaperones that are massively produced by almost all 
prokaryotic and eukaryotic species when exposed to elevated temperatures. These 
proteins were discovered in 1962 by Ritossa in the Drosophila melanogaster as a set 
of highly conserved proteins whose expression was induced in salivary gland chro-
mosome in response to transient exposures to elevated temperatures (Kliková et al. 
2016; Ritossa 1962). The increased expression of HSP in cells during the heat shock 
response was demonstrated to inhibit stress-mediated cellular death as shown also 
by recent experiments indicating a highly versatile role for these proteins (Garrido 
et al. 2006). These functions are summarized in Fig. 1. HSP play an important role 
in cell-cycle control, folding, defolding and assembling of protein complexes (Nakai 
and Ishikawa 2001) and they have been classified into six families on the basis of 
their approximate molecular weight: small HSP, HSP40, HSP60, HSP70, HSP90 
and HSP100 (Khalil et al. 2011). These proteins constitute the 5–10% of the total 
protein content in cells in physiological conditions and play important roles in cel-
lular homeostasis. They control maturation and turnover of intracellular proteins 
and play significant roles in the maintenance of cellular integrity.
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Interestingly, the synthesis of these proteins can be markedly induced by various 
cellular insults ranging from elevation in temperature to exposure to different stim-
uli which are potentially damaging to the cell (Pockley 2002). These latter condi-
tions include several known risk factors for CVDs onset and development. It is 
clear, however, from the extensive studies which have been carried out in a variety 
of cell types that the HSP are induced in response to cellular stress and they confer 
protection against nonthermal cytotoxic stimuli. A recent in vitro experiment dem-
onstrated that induction of the stress response protects endothelial cells against 
superoxide generation (Chen et al. 2017). Other examples in vivo include protection 
of cardiomyocytes against apoptosis, induced by ischemia/reperfusion injury or by 
prolonged beta-agonist stimulation (Fan et al. 2004, 2005). Even if new functions 
continue to be discovered, the stress proteins are generally thought to maintain cel-
lular homeostasis by acting as molecular chaperones, facilitating the proper folding 
and assembly of nascent polypeptides, as well as assisting in the refolding and sta-
bilization of damaged peptides (Bond and Schlesinger 1985). HSP act as intracel-
lular chaperones, protecting protein structure and folding under stress condition, but 
are also able to assist with numerous reparative processes including the refolding of 
denatured proteins and removal of irreparably damaged proteins (Kampinga and 
Craig 2010). Under particular conditions HSP could be released from cells into the 
extracellular space, where they exhibit a range of immunoregulatory activities 
(Chebotareva et al. 2017).

To date numerous studies suggest that the upregulation of HSP could be associ-
ated with cardioprotection (Jimenez et al. 2014). In fact, before myocardial infarc-
tion, an increase in HSP70 and HSPB1 levels induced through an infection with 

Fig. 1 Main heat shock proteins protective functions at cardiovascular level
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replication deficient adenovirus encoding for these two HSP has been shown to 
protect heart (Wei et al. 2006). Moreover, Chen et al. (2005) showed that along with 
the rise in reactive oxygen species (ROS) levels, there was a significant increase in 
the heart levels of HSP (HSP70, HSPB1) in response to remote ischemic precondi-
tioning (RIPC). Moreover, treatment with antioxidants reduced the levels of HSP 
and also attenuated cardioprotection (Chen et al. 2005). These results suggest that 
HSP production may be induced in condition characterized by an increase in free 
radical production and this enhancement, in turn, may confer resistance to myocar-
dium against sustained ischemia reperfusion injury. Furthermore, Madamanchi 
et al. (2001) in an in vitro study showed that upregulation of HSP may be secondary 
to increase in ROS in vascular smooth muscle cells. In contrast, other studies 
showed that HSP may stimulate the production of ROS (Baruah et al. 2014; Multhoff 
et al. 2015). So, more studies are required to better clarify the possible interaction 
between heat shock proteins HSP in cardioprotection (Singh et al. 2017). Table 1 
summarizes the main involvement of H HSP in CVDs. In the following sections, we 
present an overview of the HSP roles and functions in cardiovascular health condi-
tions and their implication in the onset and development of cardiovascular diseases, 
firstly we presented the small HSP, characterised by a low molecular weight (15–
43 kDa), and then the HSP with a higher molecular weight (HSP40, HSP60, HSP70, 
HSP90). Finally, we provided a brief summary about potentially preventive and 
therapeutic approaches that involved HSP modulation.

Table 1 Heat shock proteins involvement in cardiovascular diseases

Superfamily
Protein 
names Alternative names Low protein expression levels or mutations

sHSPs HSPB1 HSP27,HSP25, 
HMN2B

Coronary artery disease

HSPB2 MKBP Altered mitochondria functions
HSPB3 HSPL27 Deregulation of myoblast viability
HSPB5 alphaB-crystallin Desmin-related myopathy
HSPB6 HSP20 Decreased contractile function
HSPB7 CvHSP No protection against age-related dysfuction
HSPB8 H11, HSP22 Lack of protection after myocardial ischemia

HSP40 DNAJA3 Tid-1; Tid1l Respiratory chain deficiency
HSP60 HSP60 Cpn60, Hsp60 Protection from atherosclerosis and 

proliferation of vascular smooth muscle cells
HSP70 HSPA1A HSP72; HSPA1 Plaque rupture and thrombotic complications

HSPA8 HSC70; HSC71
HSP90 HSPC4 GP96, endoplasmin Increased in plaque stability

Cardiomyocyte apoptosis
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 Emerging Roles of Heat Shock Proteins in Cardiovascular 
Diseases

 Small Heat Shock Proteins

Small HSP (sHSP), also called HSPβ (HSPBs), have molecular weight which varied 
from 15 to 43 kDa and are mainly known for their chaperoning function in the pro-
cess of embryonic development (Jee 2016). This family of HSP consists of ten 
members (HSPB1-HSPB10), which are characterized by different functions and 
display different expression profiles. Some members of this family are widely 
expressed, like HSPB1, HSPB5 and HSPB8, while some other members show 
exclusively a restricted expression pattern. In particular, HSPB2 and HSPB3 are 
only found in cardiac and muscle cells, HSPB4 is lens specific, while HSPB9 and 
HSPB10 are specifically expressed in testis (Clark et al. 2012; Fontaine et al. 2003; 
Kappe et al. 2003; Sugiyama et al. 2000; Suzuki et al. 1998; Verschuure et al. 2003). 
Some members of this family, such as HSPB1 and HSPB4, exert mainly refolding 
activities, while other members display only anti-aggregation function (HSPB6, 
HSPB7 and HSPB8). Furthermore, other members exert very specialized activities, 
for example HSPB2 and HSPB3 seem to have an essential role in muscle differen-
tiation, while HSPB1, HSPB5 and HSPB7 show very specific chaperone functions 
at the levels of nuclear structures forming during stress (Boncoraglio et al. 2012).

sHSP present a highly conserved sequence of 80–100 amino acids called the 
α-crystallin domain. This structural domain is responsible for many intra- and inter- 
molecular interactions leading to the formation of dimers, which are considered as 
sHSP basic unit (Kim et al. 1998; Van Montfort et al. 2001a, b;). These dimers can 
interact with each other forming higher molecular weight oligomers. Besides the 
α-crystallin domain, both the C-terminal and the N-terminal regions are involved in 
the stabilization of the oligomers (Kim et al. 1998; Lambert et al. 1999; Van Montfort 
et al. 2001a, b). However, besides these different aspects, ten members of the HSPB 
family share the same properties and so alteration of these properties represent a key 
mechanism that can lead to diseases onset, also at cardiovascular level.

Cardiac and skeletal muscle cells express the largest variety of HSPBs: HSPB1, 
HSPB2, HSPB3, HSPB5, HSPB6, HSPB7 and HSPB8. These family members are 
commonly considered the main focus of interest of CVDs researches and new sci-
entific evidences emphasize the functions of these molecules in cardioprotection 
(Carra et al. 2017; Charmpilas et al. 2017; Edwards et al. 2011; Fan et al. 2005; 
Martin et al. 2014; Weintraub and Rubinstein 2013).

HSPB1 is a ubiquitously expressed, multifunctional protein chaperone. A 
decrease in HSPB1 secretion was shown in human atherosclerotic plaques respect 
to control vessels and also plasmatic HSPB1 levels are reduced in atherosclerotic 
patients compared to healthy subjects (Martin-Ventura et  al. 2004). Moreover, 
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Seibert et al. (2013) showed that in human low serum HSPB1 levels are associated 
with coronary artery disease and prognostic of adverse clinical events; while in 
mouse models of atherosclerosis the increase in HSPB1 level in aorta induce a 
reduction of atherosclerotic lesion progression and promote plaque stability. It was 
also shown that HSPB1 overexpression in atherosclerotic-prone mouse models 
(apolipoproteinE knock out mice – ApoE−/−) modulates plaque formation prevent-
ing inflammation, foam cells formation and reducing atherosclerotic plaque area 
(Rayner et al. 2008). In heart tissue HSPB1 expression was associated with sarco-
meres and so it was found to be cardioprotective (Brundel et al. 2006a, b). Moreover, 
Ghayour-Mobarhan et al. (2012) reported that increased expression of myocardial 
HSPB1 is a prognostic marker of myocardial ischemia. HSPB1 has been demon-
strated to play also an important role in regulating intracellular redox homeostasis 
and anti-apoptotic pathway (Arrigo et al. 2005; Zhang et al. 2010). Panneerselvam 
et al. (2017) observed that differential expression of HSP in the rat myocardium 
could serve as a balance between pro-survival and death signal during acute fluoride- 
induced heart failure. In detail, the Authors suggested that increased expression of 
myocardial HSPB1 serves as a prognostic marker for myocardial ischemia and this 
increase is correlated with myocardial necrosis, impaired contractile function and 
regulation of intracellular redox homeostasis.

HSPB2 has shown to be highly expressed in heart and it has protective effects 
against heart diseases such as cardiac hypertrophy and ischemia (Ishiwata et  al. 
2012; Nakagawa et al. 2001; Sugiyama et al. 2000). Moreover, HSPB2 was associ-
ated with the outer membrane of mitochondria and involved in mitochondria perme-
ability transition and calcium uptake. Overexpression of this sHSP was found to 
conserve ATP synthesis during ischemic/reperfusion injury in mice (Nakagawa 
et al. 2001). Moreover, mice knockout for HSPB2 with ischemic stress show altered 
mitochondria respiration rates and reduced ATP production as well as modification 
in expression of several metabolic and mitochondrial regulators (Ishiwata et  al. 
2012). These findings suggest that HSPB2 has cardioprotective effects maintaining 
mitochondrial function and metabolic activity during cardiac stress.

Golenhofen et al. (2006) showed that the cytosolic calcium increase due to the 
lack of HSPB2 in knockout animals may modify the calcium sensitivity of myofi-
brils altering the cardiac contractility, suggesting an involvement of HSPB2  in 
maintaining muscular elasticity during ischemic insult. Interestingly, mice with 
HSPB2 overexpression in heart revealed lower levels of cardiac injury biomarker 
troponin I in the blood after ischemia/reperfusion stress, confirming the involve-
ment of HSPB2 in preserving contractile function of the heart (Grose et al. 2015).

HSPB3 was considered not expressed in the heart (Vos et al. 2009), but recently 
Carra et al. (2017) reported in patients with myopathy two novel mutations in the 
HSPB3 gene that lead respectively to protein aggregation or truncation and destabi-
lization. Remarkably, these mutations could abolish HSPB2-HSPB3 complex for-
mation, leading to free HSPB2 proteins that tend to mislocalize inside the cells. 
Moreover, the same authors reported that HSPB2-HSPB3 interaction would lead to 
deregulation of HSPB2, with potential consequences on myoblast function and 
viability. These studies suggested that alterations in expression and solubility of 
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specific HSPBs due to aggregation propensity and deregulated association with 
other HSPBs could be the basis of complex diseases, such as myopathies.

HSPB5 was found in cardiomyocytes on the I-band and M-line region of sarco-
meres (van de Klundert et al. 1998). It is known to bind and stabilize intermediate 
filaments, actin microfilaments, and sarcomeric proteins, including actin, desmin 
and titin in physiological conditions (Bullard et al. 2004; Ghosh et al. 2007; Perng 
et al. 1999). HSPB5 has shown to be involved also in stabilization of the cytoskel-
eton (Vicart et  al. 1998). Interestingly, mutations in HSPB5 are associated with 
cardiac and muscular disorders. In fact, HSPB5 mutations result in an irregular 
protein structure and defective chaperone-like function (Bova et al. 1999), which 
leading to desmin-related myopathy and also early onset of cardiomyopathy (Selcen 
and Engel 2003; Vicart et al. 1998).

HSPB6 is abundantly expressed in skeletal muscle and heart in two complex 
formations: 43 kDa dimers and 470 kDa multimers and that this protein is able to 
bind itself and other HSPBs, like HBPB1, HSPB5 and HSPB8 (Pipkin et al. 2003). 
Recently, in a more recent study, the overexpression of HSPB6 resulted in enhanced 
cardiac function by interaction with protein phosphatase 1 and in turn inducing 
calcium (Ca2+) cycling and sarcoplasmic reticulum Ca2+ load (Qian et al. 2011). In 
addition, this stress protein induces the Ca2+ cycling in the sarcoplasmic reticulum 
and increases the contractile function of the cardio myocyte (Qian et  al. 2011). 
Further, in an experimental study in mice, the phosphorylation of HSPB6 at serine 
16 level was shown to be needed for modulating cell injury during ischemia/reper-
fusion (Qian et al. 2009). So, HSPB6 acts maintaining the heart integrity in mice 
with ischemia/reperfusion injury (Fan et al. 2005).

HSPB7 is expressed in heart and skeletal muscle. It was shown that HSPB7 is 
significantly expressed in aged muscle like to HSPB5 (Doran et al. 2007). HSPB7 
was also shown to be upregulated in the muscular dystrophy-affected diaphragm, 
suggesting its induction under stress conditions. Additionally, HSPB7 is involved in 
protections of cells from protein aggregation, probably by facilitating cargo delivery 
to autophagosomes (Vos et al. 2010). To note, HSPB4, HSPB6 or HSPB7 could not 
promote the cellular capacity to chaperone heat-denatured luciferase as shown by 
HSPB1, indicating different functions and properties of HSPB members (Vos et al. 
2010, 2011). Additionally, in cardiomyocytes was observed the co-localization of 
HSPB7 on myofibrils, suggesting a protective role maintaining the sarcomeric 
structure (Golenhofen et al. 2004).

HSPB8 is showed in striated and smooth muscles, brain, and keratinocytes level 
(Vos et al. 2008). This protein can be phosphorylated in vitro, but, respect to HPB1 
and HSPB5, HSB8 phosphorylation influences only marginally its tertiary and qua-
ternary structure. HSPB8 exists, both in its wild type and phosphorylated form, as 
low molecular mass oligomers. Respect to HSPB1 and HSPB5 that showed reduced 
oligomeric size and increased chaperone activity after phosphorylation, the phos-
phorylation of HSPB8 results in larger oligomeric structures and decreased chaper-
one activity (Basha et  al. 2006). In in vitro experiments, it has been shown that 
HSPB8 interacts with several proteins and forms stoichiometric complexes (Carra 
et al. 2008a). This complexes was found to induce autophagy, which may be benefi-
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cial in response to irreparable protein damage (Carra et al. 2008b, 2009). In addi-
tion, HSPB8 has been shown to be cardioprotective in experimental models of 
myocardial ischemia. In detail, Depre et al. 2006 showed that HSPB8 overexpres-
sion promotes cardiomyocyte survival after ischemia in mice, while Chen et  al. 
2011 indicated that this sHSP attenuates the myocardial damage and contractile 
dysfunction in experimental animals. On the other hand, it was demonstrated that 
depletion of HSPB8 in mice with pressure overload supports cardiac dysfunction 
and promotes transition to heart failure (Qiu et al. 2011). Other studies showed that 
HSPB8 maintains mitochondrial function and energy production that results in 
attenuation of oxidative stress in infarcted hearts (Marunouchi et al. 2014). In con-
trast these beneficial HSPB8 effects on cardiomyocyte function, HSPB8 overex-
pression, both in in vitro and in vivo model systems, was found to induce cardiac 
hypertrophy (Depre et  al. 2002; Hedhli et  al. 2008). Therefore, the function of 
HSPB8 seems to have two faces in heart diseases: HSPB8 acts as a cardioprotective 
protein during myocardial ischemia by conserving the mitochondrial function and 
energy production but, at the same time, HSPB8 is a mediator of cardiac hypertro-
phy and thereby results in heart failure.

 HSP60

HSP60 protein is structurally highly conserved and abundantly expressed by pro-
karyotic and eukaryotic cells under stress conditions. It is considered a constitu-
tively cytosolic protein that translocated to the mitochondria (Gething and Sambrook 
1992), but it is also stress inducible, indeed ischemia has been demonstrated to be a 
potent inducer (Marber et al. 1993). During heart failure this protein is translocated 
to the plasma membrane and released into the plasma; in fact was shown that HSP60 
levels were doubled in end-stage heart failure (Knowlton et  al. 1998; Lin et  al. 
2007). Some studies reported that high titers of anti-HSP60 were correlated with 
coronary atherosclerosis (Prohászka et al. 2001; Zhu et al. 2001), moreover high 
levels of anti-HSP60 in children increase the probability to develop CVDs (Cohen 
and Young 1991). Other studies suggested that plasmatic levels of HSP60 was 
increased early in heart failure (Brundel et al. 2006a, b). During heart failure, HSP60 
localizes to the plasma membrane and the cell surface, in addition to its normal 
distribution to the mitochondria and cytosol (Wang et al. 2010) and acts as a “danger 
signal”. This localization of HSP60 could be linked with an increase in apoptosis of 
the affected cell, because the cell-surface expression of HSP60 may be able to inter-
act with other cells to trigger the innate immune response, resulting in the release of 
pro-inflammatory cytokines which could induce myocyte loss and contribute to 
heart disease. Previous studies (Malik et al. 2013; Gupta and Knowlton 2007) dem-
onstrated that HSP60, via exosomal pathway, was released by cardiomyocytes and 
this stress protein was increased by exposure of the cardiomyocytes to ethanol. Li 
et al. (2011) reported that, HSP60 induced inflammation in the heart, via activation 
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of the TLR4- MyD88-IRAK-1 pathway, and led to cardiomyocyte apoptosis, pro-
moting progression of heart failure.

Some studies in human associated HSP60 expression with atherosclerosis and its 
severity and it was detected on endothelium, smooth muscle cells (SMCs) and 
mononuclear cells (Kleindienst et al. 1993; Lamb et al. 2002). Other studies reported 
a positive association between titers of antibody to HSP60 and the extent of athero-
sclerosis (Burian et al. 2001; Veres et al. 2002; Xu et al. 2000; Zhao et al. 2015; Zhu 
et al. 2001). Xiao et al. (2005) reported that soluble HSP60 (sHSP60) is probably 
involved in activating proinflammatory processes associated with early vessel 
pathology providing the first prospective data confirming an association between 
elevated levels of sHSP60 and early carotid atherosclerosis. Moreover, studies in 
cholesterol-fed rabbits showed that plasma titers of anti-HSP60 are consistent with 
atherosclerotic formation and increased expression of HSP60 on the endothelium 
during atherogenesis (Ghayour-Mobarhan et al. 2007; Khan et al. 1998; Lamb et al. 
2002; Pfister et  al. 2005; Zhao et  al. 2015). Recently, in  vitro experiments have 
shown that HSP60 can activate the proliferation of vascular SMCs (VSMCs) (de 
Graaf et al. 2006; Fukuoka et al. 2004; Sasu et al. 2001; Zhao et al. 2015). Moreover, 
Zhao et al. (2015), in an experimental study, suggested that HSP60 is implicated in 
the VSMC migration during atherosclerosis. The authors reported that activation of 
HSP60 could be considered one of the most powerful methods of sending a ‘danger 
signal’ to the immune system to generate chemokine, such as interleukin-8, which 
is involved in stimulation of VSMC migration.

 HSP70

HSP70 is one major member of HSP family, which is able to bind its substrate 
through the substrate binding domain, dephosphorylate substrate and in turn maintain 
its “normal” functions (Connarn et al. 2014). This HSP have some function in the 
cells including binding to partially synthesized peptide sequences, keeping transloca-
tion competent structures of endoplasmic reticulum and mitochondrial precursors in 
the cytosol and simplify translocation from inside the target compartment (Craig 
et al. 1994; Mamipour et al. 2017). Previous studies have provided evidences that 
during myocardial ischemia/reperfusion HSP70 had protective effects and it was able 
to reduce the deleterious effects characteristics of this pathological condition (Feng 
et al. 2014; Garrido et al. 2006; Vicencio et al. 2015). In particular, during myocardial 
ischemia/reperfusion HSP70 accelerates the dephosphorylation of the stress kinase 
JNK inducing cardiac protection (Gabai et al. 2000). Moreover, in this pathological 
condition HSP70 is able to prevent the nucleus translocation of apoptosis inducing 
factor (AIF), acting as a molecule chaperone, so it stabilizes nucleus and antagonizes 
cardiomyocyte apoptosis (Choudhury et al. 2011). Other data confirming this action 
showed that the deletion of the domain of AIF involved in interaction with HSP70 
enhanced AIF translocation to nucleus inducing apoptosis (Gurbuxani et al. 2003; 
Zhang et al. 2017). Recently, Vicencio et al. (2015) showed that plasma exosomes, 
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which carry HSP70 on their surfaces, attenuated myocardial reperfusion injury in 
rats. In in vitro studies, exosomes derived from plasma, containing HSP70, bound to 
toll-like receptors 4 (TLR4s) on cardiomyocytes and activated various kinases lead-
ing to cardioprotection and suggesting the therapeutic use of exosomes for reperfu-
sion injury. Mayr et al. (1999) showed that, in human atherosclerotic aorta, HSP70 is 
expressed with a heterogeneous pattern respect to control vessels. This HSP70 altered 
pattern could be due to its release from damaged cells into the plaque. Mazzaferro 
et al. (2003) hypothesized that insufficient HSP70 in SMC of the aorta leads to their 
death and favors plaque rupture and thrombotic complications. Moreover atheroscle-
rotic plaque thickness was correlated with the HSP70 expression to the center of the 
lesion (Pockley et al. 2003). Other studies attributed to HSP70 a protective role in 
atherosclerosis due to its pro-survival effect on VSMCs. It was demonstrated that 
HSP70 localization changed during plaque development and progression and was 
positively related to atherosclerosis severity (Dybdahl et  al. 2005; Johnson et  al. 
1993; Pockley et al. 2003). Furthermore Zhu et al. (2003) have reported that there is 
an inverse relation between HSP70 expression and severity of coronary disease.

 HSP90

The 90 kDa heat shock protein, HSP90, is one of the most abundantly expressed 
protein in eukaryotic cells, comprising 1–2% of cellular proteins under physiologi-
cal conditions. It contributes to various cellular processes as signal transduction, 
protein folding and degradation and morphological evolution (Csermely et al. 1998; 
Pearl and Prodromou 2001; Picard 2002; Pratt and Toft 2003; Richter and Buchner 
2001; Sreedhar et al. 2004). The activity of HSP90 is in cooperation with other co- 
chaperones, playing a key role in the folding of newly synthesized proteins and 
stabilization and refolding of denatured proteins during stress conditions (Sreedhar 
et al. 2004). Some studies indicated that HSP90 plays an important protective role 
in ischemic pre-conditioning and post-conditioning, acting as a cardioprotective and 
antiapoptotic protein (Amour et al. 2009; Zhong et al. 2014). Moreover, targeted 
overexpression of HSP90 protects myocardial reperfusion injury reducing infarct 
size and myocardial dysfunction (Kupatt et al. 2004). On the other hand, Wang et al. 
(2009) showed that HSP90 inhibition increases cardiomyocyte apoptosis. It has also 
been shown that, in isolated hearts, HSP90 attenuates ischemia/reperfusion- induced 
cardiomyocyte apoptosis and necrosis (Budas et al. 2010). Moreover, recent reports 
demonstrated that HSP90 is anti-apoptotic in cardiomyocytes acting as antioxidant 
and preserving mitochondrial function under stress conditions (Wu et al. 2012).

Previously, a human study demonstrated augmented systemic HSP90-specific cel-
lular and humoral responses in carotid atherosclerosis patients (Mu et al. 2017; Rigano 
et  al. 2007). Furthermore, other authors showed that HSP90 is highly expressed in 
plaque and serum from patients with atherosclerosis, in which immune responses are 
stimulated, suggesting that HSP90 is a potential target in the  pathogenesis of carotid 
atherosclerosis (Businaro et al. 2009; Mu et al. 2017). Recently, Mu et al. (2017) showed 
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that in a mouse model of atherosclerosis HSP90 overexpression in vulnerable carotid 
plaque induced a decrease in plaque stability, along with increased accumulation of 
lipids, macrophages, inflammation, as well as a decrease in VSMCs and collagen, while 
HSP90 inhibition exerted opposing effects. So, these authors suggested that regulation 
of the local HSP90 expression could be a new route for atheroprotection.

 HSP40

HSP40 is the co-chaperone of HSP70. This heat shock protein has also been shown 
to be involved in the pathology of dilated cardiomyopathy that is an important cause 
of sudden cardiac death and heart failure (Hayashi et  al. 2006; Henderson and 
Pockley 2012). In fact, inactivation of the gene encoding mitochondrial HSP40 in 
mice resulted in the development of severe cardiomyopathy which induced death 
probably due to the role played by HSP40  in mitochondrial biogenesis (Hayashi 
et al. 2006). Hayashi et al. (2006) showed that in cardiomyocytes lacking HSP40 
there were progressive respiratory chain deficiency and reduced copy number of 
mitochondrial DNA, underlining the key role of this protein in CVDs. Figure 2 sum-
marizes the HSP involvement in cardioprotective/cardiopathological processes.

 Heat Shock Proteins Modulation as a Potential Therapeutic 
Target

The broad function on cardiovascular system discussed above strongly sustains the 
notion that strategies aimed at modulating HSP expression may be important for 
preserving CVDs onset and related symptoms. In fact, some experimental studies 
have tested the hypothesis that HSP modulation improves the outcome of CVDs, 

Fig. 2 Schematic representation of heat shock proteins involvement in cardioprotective and/or 
cardiopathological processes
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particularly in the context of ischemia/reperfusion injury. The modulations of HSP 
can be performed in different ways such as by the use of small molecules able to 
modulate HSP expression or through their activation by phosphorylation. The 
induction of chaperones in response to different stress conditions are mediated at 
the transcriptional level by the heat transcription factor 1 (Hsf1) that binds to its 
target sites (heat shock response elements) in the promoter regions of stress-induced 
genes and thus, following Hsf1 phosphorylation, induces HSP gene expression 
(Westerheide et  al. 2012). In physiological conditions, without stress, Hsf1 is 
retained in an inactive state in the cytoplasm binded to HSP90. Stress conditions 
induce dissociation of HSP90 from Hsf1 that, in turn translocate to the nucleus 
where it up-regulates transcription of chaperone genes. Although the HSP were 
identified on the basis of their induction by stressful procedures, from a clinical 
standpoint there are several drugs and natural compounds that modulates HSP and 
could be beneficial in the treatment of CVDs.

Geranylgeranylacetone (GGA) is a cyclic polyisoprenoid used as a gastromuco-
protective drug. In experimental conditions, it has been showed that this pharmaco-
logical compound can induce transcriptional activation of HSP70 (Chang et  al. 
2013; Hirakawa et al. 1996) and that ischemia/reperfusion-induced damage of myo-
cardial cells was prevented in GGA-treated myocytes (Chang et al. 2013; Ooie et al. 
2001). Moreover, GGA upregulates HSP expression in heart and attenuates isch-
emia/reperfusion injury, degradation of myofibrils, and atrial fibrillation genesis 
caused by rapid atrial pacing or atrial ischemia (Brundel et al. 2006a, b; Chang et al. 
2013; Ooie et al. 2001). Recently, Chang et al. (2013) showed that HSP induced by 
GGA can regulate the atrial arrhythmogenesis in heart failure by modulation of 
sodium and potassium channels, as well as calcium homeostasis (Chang et al. 2013).

HSP co-inducer arimoclomol has been tested in a number of clinical trials 
(Cudkowicz et al. 2008; Lanka et al. 2009; Kirkegaard et al. 2016). Arimoclomol 
belongs to a group of HSP-modulating drugs that act as inducers of HSP70, whose 
mechanism of action involves stabilization of the interaction of HSF1 with heat 
shock elements (HSEs), the transcriptional elements controlling HSP production 
(Anckar and Sistonen 2011; Crul et al. 2013; Kieran et al. 2004; Kirkegaard et al. 
2016; Neef et al. 2011; Parfitt et al. 2014; Vígh et al. 1997).

Celastrol (CEL), a quinone methide triterpene, is a derived from the Celastraceae 
family of plants, that is used in traditional Chinese medicine. This compound has 
been shown to induce HSF1 and HSP70 expression in skeletal muscle cells (Gwag 
et al. 2013; Trott et al. 2008; Westerheide et al. 2004). Furthermore, this compound 
has been demonstrated to exhibit a broad range of functions like antioxidant, 
 anti- inflammatory (Gwag et al. 2013; Lee et al. 2006; Sassa et al. 1990; Trott et al. 
2008) and neuroprotective activity (Franklin et al. 2005; Gwag et al. 2013). All of 
these activities could be related to its action s HSP inducer.

Moreover, Deane and Brown (2016) in a recent in vitro research on neuronal 
cells showed that co-application of celastrol and arimoclomol induced higher HSP 
levels compared to heat shock paired with arimoclomol. This co-application targets 
multiple alterations including protein misfolding, protein aggregation, inflamma-
tion and oxidative stress. Several studies demonstrated the beneficial effects of 
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statins in reducing both mortality and incidence of acute coronary syndrome 
(Noguchi et al. 2015; Smith et al. 2011 Weintraub et al. 2011). In addition, to reduc-
ing levels of serum low-density lipoprotein-cholesterol (LDL- C), statins also may 
contribute to plaque stability by reducing inflammation (Noguchi et al. 2015; Puato 
et al. 2010), improving endothelial function (Noguchi et al. 2015; Schönbeck and 
Libby 2004) and reinforcing the fibrous cap (Hattori et  al. 2012, Komukai et al. 
2014; Noguchi et al. 2015); these effects play crucial roles in the protection from 
CVDs (Fuster et al. 1992a, b; Noguchi et al. 2015). Remarkably, Frostegård et al. 
(2016) showed that statin, in particular atorvastatin, restores the proatherogenic 
HSP profile, characterized by an increase of pro- atherogenic HSP60 and HSP70 and 
a decrease of HSPB1, suggesting that statins could modulate immune reactions piv-
otal to atherosclerosis and CVDs pathogenesis. Simvastatin induces also vascular 
endothelial cells HSF1 translocate in nucleus and so cause the transcription of 
HSP70 and HSP90 (Uchiyama et al. 2007; Willis and Patterson 2010). All the above 
reported studies suggest that several drugs, have the potential to be cardioprotective 
because of their ability to modulate HSP in cardiovascular system. The effects of 
pharmacological compounds are summarized in Table 2.

In addition to the pharmacological induction of HSP, physical exercise was also 
discovered to induce HSPB levels and consequently has important cardioprotective 
effects. In fact, various studies demonstrated that gene and protein levels of HSPB1 
and HSPB6 in heart are increased after physical exercise in animal models. In these 
studies, HSPB1 and HSPB6 were phosphorylated inducing myofilaments’ stabiliza-
tion, contractile damaged proteins restoration that resulted in improved contractile 
function of the heart (Boluyt et al. 2006; Burniston 2009; Campos et al. 2012; de 
Moraes et  al. 2015; Rinaldi et  al. 2006; Sakamoto et  al. 2006; Hu et  al. 2017). 
Moreover, it has been showed that physical exercise induced elevation of myocar-
dial HSP expression (such as HSP70, HSP90 and HSPB5) and that regular endur-
ance exercise protected the heart against ischemia/reperfusion and infarction (Harris 
and Starnes 2001; Powers et al. 2002). Therefore, physical exercise may represent a 
promising preventive therapeutic therapy against CVDs by also its activity in HSP 

Table 2 Pharmacological compounds that modulate heat shock proteins and relative beneficial 
effects

Compounds
Heat shock proteins 
modulation Beneficial effects

GGA ↑HPS70 Prevents ischemia/reperfusion-induced damage at 
myocardial level
Regulate the atrial arrhythmogenesis in heart 
failure

ARIMOCLOMOL ↑HSP70 Neuroprotective activity
CELASTROL ↑HSP70 Antioxidant and anti-inflammatory activities

Neuroprotective activity
STATIN ↑HSP70 Contributes to plaque stability

↑HSPB1 Reduces both mortality and the incidence of acute 
coronary syndrome↑HSP90
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modulation. Furthermore, gene therapy can also be considered as a possible option 
to modulate HSP levels and function. In particular, adeno-associated viral vectors, 
which have been successfully utilized in clinical trials for the treatment of cardio-
myopathy with SERCA2 overexpression, are currently the most effective in vivo 
delivery system (Jessup et al. 2011).

 Conclusions

During the development of CVDs there is a modulation of chaperones and co- 
chaperones. Molecular chaperones are members of a large family of proteins that 
provide physiological control of proteostasis. Lack of regulation of the physiologi-
cal balance between protein synthesis, folding, and degradation results in accumula-
tion of misfolded proteins, so inducing several CVDs. In particular, we reported in 
this chapter that different cellular stress proteins have opposed role in promotion or 
inhibition of CVDs or related symptoms. The data discussed in this manuscript sug-
gest that modulation of molecular chaperone expression could have a protective 
function in CVDs. Indeed, molecules capable of regulating chaperone expression 
are currently used in clinical trials, principally for the treatment of neurodegenera-
tive diseases. Therefore, the discovery and the development of novel strategies to 
modulate chaperone expression and functions could be considered a crucial step for 
expanding drugs against CVDs.
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Abstract Heat shock protein (HSP) 70 has been investigated from various aspects 
in experimental studies, since it is the most abundant form of HSP in cells. HSP 70 
is involved in response to various acute and chronic insults of kidney and also other 
parts of the urinary tract. Although it is not a specific biomarker for any of the kid-
ney diseases, HSP 70 level of body fluids may be beneficial as a biomarker in some 
specific circumstances, for example for the differential diagnosis of “a children with 
fever”. The number of possible diseases in this situation is limited and an infection 
is most likely to be the reason of fever. Additionally, clarifying the exact role of HSP 
70 in different kidney diseases enables to discover new therapeutic options in order 
to prevent renal fibrosis and chronic renal failure in the future. This chapter reviews 
experimental and clinical studies to find out the opportunities to utilize HSP 70 in 
daily clinical practice.
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shock protein 70 · HSP70 · Kidney disease
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IFNγ  interferon gamma
IL-18  interleukin 18
INS  idiopathic nephrotic syndrome
JAK/STAT  janus kinase/signal transducers and activators of transcription
KIM-1  kidney injury molecule type 1
MEK/ERK  Mitogen-activated protein kinase/ERK kinase/extracellular- 

signal- regulated kinase
NGAL  neutrophil gelatinase-associated lipocalin
NF-kB  nuclear factor kappa B
NOS  nitric oxide synthase
p-STAT3  phospho-signal transducer and activator of transcription 3
ROS  reactive oxygen species
SLK  Ste20-like kinase
STAT3  Signal transducer and activator of transcription 3
TGF-β  transforming growth factor beta
T1DM  type 1 diabetes mellitus
uHSP70  urine level of heat shock proetin 70
uHSP/Cr  urine heat shock protein/creatinine ratio
UTI  urinary tract infection
WT1  wilms tumor 1

 Introduction

Heat shock proteins (HSP) are intracellular chaperones which are classified accord-
ing to their molecular weight such as small HSP (16–40 kDa), HSP60 (60 kDa), 
HSP70 (70 kDa), HSP90 (90 kDa) (Beck et al. 2000; Musial and Zwolinska 2011). 
The main function of these chaperones is contributing to maintain cell survival by 
restoring proteins in cells (Beck et al. 2000). HSP are involved in correct folding of 
proteins, refolding of misfolded proteins and degradation of irrecoverable proteins 
to protect structure of cytoskeleton (Beck et al. 2000; Musial and Zwolinska 2011; 
Barutta et  al. 2008; Buraczynska et  al. 2009). They are expressed under normal 
conditions and can be induced by various stressors including thermal, osmotic, oxi-
dative, toxic, ischemic injury (Beck et al. 2000; Mueller et al. 2003; O’Neill et al. 
2014). Heat shock protein (HSP) 70 is a member of HSP protein families which is 
the most abundant form of HSP in cells (Beck et al. 2000). Hence, HSP 70 has been 
investigated from various aspects in experimental studies. HSP 70 usually acts as a 
protective part of the inflammatory and immune response in case of tissue damage 
(Manucha 2014). It has been demonstrated that HSP 70 contributes to development, 
infection, inflammation, apoptosis and fibrosis of kidney (Mazzei and Manucha 
2017; Manucha 2014; Kennedy et al. 2014; Zhou et al. 2016). Based on these stud-
ies which are mostly experimental, our goal for the future should be to benefit from 
HSP 70 in favor of patients in our daily practice. One of the best ways to achieve this 
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goal may be to use HSP 70 as a biomarker to diagnose kidney diseases. First of all, 
HSP 70 must be detectable in body fluids to be utilized as a biomarker, since blood, 
urine and the other body fluids have been employed to detect the presence of diag-
nostic biomarkers in practice.

 Acute Kidney Diseases and HSP 70

Although HSP 70 is mostly considered to be an intracellular chaperone, several 
clinical studies have demonstrated that it might be found in extracellular space, 
serum and urine of human (Mambula et al. 2007). HSP 72, a member of HSP 70 
protein family, has been shown to be elevated in body fluids secondary to bacterial 
infections (Tang et al. 2008; Varano Della Vergiliana et al. 2013). Tang et al (2008) 
evaluated level of HSP 72 in cerebrospinal fluid (CSF) of the patients who under-
went lumbar puncture due to the suspicion of meningitis. They reported that HSP72 
level in CSF of patients with meningitis was significantly higher than in the patients 
without meningitis according to assessment of CSF (Tang et al. 2008). Moreover, 
HSP 72 level was found to be higher in bacterial meningitis than in aseptic menin-
gitis (Tang et al. 2008). Similarly, another study showed that level of HSP 72 was 
significantly increased in exudates than in transudates in the patients with pleural 
effusion (Varano Della Vergiliana et al. 2013). The authors claimed that the reason 
of increased HSP 72 was the stimulation of mesothelial cells by the pneumococcal 
products (Varano Della Vergiliana et al. 2013). Likewise, cell culture studies dem-
onstrated that HSP 70 released from macrophages due to exposure of bacterial prod-
ucts of Escherichia coli which was the most common causative microorganism in 
urinary tract infection (UTI) (Davies et al. 2006). The prevailing opinion in the past 
was that HSP 70 was released to extracellular space due to the cell death. However, 
it has been shown that HSP 70 is secreted by kidney cells actively rather than 
because of cell death (Evdokimovskaya et al. 2010). Molinas et al (2010) reported 
that HSP 70 levels increased in urine and in renal cortex simultaneously in rats after 
receiving Acetaminophen which caused renal toxicity. This finding suggest not only 
that nephrotoxic agents stimulate HSP 70 expression in renal cortex but also that 
urine may be a good indicator of HSP 70 expression in kidney related to renal 
injury. All these evidences imply that urine level of HSP 70 may be an indicator for 
infection in the urinary tract.

Urinary tract infection is one of the most common infections in children and 
should be included in the differential diagnosis of children with the symptoms of 
systemic infections (Roberts 2011). Nowadays, UTI is diagnosed with significant 
bacterial growing in urine culture and positive of leukocyte esterase and/or nitrite 
tests in urinalysis. However, urinalysis is not specific for the UTI. There are some 
limitations of urine culture as well, although it is essential for the diagnosis. First, 
three days are required for identifying the bacterial growth in culture. Second, 
 invasive methods are required to obtain sterile urine sample for culture because urine 
may be contaminated by microorganisms which are originated outside of the urinary 
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tract. A reliable biomarker is needed to distinguish UTI from contamination as well 
as other infections for the accurate diagnosis. Therefore, we evaluated urine level of 
HSP 70 (uHSP70) and urine HSP 70/creatinine ratio (uHSP70/Cr) to determine 
whether these parameters could indicate UTI in children. In this study, both uHSP70 
and uHSP70/Cr were found to be elevated in patients with UTI at the onset of the 
infection and they decreased after antibiotic treatment proving that the elevation of 
HSP 70 in urine was secondary to UTI (Yilmaz et al. 2016a, b). Additionally, our 
results demonstrated that both these parameters were higher in the patients with UTI 
than in the contamination and non-UTI infection group including upper and lower 
respiratory tract infection, gastroenteritis etc. (Fig. 1) (Yilmaz et al. 2016a, b). All 
these findings demonstrated that increase of these parameters may help to distinguish 
UTI from not only the other infections but also bacterial contamination of the urine.

The possibility of having UTI is increased in children with unexplained fever 
when uHSP70/Cr is above a cut-off 158 pg/mgCr in the study. Urine HSP70/Cr has 
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100% sensitivity and specificity using this cut-off value to distinguish UTI from 
other infections. As an alternative, urinalysis has lower sensitivity and specificity 
(Yilmaz et al. 2016a, b). Previous reports showed that either leucocyte esterase or 
nitrite positivity has a sensitivity of 88% and a specificity of 79% (Williams et al. 
2010). These promising results of our study suggest that urine level of HSP 70, 
especially uHSP70/Cr, may be used as a reliable biomarker in UTI in children.

HSP 70 in urine can be originated not only from kidney but also from bladder. 
Urine HSP 70 level was found to be increased in bladder cancer and the authors 
concluded that this increase might be related to HSP 70 secretion from the tumor 
cells to urine (Margel et al. 2011). However, uHSP70/Cr was significantly higher in 
pyelonephritis than in cystitis in our study implying that the reaction against the 
infection was stronger when the kidney was involved rather than the bladder only. 
Our study showed that bacterial infection of the urinary tract as an acute insult may 
give rise to increase of HSP 70 in urine. It has been notified that HSP 70 is a part of 
the response to tissue damage due to various acute conditions causing kidney injury. 
Studies that investigate the role of HSP70/72  in acute kidney injury (AKI) have 
intensified on ischemia-reperfusion models. Ischemia-reperfusion injury results 
from decreasing of oxygen supply of the kidney tissue due to reduction of blood 
flow, and subsequently sudden restoration of the blood flow to the kidney tissue. 
Ischemia and thereafter reperfusion cause to increase of reactive oxygen species 
(ROS), apoptotic molecules, necrosis, inflammatory cells (Friedewald and Rabb 
2004). These cellular responses finally lead to tissue injury (Friedewald and Rabb 
2004). Cellular ATP decreases after renal ischemia and HSP70 expression is induced 
when the ATP reduction reaches 35–50% (van Why et al. 1994, 1999).

Acute kidney injury results from an ischemic or toxic incident. Amongst kidney 
cells, renal tubular cells are the most vulnerable to AKI. Renal tubule cells loss their 
structural integrity and polarity in AKI and regain their functions through remodel-
ing (Molitoris 1991). Primary mechanism of cellular repair is recycling of damaged 
proteins following ATP depletion (Molitoris et al. 1996). HSP 70, as an important 
chaperon, participates in restoring of damaged proteins (Mayer 2013). Detachment 
of Na-K-ATPase from the cytoskeleton causes loss of tubule polarity in ischemic 
renal injury (Riordan et al. 2005). HSP 70 binds to Na-K-ATPase and overexpres-
sion of HSP 70 reduces of detachment of Na-K-ATPase (Riordan et  al. 2005). 
Binding of HSP70 to Na-K-ATPase increases in response to injury and decreases 
during recovery period (Riordan et al. 2005).

Besides, it has been reported that HSP 70 has various effects in 
AKI.  Geranylgeranylacetone (GGA), an HSP 70 inducer, prevents morphine 
induced renal damage by inhibition of caspase-3 and caspase-9 (Luo et al. 2013). 
Also, HSP 70 reduces apoptosis in AKI inhibiting the c-Jun N-terminal kinase phos-
phorylation as well as caspase-3 inhibition (Kim et al. 2009). Overexpression of 
HSP 72 activates MEK/ERK signaling pathway via phosphorylation and provides 
cell survival form nephrotoxic injury (Wang et al. 2009). Expression or activation of 
Ste20-like kinase (SLK) activates HSP 70 induction (Cybulsky et  al. 2016). 
Expression of HSP 70 mitigates SLK associated apoptosis. Conversely, inhibition 
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of HSP 70 enhances the pro-apoptotic activity of SLK (Cybulsky et  al. 2016). 
Selective COX2 inhibitors reduce papillary HSP 70 induction which is associated 
with caspase-3 activity and apoptotic cells (Neuhofer et al. 2004).

Mueller T et al. evaluated urine HSP 72 in rat with exposure heat and ischemia, 
and also first urine after the renal transplantation in six pediatric renal allograft 
recipients (Mueller et al. 2003). They reported that renal HSP 72 expression was 
stimulated both by renal ischemia or hyperthermia in rats, whereas only renal isch-
emia led to HSP 72 excretion into urine (Mueller et  al. 2003). Urine HSP 72 is 
detectable in the first urine after renal transplantation and presence of HSP 72 in 
urine continues during the first 12 h following renal transplantation (Mueller et al. 
2003). In another study, it has been demonstrated that both renal HSP 72 mRNA and 
urine HSP 72 level increase gradually in rats as renal ischemia is prolonged (Barrera- 
Chimal et  al. 2011). Moreover, 9 patients with AKI were evaluated in the same 
study and increased urine HSP 72 was observed in clinical AKI before serum creati-
nine elevation (Barrera-Chimal et  al. 2011). The authors concluded that urinary 
HSP 72 was a useful biomarker for detection of AKI before fulfilled of AKI criteria 
(Barrera-Chimal et al. 2011). Another study of the same group compared urine HSP 
72 levels of 17 patients with AKI and 20 controls (Morales-Buenrostro et al. 2014). 
Urine HSP 72 levels remained stable at the level of 0.3 ng/ml in the patients without 
AKI, while they progressively increase before development of AKI beginning from 
-3. day and reach a level of up to 15fold higher in patients with AKI (Morales- 
Buenrostro et  al. 2014). Sensitivity and specificity of urine HSP 72 levels were 
100% and 83.3%, respectively, using the cut-off value as 1 ng/ml at -1. day (Morales- 
Buenrostro et al. 2014). Moreover, increase of HSP 72 was earlier than other mark-
ers including neutrophil gelatinase-associated lipocalin (NGAL), kidney injury 
molecule type 1 (KIM-1) and interleukin 18 (IL-18) (Morales-Buenrostro et  al. 
2014). Upregulation of HSP72 by renal ischemia is only seen in renal cortex, 
although it does not occur in renal medulla or in other tissues such as brain, liver, 
intestine, lung and heart (Ortega-Trejo et al. 2015). Urinary HSP 72 level is constant 
at room temperature for 48 h and remains stable at -80 C storage for 9 months, also 
is not affected by several freeze/thaw cycles (Ortega-Trejo et al. 2015). HSP 72 has 
become one of the most important candidates among biomarkers recommended for 
early detection of AKI according to all these studies. Conversely, Vaara et al did not 
find any differences between the critically ill patients with and without AKI in terms 
of urinary HSP70 level (Vaara et al. 2016). Ramirez-Sandoval et al. demonstrated 
that urinary HSP72 did not differentiate between immunologic rejection with AKI, 
pre-renal AKI and other causes of AKI in renal transplant recipients (Ramirez- 
Sandoval et al. 2014). Kierulf-Lassen et al. evaluated effects of remote ischemic 
conditioning on renal ischemia-reperfusion injury. They found that remote ischemic 
pre-conditioning or per-conditioning strategies did not alter HSP70 upregulation 
(Kierulf-Lassen et al. 2015).

It has been notified that toxic injury of kidney may affect HSP 70 levels. 
Ochratoxin A, a mycotoxin secreted by Aspergillus, prevents HSP 70 induction in 
rat kidney and cell culture (Barisic et  al. 2002). The authors stated that kidney 
 damage due to Ochratoxin A is enhanced in the absence of protective effect of HSP 

A. Yilmaz and Z. N. Y. Yildirim



253

70 (Barisic et al. 2002). Molinas et al. investigated HSP 70 levels in urine, kidney 
and liver samples of the rats receiving Acetaminophen (Molinas et al. 2010). The 
authors established that HSP 70 levels increased in urine and in renal cortex simul-
taneously, whereas HSP 70 levels in liver tissue did not increase despite the eleva-
tion of plasma ALT levels due to hepatic damage (Molinas et al. 2010). Injury of 
proximal tubular cells via gentamicin induces HSP 72 according to degree of proxi-
mal tubular injury (Wang et al. 2006).

 Chronic Kidney Diseases and HSP 70

Oxidative stress, inflammation and apoptosis increase in chronic kidney disease 
(CKD) as well as AKI (Lebherz-Eichinger et  al. 2013). All these factors have a 
potential inducing role for HSP 70 response in CKD (Lebherz-Eichinger et  al. 
2013). HSP70 can inhibit apoptosis in different ways (Gotoh et al. 2004; Stankiewicz 
et al. 2005; Gurbuxani et al. 2003; Ravagnan et al. 2001). Also, HSP72 prevents 
synthesis of pro-inflammatory cytokines by repressing NF-kB (Jo et  al. 2006). 
Especially, inflammation is an important part of progression in CKD, in fact in all 
chronic diseases. It has been considered that intracellular HSP have a protective role, 
although extracelluar HSP have immunogenic and inflammatory effect (Sreedharan 
and Van Why 2016). It has been claimed that HSP70 may have long- term detrimen-
tal effects in chronic inflammation, although it has been shown to be beneficial in the 
acute phase (Sreedharan and Van Why 2016, Schmitt et al. 2007). On the contrary, 
cell culture and animal model studies revealed that HSP70 is a protective factor in 
the case of urea elevated environment (Maddock and Westenfelder 1996; Neuhofer 
et al. 2001). Kim et al. demonstrated that inhibition of HSP70 suppresses Treg cells 
as well as suppressed their renoprotective effects (Kim et al. 2014).

The main reason for the progression of chronic kidney diseases to end stage renal 
disease (ESRD) is development of renal fibrosis in glomeruli and tubulointerstitial 
area regardless of the underlying renal disease. The effect of HSP 70/72 on renal 
fibrosis was studied in obstructive nephropathy models as a good example for renal 
fibrosis. It has been observed that HSP 70 concentration of the kidney increases in 
a model of obstructive nephropathy and returns to baseline after the obstruction was 
removed (Lin et al. 1998). Similarly, HSP 70 induction was also demonstrated in 
patients with uretheropelvic junction obstruction (Valles et al. 2003). Induction of 
HSP 72 by GGA reduces sclerotic damage, tubulointerstitial fibrosis, interstitial 
fibroblast accumulation and collagen deposition (Mao et  al. 2008). Additionally, 
HSP 72 induction decreases apoptosis and cell proliferation in tubular epithelium 
(Mao et al. 2008). Besides these effects, GGA as an HSP 72 inducer prevent tubular 
epithelial-mesenchmal transition (EMT), retaining E-cadherin and inhibiting 
α-smooth muscle actin (Mao et al. 2008). The effect of HSP 72 on EMT has been 
shown to be independent of apoptotic mechanisms (Mao et  al. 2008). TGF-β 
 signaling pathways, particularly phosphorylation of Smad3, have an important role 
on EMT and kidney fibrosis (Zhou et al. 2010). HSP 72 inhibits TGF-β1 induced 
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Smad3 activation and EMT. Peptide-binding domain of HSP 72 is required for these 
inhibitions (Zhou et al. 2010). Zhou et al confirmed that HSP 72 expression was 
increased in fibrotic human kidneys. This increase is accompanied by the expres-
sion of p-STAT3 and α-smooth muscle actin. HSP 72 deficiency significantly 
increases collagen and α-smooth muscle actin, aggravates STAT3 phosphorylation 
and kidney fibrosis in the fibrotic kidneys of HSP72 knockout mice (Zhou et al. 
2016). Further, CD4+CD28null and CD4+CD28+T-cells incubated with HSP 70 
increases the expression of IFN- and cytotoxic molecule, perforin, granzyme B in 
CKD subjects unlike healthy controls (Yadav et al. 2013). Blockade of angiotensin 
II, a pro-fibrotic cytokine, with losartan suppresses oxidative stress via decreasing 
superoxide dismutase and this process is strongly associated with HSP70 increase 
(Manucha et al. 2005). Downregulation of endothelial nitric oxide synthase (NOS) 
and HSP 70 coexist in obstructed kidney and induce apoptosis via increased Bax/
BcL2 and caspase-3 activity (Manucha et al. 2011). Conversely, induction of HSP 
70 expression is linked to decrease apoptosis on tubular cells during obstruction via 
the augmentation of nitric oxide (Manucha et al. 2011). The interaction between 
NOS and HSP 70 modulates WT-1 expression in obtrusive kidney (Mazzei and 
Manucha 2017). It is known that the WT-1 gene has crucial functions in kidney 
formation and development (Menke and Schedl 2003). The relationship between 
WT-1 gene and HSP 70 suggests that HSP70 is a chaperone that also plays a role in 
kidney development (Mazzei and Manucha 2017). Taken all together, HSP 70/72 
has an important role in the development kidney fibrosis by different ways. These 
features make HSP 70 an attractive drug target to prevent or mitigate progression of 
kidney fibrosis.

Clinical studies evaluating the role of HSP 70/72 in CKD are limited. Marzec 
et al. demonstrated that HSP 72 expression was significantly decreased in mono-
cytes of adult pre-dialysis CKD patients and the level of HSP 72 was negatively 
correlated with serum creatinine levels (Marzec et al. 2009). In the same study, HSP 
70 expression in monocytes found to be lower in hemodialysis patients than in the 
pre-dialysis patients (Marzec et al. 2009). On the contrary, Musial et al found that 
serum HSP 70 was not different whereas anti-HSP 70 was increased in children 
with CKD (Musial et al. 2010). In addition, anti-HSP 70 is a negative prognostic 
factor for cardiovascular complications in children with CKD (Musial et al. 2010). 
Urine HSP 70 in stage 4–5 CKD was found to be elevated approximately fourfold 
comparing the healthy controls (Lebherz-Eichinger et al. 2012).

Reuter et  al. evaluated HSP 72 expression in monocyte of patients receiving 
hemodialysis due to end-stage renal disease (Reuter et al. 2009). They found no dif-
ference between monocytes of patients and controls although the response of HSP 
72 to heat shock was decreased and apoptosis was enhanced in patient’s monocytes 
but not affected by dialysis itself (Reuter et al. 2009). Crowe et al. observed that 
HSP 70 was higher in muscle specimen of hemodialysis patients than in the control 
group although the difference was not statistically significant (Crowe et al. 2007). 
Musial et  al reported that pre-dialysis serum anti-HSP 70 levels in hemodialysis 
patients were not different from controls. After the hemodialysis session, the anti- 
HSP 70 levels decrease (Musial et  al. 2009). It has been demonstrated that the 
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expression of HSP 72/73 in renal tubules was higher in the hemodialysed patients 
than in the non-dialysed patients (Dinda et al. 1998). Shioshita et al. reported that 
expression of HSP 70 in peritoneal tissue of the patients on peritoneal dialysis was 
significantly higher than in the non-dialysed CKD patients (Shioshita et al. 2000). 
The expression of HSP 70 was much higher in patients with ultrafiltration loss, 
while there was no difference between in the patient with and without recurrent 
peritonitis (Shioshita et al. 2000).

Despite these studies, the role of HSP 70 in CKD is still unclear. Whether HSP 
70 has positive or negative effects on the progression of CKD and whether therapeu-
tic modulation of HSP 70 prevents the progression of CKD or not need to be clari-
fied in order to the features of HSP 70 in practice.

One of the most important causes of CKD in adults is diabetic nephropathy 
(Caramori and Mauer 2009; Marcovecchio and Chiarelli 2009). However, it may 
emerge in childhood because the age of onset of the type 1 diabetes mellitus (T1DM) 
has decreased over the last decade (Marcovecchio and Chiarelli 2009). The first sign 
of diabetic nephropathy is accepted to be microalbuminuria which occurs 6–15 years 
after the T1DM diagnosis whereas diabetic injury begins before microalbuminuria 
emerges (Caramori and Mauer 2009; Marcovecchio and Chiarelli 2009). Exposure 
consistently to high plasma glucose concentration and other metabolic factors 
including advanced glycosylated-end products (AGEs), oxidative stress, growth 
factors and cytokines contributes to developing nephropathy in T1DM (Caramori 
and Mauer 2009; Marcovecchio and Chiarelli 2009). High glucose concentration 
directly induces HSP70 gene expression in renal proximal tubular cells (Qi et al. 
2007). Moreover, AGEs induce cellular oxidative stress and proliferation of intersti-
tial fibroblasts in rat kidney activating Janus kinase 2- signal transducers and activa-
tors of transcription (JAK2/STAT) pathway (Marcovecchio and Chiarelli 2009; 
Chen et al. 2007; Guh et al. 2001). HSP70 expression was increased by JAK/STAT 
pathway activation (Madamanchi et al. 2001). It has been reported that HSP27/25, 
HSP60 and HSP70/72 overexpressed in the outer medulla of rat kidney in a model 
of diabetic nephropathy (Barutta et al. 2008). Therefore, we evaluated urine HSP27, 
HSP40, HSP60, HSP70, HSP90 levels in 33 children with T1DM twice, a year apart 
(Yilmaz et al. 2016a, b). The results were expressed as urine HSP/creatinine ratios 
(uHSP/Cr). In the first year of the study, all of these parameters were significantly 
higher in diabetic children than in the controls indicating that diabetic kidney injury 
has already started before microalbuminuria and renal insufficiency begin (Yilmaz 
et al. 2016a, b). Comparing all HSP with each other, uHSP70/Cr appears to be the 
best indicator for diabetic kidney injury because of the highest AUC (0.957), sensi-
tivity (85%) and specificity (96%) (Yilmaz et al. 2016a, b). The possibility of dia-
betic kidney injury increases 20fold, when uHSP70/Cr is higher than a cut-off 
22.59 pg/mgCr (Yilmaz et al. 2016a, b). Comparing the results of first year, uHSP70/
Cr significantly increased at the second year of the study whereas uHSP60/Cr 
decreased and the others remained stable (Yilmaz et al. 2016a, b). According to our 
results, uHSP70/Cr increases over time and may indicate progressive damage in 
kidney of diabetic children (Yilmaz et al. 2016a, b). Our study demonstrated that 
urine level of HSP 70 increases as a response to a chronic insult for kidney.
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Another multicenter study including our patients showed that increased serum 
HSP 70 level may be associated with glomerular diseases. Patients with IgA 
nephropathy were compared with the patients with idiopathic nephrotic syndrome 
(INS) as a patient control group, and healthy controls in terms of serum levels of 
HSP70. Serum HSP70 level was significantly higher in the IgA nephropathy group 
than in the INS group and controls whereas it was almost comparable between the 
patients with INS and controls (unpublished data).

 Conclusions

Obviously, HSP 70 is involved in response to various acute and chronic insults of 
kidney and also other parts of the urinary tract. In this point of view, it does not seem 
to be a specific biomarker for any of the kidney diseases. However, HSP 70 level of 
body fluids may be beneficial as a biomarker, if we use it in some specific circum-
stances, for example for the differential diagnosis of “a children with fever”. The 
number of possible diseases in this situation is limited and an infection is most 
likely to be the reason of fever. Our study showed that UTI can be distinguished 
from other infections and contamination in “a children with fever” by measuring 
urine HSP 70 level. Thus, objective and accurate diagnosis of UTI will be possible. 
Another expectation from the studies on HSP 70 is to provide information to use 
this protein to ameliorate the kidney diseases. Clarifying the exact role of HSP 70 in 
different kidney diseases enables to discover new therapeutic options in order to 
prevent renal fibrosis and chronic renal failure in the future.
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Abstract Heat Shock Proteins (HSP) belongs to the family of intracellular proteins 
that are constitutively expressed and are markedly upregulated by various stressors 
including heat, oxidative and chemical stress. Expression of HSP helps in numerous 
reparative processes including the refolding of damaged proteins and removal of 
irreparably damaged proteins that would accumulate and initiate cellular death or 
apoptosis. A growing body of evidence in recent times has expanded the role of HSP 
and defined their physiological and pathological role in various diseases such as 
neurodegenerative disorders, cancer, ischemic heart disease as well as in kidney 
diseases. The protective role of HSP in ischemic renal injury has been described 
recently and HSP impairment has been noted in other forms of kidney injury as well 
as in post- transplant situation. Further research and better understanding of the role 
of HSP in prevention of kidney injury will be crucial if translation from the labora-
tory to patient bedside has to occur. This article aims to be a review of heat shock 
protein and its relevance to kidney disease.
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SLE systemic lupus erythematosus
THP Tamm- Horsfall Protein
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TNF tumor necrosis factor

 Introduction

Heat Shock Proteins (HSP) belong to the family of intracellular proteins that are 
phylogenetically highly conserved. HSPS are constitutively expressed and are 
markedly upregulated by various stressors including heat, oxidative and chemical 
stress. Expression of HSP helps in numerous reparative processes including the 
refolding of damaged proteins and removal of irreparably damaged proteins that 
would accumulate and initiate cellular death or apoptosis (O’Neill et  al. 2014; 
Kampinga and Craig 2010). A growing body of evidence has expanded the role of 
HSP which have been regarded as intracellular chaperones beyond their cytoprotec-
tive function. The main goal of the chaperones discussed extensively in recent 
reviews (Joly et al. 2010; Calderwood et al. 2007) is to preserve cell survival by 
controlling the three –dimensional structure of the synthesized proteins, preventing 
misfolding or degradation. Therefore HSP regulates the response to any detrimental 
factors such as temperature, radiation, hypoxia, toxins or infectious agents. Stress 
response may also evoke the release of HSP outside the cell as an effect of an active 
transport or cell disintegration due to damage. The extracellular HSP thus released 
plays a pivotal role in innate adaptive immune responses. They also take part in 
many pathological processes. There are several HSP families each with specific 
properties that have been well established (as shown in Table 1). HSP have been 
classified according to their molecular weight into five groups: small HSP (incl HSP 
27), HSP 60, HSP 70, HSP 90 and HSP110. Among these, HSP 60, 70 and 90 have 
been studied extensively (Joly et al.). In each of these groups, two types of HSP can 
be found: stress –induced isoforms (HSP 60, 70 and 90 alpha) as well as those con-
stitutively and independent of stress conditions (HSP70, HSP90ß).

Table 1 Summary of HSP families

Mammalian HSP 
family Location Main established function

HSP90 Cytosol Chaperone for a regulator of protein complex 
formation

HSP70 Cytosol/nucleus/
mitochondria

Protein trafficking, anti-apoptotic properties and 
degradation of denatured proteins under stress

HSP60 Mitochondria Mitochondrial protein folding and assembly
HSP27 Cytosol Preventing unfolded protein aggregation
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Role of extracellular HSP: Although the existence of extracellular HSP has been 
known for close to two decades (Pockley et al. 1998, 1999) there is still much uncer-
tainty and controversy regarding the role of the extracellular form of these proteins. 
Extracellular HSP has been considered as a danger signal (Matzinger 1994), where 
the molecules are released under pathological or physiological stress giving a warn-
ing to the immune system. The cellular response comes from the antigen –present-
ing cell (APC) which recognizes HSP through the Toll-like receptors (TLR). That 
interaction subsequently triggers the APC to release inflammatory cytokines and to 
activate the nuclear facto r(NF-KB), thus initiating the adaptive immune response 
and presentation of antigens to the cytotoxic T-cells (Srivatsava 2002). HSP can also 
stimulate the production of cytokines by monocytes and macrophages as well as the 
expression of adhesion molecules on endothelial cells. HSP 60 is pro-inflammatory 
certainly while the ambiguous function of HSP 70, inducing both pro-inflammatory 
9IL-6, TNF-ɑ and anti-inflammatory (IL-10) cytokines creates some confusion.

The role of HSP in kidney health and disease is varied and HSP induction may 
be detrimental or beneficial to the kidney, depending on the specific HSP, type of 
cell and the context. Initial reports suggested that HSP had protective effects in renal 
cells, however subsequent studies have shown that stress protein induction may in 
certain situations have adverse effects on cell injury and may worsen disease 
progression.

 HSP in Kidney Development

It has long been recognized that stress proteins are critical to developing organisms 
and that HSP regulation and expression varies during development. Knock-out 
models of constitutively expressed chaperones in unicellular organisms made them 
highly susceptible to injury from even mild forms of stress and in some cases proved 
fatal. It was expected that knocking out individual stress proteins or ablating their 
induction might cause significant developmental abnormalities of the kidney. 
However this has not been reported till date. No developmental abnormalities have 
been reported in the few mouse models where inducible HSP were knocked out. 
HSP regulation appears to be however differing during renal development com-
pared to later in life. HSF is constitutively more active in neonatal rat kidneys com-
pared to mature animals. It has been seen that Hsp 70, and Hsp 90 are constitutively 
higher, while Hsp 60 is lower in immature rat kidneys compared to adult (Le Masson 
and Christians 2011). This may reflect the overlap and occasional redundancy of 
function of individual Hsps and the differential regulation of Hsps in the developing 
kidney appears to contribute to the long recognized resistance of the immature kid-
ney to injury.
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 Role of HSP in Acute Kidney Injury (AKI)

The incidence of AKI is increasing and represents a significant health concern glob-
ally. In a hospital –based setting, AKI may result from multiple causes including 
hypoperfusion, surgery and sepsis. Apart from supportive therapy including provid-
ing renal replacement therapy when appropriate, no definite therapy exists for 
patients with AKI and present treatments include avoidance of further renal insults 
by avoidance of nephrotic medications and effective treatment of sepsis (Murugan 
and Kellum 2011).

HSP and Renal Ischemia Reperfusion Injury (IRI): IRI is a complex event that 
involves numerous classes of cells and involves various biological processes such as 
apoptosis, microvascular dysfunction, immunological activation and altered tran-
scription (Eltzchig and Eckle 2011). There is a marked increase in renal HSP 
expression with the HSP 70 gene showing a 43-fold increase and the HSP 27 a 
12-fold increase. The concept that HSPs are cytoprotective after IRI is re-inforced 
by the evidence obtained from HSP-70−/− mice (Zhang et al. 2008; Wang et al. 
2011)HSP −/− mice have worse kidney function, tubular injury and worse survival 
following renal IRI. The protective effect from renal IRI provided by the HSP-70 
inducing agent geranyl geranylacetone is also abrogated in HSP-70 knockout mice. 
The main barrier to the translation of these treatments to clinical use is the lack of 
complete understanding of HSP 70 induction results in kidney protection. The puta-
tive modes of protection include cytoskeletal stabilization, anti-inflammatory 
effects, requirement in autophagy, anti-apoptotic properties, influence over macro-
phage phenotype and stimulation of regulatory T cells. In addition to potent ant- 
inflammatory effects, HSP 70 may potentially exert pro-inflammatory effects. It is 
thought that HSP 70 located in the cytosol reduces inflammatory signaling, however 
HSP 70 released into extracellular compartments displays immune-stimulating 
properties (O Neill, Ross et al. 2011). This however remains poorly understood and 
calls for the need for further studies aimed at more accurately characterizing HSP 
70 and its overall effect on the inflammatory equilibrium. Future prospects for trans-
lational use of HSP 70 in prevention of kidney ischemia reperfusion injury will be 
helpful in patients predicted to be at high risk of developing post-operative AKI 
such as after cardiac surgery or after ionic contrast use. This type of preconditioning 
strategy has potential since it would allow prevention of IRI at the earliest stage. 
Better predictive models about which group of patients would likely benefit the 
most from such therapy are needed. This use of HSP will also be helpful prior to 
kidney transplantation since in this situation, delivery of the drug to organ donor 
prior to organ procurement could facilitate protection from IRI insult and may result 
in improved graft outcomes.
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 HSP in Polycystic Kidney Disease (PKD)

Primary cilia have a significant role in normal embryonic development and differ-
entiation of kidney epithelia. Ciliary dysfunction has been linked to developmental 
disorders including PKD and is associated with abnormal chemical and mechanical 
signals. The actin cytoskeleton which mediates these signals and HSP 27 is integral 
to maintaining the normal ciliary structure and function. HSP 90 also enhances cell 
survival and proliferation and facilitates disease progression (Seeger-Nukpeza et al. 
2013). Anti Hsp 90 therapy may help in treatment of PKD while enhancing HSP 27 
expression and function could also potentially help in preventing development of 
cysts and disease progression.

 HSP in Glomerular Disease

The initial studies of HSP were on the tubulointerstitial compartment of the kidney. 
But the role of HSP in glomerular diseases has been better defined of late and their 
role in contributing to the disease process identified. In contrast to the largely ben-
eficial role of HSP in AKI, the actions of HSP are more varied. HSP 25/27 have 
been extensively studied in mouse models of glomerular disease especially the 
puromycin aminonucleoside model of nephrotic syndrome (Smoyer et  al. 1996). 
Phosphorylation of Hsp 25 in glomeruli was increased after puromycin treatment 
and in the in-vitro model of podocyte injury Hsp 27 was protective against 
puromycin- induced microfilament disruption (Smoyer and Ransom 2002). Hsp 
25/27 have known functions in regulating actin polymerization and in the mainte-
nance of normal foot process structure thereby modulating the cytoskeletal changes 
that occur in glomerular epithelial cells subject to toxic injury leading to nephrotic 
syndrome. It has also been found that steroids especially dexamethasone used in 
treatment increased Hsp25/27 expression indicating a potential therapeutic 
pathway.

Heat shock proteins have a diverse effect in glomerulonephritis depending on the 
cause of the lesion and the protein involved. Hsp 90 is upregulated in mesangial 
cells in a rat model of mesangial proliferative glomerulonephritis where it is believed 
that Hsp 90 enhances the proliferative capacity of mesangial cells (Pieper et  al. 
2000). Hsp47 is a collagen synthesis/assembly regulating stress protein. Hsp47 co- 
expression with collagen is increased in kidneys of patients with diabetic nephropa-
thy and Ig A nephropathy compared to control specimens (Razzaque et al. 1998). 
Hsp90 is also closely associated with auto-immune diseases such as systemic lupus 
erythematosus (SLE) and has been found to be deposited in glomeruli of lupus 
patients (Kenderov et al. 2002). Inhibition of Hsp90 in the mouse model MRL/pr 
mice decreased proteinuria and anit-dsDNA titre indicating that HSP 90 may have 
a direct detrimental effect in facilitating nephritis in lupus. The role of stress pro-
teins in glomerular diseases is not straightforward but more complex. While some 
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Hsps may show some benefit, it appears that most stress proteins enhance inflam-
matory pathways to injury.

HSP in Malignancy

Malignancy is characterized by unregulated cell [proliferation and resistance to 
apoptotic cell death. The finding of increased expression of HSP in a variety of 
cancers suggests that their role as cytoprotectants may help in resistance of malig-
nant cells. Suppression of the stress response resulted in apoptosis and decreased 
proliferation in renal cell carcinoma. This was achieved by an inhibitor of Hsp 90 
17 –allylamino-17- demthoxygeldanamycin (17-AAG) (Sato et  al. 2012). The 
increased immunogenicity and overexpression of HSP can also be used as a basis 
for immunotherapy.

Tubulointerstitial Diseases

Mutations in the gene for Tamm-Horsfall protein (THP) have been described in 
tubule-interstitial disorders encompassing medullary cystic kidney disease type 2, 
familial juvenile hyperuricemic nephropathy, glomerulocystic kidney disease that 
progress to end-stage kidney disease. Mutations decreased cytosolic transport of 
THP in cells of the thick ascending limb of Henle to the luminal surface. This effect 
appeared to be associated with decreased cytosolic Hsp 70 (Ma et  al. 2012). 
Enhancing function of the chaperones could be an important therapeutic approach 
in THP –mediated genetic disorders which have limited options for therapy.

 Role of HSP in Chronic Kidney Disease (CKD)

CKD is a complex condition characterized by a variety of underlying pathological 
causes and pathways culminating in the common end result of glomerulosclerosis 
and interstitial fibrosis. The potential components of this stress cocktail include the 
putative uremic toxins, mediators of inflammation, reactive oxygen species, apopto-
sis, infections etc. Therefore the discussion of HSP in chronic kidney disease can be 
conducted in two parallel directions. The first one is the possible impact of HSP, 
either protective or deleterious on progression of chronic kidney disease. After 
defining the role of HSP possible therapeutic interventions such as administration of 
anti – HSP proteins as well as modification in the biocompatibility of dialysis mate-
rials will open up future treatment perspectives in optimizing renal replacement 
therapy and improving patient outcomes. In vitro investigations performed in the 
late 1990s has shown increased HSP 72 expression in human neuroblastoma calls 
treated with urea at varying concentrations from 40 to 200 mg/dl. It was shown that 
HSP values rose after 30 min, obtained peak values after 10 h and reduced to zero 
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after about 48 h (Maddock and Westenfelder 1996). A similar experiment conducted 
with creatinine as a medium however did not show any impact on HSP 72 expres-
sion. This probably reflects the selective influence of uremic toxins on the stress 
response and suggests that increase in HSP 72 expression may protect against apop-
tosis and lead to cell adaptation to noxious conditions. However these experimental 
conditions are of short duration and cannot exactly mimic conditions responsible 
for chronic kidney damage. Therefore interpretation of the adaptive response in the 
course of CKD should be viewed cautiously. Mao et al. (2008) studied the impact of 
HSP on chronic kidney damage in rats with obstructive uropathy. Selective activa-
tion of HSP 72 given orally inhibited the proliferation an apoptosis in tubular cells 
and diminished accumulation of fibroblasts and collagen- 1 generation in renal 
parenchymal cells, thus slowing the process of fibrosis. Research on HSP levels in 
humans with CKD is limited and very few studies have been done in this area. 
Mahgoub et al. (2012) looked at HSP 27 levels in Type-2 diabetic patients with and 
without diabetic nephropathy and found serum HSP 27 levels significantly higher in 
patients with diabetic nephropathy compared to diabetic control patients. Marzec 
et al (2009) described HSP 72 expression in the peripheral blood monocytes from 
adult patients with predialysis CKD when compared to controls (359 ± 83 AU vs 
405 ± 51 AU, p < 0.01) and found negative correlations between HSP 72 protein and 
serum creatinine concentrations, thus suggesting exhaustion of adaptive mecha-
nisms along with aggravated apoptosis and impaired immunity characteristic for 
CKD.  However when compared to adults with CKD, children have better pre-
ser5ved HSP 70 levels, thus favoring better preservation of cellular adaptive pro-
cesses. The same study revealed diminished serum concentration of AntiHSP-70, a 
negative factor in cardiovascular complications thereby increasing risk of 
atherosclerosis.

 HSP in ESRD Patients on Dialysis

In contrast to the scarce data concerning HSP in CKD patients on conservative 
therapy, a lot more work has been done in the field of dialysis. In hemodialysis, data 
has focused mainly on the role of HSP as potential marker of biocompatibility of 
materials used. Studies of HSP in hemodialysis have concentrated mainly on HSP 
72. It was shown that in regard to peripheral blood monocytes, mRNA amount in 
adults on HD was significantly lower than in controls (293 ± 62 AU vs 405 ± 51 AU, 
P < 0.001). Interestingly, the exposure of urea-treated macrophages harvested from 
healthy controls to heat stress (47 C for 40 mins) resulted in greater increase of HSP 
72 expression than after incubation with urea only. This suggests that the stress 
response although altered in CKD is not entirely abolished. Levels of HSP 70 how-
ever in children have however differed from adult patients on dialysis. HSP 70 and 
antiHSP 70 serum concentrations between children on hemodialysis and controls 
did not significantly differ. Two studies assessing the impact of a single dialysis ses-
sion with polysulphone membrane on HSP have revealed increase in HSP 72 
expression, high HSP 60 as well as decreased antiHSP 60 and antiHSP 70 
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concentrations after HD (Reuter et al. 2009; Gowe et al. 2007). The HSP 72 activa-
tion is indicative of a stress induced reaction such as blood –dialysis contact activa-
tion. However decrease in antibody levels could result from adsorption to the 
dialyser membrane surface, creation of HSP-antiHSP complexes and elimination by 
dialysis itself. The clinical interpretation of these findings is yet unclear.

 HSP in Peritoneal Dialysis

Investigation of HSP in peritoneal dialysis patients have mainly focused on the 
impact of the peritoneal fluid as a stress factor on the function of the peritoneum. 
Induction of HSP 72 expression has been found in both mesothelial cells incubated 
with peritoneal dialysis fluid and in macrophages from the dialysis effluent col-
lected after one 4 hr dwell (Arbriter et al. 2003). HSP 72 can be used also as a pos-
sible marker of peritoneal fluid biocompatibility. In vitro exposure of human 
mesothelial cells to peritoneal dialysis solution (PDS) resulted in overexpression 
and shift of HSP 27 and HSP 72 from the noncytoskeletal to cytoskeletal fraction 
within the cell. Bender et al (Bender et al. 2010) successfully improved the status of 
mesothelial cells by the pharmacological manipulation of the PDS content in vitro 
by adding glutamine to the PDS. This improved the viability of human mesothelial 
cells by inducing HSP 27 and HSp 72 expression. In the rate model, this addition 
also reduced the detachment of mesothelial cells and also decreased the amount of 
protein lost in PDS. The question whether there is any difference between hemodi-
alysis and peritoneal dialysis patients with regard to HSP is difficult to answer in 
adults. In children however it appears that HSP 60 and HSP 90ɑ concentrations 
were similar in both groups (Musia et al. 2009). The above mentioned results have 
revealed the complexity of the HSP response to stressful conditions and although 
HSP disturbances were more evident in the case of hemodialysis, this does not 
imply an explicitly negative opinion of hemodialysis when compared to peritoneal 
dialysis. AntiHSP may become a useful marker of biocompatibility.

 Role of HSP in Kidney Transplantation

The transplanted kidney whether from cadaveric organ donor or from a living kid-
ney donor undergoes ischemia-reperfusion injury and HSP plays an essential role in 
that process. Studies in children after kidney transplantation has suggested that the 
urinary excretion of HSP 72 is characteristically seen only in the early post- 
transplant period while patients with stable grafts do not have detectable levels of 
HSP in urine (Mueller et al. 2003). Urinary HSP 72 may be a good marker of tubular 
cell integrity. In ischemic kidney rat models, overexpression of Hsp 70 and HSP 90 
and relocation of Na-K ATP-ase from the apical to the basolateral membrane domain 
of the proximal tubule cells has been documented. The observed translocation of 
Hsp 27 from the medulla to the cortex is an adaptive response of the ischemic 
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milieu. A major concern and application of HSP in organ transplantation is their 
potential role in preventing or delaying the process of rejection. Experimental data 
has shown that activation of heat shock protein makes cells preconditioned by sub-
jecting them to sublethal stress to become resistant and survive subsequent other-
wise lethal stimuli. A natural consequence of such results will imply that HSP 
stimulation in the transplanted kidney would preserve kidney function for a longer 
time. However this has not been replicated in experimental data and results from 
studies are ambiguous and have not shown any definitive protective effects (Trieb 
et al. 2001; Mueller et al. 2004) Some studies have even shown unpredictable effects 
such as enhanced immunogenicity (Pockley 2001) which can be dangerous in a 
transplant setting.

 Conclusions

Knowledge of the role played by HSP in kidney disease is slowly increasing, 
although we are far from understanding their entire role and pathological implica-
tions. The intracellular forms of HSP, especially HSP 70 in cytoprotective action 
and delaying of apoptosis will be crucial. Increasing biocompatibility of dialysis 
membranes as well as peritoneal dialysis fluids will help in improving the quality of 
renal replacement therapy. Future investigation should concentrate on this aspect.
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Heat Shock Protein 70 and Other Heat 
Shock Proteins in Diseased Retina

Ting Zhang, Bobak Bahrami, and Ling Zhu

Abstract Heat shock proteins (HSP) belong to a family of stress-induced proteins 
essential to cell survival. HSP have multiple protective roles through assistance in 
protein folding, maintaining mitochondrial homeostasis, suppressing proinflamma-
tory cytokines, resisting ischemic damage and protecting cells from apoptotic and 
necrotic death. This chapter discusses the important roles of HSP, particularly 
HSP70  in enhancing the survival of neurons in retinal disease through different 
pathways. Studies in various retinal cell lines, animal models and human tissue 
demonstrate altered HSP expression under different stresses and diseases. These 
findings implicate the critical role of. HSP in the diseased retina as well as providing 
support for translating the HSP’ cellular defense strategy into therapy to protect and 
rescue injured retina from different retinal pathology.
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RGCs retinal ganglion cells
RPE retinal pigment epithelium
STZ streptozotocin 
TNF tumour necrosis factor
VEGF vascular endothelial growth factor

 Introduction

Heat shock proteins (HSP) were originally discovered as heat-inducible proteins 
(Ritossa 1962, 1996; Schlesinger 1990). Mammalian HSP can be broadly catego-
rised into five families according to their molecular weight: the small HSP, HSP60, 
HSP70, HSP90 and HSP110 (Kregel 2002). In addition to physiological roles, these 
evolutionary conserved proteins are elevated in response to different types of cel-
lular stress including thermal, hemodynamic, osmotic, ischaemic and oxidative 
(Heise and Fort 2011).

As molecular chaperones, HSP are essential components of normal cellular func-
tion, including metabolism, development, maturation and growth (Basu and 
Srivastava 2000; Christians et al. 2012, 2003; Kiang and Tsokos 1998; Vanmuylder 
et al. 1997). Under stress, HSP actively unfold misfolded or aggregated proteins to 
conformations from which they can refold spontaneously (Hubbard and Sander 
1991). They also promote refolding of redox-modified proteins in response to mito-
chondrial stress (Deocaris et al. 2006). HSP regulate the secretion of both anti- or 
pro-inflammatory cytokines thereby controlling the immune response, increasing 
endotoxin tolerance and survival (Brenu et al. 2013; Gao and Tsan 2004; van Eden 
et al. 2005). The expression of HSP can also protect tissues from ischemic injury 
(Dillmann 1999; Przyklenk and Kloner 1998). HSP can suppress both apoptotic and 
necrotic pathways by regulating survival signalling, apoptosis signalling or tumour 
necrosis factor (TNF) family receptor signal transduction (Takayama et al. 2003).

In the retina, they may have a role in development. HSP70 and HSP90 have been 
reported constitutively expressed throughout development in rat retina, suggesting 
these proteins may be involved in the maturation of the primary visual pathway 
(Kojima et al. 1996). Chicken heat-shock cognate 70 protein was found to be pre-
cisely regulated during retinal neurogenesis, suggesting its important role in retinal 
development (Morales et al. 1998). HSP27 is regulated in development of rat retinal 
ganglion cells during a critical period of connectivity with the superior colliculus 
(Hawkes et al. 2004).

Importantly, altered expression of HSP has been demonstrated in common vision 
impairing retinal pathologies including diabetic retinopathy, age-related macular 
degeneration and glaucoma. Here, we review the role of HSP in these retinal pathol-
ogies and discuss the therapeutic potential of HSP targeting.
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 HSP in Diabetic Retinopathy

Diabetic retinopathy (DR) is a common complication of diabetes and a leading 
cause of blindness in working-age adults (Liew et al. 2014). The pathogenesis of 
DR is complex and incompletely understood. Chronic hyperglycaemia is thought to 
be a key component in the pathogenesis and may lead to alteration of biochemical 
pathways in the retina, resulting in inflammation and oxidative stress. This leads to 
the release of angiogenic and pro-inflammatory cytokines, such as vascular endo-
thelial growth factor (VEGF-A), interleukin 6, tumour necrosis factor-α (TNF-α) 
and IL1-b (Rangasamy et al. 2012). The ultimate result is dysfunction of the neuro-
vascular unit and consequent vision impairment.

HSP are important anti-inflammatory mediators. They may reduce the presence 
of inflammatory mediators such as TNF-α through interaction with nuclear factor-κB 
(NFκB), a nuclear transcription factor for multiple genes associated with inflamma-
tion (Yenari et al. 2005). HSP may also modify angiogenic factors contributing to 
neovascularisation (Augustin et al. 2011), the hallmark of advanced, proliferative 
DR. These angiogenic factors, especially VEGF-A, also contribute to diabetic mac-
ular edema, the most common cause of visual impairment in diabetic retinopathy.

There is conflicting evidence for up- and down-regulation of different HSP in 
DR. Some data suggest that altered expression of HSP is a primary factor in the pathogen-
esis of DR, whilst others present these changes as a secondary effect of the pathology.

 HSP70

HSP70 has multiple pleiotropic functions including p53-mediated apoptosis 
(Wadhwa et al. 2002), iron-sulfur cluster biogenesis (Lill and Muhlenhoff 2006), 
mitochondrial calcium regulation (Szabadkai et  al. 2006) and ATP-dependent 
import of nuclear-encoded proteins into the mitochondrial matrix (Stojanovski et al. 
2006). The expression of HSP70 was discovered as 1 of 17 genes that were mark-
edly lower in subjects with diabetes (Hooper and Hooper 2004). The expression 
level of HSP72, a stress induced member of the HSP70 family, has been found to be 
lower in muscle of type 2 diabetic patients compared with healthy control subjects 
(Kurucz et al. 2002).

Increased expression of HSP70 in the retina may help neurons to resist the oxida-
tive stress and inflammation induced by hyperglycaemia. HSP70 subtypes 1A and 8 
were two distinctively upregulated proteins in a proteomic study of the retina in 
streptozotocin (STZ) induced diabetic rats (Quin et al. 2007). Furthermore, Sayed 
et al. found that HSP70 was significantly higher in serum of diabetic patients with 
DR compared with those without (Sayed and Mahmoud 2016). Rather than a direct 
effect of hyperglycaemia stress, this upregulation of serum HSP70 may be a secondary 
effect of endothelial dysfunction in the retina leading to decreased release of nitric 
oxide into the circulation (Malyshev et al. 1995).
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 Other Heat Shock Proteins

Kim et al. conducted a proteomic study on tears collected from healthy volunteers 
and patients with diabetes, both with and without retinopathy. There was downregu-
lation of HSP27 in diabetic patients with and without DR compared to healthy con-
trols, with this finding most pronounced in patients with DR (Kim et  al. 2012). 
HSP27 protein and mRNA expression was attenuated and contributed to apoptosis 
in oxidative stress and high-glucose environments in human retinal endothelial cells 
(Nahomi et al. 2014).

Animal models of diabetes have demonstrated conflicting results. Pinach et al. 
found retinal HSP25, the mouse homologue of the human HSP27, mRNA and pro-
tein expression was significantly increased in streptozotocin induced diabetic mouse 
compared to control. The observation was paralleled by overexpression of oxidative 
stress markers nitrotyrosine and superoxide dismutase SOD and enhanced apopto-
sis (Pinach et al. 2013). Brucklacher et al. also found similar upregulation of retinal 
HSP25  in streptozotocin induced diabetic rat compared with non-diabetic rat 
(Brucklacher et al. 2008). Although HSP25 upregulation was suggested to diminish 
neuronal apoptosis by preventing cytochrome C dependent procaspase-9 activation 
and sequester both procaspase-3 and cytochrome C (Paul et al. 2002), the upregula-
tion of HSP25 in diabetic mice retina may only delay the ultimately apoptosis.

The immune response to HSP has been implicated in the pathogenesis of vascu-
lar disease (Mandal et  al. 2004). However, the large, EURODIAB Prospective 
Complications Study found no correlation between anti-HSP27 antibodies and the 
presence of diabetic complications, including DR (Burt et al. 2009).

α-crystallins are small HSP which prevent aberrant protein interactions. Both 
αA- and αB-crystallins are increasingly expressed in animal models of diabetes as 
well as diabetic human eyes. In streptozotocin induced diabetic rats, retinal 
αA-crystallin expression is increased (Kumar et al. 2005). αB-crystallin is expressed 
in proliferative diabetic retinopathy membranes, and colocalizes with VEGF- 
positive neovessels in surgical samples (Dong et  al. 2012). Despite increased 
expression of α-crystallins, the properties of these proteins may be dysfunctional. 
Losiewicz et  al. demonstrated the solubility and interaction of α-crystallins with 
Bax, a proapoptotic protein, are impaired. These properties were shown to be criti-
cal for neuroprotection of retinal ganglion cells (RGC)s in cell culture.

 HSP in Age Related Macular Degeneration

Age-related macular degeneration (AMD) is the leading cause of blindness among 
older adults in developed nations (Buch et al. 2004; Congdon et al. 2004). Early 
clinical features of AMD include drusen, an accumulation of extracellular material 
between the retinal pigment epithelium (RPE), and Bruch’s membrane. Advanced 
clinical features of AMD include atrophy of the RPE, and/or development of new 
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blood vessels (neovascularization) (Ferrington et al. 2016). Both of these sequelae 
result in photoreceptor death and central vision loss.

The RPE is a monolayer between the photoreceptors and choroid that supports 
retinal function and homeostasis. RPE dysfunction and degeneration are critical 
events in AMD pathogenesis (de Jong 2006). RPE cells endure high levels of oxida-
tive stress from consumption of oxygen, accumulation of peroxidized lipid and 
exposure to light (Kaarniranta et  al. 2013). Chronic exposure to these oxidative 
stresses can eventually lead to mitochondrial dysfunction, DNA damage as well as 
the aberrant folding or aggregation of proteins in the retina (Shaw et al. 2016). HSP 
are a major cellular defense against the accumulation of toxic aggregate proteins.

 HSP70

Dysregulation of HSP70 may contribute to the increased susceptibility of the retina 
to age-related retinal disease. Levels of HSP70 are known to decline during normal 
aging in human eyes (Bernstein et al. 2000). Expression of heat shock cognate 70, a 
constitutively expressed member of the HSP70 family, progressively declines dur-
ing normal aging of the primate retina (Bernstein et al. 2000). Mitochondrial HSP70 
(mtHSP70) is critical in the aging of mitochondria. Knockdown of mHSP70 by 
RNA interference in C. elegans caused lower motility, defects in oogenesis, earlier 
accumulation of autofluorescent material, and a shorter life span. These are the 
major phenotypes observed during the aging of worms, suggesting that the reduc-
tion of HSP70 causes early aging or progeria-like phenotypes (Kimura et al. 2007).

Nordgaard et al. found a decrease of mtHSP70  in mitochondria isolated from 
AMD donors, worsening with the severity of AMD (Nordgaard et al. 2008). Based 
on the pleiotroptic function of the HSP70, the decreased mtHSP70 level may cause 
the dysfunction of apoptosis, iron-sulfur cluster biogenesis, calcium and matrix- 
localization in RPE cells (Manicki et al. 2014; Nordgaard et al. 2008; Plafker et al. 
2012).

Part of the pathogenesis of AMD is chronic oxidative stress induced by impaired 
degradation of proteins in RPE cells (Jarrett and Boulton 2012; Mullins et al. 2000). 
HSP70 plays important roles in maintenance of protein homeostasis, also referred 
to as “Proteostasis”. It regulates cellular proteolysis and is upregulated under stress 
conditions which cause protein damage and unfolding in RPE cells (Kivinen et al. 
2014). The depletion of HSP70 significantly increased cell death in conjunction 
with proteasome inhibition in RPE cells (Ryhanen et al. 2009). Thus, downregula-
tion of HSP70 can affect the protein turnover rate in human RPE cells, which may 
lead to degenerative processes in retinal cells.

Contrary to the above findings, Kang et al. identified an upregulation of HSP70 in 
isolated exosomes from aqueous humor samples from patients with neovascular 
AMD (Kang et al. 2014). This upregulation of HSP70 decreased in concentration 
following anti-VEGF treatment with ranibizumab. The finding was further con-
firmed using liquid chromatography tandem-mass spectrometry (LC-MS/MS) anal-
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ysis. The upregulaiton of HSP70 could be the retinal response to the stress in 
neovascular AMD, secondary to the disease process. The molecular mechanism of 
the downregulation of HSP70 after treatment of ranibizumab is still not clear. It may 
be induced by reduced oxidative stress after treatment.

 Other Heat Shock Proteins

HSP60 expression was found to be decreased in RPE cells from human donors with 
AMD in a proteomics study (Nordgaard et al. 2006). HSP60 mediates the folding of 
mitochondrial proteins encoded by nuclear genes after translation (Voos and 
Rottgers 2002). Decreased HSP60 expression, together with decreased ATP syn-
thase levels (Nordgaard et al. 2006) may indicate that mitochondrial dysfunction is 
involved in the pathogenesis of AMD.

In another study, Decanini et al. found HSP27 and HSP90 exhibited a 300% and 
250% increase in expression in human donor RPE respectively throughout four 
stages of AMD (Decanini et al. 2007). These findings are consistent with previous 
increased HSP27 expression in cultured RPE cells after exposure to oxidative stress 
(Arrigo et al. 2005; Strunnikova et al. 2001).

The small heat shock proteins, αA- and αB-crystallin, were found accumulating 
in Bruch’s membrane and choroidal connective tissues in AMD (Nakata et al. 2005). 
The upregulation of the αB-crystallin expression was also reported in RPE and pho-
toreceptors over areas of drusen in AMD (De et al. 2007; Johnson et al. 2005). The 
overexpression of α-crystallin is induced in the cytosol and mitochondria of RPE 
cells under oxidative or ER stress (Kannan et al. 2016). This suggests that the retinal 
accumulation of small HSP reflects a disease-related stress response during the pro-
gression of AMD. αB-crystallin regulates the protein level of VEGF-A and thus 
may play an important role in retinal angiogenesis (Kase et al. 2010). Intraocular 
angiogenesis was attenuated and the level of VEGF-A protein was remained low in 
αB-crystallin (−/−) retina of laser-induced choroidal neovascularization versus wild- 
type mice (Kase et al. 2010). Immunoprecipitation demonstrated that αB-crystallin 
can bind to VEGF-A and modulate its ubiquitination. These results indicate 
α-crystallins may be a potential therapeutic target for neovascular AMD.

 HSP in Glaucoma

Glaucoma is characterized by progressive loss of vision caused by degeneration of 
retinal ganglion cells (RGCs) and their axons in the optic nerve (Nickells 2012). 
Whilst not essential, elevated intraocular pressure (IOP) is a key risk factor for the 
development and progression of this optic neuropathy (Gardiner et al. 2012). Animal 
models generally induce the glaucoma phenotype through increasing IOP. Oxidative 
stress (Kumar and Agarwal 2007; Sacca et al. 2007) and TGF-β2 (Lutjen-Drecoll 
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2005; Tripathi et al. 1994) also play important roles in the pathogenesis. HSP have 
been reported to play multiple roles in the onset and progression of the glaucoma as 
well as in neuroprotection (Piri et al. 2016).

 HSP70

HSP72, a stress induced HSP70 family member, was increasingly expressed in the 
nerve fibre layer of rat retinas with induced glaucoma compared with controls 
(Wang and Xing 2017; Windisch et al. 2009). This may suggest enhanced expres-
sion of endogenous HSP72 may play an important role in glaucomatous optic 
neuro-protection, but the details of the molecular mechanisms involved are not 
clear.

Qing et al. demonstrated that the induction of HSP72 in RGCs led to higher cell 
densities compared to controls in a glaucoma rat model (Qing et al. 2005). HSP72 
was shown to protect RGCs by blocking activation of the stress-activated kinase/c- 
Jun N-terminal kinase apoptotic pathway in a molecular mechanism study (Li et al. 
2014). In these studies, the induction of upregulation of endogenous HSP72 expres-
sion level by heat stress or zinc (Zn2+) administration could be a novel therapeutic 
approach to glaucoma.

 Other Heat Shock Proteins

The intensity of immunostaining for HSP27 was found greatly enhanced in the 
RGC and nerve fibre layers of experimentally induced glaucoma in primate retina. 
(Sakai et al. 2003). Yu et al. found oxidative stress and TGF-β2 can increase HSP27 
expression in the glaucomatous optic nerve heads in vitro (Yu et al. 2008). Hydrogen 
peroxide or TGF-β2 induced HSP27 upregulation could be attenuated by pre- 
treatment with the p38MAP kinase specific inhibitor SB203580, suggesting this 
activation is through phosphorylated p38MAP kinase.

The phosphorylation state of HSP27 (pHSP27) is critical for its neuroprotective 
ability. Huang et al. showed a significant increase in total HSP27 and pHSP27 high 
IOP eyes in both experimental rat and mouse glaucoma models (Huang et al. 2007). 
Increased HSP27 and pHSP27 immunoreactivity were observed in glial cells of 
elevated IOP eyes suggesting that glial cells may contribute to the early retinal 
defence activation in experimental glaucoma.

Activation of HSP27 in animal glaucoma models have been confirmed through 
post-mortem study of human eyes with glaucoma. Tezel et al. found the intensity of 
the immunostaining and the number of labelled cells for HSP27 were greater in 
retina sections from glaucomatous eyes than in sections from normal eyes from age- 
matched donors. The increased immunostaining of HSP27 was prominent in the 
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optic nerve heads, nerve fibre layer, ganglion cells as well as in the retinal vessels in 
glaucomatous eyes (Tezel et al. 2000).

The activation of HSP27 is known to increase cell survival in response to stress. 
On the other hand, it may also elevate serum antibody to HSP27. HSP27 autoanti-
body may enter neuronal cells in human retina through an endocytic mechanism and 
facilitate apoptotic cell death (Tezel and Wax 2000).

Other heat shock proteins, such as HSP90 and HSP60, were also found increased 
in experimentally induced primate glaucoma eyes compared with normal control. 
Prominent immunostaining for HSP90 and HSP60 were observed in the inner reti-
nal layers, especially in the RGC and nerve fibre layers (Sakai et al. 2003). Similar 
reactivity immunostaining of HSP 60 was also found prominent in human retinal 
ganglion cells and photoreceptors (Tezel et al. 2000). HSP90 plays critical roles in 
cell survival (Wakakura and Foulds 1989) and HSP 60 is necessary for normal mito-
chondrial function (Koll et al. 1992; Martin et al. 1992). The activation of both HSP 
suggested that different protective response to IOP-related damage or injury in the 
retina.

 Therapeutic Strategies for Retinal Diseases by Targeting Heat 
Shock Proteins

The enhancement of endogenous self-defense mechanisms represents a novel ave-
nue for rescuing neurons in retinal diseases. Therapy directed at increasing expres-
sion of HSP may have many different applications, such as AAV mediated mtHSP70 
gene therapy, which was reported to preserve vision function and prevent axonal 
degeneration in the experimental autoimmune encephalomyelitis mouse model 
(Talla et al. 2014).

 HSP70

Kim et al. demonstrated that HSP72 is a novel angiogenic regulator, binding to the 
surface of endothelial cells and participating in extracellular signal-related kinase 
(ERK)-dependent angiogenesis (Kim et al. 2016). Thus, HSP72 may have a novel 
role in angiogenesis and could be a potential therapeutic target for angiogenesis in 
DR and neovascular AMD.

Subrizi et al. found recombinant human HSP70 (rhHSP70) protects RPE cells 
from oxidative stress. RPE cells take up exogenous rhHSP70 and localize it in endo-
somes and lysosomes (Subrizi et al. 2015). Ishii et al. induced the expression of 
HSP72 in RGCs through intraperitoneal injection of geranylgeranylacetone (GGA) 
in a rat model of glaucoma. This significantly reduced the loss of RGCs, lessened 
optic nerve damage and decreased the number of TUNEL-positive cells after admin-
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istration of GGA. The coadministration of Quercetin, an inhibitor of HSP expres-
sion, abolished these protective effects (Ishii et al. 2003).

HSP70 could also be induced by valproic acid, a histone deacetylase inhibitor, to 
attenuate the photoreceptors death in a retinal degeneration mouse model. HSP70 
induction in outer nuclear layer activates PI3K/Akt signalling, which protects pho-
toreceptors from death (Koriyama et al. 2014).

Adeno-associated virus (AAV)-based gene therapy targeting upregulation of 
HSP70 was test in RGCs in an optic nerve crush (ONC) mouse model. The AAV2 
mediated HSP70 expression was primarily observed in the RGCs and significantly 
increased survival of ONC-injured RGCs (Kwong et  al. 2015). This study indi-
cated the beneficial effect of upregulation of HSP70  in stressed retina, and also 
suggested a more specific way to deliver HSP in the retina compared with chemical 
compound  induced expression.

 Other Heat Shock Proteins

Modulation of HSP expression may lead to increased neuronal survival in retinal 
pathology. Statins are a class of drug commonly used to manage hypercholesterol-
emia. These function by inhibiting HMG-CoA reductase, the rate-limiting enzyme 
in cholesterol synthesis but also have multiple pleiotropic effects. Multiple drugs in 
this class were found to upregulate αB-crystallin after a transient period of induced 
retinal ischemia in rats. As a negative regulator of apoptosis, the induced αB-crystallin 
expression localized to end feet and processes of Muller cells. The modulation of 
αB-crystallin expression significantly enhanced RGC survival (Schmeer et  al. 
2008).

Furthermore, a 20 amino acid mini-peptide derived from residues 73–92 of 
αB-crystallin was re-engineered into a protein polymer nanoparticle and was used 
to protect RPE cells from oxidative stress. The anti-apoptotic effects were evaluated 
by reduced caspase 3 activation and TUNEL staining (Wang et al. 2014). This study 
demonstrates the therapeutic potential of using peptides derived from α-crystallin to 
prevent oxidant induced retinal cell death.

HSP may conversely have a negative effect on retinal neuronal survival. The 
inhibition of HSP90 was used to activate the heat shock response thus improve 
viability in the neurons. Aguila et al. showed a single low dose of the HSP90 inhibi-
tor, HSP990, can enhance visual function and delay photoreceptor degeneration in 
a retinal degeneration rat model (Aguilà et al. 2014). Inhibition of Hsp90 can dis-
rupt the chaperone complex with Heat Shock Factor 1 (HSF-1), thus inducing the 
activation of HSF-1 and HSP expression (Zou et al. 1998). Sustained HSP90 inhibi-
tion might adversely affect visual function since it will led to a posttranslational 
reduction in GRK1 and phosphodiesterase protein levels, which may cause night 
blindness and visual impairment (Sessa et al. 2013). Prolonged HSP90 suppression 
results in photoreceptor death in canine retina (Kanamaru et al. 2014). However, 
shorter-term suppression of HSP90 may improve outcomes in DR. Suppression of 
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HSP90 by two specific inhibitors led to attenuation of vascular leakage in STZ 
induced diabetic mice. Furthermore, hypoxia-mediated neovascularization was also 
suppressed with this therapy (Jo et al. 2014). Pre-treatment with a HSP90 inhibitor 
suppressed the expression and release of VEGF from RPE cells cultured in hypoxic 
conditions (Wu et al. 2007).

 Conclusions

The induction of HSP in the retina often represents the early response to stress and 
may initially contribute to increased neuronal survival. Chronic stress in retinal 
pathology, such as DR, AMD and glaucoma may lead to persistent activation of this 
defense mechanism and ultimately to an imbalanced defense homeostasis. An 
increasing number of studies have provided a proof of concept evidence to the 
applicability of HSP therapy against oxidative stress, apoptosis, and angiogenesis in 
diseased retina. These therapies need further investigation in animal studies and 
subsequently human study for efficacy, as well as long-term evaluation for potential 
adverse effects.
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Abstract HSP70 are prominent stress proteins, which also act like molecular chap-
erones. The synthesis of HSP70 increases when the cell is exposed to any form of 
stress physical, biological or chemical. Under stress conditions, HSP70 recognize 
and bind to the unstable protein substrates and protect them from denaturation and 
aggregation. Besides, HSP70 are also essential during normal growth where they 
assist in folding of nascent proteins, degradation of misfolded and truncated pro-
teins and, in subcellular localizations of proteins and vesicles. Since HSP70 are 
involved in a plethora of cellular activities, their role been implicated with several 
pathological diseases primarily related to apoptosis, carcinogenesis, amyloidogen-
esis. Here, we summarize the current knowledge on the HSP70 and their relevance 
in diseases such as cancer, diabetes, seizures and many more. Further, the relevance 
of HSP70 to serve as biomarkers and/or therapeutics in human diseases is also 
discussed.
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 Introduction

Prokaryotes and eukaryotes are exposed to various environmental stresses. To coun-
teract their effects, these have evolved a wide array of molecular and physiological 
processes. Stress proteins, also named as heat shock proteins, are one of the 
responses against the deleterious effects of many abiotic and biotic stresses includ-
ing extreme temperatures, radiations, heavy metals, drought, hypoxia, ischemia and 
assaults of bacterial, viral and parasitic origin (Whitley et al. 1999). Heat shock 
proteins (HSP) are a class of evolutionarily conserved, functionally related cellular 
proteins which primarily act as chaperons (Verghese et al. 2012; Tóth et al. 2015). 
HSP are ubiquitous in nature and present in cytoplasm under normal conditions, but 
they are transferred to the nucleus and their expression is increased when cells are 
exposed to high temperature or shock (Xu et al. 2012). In 1962, Ferrucio Ritossa 
serendipitously discovered the response to heat shock in the form of heat-induced 
chromosomal puffing in salivary gland chromosomes of Drosophila buscii (Ritossa 
1962). Later, Tissieres et  al. (1974) observed that exposure to heat shock led to 
increased synthesis of a new kind of proteins in different tissues of Drosophila 
melanogaster, which were highly similar. However, it was observed that the concen-
trations of other proteins declined during heat shock (Tissieres et al. 1974). Based 
on initial studies in different organisms, HSP were considered to be upregulated in 
response to heat only, and were therefore named so. Later, it was found that in addi-
tion to temperature, several other stress factors are also responsible for higher 
expression of HSP (Kalmar and Greensmith 2009; Tóth et  al. 2015). The most 
important function of HSP is to protect cells from stress by maintaining homeosta-
sis and by assisting the folding of denatured proteins under stressed conditions 
(Hartl and Hayer-Hartl 2002). During heat-treatment, expression of cellular pro-
teins is highly suppressed, while the expression of HSP mRNA is highly increased. 
HSP are essential to prevent the conformational changes in other proteins, prevent 
aggregation of misfolded proteins, refolding of misfolded proteins, support protea-
somal removal of peptides that cannot be refolded and membrane protection. In 
addition, they are important for growth and development and have anti-apoptotic 
functions.
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 Types of Heat Shock Proteins

Initially, HSP were classified on the basis of their molecular weight into following 
groups:

 (a) Small heat shock protein (sHSP) family
 (b) HSP40 (J-proteins)
 (c) Chaperonin (HSP60/GroEL) family
 (d) 70-kDa heat shock protein (HSP70/DnaK) family
 (e) HSP90 family
 (f) HSP100/ClpB family.

It is pertinent to mention here that a few reports have also included ubiquitin 
(8.5 kDa) as one of the HSP class in eukaryotes (Vierling 1997). There is a distinct 
pattern of ATP usage in HSP.  For example, high molecular weight HSP (hHSP; 
27–110 kDa), i.e., HSP60, HSP70, HSP90 and HSP100 are ATP dependent while 
smaller HSP (sHSP; 15–42  kDa) are ATP independent. Expression of hHSP at 
euthermic or stress temperatures show distinct set of functions such as protein fold-
ing and translocation, cytoprotection, regulation of nuclear hormone receptors as 
well as regulation of apoptosis, whereas sHSP are mostly tissue specific, and play 
an important role as chaperone for protein folding as well as strong anti-apoptotic 
effectors. In 2009, Kampinga et al. proposed a new classification system for human 
HSP families and categorized them into (Kampinga et al. 2009):

 (a) Small heat shock protein (HSPB)
 (b) DNAJ (HSP40)
 (c) HSPA (HSP70)
 (d) HSPC (HSP90)
 (e) HSPH (HSP110)
 (f) Chaperonin family HSPD/E (HSP60/HSP10)
 (g) CCT (TRiC)

In addition to the above HSP classes, human exclusively contain HSP33 (De Maio 
1999). The detailed comparison between the different families of HSP is presented 
in the Table 1.

In the present chapter, we would be focusing primarily on the HSP of the HSP70 
family, which are well characterized, ubiquitous and highly conserved ATP- 
dependent chaperones. In comparison to other HSP, HSP70 are the most prominent 
response to the heat stress, toxic chemicals and heavy metals. In stressed cells, 
HSP70 are mostly localized in the nucleus and nucleolus. Under stress, HSP70 are 
over-expressed, refolds denatured proteins and induces tolerance. In addition to 
helping the cell to survive in stress, HSP70 have several functions in unstressed 
conditions also, e.g., folding of nascent peptides, intracellular protein transport and 
apoptosis. It has also been shown that expression level profile of HSP70 vary for 
healthy and diseased conditions (Radons 2016).
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 HSP70: Structure and Mechanism

There are three distinct regions of HSP70: (a) Conserved N-terminal ATPase domain 
or nucleotide binding domain (NBD) of ~40 kDa; composed of four subdomains 
(IA, IB, IIA, IIB) surrounding the ATP-binding pocket, (b) Substrate binding 
domain (SBD) of ~18-kDa and (c) Variable C-terminal of ~10-kDa. Each of the 
three domains has different functions. The SBD binds to the substrate proteins and 
their association is regulated by NBD. The variable C-terminal acts as a “lid” of 
HSP70 and helps to hold the substrates at SBD (Zhu et al. 1996). Human HSP70 
(HSPA) is a dimer of N-terminal ATPase domain (45 kDa) (Flaherty et al. 1990) and 
a C-terminal peptide binding domain (25 kDa) (Zhu et al. 1996). A small linker 
domain separates the N-terminal domain and the C-terminal domain. In order to 
help in protein folding, HSPA repeatedly binds and release the unfolded protein. 
The binding occurs at hydrophobic regions, since they are exposed in unfolded pro-
teins. This cyclic process is dependent on the ATPase activity of HSP70, which is 
assisted by co-chaperones J-proteins and nucleotide exchange factor (Miot et al. 
2011). J-proteins induce the hydrolysis of ATP that is required for binding of 
solvent- exposed hydrophobic amino acids of substrate proteins whereas nucleotide 
exchange factor is associated with ATP–ADP exchange which release ADP from 
HSP70 and ultimately the substrate.

 Functions of HSP70

The HSP70 family of proteins is housekeeping proteins and is highly conserved 
across all living domains. The major responsibilities of HSP70 are folding of 
nascent proteins in normal cells and refolding of denatured proteins under shock 
condition. Apart from this, HSP70 are also involved in multiple biological functions 
including import and translocation of proteins and vesicles into organelles across 
membranes, growth, apoptosis, proteolytic degradation of unstable proteins by tar-
geting the proteins to lysosomes or proteasomes and the degradation of unwanted 
proteins. The functions of HSP70 family members highly depend on their cellular 
localization, and on the basis of their localization they are broadly classified in two 
types, intracellular and extracellular HSP70. The intracellular residing HSP70 pro-
tect cells against lethal damage induced by stress, and support folding and transport 
of newly synthesized polypeptides and aberrant proteins as well as assembly of 
multi-protein complexes. Further, extracellular HSP70 are considered as molecules 
with immunomodulatory functions, which act either as cross-presenters of immuno-
genic peptides via MHC antigen or in a peptide-free version as chaperokines or 
stimulators of innate immune responses. The major cellular functions of HSP and 
their molecular mechanism are as follows:

 1. Unfolding/refolding: HSP70 family members under normal physiological condi-
tions act as molecular chaperones. In response to the stress-induced damages, 
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intracellular HSP70 bind to the exposed hydrophobic amino acids of non-native 
conformation of proteins, thus protecting them against denaturation or aggrega-
tion until the cell attain the favorable condition (for reviews, see (Boston et al. 
1996; Hartl 1996)). In conjunction with other chaperones i.e., dimeric HSP40 
and co-chaperones i.e., nucleotide exchange factor (NEF), HSP70 recognizes 
stable misfolded polypeptides and convert them into native proteins by repeated 
cycle of binding, ATP-dependent unfolding, and spontaneous refolding. Improper 
unfolding/refolding phenomenon might lead to attachment of substrate to “hold-
ases”, including small HSP and HSP90, which maintain the substrate in a non- 
aggregated folding-component state and pass it to the HSP70 unfoldase 
machinery for refolding. Additionally, HSP70/HSP110 heterodimer converts 
protein aggregates into natively unfolded substrates and form NEFs by acting 
reciprocally on each other and, cooperatively, they efficiently disassemble stable 
protein aggregates.

 2. Anti-apoptotic Activity: HSP70 are potent anti-apoptotic proteins and block 
apoptosis at many different levels. HSP70 block the mitochondrial translocation 
and activation of Bax, inhibiting mitochondrial membrane permeabilization and 
release of pro-apoptotic factors, and also inhibit assembly of death inducing sig-
naling complex (DISC) (Gurbuxani et al. 2003; Lanneau et al. 2008).

 3. Repairing: HSP70–1  in nucleus, assist the repairing machines of ssDNA by 
binding to poly (ADP-ribose) polymerase 1 (PARP-1), thus mediating their 
assembly and initiating their functions.

 4. Tumorigenic: In cancer cells, a constitutive high-level expression of cytosolic 
HSP70 is observed frequently. Here, they provide resistance to stress-induced 
apoptosis, assist in suppressing default senescence, and are correlated with the 
development of metastasis and drug resistance. HSP70 stabilize the lysosomal 
membranes and affect autophagy, leading to the survival of cancerous cells. Cell 
senescence is initiated when HSP70-1 undergoes down-regulation via p53- 
dependent and p53-independent pathways (Yaglom et al. 2007). Another role of 
extracellular HSP70-1 in tumor invasion and metastasis comes from its ability to 
increase the MMP-9 expression by activating NF-κB and activating protein-1 
(AP1) (Lee et  al. 2006). However, cytosolic HSP70 have negative impact on 
cancer patients. Extracellular HSP70 are associated with cancer immunity and 
thus can be used as drug.

 5. Immunomodulation: HSP70 act as stimulators of the adaptive immune response 
through their ability to bind antigenic peptide during intracellular antigen pro-
cessing. The extracellular HSP70 may act as a danger signal to the innate immune 
system and is also relevant for the establishment of cancerous and autoimmune 
diseases. HSP70 exert anti-inflammatory properties, by modulation of cytokine 
production of dendritic cells that provide a link between innate and adaptive 
immune response.
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 HSP70 Superfamily in Mammals

In mammalian cells, there are four major isoforms of HSP70 localized in different 
organelles: the constitutively expressed heat shock cognate 70 (HSC70/HSPA8/
HSP73) in the cytoplasm and nucleus, the stress-induced HSP70 (or HSP72/
HSPA1A) in cytoplasm, the glucose-regulated BiP (or Grp78/HSPA5) in endoplas-
mic reticulum (ER) and mtHSP70 (Grp75/mortalin/HSPA9/mito-HSP70) in mito-
chondrion. Despite the difference in expression pattern of HSP70 and HSC70, their 
major functions are same i.e., to avoid protein aggregation; folding and assembly of 
nascent polypeptides, to refold misfolded or aggregated proteins, to enhance the 
ubiquitination and the degradation of misfolded protein. These proteins are also 
involved in translocation of protein through intracellular membrane and show inter-
action with signal transduction proteins. BiP is a major regulator of ER stress, which 
binds to the proteins transported to the ER and assist in the formation of quaternary 
structure. The mtHSP70 is mainly involved in protein transportation from 
mitochondria.

In humans, HSP70 has 13 members, which share several structural and func-
tional features. For example, HSPA1 (HSP70) (reviewed in (Kampinga et al. 2009)) 
is induced by high temperature, has subfamilies called HSPA1A (HSP70-1) and 
HSPA1B (HSP70-2), which differ by only two amino acids. The gene sequence of 
another member, HSPA6 (HSP70B’) is 77% similar to the HSPA1 gene. The expres-
sion of these proteins is transcriptionally controlled by Heat Shock Factors (HSF) 
which includes four members: HSF1, HSF2, HSF3 and HSF4. HSF have distinctive 
and overlapping functions and have tissue-specific patterns of expression. Among 
all HSF, HSF1 is the prime transcriptional regulator and is required for transactiva-
tion of HSP genes and maintenance of thermo-tolerance. During stress, HSF1 is 
induced and binds to the promoter of HSP70 to enhance its transcription.

 Role of HSP70 in Human Diseases

As discussed earlier, the HSP70 chaperones are mainly involved in folding of trans-
lated proteins, intracellular localization and prevention of aggregation. Therefore, 
improper functioning of HSP lead to several diseases related to defects in protein 
folding or trafficking. The implications of malfunctioning of HSP70 in some of the 
major human diseases are discussed below:

 HSP70 in Cancer

HSP70 act as an important factor in development of different types of cancers and 
can be used as potential tumor biomarker. Usually HSP70 is overexpressed on the 
cell surface of tumors. Because of their chaperonin activity as well as cell signaling 
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regulation activity, HSP70 are involved in tumor cell proliferation, differentiation, 
invasion, metastasis and death. However, in some cancers (renal and cervix), sur-
vival is not correlated with the Hsp70 levels. The sequential increase in the level of 
HSP70 has a potential prognostic value in patients with chronic hepatitis, liver cir-
rhosis and liver carcinomas intrahepatic cholangiocarcinoma (IH-ChCa) and meta-
static tumors (Yang et al. 2010). Hence, change in the expression level of HSP70 
could be used as a biomarker and prognosis in cancers like colon cancer, breast 
cancer, melanoma, bladder cancer, cholangiocarcinoma and squamous cell carci-
noma of the head and neck (SCCHN). The clinical outcome of radiotherapy can also 
be monitored by ascertaining the levels of HSP70 in SCCHN patients. HSP70 are 
considered as favorable target for treating several cancers. The association of HSP70 
and Bag3 (nucleotide exchange factor of HSP70) changes the activity of certain 
transcription factors (NF-κB, FoxM1, Hif1α), the translation regulator (HuR) and 
the cell-cycle regulators (p21, survivin) (Colvin et al. 2014). One of the ways to 
check the proliferation of tumors is to induce senescence; in some cases it is done 
by down-regulating HSP72 via p53-dependentand p53-independent pathways. 
HSP70 are also associated to base pair excision system, therefore inhibition of 
HSP70-based DNA repair in cancer cell might be important in chemotherapeutic 
regimens. Furthermore, the combination of the two chaperones HSP70 and HSP90 
along with conventional anti-cancer drugs is a favorable therapeutic selection for 
patients suffering with advanced bladder cancer.

 HSP70 in Apoptosis

Besides their role as molecular chaperones, HSP70 are also anti-apoptotic proteins. 
HSP70 inhibit the apoptosis at multiple points in intrinsic as well as extrinsic path-
ways. HSP70 interact with stress-induced kinases and inhibit their functions in 
apoptosis. In the intrinsic pathway, HSP70 inhibit the disruption of the mitochon-
drial membrane potential and help to prevent the release of pro-apoptotic factors 
such as cytochrome c and apoptosis-inducing factor (AIF) (Gurbuxani et al. 2003). 
In extrinsic pathway, it responds to the apoptotic stimulus by inhibiting the assem-
bly of DISC (Lanneau et al. 2008). HSP70 also provide protection against hypoxia/
reoxygenation-induced apoptosis and maintaining intestinal epithelial cells, with 
the increase in expression level of BCL-2.

 HSP70 in Diabetes Mellitus

The expression of HSP70 is reported to high in type I diabetes mellitus (TIDM) and 
type II diabetes mellitus (TIIDM) (Nakhjavani et al. 2010). Generally, the pancreas 
regulates the levels of HSP70 where they protect the susceptible beta cells from 
exocrine pancreatic damage and from the stress associated with insulin hypersecre-
tion. Recently, it has been shown that if the expression of HSP decreases in TIIDM 
patients, their wound healing process is impaired (Singh et al. 2015). It has also 
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been proposed that one of the most effective and feasible strategy to improve the 
glucose tolerance in hyperglycemic (i.e. high blood sugar) condition is to increase 
the HSP70 level, potentially by targeting hyperglycemia-related deficits in HSF1 
(Kavanagh et al. 2011). HSP70 have a direct correlation with several molecules and 
can be used as an indicator for variety of diseases. For example, (i) increased serum 
HSP70 and hemoglobin A1c (HbA1c) levels in women indicates gestational diabe-
tes mellitus, (ii) In patients with high C-reactive protein (CRP) and in case of hun-
ger inhibiting hormone such as leptin, higher levels of HSP70 and asymmetric 
dimethyl arginine (ADMA) were reported. Furthermore, a relationship between 
chronic inflammation with diabetes mellitus and diabetes mellitus-associated albu-
minuria can be postulated from the higher levels of HSP70 observed in diabetic 
patients with albuminuria (i.e. presence of albumin in the urine).

 HSP70 in Obesity, Non-alcoholic Fatty Liver Disease, Alcoholic Fatty Liver 
Disease and Hepatic Steatosis

The nonalcoholic fatty liver diseases (NAFLD) and hepatic steatosis (HS) induces 
the risk of type 2 diabetes (T2D) and cardio-cerebrovascular diseases (Qu et  al. 
2015a); moreover, obesity, NAFLD, alcoholic fatty liver disease (AFLD) and HS 
increase the inflammation. In case of NAFLD, there is a decrease in the expression 
level of HSF-1 of liver and adipose tissue, which affects the HSP70-dependent anti- 
inflammation. The HSP70 inhibition in NAFLD patients occurs in kupffer cells. 
Obese patients with NAFLD also have a lower HSP70 serum concentration (Di 
Naso et al. 2015). Additionally, in comparison to patients with mild alcoholic fatty 
liver disease (AFLD) or alcohol consuming individuals without AFLD, the lower 
level of HSP70 was found in AFLD patients (Qu et al. 2015b). In case of hepatocel-
lular injury in AFLD patients, HSP70 shows increased positive immunoreactivity 
and could be used as a sensitive marker.

 HSP70 in Chronic Glomerulonephritis

The expression of HSP70  in urine is also higher in case of higher chronic glo-
merunephritis (CGN) activity and transient creatinine as compared to inactive 
nephritis, active CGN and preserved renal function, and persistent proteinuria and 
chronic renal failure (Chebotareva et al. 2014).

 HSP70 in Stroke and Seizure-Related Pathological Events

One of the vital functions of HSP70 is to prevent the occurrence of apoptosis in 
brain. The neuro-protective effect is achieved via anti-apoptotic mechanism in asso-
ciation with the overexpression of HSP70 (Zhao et al. 2014). Extracellular HSP70 
facilitates the production of cytotoxic levels of tumor necrosis factor alpha via 
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TLR4/MyD88 signaling cascade, which results in increased neuronal death 
(Dvoriantchikova et  al. 2014). In case of seizure related pathologic events also, 
HSP70 has a potential value as a sensitive and specific biomarker.

 HSP70 in Helicobacter pylori Infection

Helicobacter pylori (H. pylori) are important causative agents of gastritis, peptic 
ulcer diseases, and mucosa associated lymphoid tissue (MALT) lymphoma and gas-
tric cancer. It has been reported that HSP70 level changes significantly during H. 
pylori infection, viz. H. pylori-associated chronic gastritis, ulcerative colitis, and 
glutamine-treated patients (Leri et al. 1996). Studies also suggested that during H. 
pylori infection, HSP70 expression level decreases. This might involve the initiation 
of HSP70 expression for cytoprotection against H. pylori infection to prevent the 
expression of inducible nitric oxide synthase (iNOS) (Yeo et al. 2004). Pierzchalski 
et  al. suggested that HSP70 protects cytoplasmic and nuclear proteins from the 
damaging effects of bacterial products by delaying the apoptosis of monocytes 
(Pierzchalski et al. 2014).

 HSP70 in Atherosclerosis

Atherosclerosis is an inflammatory disease that affects a large human population. 
HSP70 concentration changes during the progression of atherosclerosis, and thus it 
is an effective biomarker to monitor atherosclerosis. However, there are contradic-
tory examples over the correlation of HSP70 in atherosclerosis disease: Dulin et al. 
measured a significantly lower concentration of extracellular HSP70 in atheroscle-
rosis patients (Dulin et al. 2010) while other group has reported that in patients 
suffering from carotid artery disease and chronic lower limb ischemia, the concen-
tration of serum HSP70 changed depending on the severity of atherosclerosis 
(Krepuska et al. 2011).

 Conclusions

HSP70 are expressed in normal cellular conditions where they regulate protein 
homeostasis facilitating protein folding and degradation. However, their expression 
is increased manifold when the cell is exposed to stress. HSP70 protect the cell from 
stress-induced protein unfolding and other adversities. Thus, their expression has 
important implications on progression of several human diseases. Therefore, HSP70 
have promising role as bio-molecular marker in diagnosis of several diseases and as 
potential drug targets.
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Abstract Hsp70 and other molecular chaperones function as a complex neuropro-
tective system, which fails in the brains of aged people and Alzheimer’s disease 
(AD)-type neuropathologies. It was demonstrated that intranasally injected exoge-
nous Hsp70 (eHsp70) effectively bypassed the blood-brain barrier and penetrates 
brain regions of the model animals. It was shown that chronic administration of 
eHsp70 decreases beta-amyloid level and the number of Aβ-plaques in two mouse 
models of AD. In both cases eHsp70 restored learning and memory parameters as 
well as functional state of neurons. Characteristically, eHsp70 treatment increased 
synaptophysin level and protects neurons in brain areas most affected in AD patients 
such as hippocampus and neocortex. It was also demonstrated that eHsp70 can pro-
mote longevity and life quality in male mice. The eHsp70 treatment decreased accu-
mulation of aging marker lipofuscin and modulates the activity of UPS by increasing 
expression of several proteasome subunits including immunoproteasome subunit 
β5i. Deep sequencing studies exploring brain regions of AD-model – 5XFAD mice 
treated with eHsp70 revealed candidate genes and signal pathways probably under-
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Abbreviations

AD Alzheimer’s disease
APP Amyloid precursor protein
BAG Bcl-2-associated athanogene-1
BBB Blood-brain barrier
BSA Bovine serum albumin
CHIP Carboxy-terminus of Hsc70-interacting protein
CNS Central nervous system
Hsp Heat shock protein
LPS Lipopolysaccharide
LTA Lipoteichoic acid
NMDA N-methyl-D-aspartate receptor
PTZ Pentylenetetrazole
ROS Reactive oxygen species
TLR Toll-like receptor
TNF Tumor necrosis factor
UPS Ubiquitin-proteasome system

 Introduction

Heat shock protein 70, encoded by the HSPA1A gene in humans functioning in 
cooperation with co-chaperones, is a key component of the machinery protecting 
cells from various pathological and stress conditions, including inflammation and 
degeneration (Asea and Brown 2008; Duncan et al. 2015; Radons 2016). Briefly, 
Hsp70 binds partially unfolded or damaged proteins and either assists in their 
refolding or directs them to a safe disposal (Morimoto 2011; Duncan et al. 2015). 
Hsp70 also has multiple additional functions, including acting as regulatory or 
cytokine- like molecules (Calderwood et  al. 2016; Fleshner and Johnson 2005; 
Multhoff and Hightower 2011; Radons 2016). The activity of endogenous Hsp70 
appears insufficient in many pathological states, notably in various neurodegenera-
tive disorders and in aging (Calderwood and Murshid 2017; Murshid et al. 2013; 
Radons 2016). In other words Hsp70 and other chaperones are apparently respon-
sible for proteins homeostasis supporting physiological status of various cells 
including CNS (Morimoto 2011; Morimoto and Cuervo 2014). Normally, Hsp70 is 
a cytoplasmic protein. However, it may exit the cell via unusual not properly 
described mechanisms, different from regular secretory processes. Frequently, 
Hsp70 exits the cell under stress conditions such as heat shock or comes from trans-
formed malignant or damaged cells. The usefulness of exogenously produced or 
artificially induced Hsp70 has been demonstrated by our and other groups exploring 
several animal model in vivo and in vitro systems associated with inflammation and 
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formation of reactive oxygen species (ROS) (Bobkova et al. 2014, 2015; Ekimova 
et al. 2010; Hoshino et al. 2011; Margulis et al. 2006; Vinokurov et al. 2012).

Indeed in recent decades exogenous Hsp70 (eHsp70) had emerged as a critical 
regulator of path-ways associated with a wide spectrum of neurological and inflam-
matory diseases (Guzhova and Margulis 2006; Ekimova et al. 2010; Gifondorwa 
et  al. 2008; Hoshino et  al. 2011; Johnson and Fleshner, 2006;  Kirkegaard et  al. 
2016). Thus, it was demonstrated that eHsp70 significantly decreased the mortality 
in a rat model of endotoxin shock (Kustanova et al. 2006). Furthermore, the exog-
enous Hsp70 reduces the generation of ROS by neutrophils under the influence of 
LPS and LTA (Vinokurov et al. 2012; Yurinskaya et al. 2016, 2017). There are vari-
ous lines of evidence demonstrating that exogenous Hsp70 may interact with the 
cells using TLR4, TLR2 or scavenger receptors (Asea et al. 2002; Gong et al. 2009). 
It was also shown that Hsp70 may decrease the level of TLR4 mRNA induced by 
LPS presence (Yurinskaya et al. 2016). Based on all these data, eHsp70 is consid-
ered as a promising drug that can be used to protect cells and organisms as a whole 
from the action of bacterial pathogens of different origin. Because of the ability of 
the members of the heat shock protein 70 (Hsp70) family to protect pathologically 
challenged cells, HSP70-based therapies are rapidly developing as highly promis-
ing treatments for many pathologies including neurodegeneration, inflammation 
etc. (Kirkegaard et al. 2016). An important aspect of therapeutic application of Hsp 
is to do this in a safe and non-invasive way, particularly for ageing people and 
patients with neurodegenerative diseases such as AD. In view of the demonstrated 
vital role of various Hsp and in particular Hsp70 in protecting a cell and organism 
as a whole (Evgen’ev et al. 2014) against various challenges and pathological states 
multiple attempts have been performed to either induce endogenous Hsp70 or intro-
duce the recombinant protein for therapy (Abkin et al. 2016; Cudkowicz et al. 2008; 
Gehrig et al. 2012; Jinwal et al. 2010; Duncan et al. 2015; Pratt et al. 2015; Hoshino 
et al. 2013; Shevtsov et al. 2015). It is of note that samples of recombinant Hsp70 
used in these studies were produced in various expression systems including Cos 
and Spodoptera cells, E. coli, yeast, milk of transgenic animals etc. (Ekimova et al. 
2010; Gurskiy et al. 2016; Zheng et al. 2010; Kustanova et al. 2006; Kirkegaard 
et al. 2016).

 Different Routes of HSP70 Administration

In our original studies involving recombinant Hsp70 and Hsp70 isolated from mus-
cles we used intravenous injection of the protein, which reduced LPS-induced mor-
tality of rats and ameliorated other manifestations of sepsis (Kustanova et al. 2006). 
It was demonstrated that under normal conditions concentration of endogenous 
Hsp70 in the animal blood of rats is very low and while intravenous administration 
of eHsp70 significantly increased the original concentration of Hsp70, probably 
more than 90% of injected protein is eliminated from the blood within the first 
20  min after injection. Later, Dr. Margulis has obtained similar data on Hsp70 
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kinetics in rats subjected to moderate hypoxia: Hsp70 appeared in blood flow within 
30 min after the treatment and virtually disappeared during the next 15–20 min 
(personal communications). Rapid disappearance of introduced Hsp70 from the 
blood flow has been also reported by other authors (e.g. Fleshner and Johnson 2005).

Other modes of eHsp70 injections also resulted in positive therapeutic outcomes. 
Thus, intraperitoneal injections of recombinant eHsp70 in the transgenic model of 
amyotrophic lateral sclerosis decreased the level of motor neuron death and 
increased the life-span. Furthermore, intracerebroventicular microinjections of 
purified Hsp70/Hsc70 isolated from muscle tissue resulted in the reduced severity 
of generalized seizures induced by NMDA or PTZ in epilepsy model (Ekimova 
et  al. 2010). Recently, intravenous and intraperitoneal injections of recombinant 
Hsp70 gave positive results applied in several lysosomal storage disease models. 
eHsp70 penetrated effectively murine tissues and the treatment improved motor 
neurons function and life span of the model animals (Kirkegaard et  al. 2016). 
Furthermore, the ability of Hsp70 to penetrate inside a living cell after administra-
tion prompted to develop a non-invasive method for the treatment of surface tumors. 
Margulis’ group designed hydrogel-containing gel with human recombinant Hsp70 
and demonstrated that based on histochemical and biochemical data Hsp70 diffused 
through the skin layer inside the melanoma. The application of Hsp70-containing 
gel reduced the rate of tumor growth and significantly prolonged the life of animals. 
Taken together, the data confirm the anti-tumor effect of pure recombinant Hsp70 
delivered intratumorally and demonstrate the relevance of this non-invasive technol-
ogy of Hsp70-based therapy (Abkin et al. 2013).

Multiple successful attempts have been performed to introduce recombinant 
Hsp70 into the cells using artificially produced containers of different size from 
nanoparticles to microcapsules (Gendelman et  al. 2015; Shevtsov et  al. 2016; 
Yurinskaya et  al. 2016). Specifically, these findings demonstrated that targeted 
nanoparticles containing Hsp70 or other proteins represent an interesting and very 
promising platform for noninvasive therapy of many neurodegenerative or inflam-
matory diseases (Agulla et al. 2014; Gendelman et al. 2015). Along these lines, we 
experimentally inserted human Hsp70 into polyelectrolyte microcapsules and 
demonstrated that encapsulated Hsp70 reduced LPS-induced tumor necrosis factor 
alpha and LPS-induced reactive oxygen species production by neutrophils in the 
course of its release from the microcapsules. Thus, such microcapsules can be used 
as containers for the effective delivery of recombinant Hsp70 up to neutrophils and 
monocytes to improve the efficacy of the innate immunity system (Yurinskaya 
et  al. 2017). Subchronic intranasal administration represents another promising 
noninvasive approach to deliver proteins and small- and large-sized drugs into CNS 
of model animals bypassing the BBB (Falcone et  al. 2014; Hanson and Frey II 
2008; Ying 2008). Thus, it was demonstrated that labeled bovine serum albumin 
(125-I) was present throughout the brain within 5 min after intranasal injection. 
The authors conclude that injected [(125)I] BSA reaches all parts of the brain 
through a dose- dependent mechanism that may involve fluid-phase transcytosis 
(Falcone et al. 2014).
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 The Fate of Intranasally Injected HSP70

All our experiments exploring the effects of intranasally injected human Hsp70 
stemmed from the original observation that the surgical damage of the olfactory 
bulbs (olfactory bulbectomy, OBX) in mice triggers the development of several 
pathologies, including amyloid-β accumulation and strong decrease of neuron den-
sity in the cortex and hippocampus as well as significant cognitive disturbances and, 
hence, OBX mice represent valid model of AD-like neurodegeneration (Bobkova 
et al. 2005, 2008, 2013). Furthermore, these harmful consequences of the olfactory 
bulbectomy have maximal manifestation in periods of 1–1.5 months and 8 months 
after the surgery and, hence, exhibit biphasic pattern with almost complete recovery 
period taking place at 5–6 months after the operation. Surprisingly, the quantitative 
determination of endogenous inducible form of Hsp70 in different brain areas of 
OBX mice demonstrated maximal induction of Hsp70 synthesis in the hippocampus 
with clear-cut coincidence with the recovery period in OBX animals (Bobkova et al. 
2013). The observed correlation enables to suggest curing effect of endogenous 
Hsp70 synthesis at certain periods of this pathology development and establishes it 
as a possible therapeutic agent for consequences of bulbectomy, such as AD-like 
degeneration and cognitive disturbances observed in the OBX mice at certain time 
points after the operation.

However, at the first stage it was necessary to find out whether exogenous recom-
binant human Hsp70 can penetrate brain after intranasal injections. The performed 
experiments exploring Hsp70 conjugated with Alexa Fluor 647 demonstrated that 
recombinant human Hsp70 after intranasal administration can penetrate various 
brain regions of mice Fig. 1. Three hours after the injection fluorescently-labeled 
Hsp70 was detected in the olfactory bulbs, neocortex, hippocampus, n.raphe dorsa-
lis, locus coeruleus, and cerebellum in intact (non operated) and OBX mice 
(Bobkova et al. 2014). In most cases, it was concentrated in the perinuclear zone 
(e.g. Fig. 1b, c). Furthermore, the investigation of the fate of iodinated eHsp70 in 
the hippocampus and cortex after intranasal administration demonstrated that while 
the labeled protein is found in these areas in its native form after injection it under-
goes degradation with kinetics similar to that of labeled albumin (BSA). The degra-
dation of the introduced recombinant eHSP70 after entering the cells is attenuated 
in the presence of proteasome inhibitor and varies significantly depending on the 
cells type and origin (Yurinskaya et al. 2015). Precise mechanisms providing HSP70 
transport are not known and may involve simple diffusion, neuron terminals, bulk 
flow, or involvement lymphatic channels directly connected to brain areas (Ying 
2008; Falcone et  al. 2014). The mechanism of Hsp70 transport after intranasal 
injection likely requires an as yet unidentified cellular transport machinery specific 
to Hsp70. It is noteworthy that labeled Hsp70 injected directly into the brain of rats 
is localized in essentially the same brain regions (Ekimova et al. 2010).
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 The Effect of Chronic HSP70 Intranasal Administration in Two 
Mouse Models of AD-Type Neurodegeneration and in the 
Course of Normal Aging

Although a large body of evidences indicates а neuroprotective role of chaperones 
and especially, Hsp70 (Asea and Brown 2008; Franklin et al. 2005; Hoshino et al. 
2011; Pratt et al. 2015) there has been no direct demonstration that any of them 
could either delay the progression of AD or exert any therapeutic effect. The 

Fig. 1 Localization of exogenous Hsp70 in different brain regions of control mice after intranasal 
administration. The images show Hsp70 fluorescently labeled with the Alexafluor 647 dye (red) in 
the brain sections of NMRI mice 3 h after intranasal injection. Hsp70 is distributed non-randomly 
and concentrated in a few brain regions. Photos show its localization in the olfactory bulbs (a and 
b) and areas of the hippocampus (c). In most cases Hsp70 has an intracellular localization (e.g. b) 
and is restricted to the perinuclear zone. (d) Control mice treated with unlabeled Hsp70. Scale bars 
A – 300 μm; B, C, D – 20 μm. (Reprinted from “Therapeutic Effect of Exogenous Hsp70 in Mouse 
Models of Alzheimer’s Disease” by Bobkova et al. 2014 Copyright (2014), with permission from 
IOS Press)
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above-mentioned data accumulated by our group and other studies promoted us to 
check whether the intranasal administration of human recombinant Hsp70 results in 
some beneficial effects at molecular and cognitive levels in two complementary 
mouse models of AD-like neurodegeneration. Therefore, we investigated in detail 
the consequences of recombinant human Hsp70 sub-chronic administration explor-
ing above mentioned bilateral olfactory bulbectomy model (OBX mice) and AD 
mouse model of transgenic 5XFAD mice.

Importantly, OBX mice exhibit cognitive, morphological, and biochemical char-
acteristics very similar to those described for AD patients (Bobkova et  al. 2005, 
2008, 2013, 2014). Similar to AD patients, OBX mice display an increased level of 
brain amyloid precursor protein (APP) and Аβ (Bobkova et al. 2014). Most impor-
tantly, in contrast to many widely used transgenic mice models of AD (Morrissette 
et al. 2009), OBX animals are characterized by a substantial loss of neurons in the 
hippocampus and temporal cortex, i.e. the brain areas most affected in AD individu-
als. However, in OBX mice due to the differences in the Аβ amino acid sequence 
with the human orthologue, intracellular accumulation of Аβ in neurons of the cor-
tex does not results in the formation of extracellular amyloid plaques (Bobkova 
et al. 2014). Therefore, for the sake of comparison we used transgenic 5XFAD mice 
that represent a widely used conventional model of AD-like neurodegeneration 
(Morrissette et al. 2009; Oakley et al. 2006). In contrast to OBX animals, 5XFAD 
mice are characterized by a high level of amyloid plaques that appear early in their 
lifespan in different brain regions. These transgenic mice co-express three muta-
tions in human APP, and two mutations in the presenelin gene PS1, with expression 
of both transgenes driven by Thy1 promoter (Oakley et al. 2006).

We show that intranasally administrated Hsp70 mitigates multiple AD-like mor-
phological and cognitive abnormalities observed in both model animals Fig. 2. In 
particular, in both cases it normalizes the density of neurons and decreases the man-
ifestations of pathology in neurons such as pyknosis, karyolysis etc. in the hippo-
campus and neocortex which correlates with the diminished accumulation of 
amyloid β(Aβ) peptide and, in the case of 5XFAD mice, reduction of Aβ-plaque 
formation in all brain regions Fig. 3. In particular, significant protection was evident 
in the temporal cortex and two areas of the hippocampus (CA1 and CA3), the 
regions predominantly responsible for cognitive abilities strongly disturbed in both 
AD-models. Furthermore, Hsp70 sub-chronic treatment efficiently protects spatial 
memory in OBX and 5XFAD mice. Fig. 2a, b illustrates the effect of Hsp70 on 
spatial memory as judged by the time spent in the target sector of Morris water maze 
in comparison to other indifferent sectors. Our results show that the applied eHsp70 
treatment is highly effective in ameliorating all major manifestations of AD-type 
neurodegeneration developed in OBX and 5XFAD animals at histological and cog-
nitive levels.

It is well known that in animals and humans Hsp70 activity and levels in neuro-
nal tissues significantly decrease with age (Morimoto 2011; Murshid et al. 2013). 
To further characterize the protective role of eHsp70 at the cellular and whole 
organism levels we performed detailed analysis of eHsp70 intranasal administration 
consequences exploring the model of normal aging in mice. The performed 
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Fig. 2 Hsp70 improves memory in OBX and 5XFAD mice. The protective effects of sub-chronic 
intranasal administration of eHsp70 on spatial memory of OBX (a) and 5XFAD (b) mice. Results 
are presented as post-hoc data of ANOVA analysis. Hatched bars represent time (in seconds) spent 
by different groups of mice in the target sectors during probe trial (mean ± SEM); other bars rep-
resent time spent in indifferent sectors. (a) Probe trials with independent groups of OBX and sham- 
operated (SO) animals were performed five weeks after bulbectomy and after Hsp70 treatment for 
3 weeks. (b) The effect of Hsp70 administration (3 weeks) on spatial memory of transgenic (Tg) 
5XFAD mice (3 months age). Asterisks indicate significant differences (*p < 0.05; **p < 0.01; 
***p < 0.001) in comparison with the target quadrant. (Reprinted from “Therapeutic Effect of 
Exogenous Hsp70 in Mouse Models of Alzheimer’s Disease” by Bobkova et al. 2014 Copyright 
(2014), with permission from IOS Press)
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 experiments exploring NMRI wild type mice demonstrated that chronic administra-
tion of eHsp70 significantly enhanced the lifespan Fig. 4 and improves life quality 
of animals of different age groups after treatment for five and nine months Fig. 4. 
Interestingly, long-term (chronic) introduction of HSP70 apparently did not signifi-
cantly affect the longevity of females while increased the life span of males by 
about 20% (Bobkova et al. 2015). Taking into account the observed sex-dependent 
differences in the response to HSP70 treatment in all future experiments on the 
effects of HSP70 on aged animals we used only males. The introduced eHsp70 
improved learning and memory in middle-age and old mice. Furthermore, Hsp70 
treatment demonstrated a significant therapeutic effect on locomotor and explor-
atory activities, significantly decreased in old mice.

Fig. 3 Exogenous Hsp70 protects the brain of OBX and 5XFAD mice from Aβ accumulation and 
amyloid plaque formation. (a and b) OBX and 5XFAD mice treated with intranasal Hsp70 are 
characterized by decreased level of Aβ in the brain. Bars indicate the level of Aβ peptides 
(mean ± SEM) determined by ELISA in the brain tissue (cortex + hippocampus) in the groups of 
OBX and 5XFAD mice (n = 6–11 animals per group). Differences between the levels of Aβ in the 
groups were determined by using the two-tailed Student’s t-test. (#p < 0.05; ##p < 0.01; ###p < 0.001) 
(c) The representative microphotographs of neocortical slices in control NMRI mice and 5XFAD 
mice exhibiting Aβ plaques treated and non-treated with Hsp70. (Reprinted from “Therapeutic 
Effect of Exogenous Hsp70 in Mouse Models of Alzheimer’s Disease” by Bobkova et al. 2014 
Copyright (2014), with permission from IOS Press)
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 Effects of HSP70 at the Molecular Level

Synaptophysin is a predominant component of synaptic vesicles and plays a major 
role in synaptic vesicle trafficking in the brain (Bertoni-Freddari et al. 1996; Tonnies 
and Trushina 2017). The level of synaptophysin directly resembles the state of syn-
aptic machinery in the brain. Measurements of synaptophysin demonstrated that 
eHsp70 treatment in old mice resulted in larger synaptophysin-immunopositive 
areas compared with control animals of the same age Fig. 5a. These results corrobo-
rated the data of another group which demonstrated that Hsp70 injected intracere-
broventicularly co-localized with synaptophysin in brain tissue (Ekimova et  al. 
2010). Importantly, in our experiments long-term Hsp70 treatment decreased accu-
mulation of lipofuscin, an aging-related marker, in the brain of aged animals Fig. 5b. 
Apparently, the demonstrated potential of eHsp70 intranasal treatment to protect 
synaptic machinery in old animals offers a unique pharmacological approach for 
various neurodegenerative disorders associated with human aging including AD-like 
pathologies.

Together with oxidative stress and chronic inflammation, aging is associated 
with decrease in protein synthesis, but an increase in accumulation of altered and 
abnormal proteins, indicating perturbations in protein degradation as one of the 
possible reasons (Hipkiss 2006, Rattan 1996). Thus, many reports reveal the decline 
in amount and/or proteolytic capacity of proteasomes  – multisubunit cellular 
protease complexes, in different aged tissues (Ferrington et al. 2005; Keller et al. 
2000; Li et al. 2008; Viteri et al. 2004). In contrast, fibroblast cultures from cente-
narians display proteasome activities comparable with those in cells of young 
donors (Chondrogianni et  al. 2000). Proteasomes are central elements of the 

Fig. 4 Effect of chronic eHsp70 treatment on longevity and survival rates of NMRI mice belong-
ing to different age groups. (a) Longevity of old mice treated with eHsp70 at the age of 17 months 
until animal’s death. (b) Longevity of middle-aged mice when eHsp70 treatment starts at 12 months 
and lasted until animals death. Importantly, the treatment significantly increased not only longevity 
but survival rates in both tested age groups. (Reprinted from: “Exogenous Hsp70 delays senes-
cence and improves cognitive function in aging mice” by Bobkova et al. 2015 with permission)
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 ubiquitin- proteasome system (UPS), which degrades most intracellular proteins, 
hence their functionality determines cellular homeostasis and to a certain extent the 
rate of aging (Chondrogianni and Gonos 2010; Glickman and Chiechanover 2002). 
Therefore, proteasome activation may represent a promising strategy to increase life 
and healthspan (Chondrogianni et  al. 2015). Along these lines, increased 
chymotrypsin- like proteolytic activity of proteasomes was revealed in the frontal 
cortex of eHsp70-treated aged NMRI mice Fig. 6a (Bobkova et al. 2015). Moreover, 
in comparison to controls increased expression of several proteasome subunits was 
observed in brain tissue lysates of animals administrated with eHsp70 Fig.  6b. 
Interestingly, immunoproteasome subunit β5i, which possesses chymotrypsin-like 
activity, was elevated by 139% Fig. 6b (Bobkova et al. 2015).

In addition to their role in antigen presentation, immunoproteasomes (iP) (pro-
teasomes with so called “immune” catalytic subunits) are involved in a variety of 
pathways maintaining cellular homeostasis regulating survival and differentiation 
(Ferrington and Gregerson 2012). Immunoproteasomes can limit inflammatory 
damage and were shown to be important for the degradation of oxidized proteins 
(Pickering et al. 2010; Seifert et al. 2010), accumulation of which is a common 
feature of aging and neurodegeneration (Hipkiss 2006; Choi et  al. 2002). 
Interestingly, immunoproteasome subunit expression correlated with longevity in 
primates and rodents (Rodriguez et  al. 2012, Pickering et  al. 2015). Thus, in 
eHsp70- treated NMRI mice increased immunoproteasome content may be benefi-
cial and facilitate withstand consequences of age-associated oxidative stress. 
However, it is not clear which cell type/s have increased proteasome activity and 
iP content. Immunoproteasome subunit expression may be activated in glia via 
NF-κB- dependent pathway, which was shown to be stimulated by interaction of 

Fig. 5 Effect of eHsp70 intranasal administration on molecular markers of aging (treatment dura-
tion- 5 months). (a) and (b) levels of synaptophysin and lipofuscin correspondently measured in the 
brains of eHsp70-treated and age-matched control untreated NMRI animals. Differences between 
the levels of synaptophysin or lipofuscin in the control and experimental groups were determined 
by using the two-tailed Student’s t-test. It is evident that treatment increased synaptophysin immu-
nostaining and decreased lipofuscin autofluorescence. (Reprinted from: “Exogenous Hsp70 delays 
senescence and improves cognitive function in aging mice” by Bobkova et  al. 2015 with 
permission)
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Fig. 6 Chymotrypsin-like proteasome activity and β5i subunit expression in the cerebral cortex of 
eHsp70-treated aged NMRI mice. (a) Proteolytic activities of proteasomes in the cerebral cortex 
lysates of experimental mice. Average relative activity levels in tissue lysate of eHsp70 (eight 
animals) and control (five animals) groups are shown. Chymotrypsin-like and caspase-like activi-
ties in control group were considered as 100%. Chymotrypsin-like activity is increased by 17% in 
tissue lysates of eHsp70-treated mice. (b) Expression of proteasome subunits in the cortex lysates. 
Columns represent average (in group) normalized specific protein band intensity values obtained 
after quantification of revealed Western blots using ImageJ software. Error bars represent standard 
deviation of the mean. Significance tested using Student’s t-test (*p < 0.05; **p < 0.01). (Reprinted 
from: “Exogenous Hsp70 delays senescence and improves cognitive function in aging mice” by 
Bobkova et al. 2015 with permission)
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eHsp70 with toll-like receptors (Asea et al. 2002; Ferrington and Gregerson 2012; 
Gong et al. 2009; Wright et al. 1995). However, other possible effects of eHsp70 
on proteasome system should not be ruled out. It is known that with aging cells 
became less capable to upregulate Hsp70 synthesis in response to oxidative stress 
(Soti and Csermely 2002). eHsp70 was shown to efficiently penetrate cells 
(Guzhova et al. 2001; Bobkova et al. 2014; Yurinskaya et al. 2015). Therefore, 
constantly “imported” eHsp70 can perform functions of endogenous protein and 
modulate proteasome activity by refolding or preserving damaged proteins in 
soluble form and thus, reducing amounts of toxic protein aggregates, which can 
otherwise negatively influence proteasome functionality (Bence et al. 2001). In 
addition, Hsp70 can stimulate damaged protein turnover. Grune et  al. demon-
strated that immediately after mild oxidative stress Hsp70 participates in rear-
rangement of cellular proteasome pool in order to mediate degradation of damaged 
proteins (Grune et al. 2011; Pickering et al. 2010). Hsp70 can also support ubiq-
uitin-dependent degradation of substrates via association with co-chaperone/E3 
ubiquitin ligase CHIP and BAG-1 protein (Kastle and Grune 2012). Moreover, 
recent findings indicate that Hsp70 directly assists ubiquitin-independent degra-
dation of oxidized proteins by the proteasomes (Reeg et al. 2016). More recently 
Hsp70 was shown to directly influence the activity of proteasomes in  vitro 
(Morozov et  al. 2017). As indicated in the previous section, in hipocampii of 
eHsp70 treated mice, decreased amounts of lipofuscin were observed Fig.  5b 
(Bobkova et al. 2015); lipofuscin can inhibit proteasomes (Sitte et al. 2000), and, 
hence, eHsp70 which induced reduction of lipofuscin can also positively influ-
ence proteasome functionality. Taken together, eHsp70 may potentially influence 
UPS functional state through several pathways. Long-term administration of 
Hsp70 can interfere with aging-associated accumulation of damaged proteins and 
facilitate reduction of oxidative stress, partially explaining beneficial effects of 
eHsp70 treatment. Considering presented data, the influence of eHsp70 adminis-
tration on cellular proteasome pool deserves further investigation.

At the next step, we decided to perform deep sequencing experiments to moni-
tor the effects of eHsp70 intranasal administration on transcriptome because the 
specific signaling pathways activated by such treatment are unknown. The analysis 
of transcriptome of transgenic and non-transgenic 5XFAD mice revealed signifi-
cant changes in their hippocampus after long-term intranasal administration of 
eHsp70 Fig. 7. The changes represented up-regulation of many genes responsible 
for transmission of nerve impulse, including the dopamine biosynthetic process, 
neuropeptide signalling pathway, neurotransmitter transport, amine transport, 
G-protein coupled receptor signalling pathways and other pathways impaired in 
transgenic mice Fig. 7. These data corroborate our above-mentioned results indict-
ing the beneficial effect of Hsp70 on the synaptophysin levels in the brains of aged 
mice. In addition, our transcriptomic studies revealed significant up-regulation of 
genes involved in the glutathione metabolic process. Glutathione is a well-known 
antioxidant and provides intracellular protection against free radicals such as 
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ROS.  The level of glutathione is decreased in the brain of aged animals which 
results in increased oxidative stress representing one of the major factors leading 
to AD-type neuropathology (Zhang et al. 2012). Previously, using various in vitro 
systems and different cell lines we demonstrated that recombinant human eHsp70 
efficiently decreases endotoxin-induced production of ROS and TNFα (Vinokurov 
et al. 2012; Yurinskaya et al. 2016; 2017). At the present time we are not able to 
state what are the primary upstream targets activated by eHsp70 and define the 
precise mechanism of its neuroprotective action. It is clear, however, that intranasal 
eHsp70 administration apparently influences multiple pathways involved in the 
regulation of transmission of nerve impulse, synaptic function, UPS and activates 
genes inhibiting ROS production and neuroinflammation common for AD-like 
pathologies and normal aging.

Fig. 7 Differentially expressed genes (DEGs) in the hippocampus of the compared groups of 
5XFAD mice (eHsp70 vs. NaCl). Expression profiles of genes participating in various biological 
processes (Gene Ontology terms). For each term, genes are collected (irrespective of p-value) and 
sorted by decreasing LogFC. Overexpression is marked with red, while downregulation is marked 
in blue. Colour frames indicate GSEA p-values across the following statistically significantly 
enriched GO terms: top 40, 80, 250, 500 and 1000 up-regulated (red frames) or down-regulated 
(blue frames, see border colour legend). (Reprinted from: “Molecular mechanisms underlying 
neuroprotective effect of eHsp70 in transgenic 5XFAD mice” by Evgen’ev MB et al. Journal of 
Alzheimer’s Desease 2017 (59) 1415–1426 Copyright (2014), with permission from IOS Press)
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 Conclusions

Taken together, the present study corroborates the data accumulated by many other 
groups on the neuroprotective action of eHsp70 and emphasized a new non-invasive 
way of Hsp70 delivery into the brain. Intranasally administrated recombinant human 
Hsp70 rapidly penetrated various brain regions of the model mice and exerts mul-
tiple beneficial effects including neuronal functional state and density. eHsp70 treat-
ment also improved the major cognitive parameters disturbed in AD-mouse models 
and aged mice and increased longevity and quality of life in the aged males. 
Transcriptomic analysis suggests that eHsp70 treatment achieves its effects by 
inhibiting oxidative stress and suppressing neuroinflammation in Tg animals. 
Chronic eHsp70 administration, hence, leads to the amendment of various patholo-
gies in the brain of Tg and aged mice associated with increased ROS production, 
synaptic dysfunction and impaired transmission of nerve impulses observed in vari-
ous neurodegeneration models. The suggested nasal delivery pathway of recombi-
nant eHsp70 has several obvious advantages for treating neurodegenerative 
disorders, including convenience of administration and non-invasiveness.
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Abstract Intracellular heat shock proteins (HSP) are overexpressed in majority of 
malignantly transformed cells providing stress-tolerance of tumor cells and playing 
important role in pathophysiology of tumor growth. The discovery of this fact has 
led to the development of anticancer drugs targeting molecular chaperone neutral-
ization to sensitize tumor cells to such stressors as chemo- and radiotherapy. 
However, the results of applying these preparations proved to be insufficiently effi-
cient in inhibiting tumor growth and preventing tumor progression. The finding 
about membrane and extracellular HSP localization has initiated a new trend in the 
development of methods of active immunotherapy of cancer. This has become pos-
sible due to the molecular chaperone’s ability to transform even the most tolero-
genic tumor-associated antigens into immunogenic in the reaction of 
cross-presentation, as well as the HSP ability to function as endogenous alarmins – 
the agonists of pattern recognition receptor structures of the immune system – which 
stimulate functional maturation of antigen presenting cells. Thus, this chapter sum-
marizes the reported as well as our own data concerning the application of HSP in 
cancer immune therapy.
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LOX-1  Lectin-like oxidized low-density lipoprotein receptor-1
MHC  The major histocompatibility complex
siRNA  Small interfering RNA
SREC-1  Scavenger receptor expressed by endothelial cells-1
TLR  Toll-like receptors
Treg  Regulatory T-cells

 Introduction

In spite of considerable advances in the treatment of oncological pathology, cancer 
remains one of the main causes of mortality all over the world (Rocque and Cleary 
2013; Yedjou et al. 2017). The number of new cases of cancer is steadily growing 
every year in different countries. According to GLOBOCAN 2012, in the year of 
2025, the cancer incidence is expected to reach 19.3 m (Bray et al. 2013; Ferlay 
et al. 2013). The traditional methods of cancer treatment – surgery, chemical and 
radiation therapy – will remain in use. However, these types of therapy cause seri-
ous side effects, tumor cells become drug and radiation resistant, which causes a 
considerable interest to biological methods of cancer treatment, especially after new 
biological properties of malignantly transformed cells and cancer tumors were 
found. The development of immune therapy of oncological pathology has dramati-
cally changed the paradigm of treating many kinds of solid tumors. The results of 
numerous clinical researches in immune therapy suggest that in the near future these 
methods may change considerably the therapy algorithm of treating most kinds of 
cancer (Tsiatas et  al. 2016; Lynch and Murphy 2016). The immune therapy 
approaches available today include the methods of passive and active immune ther-
apy. Also, these methods can be conventionally subdivided into two groups: appli-
cation of targeting means and application of nonspecific immune modulators.

The first group includes the methods aimed at recovering the elements of antitu-
mor resistance lost due to tumor associated immune suppression and the activation 
of immune response to tumor associated and tumor specific antigens: the usage of 
monoclonal antibodies, immune checkpoints therapy, anticancer vaccines and 
adoptive cell therapy. The methods of the second group include the usage of cyto-
kines and immune modulators – agonists of pattern recognition receptors, such as 
fungal polysacharides, synthetic agonists of toll-like receptors (TLR) for non-spe-
cific enhancement of organism’s immune response that is suppressed due to the 
tumor growth (Kamta et al. 2017). In some cases it is efficient to combine several 
immune therapy approaches or traditional method of cancer treatment with the 
methods of immune therapy (Goldberg and Sondel 2015; Beatty et al. 2017; Ni and 
Dong 2017; Chajon et al. 2017). The aim of traditional methods in cancer treatment 
is to destroy malignant cells. The tasks of immune therapy are more complicated: 
(і) preventing cancer tumor development; (іі) recovering the body immune response 
(reduced until causing the development of cancer tumor, or wakened in the result of 
immune suppression due to the tumor growth), which is necessary, first of all, to 
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patrol disseminating tumor cells; (ііі) Increasing tumor immunogenicity, for which 
it is reasonable to combine immune therapy strategy with the methods aimed at 
causing the death of tumor cells; (іv) Stimulating innate and adaptive antitumor 
immune responses for targeting immune mediated destruction of tumor cells and 
formation of immune memory to prevent the tumor recurrence. The first and the last 
of the above listed objectives of immunotherapy are achieved with the help of anti-
cancer vaccines. The development of vaccines and their usage in cancer treatment 
both as an independent strategy and as an element of combined therapy is one of the 
priorities in oncology today.

 Antitumor Vaccines

Antitumor vaccines are divided into prophylactic and therapeutic. The prophylactic 
vaccines have been developed to prevent malignant tumor formation. The most 
well-known among those used in clinical practice, FDA-approved vaccine prepara-
tions for the prophylaxis of malignant tumor development, are the vaccines against 
carcinogenic viruses: papillomavirus and hepatitis B virus. They trigger the synthe-
sis of neutralizing antibodies which block the viruses and prevent the development 
of cervical and liver cancer the respective viruses cause (Finn and Beatty 2016; 
Wojtowicz et al. 2016). Another category of prophylactic vaccines are those for the 
patients with the increased risk of cancer development, which contain antigens, 
expressed in pre-malignant lesions and cancer stem cells, as well as oncogenes 
(Lohmueller and Finn 2017). The therapeutic vaccines are used to treat the existing 
oncologic pathology, i.e. to prevent tumor dissemination and development of 
relapses after the primary tumor is removed due to induction of tumor specific 
immunity and immune memory (Sayour and Mitchell 2017). There are several types 
of therapeutic antitumor vaccines which are structurally different: autologous tumor 
cell vaccines, allogeneic whole tumor cell vaccines, dendritic cell vaccines, protein/
peptide-based cancer vaccines, gene vaccines, viral-based vaccines and some others 
(De Gruijl et  al. 2008; Guo et  al. 2013; Mohammed et  al. 2016; Thomas and 
Prendergast 2016; Hirayama and Nishimura 2016; Kumar et al. 2017; Rivera et al. 
2017; Larocca and Schlom 2017). The category of protein/peptide-based cancer 
vaccines includes vaccines based on heat shock proteins (HSP).

 HSP and Tumor Growth, HSP Antagonists in Cancer Treatment

HSP comprise a considerable part of «chaperoning system». The concept of «chap-
eroning system» was first suggested in 2008. According to the concept, «chaperon-
ing system» is a physiological system that unites molecular chaperones and 
functionally associated molecules (co-chaperones and co-factors) in all the tissues, 
organs and biological fluids. The purpose of the system is to control protein 
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homeostasis and maintain the whole network of proteins in all the cells, tissues and 
biological fluids in a properly functioning conformation. Besides the maintenance 
of protein homeostasis, «chaperoning system» is involved in some other processes: 
antigen presentations, formation and dissociation of protein complexes, etc. The 
pathological states caused by disorders of «chaperoning system» have been called 
chaperonopathies, and the usage of chaperones to treat chaperonopathies – chaper-
one therapy (Rappa et al. 2012; Bellipanni et al. 2016). “Chaperonopathies by col-
laborationism” also include oncological pathology involving overexpression of 
intracellular HSP without causing their malfunctioning. The numerous experimen-
tal and clinical researches prove that overexpression of intracellular HSP by tumor 
cells is associated with poor prognosis in cancer-bearing organism and shorter sur-
vival time thereby serving as a marker of advanced disease and metastases in 
regional lymph nodes. In some cases the overexpression of chaperones by tumor 
cells is a marker of undifferentiated form of cancer that correlates with the number 
of tumor stem cells in the tumor tissue, which results in increase in the metastatic 
potential of malignancy.

In what way are HSP involved in cancer pathogenesis? Tumor hallmarks include: 
uncontrolled proliferation, disorder in cell cycle regulation, avoiding activation of 
the programmed cell death, avoiding cell aging, de novo angiogenesis, as well as 
invasion and metastasizing. Each of these processes requires the participation of 
intracellular chaperones. The enhanced proliferation occurs due to overexpression 
of growth factors, their receptors and components of signaling pathways. All of 
these proteins are HSP “clients” (Vahid et al. 2017). Tumor cells avoid proapoptic 
signals due to mutation of antioncogene р53. HSP stabilize mutated antioncogene, 
thereby helping tumor cells avoid not only the programmed death but also cell aging.

A most important role in antiapoptotic programs of tumor proteins belongs to 
HSP70. Today four major members of this family are known: constitutively 
expressed HSP70, GRP78/Bip localized in the endoplasmic reticulum, mitochon-
drial mtHSP70 and stress-inducible HSP72, or simply HSP70. The last one stabi-
lizes death receptors in the tumor cell, thereby blocking TNFα-mediated apoptosis. 
It blocks Bid-dependent apoptotic pathway and stabilizes Bax preventing its trans-
location to mitochondria and slowing mitochondrial pathway of programmed cell 
death (Wang et al. 2014; Santos et al. 2017). HSP stabilizes HIF1α, which facilitate 
tumor neoangiogenesis and kinases of focal adhesion as well as receptor tyrosinki-
nases, which are required for invasive tumor growth and metastasizing. Intracellular 
HSP are important for the development of drug resistance of tumor cells (Calderwood 
and Gong 2016; Stope et al. 2016; Wu et al. 2017). In particular, HSP70 mediates 
the resistance of cancer cells to cisplatin in patients with prostate cancer, to imatinib 
in patients with chronic myeloid leukaemia, to topotecan and gemcitabine in the 
case of fibrosarcoma. In general, intracellular HSP overexpression is necessary for 
the transformed cell to protect itself from apoptosis and stress associated with aneu-
ploidy and accumulated mutant proteins, as well as proteotoxic stress caused by 
uncontrolled proliferation.

The findings about protumoral properties of intracellular HSP have motivated 
the development of cancer therapy methods based on usage of antagonists of these 
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chaperones. Cancer therapy methods based on inhibiting protumoral action of HSP 
may be subdivided into four groups: small molecules, such as 2-phenyl ethyne sul-
fonamide, which directly bind to the chaperones and inhibit their functions; protein 
aptamers, which connect specifically with HSP and inhibit their functions; antisense 
oligonucleotide, which block the translation of HSP, and finally, anti-HSP antibod-
ies (McConnell and McAlpine 2013; Hendriks and Dingemans 2017).

 HSP Immunomodulation

It has been believed for a long time that HSP are localized exceptionally inside the 
cell and in some cases represent organelle-specific molecules. Today, however, it 
has been proved that there are membrane-associated HSP and HSP that can be 
localized in extracellular space, where they are exocytosed in microvesicules or in 
exosomes. In the extracellular space, HSP display pleiotropy and a large number of 
paracrine effects, which have been investigated only episodically. In addition, HSP 
can be released from the cell in case of its death and function as alarmins – endo-
genic danger signals (or Dander-Associated Molecular Patterns, DAMP), which are 
recognized by pattern-recognition molecules of the immune system and can activate 
both pro- and anti-inflammatory immune responses (De Maio and Vazquez 2013; 
De Maio 2014; Kanegasaki and Tsuchiya 2014; Mendonça et al. 2016).

The role of extracellular HSP in tumor growth is nowadays a subject of active 
investigations by many research teams. This interest is caused by the HSP dual 
character: chaperones of this location can both facilitate the tumor progression and 
inhibit the tumor growth and metastasizing. The general conclusion that can be 
drawn from the data reported up to now is that the influence which the intracellular 
HSP have on tumor growth depends on the mechanism they are released into intra-
cellular space. As mentioned above, tumor cells can actively secrete HSP as exo-
some components which perform the function of paracrine transmission of 
stress-tolerance to tumor cells. Moreover, exosomal HSP activate the differentiation 
of tumor-associated mononuclear phagocytes into myeloid-derived suppressor cells 
creating favorable microenvironment for tumor cell invasive growth and dissemina-
tion (Chalmin et al. 2010; Borges et al. 2012). In addition, HSP released into extra-
cellular space in the result of cell exocytosis are capable of stimulating native T-cells 
to differentiate regulator cells (Treg), which are one of the main factors causing 
tumor-associated immune suppression (Koliński et al. 2016).

However, the presence of HSP in the extracellular space, especially as a result of 
necrotic or apoptotic tumor cell deaths including the destruction induced by chemo- 
or radiotherapy can cause pro-inflammatory activation of immunocytes both in the 
tumor microenvironment and in the immune system as a whole, thereby inhibiting the 
tumor growth and metastasizing. Functioning as endogenic alarmins, HSP facilitate 
the functional maturation of antigen presenting cells (APC) – dendritic cells and mac-
rophages – which enhance the expression of histocompatibility (MHC) and co-stim-
ulatory (CD40, CD83, CD86) molecules, mobilize NFκB-dependent transcription, 
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which results in initiating the synthesis of cytokines, such as TNFα, IL-1β, IL-6, 
IL-12, and GM-CSF, generating reactive forms of oxygen and nitrogen and, finally, 
activating the adaptive immune responses. The receptor structures responsible for 
recognition of HSP and their complexes with antigens are alpha-2 macroglobulin 
receptor CD91, scavenger receptor expressed by endothelial cells-1 (SREC-1) and 
some other scavenger receptors, TLR-2/4, CD14, lectin-like oxidized low-density 
lipoprotein receptor-1 (LOX-1), Clever-1 etc. (Tamura et al. 2016; Zuo et al. 2016; 
Shevtsov and Multhoff 2017). The result of HSP recognition by the innate immunity 
cells, apart from functional maturation of APC, is the enhancement of migration and 
activation of cytotoxic T-lymphocytes (CTL) of natural killer cells (Werthmöller 
et al. 2016), activation of pro-inflammatory cytokine synthesis by the effector cells of 
adaptive immunity (McNulty et al. 2013; Binder 2014).

The most important immune modulatory effect of HSP is their ability to facilitate 
cross-presentation and cross-priming. According to canonical ideas about the prin-
ciples of antigen presentation, the endogenous antigens (for instance, the self anti-
gens, viral antigens in the infected cell as well as tumor-specific and tumor-associated 
antigens) are localized in the cell cytozol, processed into peptide fragments by pro-
teasome and presented on the cell surface in the complex with МНС І molecules. 
The complex МНС І:antigen peptide is recognized by antigen receptor CD8+Т- 
lymphocytes and activates these cells to differentiate into mature CTL. The presen-
tation of endogenous antigens in the complex with МНС І is characteristic for all 
nucleated cells. The exogenous antigens that enter the cell via endocytosis are pro-
cessed to peptides in phagolysosome. The antigen peptides generated in the pha-
golysosome are associated with МНС ІІ molecules, which are then transported to 
the cell surface where they interact with CD4+Т-lymphocytes. МНС ІІ are expressed 
only by a limited number of cells, first of all by antigen-presenting ones, such as 
dendritic cells and macrophages (Janeway et al. 2002; Abbas and Lichtmann 2009; 
Paul 2013). However, there is a phenomenon of cross-priming  – activation of 
CD8+Т-lymphocytes by exogenous antigens, which involves cross-presentation as 
a component – processing and presentation by certain APC of exogenous antigens 
in the complex with МНС І to CD8+Т-lymphocytes (Bevan 2006). HSP can facili-
tate cross-presentation of antigens internalized by APC to the effectors of adaptive 
immunity including the cross-presentation of tumor-associated antigens in antitu-
mor immune responses.

The ability of molecular chaperones to induce antitumor immune response was 
first found for paralog HSP90 in endoplasmic reticulum – gp96 (Srivastava and Das 
1984, Srivastava et al. 1986). The complex of the chaperone with tumor-specific 
client peptides isolated from tumor cells in nondenaturing conditions, when injected 
to animals in vivo, stimulated an efficient antitumor immune response. Later HSP70 
was found to have the same ability. The mechanism underlying this ability is that 
HSP facilitates internalizing its complex with client peptides by APC via binding 
with the above mentioned receptor structures. HSP-complexed client peptide is then 
processed followed by the display of their fragment on MHC I. In addition to facili-
tating endocytosis, HSP activate APC migration to regional organized lymphoid 
structures to present HSP-complexed peptides to native CD8+Т-lymphocytes, 
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which further differentiate into CTL  – the main effectors of antitumor adaptive 
immunity (Murshid et al. 2011; Zachova et al. 2016). The HSP ability to form com-
plexes with a wide range of antigen peptides and thereby to facilitate the complex 
interaction with APC makes the molecular chaperones attractive candidates as com-
ponents of antitumor vaccines.

 Hyperthermia in Cancer Treatment and HSP-Based Cancer 
Vaccines

The name of HSP family is derived from the ability to be synthesized in the cell in 
response to increased temperature. The investigations of the role of HSP in tumor 
growth were initiated after tumor-inhibiting effect of local hyperthermia was 
revealed. In oncology the term hyperthermia suggests a whole set of methods of 
cancer treatment by using increased temperatures. As a rule, hyperthermia is used as 
a method complementing the traditional treatment modalities, such as chemo- and 
radiotherapy (the so-called thermal chemo- and radiosensitization). Hyperthermia 
can be local or regional and includes such modern modifications as magnetic 
nanoparticle hyperthermia, whole-body hyperthermia, methods of hyperthermia 
perfusion, etc. (Sottile et al. 2015; Sohail et al. 2017; Hu et al. 2017). Hyperthermia 
causes the death of tumor cells via both apoptosis and necrosis, depending upon the 
temperature. Hyperthermia increases the cytoplasmic membrane fluidity in tumor 
cell and destroys the cell cytoskeleton (Hildebrandt et al. 2002; Rao et al. 2010; 
Burlaka et al. 2010). Moreover, tumor cell death caused by hyperthermia is immu-
nogenic. Because of this fact, hyperthermia is included in the number of physical 
methods which induce immunogenic death of tumor cells (Adkins et al. 2015).

Immunogenic death is the form of cell death accompanied by releasing endo-
genic alarmins that can activate inflammatory immune response (Galluzzi et  al. 
2017; Ladoire et al. 2014; Skivka 2013). Among alarmins that are released during 
immunogenic tumor cell death due to hyperthermia, there are HSP and HSP com-
plexes with antigenic tumor-specific and tumor-associated peptides. Сancer  vaccines 
prepared from tumor tissue after hyperthermia stimulate antitumor immune 
responses, increase the life span of experimental animals and inhibit metastasizing 
more efficiently in comparison with similar vaccines produced from autologous 
tumor cells without prior hyperthermia (Dvorshchenko et al. 2008). The next step in 
this direction was the preparation of antitumor vaccines based on HSP from autolo-
gous tumor cells. HSP are used as antigens, chaperones or adjuvants to prepare 
DNA- or peptide-based cancer vaccines for applying in prophylactic and therapeutic 
protocols (Bolhassani and Rafati 2008). HSP-based antitumor vaccines are unique 
because most existing vaccines mainly cause the activation of humoral immune 
response and antibody-dependent immune reactions, while HSP-based vaccine 
preparations stimulate cell antitumor immunity, which is the basis of antitumor 
resistance of the organism.
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Another property that belongs exclusively to HSP-based vaccines is that they 
decrease the expression of molecular chaperones in tumor cells thereby weakening 
their tumorigenic properties and malignant potency (Boliukh et al. 2014). At present 
several antitumor HSP-based vaccines are under clinical study. Vitespen – the vac-
cine based on gp96 – is at phase ІІ and ІІІ of clinical research in the treatment of 
liver, kidneys, ovary, colon and skin (melanoma) malignancies (Randazzo et  al. 
2012). Vitespen is used as a single treatment and in combination with other bio-
therapy agents. HSP-based vaccines are also tested for treating cancer of pancreas, 
stomach and lungs (Tosti et al. 2014; Papaioannou et al. 2016; Weller et al. 2017). 
Also the efficiency of HSP-based vaccines is studied in the treatment of brain 
tumors (Bloch and Parsa 2014; Bloch et al. 2014; Ampie et al. 2015). In spite of the 
impressing results in HSP-based vaccines usage for treating experimental oncologi-
cal pathologies, the clinical tests show considerably smaller efficacy. First of all, the 
reason is that tumor cells display high antigen heterogeneity in human cancers in 
comparison with antigen profile of tumors transplanted to animals. In addition, the 
biology of HSP in conditions of tumor growth as well as immunological and bio-
logical effects of HSP-based vaccine preparations requires more detailed study. It is 
known, for example, that different tumor cells including those used in modelling 
tumor growth in animals, express HSP at different levels. In particular, the level of 
HSP70 expression in the cells of Lewis lung carcinoma is higher than in the cells of 
Erlih’s carcinoma (Boliukh et al. 2013). It is believed that in this field the combina-
tion of HSP-based vaccines with other methods of cancer adjuvant therapy is prom-
ising along with the improvement of constructions of this type of vaccine 
preparations.

 HSP-Based Vaccines in Combination with Bacterial Adjuvants

One of the most common ways to make the efficiency of antitumor vaccines higher 
is to enhance vaccine immunogenicity. To achieve this goal adjuvants – immune 
response modifiers  – are used, the most powerful among which are agonists of 
pattern- recognition receptors (Khong and Overwijk 2016; Li et al. 2017). The most 
commonly used are bacterial agonists of TLR, which have been found to inhibit 
tumor growth when used in combination with the traditional method of cancer adju-
vant therapy (Chamoto et al. 2009; Dowling and Mansell 2016; Mikulandra et al. 
2017). Bacterial adjuvants are used as components of prophylactic antitumor vac-
cines based on antigens induced by oncogenic viruses (Nguyen et al. 2013). The 
addition of bacterial adjuvants, in particular bacterial ghosts generated from E. coli 
Nissle 1917 or B. subtilis 70 kDa protein, to the vaccines based on syngeneic tumor 
cells lyzates makes them more therapeutically efficient in the animal models of 
tumor growth (Didenko et al. 2010; Kraśko et al. 2017). As mentioned above, HPS 
are capable of performing the role of adjuvants since they are also agonists of 
pattern- recognition receptors, and for this reason they are used in developing vac-
cine constructs that combine tumor proteins/peptides complexes with HSP, tumor 
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antigen/HSP gene fusion, complexes or gene fusions of oncogenic virus peptides 
with HSP etc. (Ciocca et  al. 2012). Also, there are reports about the attempts to 
combine adjuvant potency of HSP and bacterial agonists of TLR on the basis of the 
hypothesis about synergic interaction between endogenous (HSP) and exogenous 
(bacterial molecules) agonists of these pattern-recognizing receptors (Ludgate 
2012; Yang et al. 2012). In particular, the combination of Erlih’s carcinoma cells or 
Lewis lung carcinoma cells and 70  kDa protein-containing component extracted 
from the cultural fluid of B. subtilis B-7025 in vaccine preparation prolonged the 
life of immunized tumor-bearing animals with both kinds of model tumors (Boliukh 
et al. 2014). The vaccine based on molecular BCG chaperone HSP65 with human 
papiloma virus is being tested at the moment in treating oncological diseases of 
cervix uteri (Einstein et al. 2007).

 Xenogeneic and Recombinant HSP in Cancer Vaccines

The technical problems concerning the preparation of sufficient amount of HSP 
complexes with tumor peptides obtained from the patient tumor tissue made the 
researchers to seek for alternative sources for preparing molecular chaperones. 
Therefore the next step in HSP-based cancer immunothreapy was the usage of 
xenogeneic and recombinant HSP preparations in combination with tumor antigens, 
especially those with low immunogenicity (Dong et al. 2013). Anticancer vaccines 
based on tumor proteins/peptides are intended to educate the immune system to 
recognize tumor cell-specific peptidome. However, in most cases tumor cell peptide 
does not contain neo-epithopes. Instead, tumor-associated antigens are antigens that 
do not differ from the analogous structures of untransformed cell and do not induce 
immune response, which causes tolerance. To overcome this essential obstacle in 
applying peptide-based cancer vaccines it was proposed to use orthologous xenoge-
neic (originating from the individuals of different species) proteins/peptides since 
they differ from homologous proteins/peptides in amino acid composition by one or 
several epithopes, which makes them immunogenic for the tumor-bearing organism 
(Cavallo et al. 2014; Strioga et al. 2014).

From the phylogenetic point of view, HSP are ancient intracellular proteins 
found in all nucleated cells. HSP function is the same in practically all the existing 
organisms – from bacteria to human – because their activity is a part of cell repara-
tion system. The degree of homology between HSP from eucaryotes and procary-
otes comprises over 50%, and some domains are totally identical (Lindquist and 
Craig 1988). This fact provides the grounds for preparing antitumor vaccines using 
HSP from different than tumor tissue sourses: either xenogeneic or recombination 
HSP.  The usage of bacterial HSP in the composition of antitumor vaccines has 
shown that they are highly efficient in animal models of tumor growth. The combi-
nation of mycobacterial HSP65 with cell lyzate of Lewis lung carcinoma in the 
vaccine preparation caused statistically significant inhibition of primary tumor 
growth and metastatic dissemination (Dong et al. 2010). The vaccine construct that 
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combines mycobacterial HSP70407–426 (M2) peptide and tumor-derived autopha-
gome (DRibble) has induces a powerful generation of tumor-specific CTL, which 
inhibit tumor growth and metastasizing in animals with syngeneic tumor model (Li 
et al. 2016a). The combination of mycobacterial HSP70 and endothelial cell antigen 
peptides with the same tandemic sequences resulted in inhibiting tumor angiogen-
esis in mice with hepatoma, slowing tumor growth and reliable prolonged life of the 
tumor-bearing animal (Xu et al. 2015).

One of the sources of xenogeneic antigens for using in antitumor vaccine com-
positions is embryo tissues including those of chicken embryos. For example, the 
usage of vaccines based on chicken homologous Tie-2 and matrix metalloprotein-
ase- 2, which are extremely important for tumor neoangiogenesis, has shown a great 
efficiency in animal models of tumor growth (Luo et al. 2006; Yi et al. 2007). The 
vaccine preparations based on xenogeneic neural embryonal tissue caused powerful 
activation of antitumor immune response in mice with melanoma В16, and inhibited 
primary tumor growth and metastatic nodules formed in lungs (Voeykova et  al. 
2014; Fedosova et al. 2015).

One of the sources of orthologous HSP that are also used in antitumor vaccines 
is chicken embryos. The yield of orthologous HSP from chicken embryos exceeds 
several times the yield from tumor tissue. The researches show that tumor- inhibitory 
effect was higher for vaccines based on tumor cell HSP in combination with HSP 
from chicken embryos of the 7th day of incubation in comparison with vaccine 
preparations enriched by tumor cell HSP only. It is interesting that HSP from tumor 
cells and chicken embryos of the 7th day of incubation, when used together in the 
vaccine composition, induced even more powerful retardation of experimental 
tumor growth than when these chaperones were used alone (Potebnya et al. 2013). 
The cytotoxic activity of lymphocytes in tumor-bearing animals treated with the 
combinational vaccines was higher than that in unvaccinated animals and 1.5 times 
higher in the animals treated with vaccine based on HSP from syngeneic tumor 
cells. Cytotoxic activity of macrophages from tumor-bearing mice immunized with 
combinational vaccine formulation was 2.5 times higher than in control untreated 
animal and mice treated with the vaccine based on tumor cell HSP.  These facts 
prove the ability of xenogeneic chaperones to cause the shift of macrophage meta-
bolic profile to М1 (proinflammatory) phanotype, which is extremely important in 
activation of antitumor adaptive immune response (Skivka et al. 2009; Chen and 
Bonaldo 2013). It should be noted that more vivid antitumor and immune stimulat-
ing effect of tumor cell HSP-based vaccine in combination with HSP from chicken 
embryos of the 7th day of incubation was found in the animals with Lewis lung 
carcinoma in comparison with animals with melanoma В-16, which indicates that 
the effect produced by combinational vaccine preparations depends on tumor origin 
and on tumor cell immunogenicity (Ashley and Kotlarski 1987; Overwijk and 
Restifo 2001).

Another alternative source of HSP for the development of immunogenic peptide- 
based antitumor vaccines is recombinant chaperones. The experience in using 
recombinant HSP-complexed tumor-associated antigens in combination with bacte-
rial adjuvants – agonists of pattern-recognizing receptors – in the composition of 
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antitumor vaccines for prophylaxis of tumor recurrences and metastasizing in ani-
mal models is positive. The complex of recombinant chaperone HSP65 with tumor 
antigen MUC1 (HSP65-MUC1) supplemented with TLR9 agonist C-type CpG oli-
godeoxynucleotide in the composition of antitumor vaccines considerably enhanced 
antibody-dependent cell immune responses in mice with melanoma В16, inhibited 
the growth of primary tumor and prolonged the life span of tumor-bearing animals 
(Yang et al. 2012).

 HSP-Based Cancer Vaccine and Nanoparticles

Immunotherapy by using antitumor vaccines has three essential advantages over the 
other types of biotherapy of cancer: (і) targeted action without harmful effect on 
healthy cells; (іі) the activation of systemic immune reactivity, which prevents met-
astatic propagation of tumor cells because of the patrolling function of immuno-
cytes in peripheral blood facilitating elimination of circulating tumor cells; (ііі) 
Formation of immune memory which diminishes the risk of tumor recurrence. To 
realize these advantages of cancer immunotherapy it is necessary to provide a pro-
longed contact of native vaccine preparation with professional APC – dendritic cells 
that induce tumor-specific reactions of adaptive immunity thereby initiating system-
atic immune response and activating immune memory formation. The existing for-
mulations of antitumor vaccines including those based on HSP, when systematically 
administered to the organism with tumor, rapidly become the target of fermentative 
degradation, which has negative effect on vaccine therapeutic and prophylactic effi-
cacy. The usage of nanoparticles as vaccine preparation carriers has become an 
important step in overcoming this disadvantage. This method enhances bioavail-
ability of vaccine preparation, prolonges vaccine components persistence in native 
state and improves the efficacy of vaccine treatment (Saleh and Shojaosadati 2016; 
Qiu et al. 2017; Mizrahy et al. 2017). In addition, vaccine nanoformulations allowed 
combining easily tumor-associated antigens in one construct together with the 
agents increasing their immunogenicity and serving as adjuvants for non-specific 
activation of APC, which results in activation of adaptive antitumor immune 
responses.

In general, vaccine preparations supplied with nanocarriers acquire additional 
advantages: (і) protection from fermentative degradation; (іі) selective accumula-
tion of vaccine in tumor tissue; (ііі) Possibility to control pharmacokinetics and 
tissue distribution of vaccine material; (іv) Possibility to activate immunogenic 
death of tumor cells simultaneously with vaccine material exposition. The sorption 
ability of nanomaterials allows increasing the density of targeted delivery of vaccine 
preparation. One of the antitumor vaccines that have demonstrated promising results 
in experiments with animal models of tumor growth is DNA-inorganic hybrid 
nanovaccinе which includes TLR9 agonist – synthetic CpG as an active agent. The 
developed nanovaccine construct considerably prolongs the time of tissue persis-
tence CpG and minimizes systemic pro-inflammatory side effects (Zhu et al. 2016). 
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Another example of antitumor vaccine that has been developed and tested in the 
animal models is the preparation that consists of nanoparticles and tumor-associated 
antigen. This unique preparation provides the delivery of tumor antigen to cytosol 
of antigen-presenting cells, which is principle for the antigen presentation in com-
plex with МНС І to activate CTL. The targeted delivery is accompanied by activa-
tion of transcription of type I interferon-stimulated genes whose products are 
required to stimulate functional maturation of antigen-presenting cells (Luo et al. 
2017).

HSP is one of the interesting objects of research in nanomedicine, first, because 
of the extremely important role HSP play in tumor growth and, second, due to the 
ability to increase immunogenicity of tumor antigens. It has been reported about the 
development of nanoparticles that contain small interfering RNA (siRNA) for 
HSP70 that are expected to selectively block inducible synthesis of HSP70 by tumor 
cells which thereby would make them vulnerable to other methods of adjuvant can-
cer therapy (Li et al. 2016b). The conjugate of magnetic nanoparticles with HSP70 
are considered to be perspective agents in cancer theranostics. When administered 
systemically to animals with С6 glioma, the conjugates selectively accumulate in 
tumor tissue and increase considerably the magnetoresonance imaging contrast of 
tumor. The authors of the nanovaccine believe that the conjugates will make glioma 
surgery more successful and also can be used in therapy as a targeted vaccine prepa-
ration (Shevtsov et al. 2014, 2015).

There are also reports about successful tests of nanoliposomal vaccines based on 
HSP70 in animal models of tumor growth. These nanoformulations enhance consid-
erably the immunogenicity of the chaperone complex with tumor antigens and make 
the immunogen more bioavailable, which is proved by efficient functional matura-
tion of APC in organized lymphoid tissues followed by activation of tumor-specific 
adaptive immune response (Zhang et al. 2015). However, the combination of molec-
ular chaperones with nanocarriers does not always show positive effect in tumor 
growth retardation. In particular, HSP was absorbed by aerosil, but the composite 
used for vaccination of animals with experimental tumor demonstrated lower effi-
ciency in comparison with non-absorbed HSP-based vaccine. At the same time the 
aerosil-based composites combined with bacterial adjuvants proved efficient in 
inhibiting experimental tumor growth and stimulating antitumor resistance in 
experimental animals (Didenko et al. 2003).

Nanoparticles have many advantages in preparation of antitumor vaccines, but 
there are a number of requirements they should meet. For the vaccines to perform 
their antitumor and immune stimulating action it is important from which type of 
nanomaterial they are prepared, what size and shape of nanoparticles are used, what 
effect the nanoparticles produce on tumor cells and immune response when used 
separately, what surface charge the nanoparticles have, since cationic nanoparticles 
are preferred, in what way they are functionalized, etc. Many of these requirements 
are met, for instance, by water soluble biocompatible nanoparticles of С60 fullerene 
(Prilutski et al. 1998, 1999; Bulavin et al, 2000; Prylutskyy et al. 2001, 2003, 2013, 
2014b; Scharff et al. 2004a, b; Ritter et al. 2015). Therefore, carbon nanoalotropes 
have been actively investigated in nanomedicine, in particular in oncology. When 
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used individually, С60 fullerenes are capable of slowing down growth and metastasiz-
ing of experimental tumors, as well as enhancing immune response in tumor- carriers 
(Prylutska et al. 2011a, b, c, 2014a, b; Lynchak et al. 2017). When conjugated with 
antitumor chemical therapeutic preparations, С60 fullerenes decrease the side effects 
of these preparations, increase their bioavailability and enhance their therapeutic 
effect (Evstigneev et al. 2013; Prylutska et al. 2014a, b, 2015a, b, 2017a, b; Prylutskyy 
et al. 2014a, 2015a, b, 2016; Skamrova et al. 2014, Afanasieva et al. 2015; Panchuk 
et  al. 2015). However, pilot research aimed at development of nanovaccines that 
combine HSP-enriched lyzates of tumor cells and С60 fullerenes has not only shown 
lower efficacy of the nanovaccines in inhibiting tumor growth and metastasizing but 
also weaker antitumor immune response they induced in tumor- carriers in compari-
son with vaccines containing only HSP-enriched lyzates or С60 fullerenes (Didenko 
et al. 2013). The probable cause of the revealed phenomenon is improper construc-
tion of nanoformulation, which requires further research in vitro and in vivo.

 Conclusions

Thus, intracellular HSP play important role in tumor development and progression 
facilitating tumor angiogenesis, tumor cell proliferation and tumor stem cell viabil-
ity by decreasing the sensitivity of transformed cells to apoptosis and increasing 
their stress-tolerance which can result in treatment resistance of tumors. In contrast, 
membrane HSP and especially HSP localized in extracellular space are extremely 
attractive targets for active antitumor immune therapy for two main reasons. Firstly, 
these proteins perform the functions of endogenous alarmins and are capable of 
binding to pattern-recognizing receptors of APC. The binding results in activation of 
functional maturation of APC accompanied by the enhanced expression of MHC 
and co-stimulatory molecules which are required to activate effectors of antitumor 
adaptive immunity. Secondly, both membrane and extracellular HSP form com-
plexes with tumor-associated peptides and proteins turning them into immunogenic 
antigens and targets attacked by effectors of antitumor immunity. The especially 
important effect HSP: tumor peptide complexes have on immune system is their 
ability to activate cross-presentation of tumor antigens to cytotoxic T-cells, which 
are the most powerful effectors of antitumor immunity. The above properties of HSP 
make them practically perfect material for development of peptide-based cancer 
vaccines. However, an essential obstacle in realizing the prophylactic and therapeu-
tic potential of these vaccines is tumor-associated immune suppression, to overcome 
which should become the primary challenge in this field. A promising way to do this 
could be the combination of HSP-based vaccines with T-cell checkpoint blockade 
therapies (Hellmann et al. 2016; D’Errico et al. 2017). The elimination of tumor-
associated immune suppression will allow HSP-based vaccine preparations to real-
ize their activating potential and target the immune attack even at those cancer tumor 
antigens which possess low immunogenicity, which will return the immune system 
the capacity to activate appropriate adaptive immune response.
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Mammalian Heat Shock Protein Hsp105: 
The Hsp70 Inducer and a Potent Target 
for Cancer Therapy

Youhei Saito and Yuji Nakayama

Abstract Major heat shock protein Hsp70 prevents protein aggregation and assists 
protein folding as molecular chaperone. Hsp70 also regulates apoptosis, senes-
cence, and autophagy. Increased expression of Hsp70 causes the drug resistance of 
cancer cells. Hsp105, a mammalian heat shock protein, consists of Hsp105α and its 
splicing isoform Hsp105β. Hsp105α constitutively expresses in cytoplasm and 
functions as molecular chaperone and apoptotic regulator. Hsp105β is specifically 
expressed in nucleus under stressed condition and induces Hsp70 expression 
through the activation of Stat3. Recently, we identified that the novel regulators of 
Hsp105β-mediated Hsp70 induction including the transcriptional co-activator of 
Stat3. Additionally, we reveled that Hsp105α but not Hsp105β interacts with HIF-1α 
in nucleus and affects to the transcriptional activation of HIF-1. Since Hsp105 is 
overexpressed in several tumors including solid tumor, these evidences indicate that 
the nuclear expression of Hsp105α seems to function as a malignant factor of cancer 
through the induction of Hsp70 and the activation of the tumorigenic Stat3 and 
HIF-1 signaling pathways. In this chapter, we will introduce the recent our observa-
tions and discuss the possibility that the nuclear overexpression of Hsp105 is a use-
ful marker for cancer prognosis and diagnosis.
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Hsc Heat shock cognate
HSF Heat shock factor
Hsp Heat shock protein
NES Nuclear export signal
NLS Nuclear localization signal
Nmi N-myc interactor
PHD Prolyl hydroxylase
snRNP Small nuclear ribonucleoprotein
Stat Signal transducer and activator of transcription
VHL Von Hippel-Lindau

 Introduction

Hsp70 family, consists of multiple members (Kampinga et al. 2009), has well con-
served three functional domains: N-terminal ATPase domain, central β-sheet 
domain, and C-terminal α-helix domain (Fig. 1). Hsp70, is one of the most charac-
terized heat shock protein, functions as molecular chaperone to maintain protein 
homeostasis (Balchin et al. 2016). In addition, Hsp70 suppresses apoptosis through 
several pathways, and also regulates important cellular functions including senes-
cence and autophagy. Since Hsp70 is overexpressed in various tumor tissues and are 
involved in drug resistance, Hsp70 is a target for anticancer therapy (Murphy 2013).

Hsp105/110 family proteins are conserved in several species, such as yeast, 
worms, and mammals. Mammalian Hsp105/110 family proteins are classified into 
four members, including Hsp105, Hsp110 (a rat homologue of Hsp105; the same as 
a human Apg-2), Apg-1 (a testis specific Hsp105), and ER chaperone Grp170 
(Kampinga et al. 2009). As member of the mammalian Hsp105/110 family, Hsp105α 

NLS NES Spliced out region

Hsp105α

Hsp105β

1 858

1 814

loop

Hsp70
1 641

ATPase β-sheet α-helix

Fig. 1 The domain structure of Hsp70 and Hsp105. These proteins contain N-terminal ATPase, 
β-sheet, and C-terminal α-helix domains. Hsp105α and Hsp105β have an additional loop region 
between β-sheet and α-helix domains. NLS, nuclear localization signal; NES, nuclear export 
signal
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and Hsp105β were identified as mouse and human hsp105 genes (Yasuda et  al. 
1995; Ishihara et al. 1999). Hsp105 is relatively highly homologous to Hsp70 and 
has ATPase, β-sheet, and α-helix domains, similar to Hsp70 (Fig. 1). In this chapter, 
we mainly summarize the researches of mammalian Hsp105α and Hsp105β.

Hsp105α is constitutively expressed in most of tissues, especially in brain, and is 
induced by various stresses (Yasuda et  al. 1995; Ishihara et  al. 1999). Hsp105α 
interacts with Hsp70 and prevents Hsp70 chaperone activity (Yamagishi et  al. 
2004), whereas Hsp105α also acts as a nucleotide exchange factor for Hsp70 similar 
to yeast Hsp105/110 family protein and mammalian Hsp110 (Apg-2) (Bracher and 
Verghese 2015). Hsp105/110 family protein functions as a metazoan protein disag-
gregase cooperates with Hsp70 and Hsp40 (Nillegoda and Bukau 2015). Thus, 
Hsp105α (Hsp110) is an important regulator of Hsp70 chaperone machinery. In 
addition to the cooperative role of Hsp105, Hsp70-independent functions of 
Hsp105α have been suggested in the prevention of heat-denatured protein aggrega-
tion and the stress-induced apoptosis (Yamagishi et al. 2000, 2008).

Hsp105β, an alternative spliced form of Hsp105α, is lacked 44 amino acids 
(spliced out region) from Hsp105α. Hsp105β is specifically expressed during mild 
heat shock (42 °C), but not other stresses such as severe heat shock (45 °C), metal, 
azetidine, and arsenite (Ishihara et al. 1999). Hsp105 gene consists 18 exons, which 
are separated by 17 introns, and the exon 12 encodes the spliced out sequence 
(Yasuda et al. 1999). Recently, the cis-regulatory element in exon 12 of hsp105 gene 
and the regulators of the heat shock specific alternative splicing of hsp105 gene 
were identified (Yamamoto et  al. 2016), indicating that Hsp105β expression is 
mechanistically controlled under heat shock conditions. Since the differences of 
structure of Hsp105α and Hsp105β are only 44 amino acids, the function of Hsp105β 
has been considered similar to Hsp105α. In fact, an in vitro study showed that 
Hsp105β prevents the protein denaturation and the Hsc70 chaperone activity as 
same as Hsp105α (Yamagishi et al. 2000). However, previous study revealed that 
Hsp105β localizes to the nucleus in contrast to cytoplasmic Hsp105α, suggesting 
the intranuclear functions of Hsp105β (Saito et  al. 2007). Strikingly, nuclear 
Hsp105β enhances Hsp70 expression at transcriptional levels (Saito et al. 2009), 
which involves the activation of Stat3 transcription factor (Yamagishi et al. 2009).

Recently, we screened and identified three proteins as an Hsp70 inducer (Saito 
et al. 2014, 2016). Furthermore, Hsp105α but not Hsp105β interacts with a hypoxia- 
inducible factor HIF-1α in nucleus and is required for the HIF-1 accumulation and 
transcriptional activation (Mikami et al. 2017), suggesting that Hsp105α may func-
tion in nucleus as well as Hsp105β. Hsp105 is overexpressed in many tissues of 
tumors, and the prognostic significance of Hsp105 expression in some tumor. In this 
chapter, we introduce that Hsp105 family protein functions as an Hsp70 inducer and 
modulates transcriptional activation of Stat3 and HIF-1, and discuss the possibility 
that the nuclear expression of Hsp105 is a useful marker and therapeutic target for 
cancer therapy.
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 HSP105β Localizes Nucleus and Enhances HSP70 Expression

 Mechanisms of Hsp70 Gene Expression

The induction of Hsp70 expression is controlled by HSF1  in mammalian cells. 
HSF1 is constitutively expressed as inactive form under non-stressed conditions. 
Under stressed conditions, HSF1 is localized into the nucleus and activates the 
Hsp70 transcription (Morimoto et  al. 1992). When Hsp70 accumulates in cells, 
Hsp70 interacts with the carboxyl-terminal activation domain of HSF1 and leads the 
negative feedback regulation of HSF1 (Shi et al. 1998). Several transcription factors 
and its regulators also regulate the hsp70 gene expression in mammalian cells such 
as c-myc (Kingston et al. 1984; Kaddurah-Daouk et al. 1987), CCAAT box-binding 
protein NF-Y, (Taira et al. 1999), Stat1 (Stephanou et al. 1999), hematopoietic tran-
scription factor GATA (Ray et al. 2004), and Histone deacetylase Sirt1 (Westerheide 
et al. 2009). Thus, Hsp70 expression is controlled multiple proteins. In addition, we 
identified that Hsp105β localizes in the nucleus and induces the Hsp70 expression 
(Saito et al. 2007, 2009) as described in detail below.

 Different Localization of Hsp105α and Hsp105β

Previous studies showed that Hsp105α mainly localizes  in cytoplasm (Hatayama 
et al. 1994a; Ishihara et al. 1999). However, the subcellular localization of Hsp105β 
had been not analyzed, because of the similarity of their structures and functions. 
When African monkey kidney COS-7 cells were transfected with the expression 
plasmid of mouse Hsp105α or Hsp105β, exogenously expressed Hsp105 could be 
detected by immunofluorescence analysis using anti-mouse Hsp105 antibody. 
Experiments using this method clearly showed that Hsp105α localizes mainly in 
cytoplasm, whereas Hsp105β localizes in the nucleus (Saito et al. 2007). Mutations 
of these proteins revealed that Hsp105α and Hsp105β have same nuclear localiza-
tion signal (NLS) and nuclear export signal (NES) sequences (Fig. 1). However, the 
cytoplasmic localization of Hsp105α is dependent on its NES activity, and the 
spliced out sequence of Hsp105α suppress the NLS activity of Hsp105α (Saito et al. 
2007). Furthermore, the NES activity of Hsp105β is suppressed by its N-terminal 
and C-terminal regions (Saito et al. 2009). Therefore, the subcellular localizations 
of Hsp105α and Hsp105β are determined by the balance of their NLS and NES 
activities.

 Hsp105β Induces Hsp70 Expression

Hsp105β-mediated induction of Hsp70 has been reported in our laboratory (Saito 
et  al. 2009, 2014, 2016; Yamagishi et al. 2009). In order to determine whether 
Hsp105β is required for heat shock- induced nuclear translocation of Hsp70, immu-
nofluorescence analysis was performed using anti-Hsp70 antibody. Unexpectedly, 
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higher expression of Hsp70 was observed in Hsp105β-transfected cells. (Saito Y., 
unpublished observations). Further analysis revealed that Hsp105β induces Hsp70 
expression at transcription levels. The promoter activity of Hsp70 was increased in 
cells, which is overexpressing Hsp105β but not its NLS mutant, indicating that the 
nuclear localization of Hsp105β is required for Hsp70 induction. Consistent with 
this, cytoplasmic Hsp105α is less effective to the expression of Hsp70 compared 
with Hsp105β. Since Hsp105β specifically expresses under mild heat shock condi-
tions (Hatayama et al. 1994a, b), Hsp105β may play an important cooperative role 
of in the protection of cells with Hsp70 under heat shock conditions. Further analy-
sis of the Hsp105β- mediated Hsp70 expression revealed that Hsp105β induces the 
expression of Hsp70 through the activation of cytokine signal transcription factor 
Stat3 (Yamagishi et al. 2009). Stat family proteins exist as monomeric non-active 
form in cytoplasm, and are activated by JAK tyrosine kinase (Darnell 1997). The 
phosphorylated Stat is dimerized and localizes into the nucleus of cells to activate 
target gene expression. Interestingly, Hsp105β enhances the phosphorylation of 
Stat3, however, its mechanism is not understood (Yamagishi et al. 2009).

 Regulators of HSP105β-Mediated HSP70 Expression

Subsequently analysis revealed that the region between amino acids 642 and 662 of 
Hsp105β and the sequence of the hsp70 promoter between −206 and −187 are 
required for the Hsp105β-induced expression of hsp70 gene (Yamagishi et al. 2009). 
In order to identify the regulators of the Hsp105β-mediated hsp70 gene expression, 
we performed yeast genetic screenings and identified Nmi, AF9, and SNRPE as 
positive regulators of hsp70 gene expression (Saito et al. 2014, 2016) (Fig. 2).

105β

Stat3-binding site

AF9

SNRPE

Nmi
Stat3

p-Stat3

Hsp70 gene

Fig. 2 Regulators of Hsp105β-mediated hsp70 gene expression. Hsp105 enhances hsp70 pro-
moter activity through the Stat3 phosphorylation and activation. Nmi interacts with Hsp105β and 
enhances the Hsp105β-induced Stat3 phosphorylation. Hsp105β-induced activation of hsp70 pro-
moter is also enhanced by AF9 or SNRPE.  These proteins seem to affect the hsp70 promoter 
activation through Stat3-independent pathway
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 Nmi

Nmi was identified as an Hsp105β-binding protein by yeast two-hybrid screening 
using full-length Hsp105β as bait (Saito et al. 2014). Nmi interacted with Hsp105β 
and enhanced the Hsp105β-induced hsp70 promoter activity. In addition, Nmi 
enhanced the Hsp105β-induced Stat3 phosphorylation. A previous study reported 
that Nmi interacts with Stat family proteins including Stat3 and promotes the tran-
scriptional activation of Stat5 triggered by IL-2 and IFN-γ (Zhu et al. 1999). Nmi 
has been shown to promote the interaction between Stat family proteins including 
Stat3 and its transcriptional co-activator p300/CBP (Zhu et  al. 1999). Nmi may 
promote the interaction between Stat3 and p300/CBP in order to activate the hsp70 
promoter. As mentioned above, Hsp105α and Hsp105β are mainly localized in the 
cytoplasm and nucleus, respectively. Hsp105α and Hsp105β have same NLS and 
NES sequences. The balance of activity of NLS and NES determines the localiza-
tion of these proteins. The mutant of Hsp105α, which has a mutation in NES, was 
localized in the nucleus and enhanced the hsp70 promoter activity (Saito Y., unpub-
lished data). Interestingly, Nmi-overexpression induces the nuclear expression of 
Hsp105α. In this experimental conditions, hsp70 promoter activity and the Hsp70 
expression is increased (Saito et al. 2014), indicating that Nmi may affect the Hsp70 
expression and the Stat3 activation through the interaction with not only Hsp105β 
but also Hsp105α.

 AF9

AF9 was identified as an Hsp105β-binding protein by yeast two-hybrid screening 
using minimal region of Hsp105β, which requires for hsp70 induction (Saito et al. 
2016). AF9 itself activated hsp70 promoter activity and further enhanced the 
Hsp105β-mediated hsp70 promoter activity. AF9 is known as a component of the 
RNA polymerase II super elongation complex (SEC). AF9 interacts with RNA 
polymerase II elongation factors, ELL and p-TEFb (He et al. 2010; Lin et al. 2010), 
and histone methyltansferase DOT1L (Li et al. 2014). These findings suggest that 
AF9 may play a role in the induction of the hsp70 gene during transcriptional elon-
gation and histone modification.

 SNRPE

SNRPE was identified as an hsp70 promoter-binding protein by yeast one-hybrid 
screening using the region of hsp70 promoter, which is responsible for the Hsp105β- 
mediated Hsp70 induction (Saito et al. 2016). Overexpression of SNRPE enhanced 
hsp70 promoter activity in a manner that dependent on Hsp105β expression. 
Knockdown of SNRPE suppressed the expression of Hsp70 without Hsp105β 
expression, indicating that SNRPE essentially functions as a transcriptional activator 
of hsp70 gene expression. However, the precious mechanism is unknown. SNRPE is 
a small nuclear ribonucleoprotein (snRNP), which is the core component of 
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spliceosomes (Jurica and Moore 2003). Since the hsp70 gene is an intronless gene 
(Silver and Noble 2012), SNRPE may affect the transcription initiation of Hsp70 
mRNA, but not pre-mRNA processing. While the knockdown of SNRPE suppressed 
the steady state expression of the Hsp70 protein, the overexpression of SNRPE alone 
did not activate the hsp70 promoter (Saito et al. 2016), suggesting that SNRPE may 
function cooperative with partner protein such as other snRNP (Leung et al. 2011).

 HSP105α and HIF-1

 Regulation of HIF-1 Expression and Transcriptional Activation

Tumor microenvironment is exposed to various stresses, such as hypoxia, low pH, 
and nutrient starvation. In these tumor tissues, hypoxia-inducible transcription fac-
tor HIF-1 induces the expression of malignant genes such as VEGF (Semenza 
2009). HIF-1 functions as a heterodimer component of oxygen-sensitive HIF-1α, 
which is rapidly degraded under normoxic conditions, and of  constitutively 
expressed HIF-1β (Wang and Semenza 1995; Wang et al. 1995). Under normoxic 
conditions, two proline residues of HIF-1α are hydroxylated by prolyl hydroxylases 
(PHDs), leading to ubiquitination and proteasomal degradation through binding 
with the von Hippel-Lindau (VHL) ubiquitin ligase complex (Safran and Kaelin 
2003). The transcriptional activity of HIF-1α is regulated by hydroxylation of aspar-
agine residue in its C-terminal transactivation domain. Factor-inhibiting HIF-1 
(FIH-1) binds to this transactivation domain, which inhibits the binding of HIF-1α 
to the transcriptional co-activator p300/CBP (Lando et al. 2002). Hypoxia inhibits 
the hydroxylation of proline and asparagine residues and induces the transcription 
of HIF-1 target genes through the stabilization and transcriptional activation of 
HIF-1α. In addition to the hydroxylation-dependent regulation of HIF-1 activity, 
hydroxylation-independent regulation has been identified, and these are controlled 
by several proteins including heat shock proteins (Prabhakar and Semenza 2012). 
However, the role of Hsp105 in the regulation of transcriptional activation of HIF-1 
has been not investigated until our recent report.

 Hsp105α Interacts with HIF-1 and Regulates HIF-1 Transcriptional 
Activation

To elucidate the role of Hsp105 in HIF-1 function, we examined and revealed the 
effects of knockdown of Hsp105α on the HIF-1 transcriptional activation under 
chemical induced-hypoxic mimic conditions (Mikami et al. 2017). We used cobalt 
chloride (CoCl2) as a HIF-1α inducer that inhibits the PHD-dependent hydroxyl-
ation of HIF-1α (Yuan et al. 2013). Luciferase reporter gene assay using the reporter 
gene containing the hypoxia responsive element revealed the requirement of 
Hsp105α for the CoCl2-induced HIF-1 transcriptional activity. Further analysis 
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showed that Hsp105α is required for CoCl2-induced accumulation of HIF-1α. 
CoCl2-induced the nuclear localization of Hsp105α was correlated with HIF-1α 
expression levels. Importantly, overexpression of degradation resistant HIF-1α 
enhanced the nuclear localization of Hsp105α without the CoCl2 treatment. In 
CoCl2-treated cells, Hsp105α accumulated in the nucleus and interacted with 
HIF-1α, suggesting that this accumulation positively regulates the transcriptional 
activation of HIF-1 by association with the oxygen-sensitive HIF-1α subunit 
(Fig.  3). Under CoCl2-induced hypoxic conditions, Hsp105β was not expressed 
(Mikami et al. 2017). As described above, Hsp105α interacts with Nmi and translo-
cates into the nucleus, and enhances the activation of the hsp70 promoter through 
the Stat3 signaling pathway. Nmi has been reported to enhance the recruitment of 
p300/CBP to nucleus. Since HIF-1α transcriptional activity is positively regulated 
by the C-terminal transactivation domain of HIF-1α through the binding of tran-
scriptional co-activator p300/CBP (Lando et  al. 2002), HIF-1-dependent nuclear 
translocation of Hsp105α may regulate the p300/CBP-mediated transcriptional acti-
vation of HIF-1α through its association with Nmi-associated p300/CBP complex.

 HSP105 Overexpression in Tumor

Hsp105 is highly expressed in many types of tumors (Table  1). For example, 
Nakatsura and his colleagues have been identified Hsp105 as an immunogenic anti-
gen of pancreatic cancer (Nakatsura et al. 2001), and further investigations revealed 

105α

HIF-1α

HIF-1 target gene
HRE

HIF-1αDegradation

CoCl2

NucleusCytoplasm

105α

105α

Fig. 3 CoCl2 induces HIF-1α accumulation and nuclear localization of Hsp105α. In CoCl2- 
treated cells, degradation of HIF-1α is inhibited and accumulates in nucleus. Under these condi-
tions, Hsp105α translocates from cytoplasm to nucleus and interacts with HIF-1α. Hsp105α affects 
to the HIF-1 accumulation and transcriptional activation, although the exact mechanisms remain 
unknown
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that Hsp105 is overexpressed in many types of tumor tissues, including pancreas, 
colon, esophagus, breast, urinary bladder, and skin (Kai et  al. 2003; Muchemwa 
et al. 2006, 2008). Interestingly, the nuclear localization of Hsp105 is observed in 
some kind of tumors, including esophageal squamous cell carcinoma (Gao et al. 
2014), gastric cancer (Kimura et al. 2016), and urinary bladder (Kawai et al. 2014). 
Gao et al. (2014) reported that Hsp105 is a tumor-associated antigen identified by 
proteome analysis. Highly expression of Hsp105 was observed in the cytoplasm and 
nucleus of esophageal squamous cell carcinoma (ESCC) tissues. The authors said 
that the nuclear localization of Hsp105 was detected only tumor cells of ESCC but 
not normal cells, and suggested that Hsp105 is a potential tumor marker of early 
diagnosis.

A recent work of Kimura et  al. (2016) showed that Hsp105 (authors called 
Hsp110 in this manuscript) overexpresses in the nucleus of gastric cancer tissues, 
and that nuclear expression of Hsp105 is associated with poor prognosis and che-
motherapy resistance in gastric cancer. They performed immunohistochemical anal-
ysis using a tissue microarray, which were prepared form 210 paraffin blocks of 
gastric cancer patients. The nuclear expression Hsp105 is associated with invasion, 
indicating that Hsp105 affects to the cancer progression. Kaplan-Meier plot revealed 
that the higher nuclear expression of Hsp105 is correlated with poor prognosis. 
Furthermore, 5-FU or cisplatin sensitivity was increased by Hsp105 knockdown in 
human gastric adenocarcinoma cell lines. Thus, nuclear Hsp105 expression in gas-
tric cancer may be a prognostic and drug sensitivity maker. In contrast to this report, 
highly expression of Hsp105 is found in nucleus of urinary bladder and associates 
with a favorable prognosis (Kawai et al. 2014), indicating that the nuclear overex-
pression of Hsp105 is not always associated with a poor prognostic.

Table 1 Overexpression of Hsp105 in tumor tissues

Pancreatic ductal adenocarcinoma Nakatsura et al. (2001) and Kai et al. (2003)
Colon adenocarcinoma Nakatsura et al. (2001) and Kai et al. (2003)
Colorectal carcinoma Hwang et al. (2003)
Gastric carcinoma Nakatsura et al. (2001) and Kimura et al. (2016)
Esophageal carcinoma Nakatsura et al. (2001) and Kai et al. (2003)
Hepatocellular carcinoma Nakatsura et al. (2001)
Breast Kai et al. (2003)
Urinary bladder Kai et al. (2003) and Kawai et al. (2014)
Skin squamous cell carcinoma Muchemwa et al. (2006)
Melanoma Muchemwa et al. (2008)
Lung adenocarcinoma Oda et al. (2009)
Esophageal squamous cell carcinoma Gao et al. (2014)
B-cell non-Hodgkin’s lymphoma Zappasodi et al. (2011)
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 Conclusions

We focused to examine the Hsp105β-mediated Hsp70 expression and identified 
three positive regulators including a transcriptional co-activator of Stat3 signaling 
pathway. We also revealed that Hsp105α interacts with HIF-1α and regulates HIF-1 
expression and activation. Importantly, Hsp105α translocates into the nucleus in 
HIF-1α-expressing cells, suggesting that Hsp105α may function in nucleus under 
hypoxic conditions. Our preliminary observations suggest that Hsp105α may be 
localized in nucleus of some squamous cell carcinomas tissues. It would be interest-
ing to know whether the nuclear expression of Hsp105α correlates with the Hsp70 
expression and the activation of Stat3 in hypoxic tumor tissues and cells. A recent 
published paper shows that Hsp105α interacts with Stat3  and enhances  Stat3 
 phosphorilation, and that the Stat3 phosphorylation is correlated with overexpres-
sion of Hsp105α in colon cancer patient samples (Berthenet et al. 2016). Given the 
findings that Hsp105α is involved in tumor progression and aggressiveness 
(Berthenet et al. 2016; Zappasodi et al. 2015; Yu et al. 2015), the insight into the 
Hsp105-mediated transcriptional activation of Stat3 and HIF-1 may provide novel 
strategy for cancer diagnosis and therapy.
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Abstract Heat shock response is one of several survival pathways that protects 
cells against harsh conditions. This response mechanism, which is evolutionarily 
protected in all organisms, enhances the expression of heat shock proteins (HSP) 
that show protective properties for cells under stress conditions. High expression of 
many HSP is observed in cancer, and their functions aides the advancement of dis-
ease. It is known that overexpression of HSP70, a member of HSP family, in cancer-
ous cells has been closely associated with tumor cell proliferation, apoptosis 
inhibition, enhanced migration and metastasis and drug resistance promotion. 
Therefore, targeting HSP70 in cancer treatment is very important. One of the best- 
studied inhibitors known for HSP70 is quercetin that is widely distributed flavonoid 
in the plant kingdom. Several in vivo and in vitro studies have reported the efficacy 
of quercetin in reducing elevated HSP70 levels in cancer therapy. It has become a 
focal point as an anticancer agent because of the induction of apoptosis in many 
different cancer cells. In this chapter, we reviewed the role of HSP70 in different 
cancer types and the suppressive effect of quercetin on expression of HSP70 family 
members. Moreover, we emphasized molecular mechanisms targeted by quercetin 
in cancer and its relationship to Hsp70.
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Abbreviations

Akts (or PKB) protein kinase B
AMPK AMP activated protein kinase
CaMKII calcium/calmodulin-dependent protein kinase II
Cdk cyclin-dependent kinases
Chk2 checkpoint kinase 2
CK2 casein kinase 2
ER endoplasmic reticulum
ERK extracellular signal-regulated kinase
Hsc heat shock cognate
HSE heat shock element
HSF heat shock factor
HSP heat shock protein
IL-6 interleukin-6
JAK Janus kinase
JNK C-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MMP matrix metalloproteinase
PI3K phosphatidylinositol 3-kinase
pRb retinoblastoma protein
ROS reactive oxygen species
RSK2 ribosomal protein S6 kinase 2
S6K1 ribosomal protein S6 kinase beta-1
shRNA short hairpin RNA
siRNA small interfering RNA
STAT3 signal transducer and activator of transcription 3
VEGF vascular endothelial growth factor

 Introduction

Heat shock proteins (HSP, also called stress proteins) are a group of highly evolu-
tionary conserved proteins whose expression are induced under many stress condi-
tions such as heat shock, oxidative/ischemic stress, toxins, heavy metals, radiation, 
environmental pollutants and chemotherapy. They are also stimulated by the release 
of cytokines in the cell. Mammalian HSP are classified mainly into six families by 
their molecular weight: HSP100, HSP90, HSP70, HSP60, HSP40, and small HSP 
(Benjamin and McMillan 1998; Snoeckx et al. 2001). Many of them act as molecu-
lar chaperones and are responsible for maintaining protein homeostasis in normal 
cells under non-stressful conditions. However, high expression of many HSP is 
observed during the many diseases including cancer, and their functions aides the 
advancement of disease. In cancer which is one of the leading causes of death 
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worldwide, induction of elevated HSP expression has crucial roles in tumor onset 
and progression processes such as rapid cell proliferation, evading apoptosis, and 
metastasis. Because of these properties, HSP have become one of the major thera-
peutic targets in cancer therapy (McConnell and McAlpine 2013; Lianos et al. 2015; 
Önay-Uçar 2015; Giri et al. 2017). In particular, increased expression of members 
of the HSP70 family in high grade malignant tumors has been reported. HSP70 has 
been shown to be highly expressed in many cancers including bladder, breast, 
colorectal, endometrial, gastric, lung, oral, uterine cervical and prostate cancer. 
Decreasing HSP70 levels in cancer cells will be beneficial, because increased 
HSP70 expression in cancerous cells is associated with cell proliferation, metastasis 
and poor prognosis (Ciocca and Calderwood 2005; Rohde et al. 2005; Evans et al. 
2010; Murphy 2013; Alexiou et al. 2014).

Considering the possible therapeutic potential of suppressing of HSP70 expres-
sion in cancerous cells, a large number of studies in recent years have focused on 
quercetin, one of the most common bioflavonoids in the plant kingdom. Quercetin 
is well-known for its physiological functions and its role in the elimination of can-
cerous cells. It has important roles in the inhibition of increased HSP and in the 
activation of cell death pathways in cancer (Khan et al. 2016). In recent years, the 
number of studies on the activation of cell death pathways by quercetin-mediated 
suppression of HSP70s expression has increased. In this chapter, we reviewed the 
status of elevated HSP70 in various human cancers, and emphasized the effects of 
quercetin on the suppression of HSP70 expression and its therapeutic potential 
against cancer.

 HSP70 and Cancer

The heat shock protein 70 (HSP70) family, one of the HSP families, consists of ATP 
dependent chaperones with molecular weight of approximately 70 kDa (in range 
66–78 kDa). Their structure and function are evolutionary conserved and can be 
found in all organisms. Nowadays, there are 13 known homologous members of the 
human HSP70 family encoded by the HSPA gene family. They are transcriptionally 
regulated by four members of Heat Shock Factors (HSF): HSF1, HSF2, HSF3, and 
HSF4. The major transcriptional regulator HSF1 is induced during stress and is 
bound to the promoter of HSP70 to increase the transcription. The gene products 
differ by amino acid sequence, expression level, and cellular localization. Generally, 
these proteins, which exhibiting 52–99% amino acid sequence homology, function 
in protein homeostasis. It is known that HSP70 family members which play a role 
in correct protein folding and survival of the cells under stress conditions (Kampinga 
et al. 2009; Zuiderweg et al. 2013; Sherman and Gabai 2015; Giri et al. 2017).

The HSP70 family members are considerable important chaperones in cancer. 
There are eight well-studied members related to cancer. Six of them are mainly 
found in cytosol: Hsp70–1a and Hsp70-1b, collectively called Hsp70-1 (also known 
as Hsp70 or Hsp72), Hsp70-1t (also called Hsp70-hom), Hsp70-2, Hsp70-6 and 
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heat shock cognate 70 (Hsc70 also called Hsp70-8 or Hsp73). One of them localizes 
to the endoplasmic reticulum (Hsp70-5, also known as BiP or Grp78) and one to the 
mitochondria (Hsp70-9, also called mtHsp70, Grp75 or mortalin) (Rohde et  al. 
2005; Daugaard et al. 2007a; Murphy 2013). They play a key role in the regulation 
of malignancy. Tumor cells that overexpress HSP70 are found to be associated with 
tumor cell proliferation, metastasis, resistance to therapies and poor prognosis in 
many human cancers (Rohde et al. 2005; Powers et al. 2008; Evans et al. 2010; 
Murphy 2013; Rodina et  al. 2014). It is also known that the chaperones of the 
HSP70 family have a well-documented antiapoptotic function. Several studies in 
different tumor models indicated that overexpressed HSP70 blocks apoptosis by 
interacting with components of the apoptotic pathways, and by interfering in the 
apoptotic signaling such as apoptosome, caspases, and cathepsins (Mosser and 
Morimoto 2004; Garrido et al. 2006; Evans et al. 2010; Kumar et al. 2016).

The most published data in human cancers is on Hsp70. The two best studied 
members of the HSP70 family are ubiquitously expressed Hsc70 and Hsp70 
(Hsp70- 1). There is less information about the expression levels of other HSP70 
family members. Hsc70 is the only cytosolic HSP70 protein expressed constitu-
tively under normal physiologic conditions and found abundantly in all major intra-
cellular compartments. It is required for normal cell growth (Liu et al. 2012). In 
addition, Hsc70 overexpressed in colon and esophageal cancers is known (Kubota 
et al. 2010; Moghanibashi et al. 2013). Hsc70 has been also known to regulate func-
tions of tumor-associated genes and proteins (Wu et al. 2017). Whereas Hsp70 is 
generally expressed at basal levels in normal cells under non-stressful conditions, it 
is the major stress inducible protein and distributed predominantly in the cytoplasm, 
nucleus, and plasma membrane of various malignant tumor cells. Its essential role 
is to maintain cell survival under stressful conditions. It is known that high Hsp70 
levels are correlated with an aggressive phenotype and poor prognosis in therapeu-
tic responses in bladder, brain, breast, colorectal, endometrial, gastric, oral, uterine 
cervical and prostate cancers (Ciocca and Calderwood 2005; Evans et al. 2010; Giri 
et al. 2017).

Downregulation of Hsp70 expression is associated with reduced tumorigenicity, 
and cytotoxic to transformed cells but undetectable in non-transformed cells. For 
this reason, Hsp70 knockdown sensitizes or kills cancer cells rather than normal 
cells (Schmitt et al. 2006; Kumar et al. 2016). Nylandsted and co-workers (2000) 
have shown that elevated expression of Hsp70 is necessary for the survival of 
tumorigenic breast cancer cells, and that the reduction of Hsp70 levels activates the 
tumor-specific death program. In a study of MCF-10A cells exposed to NZ28 which 
is an inhibitor of heat shock response, the researchers developed this inhibitor to 
enhance main effect of HSF1 on tumor development via upregulation of Hsp70. 
Knockout of Hsp70 is sufficient to similarly prevent cancer development in the 
Her2-positive breast cancer (Meng et al. 2010). It has been also found that inducible 
Hsp70 is effective in resistance of cancer cells to gamma radiation (Lee et al. 2001). 
Increased radiosensitivity was observed in a study on Hsp70 knockout mice (Hunt 
et al. 2004). Hsp70 overexpression in breast cancer cells has been found to be asso-
ciated with lymph node metastasis (Kluger et al. 2005). Similarly, it is shown that 
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there is a correlation between vascular invasion and Hsp70 overexpression in gastric 
cancers (Canöz et al. 2002). Studies on patients with brain tumors have showed the 
presence of high expression of Hsp70  in gliomas, such as meningiomas and 
 medulloblastomas (Alexiou et  al. 2013, 2014). In a study performed on patients 
with prostate cancer, the Hsp70 expression of the patients was found to be higher 
than the control group, and Hsp70 was reported to be a potential biomarker for 
prostate cancer (Abe et al. 2004). Silencing of Hsp70 by short hairpin (sh)RNA in 
cervical and bladder cancer cells has been shown to suppress invasion and migration 
(Teng et al. 2012). Also, in the same study it has been demonstrated that Hsp70 
interacted with Wiskott-Aldrich syndrome protein family 3 (WASF3), which is 
involved in prostate cancer invasion and metastasis. In bladder cancer cells, it has 
been found that the p63α protein -is a member of the p53 family- promotes the inva-
sion and Hsp70 transcription, which has led to a new perspective in the understand-
ing of Hsp70 function in high-invasive bladder cancer (Jin et al. 2017). In addition 
to studies on tissue Hsp70, studies on serum Hsp70 have also been carried out. 
Serum Hsp70s, which can be released by exocytotic traffic or cell disruption, have 
begun to gain importance in many studies. It has been found significantly high level 
of serum Hsp70 of patients with small cell lung cancer compared to healthy controls 
(Balázs et  al. 2017). Similar findings observed in studies with colorectal cancer 
(Kocsis et al. 2010), chronic myeloid leukemia (Yeh et al. 2009), and head and neck 
squamous cell carcinoma (Ghermann et al. 2014).

There are few studies in the literature on other members of the HSP70 family 
associated with cancer except Hsc70 and Hsp70 proteins. Rohde et al. (2005) have 
reported that depletion of Hsp70 leaded to cancer cell detachment in many of human 
cancer cells. This data has shown that Hsp70 plays a role in the regulation of cancer 
cell adhesion. They have also reported for the first time that expression level of 
Hsp70-2, which is a member of HSP70 family, increases in breast, cervix, prostate 
and colon and liver cancers. In their study, it is shown that not only Hsp70-1 (Hsp70) 
but also Hsp70-2 are required for the survival of cancer cells. In another study on 
Hsp70-2, this protein depletion was found to induce lysosomal membrane permeabi-
lization and cathepsin-dependent cell death in a variety of human cancers (Daugaard 
et al. 2007b). The level of Hsp70-5 (also known as BiP or Grp78), a member of the 
HSP70 family localized to the ER lumen, has been shown to be highly elevated asso-
ciated with poor differentiation in many cancer types, such as breast cancer (Gazit 
et al. 1999; Fernandez et al. 2000), gastric cancer (Song et al. 2001), hepatocellular 
cancer (Shuda et al. 2003; Chen et al. 2014), lung cancer (Koomägi et al. 1999) and 
prostate cancer (Arap et al. 2004; Misra et al. 2005). For cancer cells subject to ER 
stress, Hsp70-5 acts as a survival factor, and plays an important role in drug resis-
tance in addition to preventing apoptosis and autophagy (Lee 2007; Wu et al. 2017). 
Another member of the HSP70 family localized in the mitochondria, Hsp70-9 (also 
known as mtHsp70, Grp75 or mortalin) functions in human carcinogenesis, pro-
motes proliferation and survival of cancer cells (Deocaris et al. 2013; Starenki et al. 
2015). Elevated levels of this protein expression have been reported in human brain 
tumors (Takano et al. 1997), ovarian cancer (Hu et al. 2016), colorectal adenocarci-
nomas (Dundas et al. 2005), hepatocellular carcinoma (Yi et al. 2008) and medullary 
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thyroid carcinomas (Starenki et al. 2015). Hsp70-9 is known to play a role in cancer 
formation by activating the MAPK/MEK/ERK pathway and binding to p53 in the 
cytoplasm to prevent translocation to the nucleus (Hu et al. 2016). Hsp70-6, another 
member of the HSP70 family, is stimulated at high rates by stress while the expres-
sion of it is very low under normal physiological conditions, and it is thought to have 
an anti-apoptotic function (Regeling et al. 2016; Wu et al. 2017).

In summary, all these studies support members of the HSP70 family as an attrac-
tive target in cancer therapy. The studies have shown that suppression of HSP70 
expressions in tumor cells would become beneficial for treatment of cancers and the 
development of new approaches against cancer. Acting HSP70 as an apoptosis 
inhibitor in tumor cells supports HSP70 to be a potential target for apoptosis-based 
cancer therapy. However, other molecules that interact with HSP70, and mecha-
nisms of the HSP70 family have not been fully elucidated. New studies are needed 
to understand how all members work.

 Quercetin and Cancer

Quercetin (3,3′,4′,5,7-pentahydroxyflavone), an important member of the flavonoid 
family, is a highly abundant polyphenolic compound found in various vegetables and 
fruits, such as apples, berries, broccoli, cabbage, dill, grapes, lemons, onions, toma-
toes, and in beverages such as tea, coffee and red wine. The daily intake of quercetin 
is estimated to range between 3 and 31 mg (Duthie et al. 2000; Khan et al. 2016). 
Quercetin has been shown to possess a wide range of biological and pharmacological 
activities, including antioxidant, anticarcinogenic, antiproliferative, antiinflamma-
tory, antiviral and antiallergic properties (Harwood et al. 2007; Gupta et al. 2010; 
Vargas and Burd 2010; Gibellini et al. 2011; Khan et al. 2016). Compared to other 
flavonoids, quercetin has a very high antiradical property. Quercetin reveals this 
property through its three active functional groups in its structure as presented in 
Fig. 1. These are the o-dihydroxy (catechol) structure at the 3′- and 4′-position of the 
B ring, the 2,3-double bond in the conjugation with a 4-oxo group, and the hydroxyl 
groups in the 3- and 5-position (Bors et al. 1990; Silva et al. 2002; Wang et al. 2006).
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Fig. 1 Structure of quercetin
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Additionally, studies on quercetin have shown that it has antioxidant or prooxi-
dant effects depending on its concentration. While quercetin has an antioxidant 
effect at low doses, it has the opposite effect (pro-oxidant effect) at high doses. The 
antioxidant and chemopreventive effects of quercetin are seen at 1–40 μM cellular 
concentrations of it. However, it has been reported that quercetin could act like a 
ROS (Reactive Oxygen Species) at concentrations higher than 40 μM after tumor 
formation, and thereby it could still be useful as an antitumoral agent by increasing 
the oxidative stress and cytotoxicity in tumor cells (Metodiewa et al. 1999; Awad 
et al. 2000; Vargas and Burd 2010).

Several literature studies report on cancer preventive and therapeutic effects of 
quercetin in different cell lines. It demonstrates anti-cancer properties by regulating 
various cell signaling mechanisms, by binding to cellular receptors and proteins, and 
by inhibiting various proteins that are effective in carcinogenesis. It is well known for 
its proapoptotic effect in various tumor cells (Murakami et  al. 2008; Khan et  al. 
2016). Quercetin is also effective in the inhibition of Hsp, and quercetin- mediated 
Hsp inhibition has an important role in stimulation of cell death. It is known that 
quercetin inhibits HSF1 activation that induces Hsp70 expression (Vargas and Burd 
2010; Kumar et al. 2016). Several in vivo and in vitro studies have demonstrated that 
quercetin has protective and preventive effects against cancers such as brain, breast, 
cervix, colorectum, lung and prostate (Table 1). Jakubowicz- Gil et al. (2002) have 
shown that quercetin reduces Hsp27 and Hsp72 expression and increases the number 
of apoptotic cells in human cervix and glioma cell lines. 15 μg/mL of quercetin was 
found to increase apoptosis by ~16% in human cervical carcinoma cell line (HeLa 
cells). In a study with MOG-G-CCM cells, human brain astrocytoma cells, co-
administration of temozolomide with quercetin has been shown to be a useful, potent 
and promising combination for glioma treatment. In the study, it was shown that 
quercetin significantly reduced Hsp27 expression at low concentrations and that the 
combination of 100 μM temozolomide and 30 μM quercetin was highly effective in 
inducing apoptosis (Jakubowicz-Gil et al. 2010). In a similar study, co-administra-
tion of 50 μM quercetin with 100 μM temozolomide has been shown to significantly 
reduce the expression of Hsp27 and Hsp72 (Jakubowicz- Gil et al. 2013b). In a study 
performed on U-251 MG and U87 MG cells, it was determined that administration 
of quercetin at a concentration of 30 μM to cells reduced Hsp27 expression at a 
significant level (Li et al. 2016). In vivo studies in various animal models also show 
that quercetin reduces tumor growth and tumor volume.

In a study on colon carcinogenesis by Dihal et al. (2008), it was observed that the 
potential oncogenic MAPK signal decreased in F344 rats fed with 10 g quercetin/kg 
for 11 weeks. In another study by Jones et al. (2004), it has been shown that querce-
tin suppresses Hsp70 expression in PC-3 prostate cancer cells. Furthermore, apop-
tosis has been shown to have a negative correlation with the HSP70 expression. 
Hsp70 expression was increased in multiple pancreatic cancer cells compared with 
normal pancreatic ductal cells. Downregulation of HSP70 with siRNA in pancreatic 
cancer cells causes caspase dependent apoptotic cell death. Depletion of Hsp70 with 
quercetin decreased cell viability and induced apoptosis in cancer cells but not in 
normal pancreatic ductal cells. Quercetin treatment decreased tumor size and Hsp70 
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Table 1 In vivo and in vitro studies on the anti-cancer effects of quercetin

Cancer 
type

Animal model or 
cell line Findings References

Brain U138MG cells Inhibited proliferation, induced apoptosis 
(caspase-3/7 activation)

Braganhol et al. 
(2006)

A172 cells Inhibited proliferation, induced apoptosis 
(caspase-3 activation)

Kim et al. (2008)

U87-MG and 
U251 cells

Reduced expression of Survivin and XIAP, 
induced apoptosis (TRAIL-Induced 
Apoptosis)

Siegelin et al. 
(2009)

Reduced expression of Hsp27 Li et al. (2016)
MOGGCCM cells Reduced expression of Hsp27, induced 

apoptosis and autophagy
Jakubowicz-Gil 
et al. (2010)

T98G cells Reduced expression of Hsp27 and Hsp72, 
induced apoptosis (caspases 3/8/9 
activation)

Jakubowicz-Gil 
et al. (2013a, b)

Inhibited proliferation, induced apoptosis Bądziul et al. 
(2014a)

Breast MDA-MB-231 
cells

Inhibited proliferation Conklin et al. 
(2007)

MCF-7 cells Inhibited proliferation, induced apoptosis 
(Bcl-2 and Bax regulation)

Duo et al. (2012)

Inhibited cell growth (G2/M arrest), 
induced apoptosis

Choi et al. (2001)

4 T1 cells Inhibited proliferation (Regulation of Wnt 
signaling activity)

Kim et al. (2013a)

Cervix HeLa cells Reduced expression of Hsp27 and Hsp72, 
induced apoptosis

Jakubowicz-Gil 
et al. (2002, 2005)

Reduced expression of Hsp70, induced 
apoptosis (caspases 3 activation)

Jung et al. (2010)

Reduced expression of Hsp72, induced 
apoptosis (caspases 3 activation)

Bądziul et al. 
(2014b)

Colorectum F344 rats Decreased oncogenic MAPK signal Dihal et al. (2008)
HCT116 cells Inhibited proliferation Shan et al. (2009)
Mutant Apc mice Loss of Hsp70, reduced tumor size, 

increased tumor cell death, increased 
apoptosis

Tao et al. (2016)

Leukemia U937 cells Reduced expression of Hsp70, induced 
apoptosis

Storniolo et al. 
(2015)

Lung A549 cells Reduced expression of Hsp70, induced 
apoptosis

Niu et al. (2006)

Inhibited cell growth (G2/M arrest) Yeh et al. (2011)
A549 and H460 
cells

Reduced cell viability, suppressed HSP70 
expression, increased apoptosis (caspase-3 
and caspase-9 activation)

Lee et al. (2015)

(continued)
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levels in mice (Aghdassi et al. 2007). It has been found that reduced expression of 
HSP70 by both siRNA or by quercetin causes an enhancement in cytosolic calcium 
levels. Reduced expression of HSP70 in pancreatic cancer cells leads to release of 
lysosomal enzymes into the cytosol due to lysosomal membrane permeabilization. 
Lysosomal enzymes activate cell death pathways in the cytosol (Dudeja et al. 2009). 
Niu et al. (2006) have reported a significant increase in Hsp70 level after heat shock 
at 41 °C for 1 h in the study conducted in A549 cells, but the increase in Hsp70 was 
reported to be inhibited by quercetin treatment for 6 h before heat shock treatment. 
In addition to a significant decrease in Hsp70 levels, apoptosis has also been found 
to be induced. As a result, many studies have indicated that quercetin is an effective 
agent against cancer therapy by causing inhibition of cell growth, induction of apop-
tosis and suppression of many HSP expression in different cancer cells.

 Molecular Mecanishms Targeted by Quercetin in Cancer 
and Its Relation to HSP70

As quercetin is a lipophilic molecule, it can trigger many intracellular pathways by 
crossing cellular membranes. Numerous studies have indicated that quercetin inhib-
its cell proliferation by inducing various apoptotic pathways and/or arresting cell 
cycle at different checkpoints. It has been shown that quercetin treatment regulates 
the expression of the cyclin-dependent kinases (Cdks), thus causing the cell cycle 
arrest at the G0/G1, G1/S and G2/M checkpoints in different cell types. p21, p27, 
p53, and Chk2 (Checkpoint kinase 2) upregulation, Cdk1 and cyclin B1 downregula-
tion, and pRb (retinoblastoma protein) phosphorylation have been observed in the 
arrest of the cell cycle by quercetin (Yoshida et al. 1990; Csokay et al. 1997; Ong 
et al. 2004; Mu et al. 2007; Jeong et al. 2009; Vidya-Priyadarsin et al. 2010; Yeh et al. 
2011; Atashpour et al. 2015; Srivastava et al. 2016; Nguyen et al. 2017). In a variety 
of studies quercetin has been shown to work as an activator in apoptotic pathways in 

Table 1 (continued)

Cancer 
type

Animal model or 
cell line Findings References

Pancreas MiaPaCa-2 and 
Panc-1 cells

Reduced expression of Hsp70, induced 
apoptosis

Aghdassi et al. 
(2007)

Nude mice Decreased tumor size and Hsp70 levels
Prostate PC-3 cells Reduced expression of Hsp70, induced 

apoptosis
Jones et al. (2004)

Inhibited proliferation, reduced expression 
of matrix metalloproteinases 2 and 9 
proteins

Vijayababu et al. 
(2006)

PC-3 and LNCaP 
cells

Inhibited proliferation, reduced expression 
of Hsp90

Aalinkeel et al. 
(2008)

Inhibited proliferation Bhat et al. (2014)
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s u p pr ess e d (J u n g et  al. 2 0 1 0 ; J a k u b o wi c z- Gil et  al. 2 0 1 3 a , b ; Bą d zi ul et  al. 2 0 1 4 b ). 
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Moreover, in the apoptotic pathway, Hsp70 also interacts with p38 mitogen- 
activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), and extracellular 
signal-regulated kinase (ERK) (Gabai et  al. 1997; Lee et  al. 2005). It has been 
shown that activation of JNK pathway and overexpression of Hsp70 in cancer cells 
show negative correlation, and JNK pathway in the presence of high Hsp70 levels is 
inactive (Li et al. 2007). Quercetin has been shown to activate JNK pathway, and 
increase levels of the JNK and p53 (Lee and Yoo 2013). It is known that cellular 
signal transduction pathways such as ERKs, Akts (also known as PKB, Protein 
Kinase B) and MAPKs, which affect cell survival modulate by quercetin (Kashyap 
et  al. 2016). IL-6/JAK/STAT3 (Interleukin-6/Janus kinase/Signal Transducer and 
Activator of Transcription 3) and Akt/mTOR signaling pathways have been also 
shown to be downregulated by quercetin during cancer treatment (Mukherjee and 
Khuda-Bukhsh 2015; Chen et al. 2016). In addition, quercetin-mediated downregu-
lation of Mcl-1 (myeloid cell leukemia-1), MMP-2 (matrix metalloproteinase-2), 
MMP-9 (matrix metalloproteinase-9), and VEGF (vascular endothelial growth fac-
tor) which are genes targeted by the STAT3 signal pathway have also been demon-
strated (Cao et al. 2014). Quercetin has been shown to inhibit large survival signal 
pathways ERK and phosphatidylinositol 3-kinase (PI3K)/Akt in human hepatoma 
cells (Granado-Serrano et al. 2006). It has been also found that quercetin suppresses 
ERK signaling pathway resulting in the inhibition of angiogenesis in cancerous 
cells (Li et  al. 2015). In a study on myeloma cells, the expression of HSF1 and 
inducible Hsp70 have been found to decrease by small interfering (si)RNA medi-
ated inhibition of PI3K/Akt pathway (Chatterjee et al. 2013).

Transcription of HSP70 is generally regulated by HSF1. Activated HSF1 induces 
HSP70 expression. In this case it may be possible to block Hsp70 expression by 
inhibition of HSF1. Quercetin is well known inhibitor of HSP induction. The induc-
tion and regulation of HSP are highly complex processes and, in summary, involves 
the following steps: Initial release of heat shock transcription factor 1 (HSF1) from 
a chaperone complex including Hsp90 and Hsp70, trimerization, translocation to 
the nucleus, binding to heat shock element (HSE). The transcriptional activation of 
HSF1 localized as inactive monomers in the cytoplasm occurs by multiple phos-
phorylation by kinases (Önay-Uçar 2015). It is known that quercetin reduces HSP70 
expression by suppressing HSF1 phosphorylation and transcriptional activity. It is 
one of the first inhibitors to be shown to be effective on expression of Hsp70 in this 
way. Quercetin has been also shown that inhibits a number of kinases, including 
AMPK (AMP-activated protein kinase), CK2 (Casein Kinase 2), CaMKII (Calcium/
Calmodulin-Dependent Protein Kinase II), RSK2 (Ribosomal protein S6 kinase 2,) 
and S6 K1 (Ribosomal protein S6 kinase beta-1). Various studies have emphasized 
that quercetin suppress Hsp70 induction by blocking phosphorylation of HSF1 by 
CK2 and/or CaMKII kinases. There are also studies that demonstrate the effect of 
quercetin on HSF1 binding to HSE (Davies et al. 2000; Zorzi and Bonvini 2011). In 
a study investigating the effect of quercetin on HSP expression,150 μM quercetin 
has been shown to reduce Hsp70 expression by inhibiting both CK2 and CaMKII 
activity in Jurkat cells. Quercetin derivatives that poorly inhibit these kinases 
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have been also shown to be weak inhibitors of Hsp70 induction, indicating that the 
activity of quercetin is due to its ability to inhibit both kinases. In addition to study, 
very low level of HSF1/HSE complex formed has been detected in quercetin treated 
cells 1 h before heat shock (Wang et al. 2009).

As a consequence, many studies have indicated that quercetin shows a negative 
correlation with elevated HSP70, which acts as an antiapoptotic. Evidence suggests 
that quercetin acts as an inhibitor of cell proliferation by inducing apoptosis and/or 
arresting cell cycle in cancerous cells, indicating that the activity of quercetin may 
be due to its ability to suppress the expression of HSP, especially Hsp70.

 Conclusions

Today, the researchers working on cancer therapy have focused on downregulation 
of elevated HSP. It is known that HSP70 family plays a key role in the regulation of 
malignancy and have significant roles in various cancer types. High expression of 
HSP70 family members is related to tumor progression, aggressive phenotype, and 
a poor prognosis in therapeutic responses (Evans et al. 2010; Murphy 2013, Sherman 
and Gabai 2015; Giri et al. 2017). Especially, many studies have shown the prognos-
tic value of the Hsp70 protein, a member of HSP70, is noteworthy in several human 
cancer (Nylandsted et al. 2000; Canöz et al. 2002; Abe et al. 2004; Hunt et al. 2004; 
Kluger et al. 2005; Yeh et al. 2009; Kocsis et al. 2010; Meng et al. 2010; Teng et al. 
2012; Alexiou et al. 2013, 2014; Ghermann et al. 2014; Balázs et al. 2017; Jin et al. 
2017). Therefore, the inhibition of expression of HSP70 family members, particu-
larly Hsp70, and induction of apoptosis have become a novel strategy against cancer 
(Evans et al. 2010; Murphy 2013; Giri et al. 2017). Quercetin, a plant flavonoid, has 
long been known to suppress the expression of stress-induced Hsp70 (Jakubowicz- 
Gil et  al. 2002, 2013b; Jones et  al. 2004; Niu et  al. 2006; Aghdassi et  al. 2007, 
Bądziul et al. 2014b; Lee et al. 2015; Storniolo et al. 2015; Tao et al. 2016). Studies 
concerned with the role of quercetin in suppressing effect on expression of HSP70 
family members have shown that this agent acts as an effective inhibitor of HSP70 
expression in many cancer cell line. The number of studies investigating the effect 
of quercetin on the other members according to Hsp70 is relatively small, but nowa-
days studies are to ongoing (Vargas and Burd 2010; Khan et al. 2016; Kumar et al. 
2016). As described in this chapter, all these findings indicate that quercetin alone 
or in combination with chemotherapeutic drugs causes suppression of HSP70 
expression in different cancer cells, which makes this agent may be an effective 
adjuvant for cancer therapy.
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Abstract In fungal system, Hsp70 protein being highly conserved in nature has 
played a major role in various stress conditions. Genes encoding for Hsp70 proteins 
in fungi are highly conserved. Hsp70 protein performs chaperone dependent or 
independent function, essential for growth and morphogenesis of fungi. Functional 
distinction of Hsp70 protein conjointly depends on the prevalence of Hsp70  in 
numerous cellular compartments. Fungal Hsp70 protein is involved in protein 
aggregation, folding as well as in degradation of nascent polypeptide. Additionally, 
Hsp70 protein has a vital role in the formation of prions in case of yeasts. Fungi 
showed expression of hsp70 mRNA during interaction with plant. Also, fungal 
hsp70 showed expression in human during various infections, and may provide 
lead as a potential bio-marker for disease conditions. This chapter summarizes 
our present knowledge on fungal Hsp70 proteins and their role in morphogenesis, 
stress responses and a potential candidate for vaccine.
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 Introduction

Kingdom Fungi, distributed worldwide, having a unique entity within living organ-
isms belong to eukaryotes. These are a diverse taxonomy, classified based on their 
diversity, germination stages, reproduction, evolution, ability of inflicting contami-
nation and toxins production (Guarro et al. 1999; Shankar 2013). Throughout the 
phylogenies, fungi have showed a great deal of variety in reproduction mode and 
adaptability towards their surrounding (Galagan et al. 2005). Optimum growth con-
ditions required for fungal growth is warm (30–37 °C) (Shankar et al. 2004) and 
humid conditions, which if absent leads to spore formation (dormant stage), whereas 
extreme increase in temperature will cause fungal death (Dix 2012). Under certain 
conditions or stress, life cycle and cellular processes of fungi is affected. In stress 
conditions such as modulation of temperature, protein denaturation has been 
reported that leads to misfolding and aggregation of proteins inflicting loss of bio-
logical functions (Sharma et al. 2009a, b). A unique set of proteins are involved in 
stress related changes, hence involved in the fungal survival, termed as Heat Shock 
Proteins. These proteins could be present in mitochondria, cytosol, nucleus, endo-
plasmic reticulum and cell membrane (Kregel 2002). Hsp are extremely preserved 
biomolecules involve in activation of various intermediates of signal transduction 
pathway in fungi (Kregel 2002; Verghese et  al. 2012). Fungal kingdom encom-
passes three predominant heat shock proteins, Hsp90, Hsp70, and Hsp20–40, that 
shows crucial role in stress adaptation and morphogenesis. The class of the 70-kDa 
Hsp family is considered as one of the potent immunogenic protein families involved 
in nascent and damaged intracellular protein refolding (Lindquist and Craig 1988; 
Daugaard et al. 2007; Cleare et al. 2017). Hsp70 plays a major role in folding of 
protein and newly synthesized oligomeric gathering, the transport of protein struc-
tures across membranes, misfolded proteins refolding to prevent aggregation and 
also the activation and regulation of signal of transduction proteins (Bukau and 
Horwich 1998; Tiwari et al. 2015). In addition, Hsp70 has a great impact in the field 
of medicine and has been proposed as a vaccine candidate against fungal pathogen 
(Wormley Jr. 2011; Blatzer et al. 2015). Thus, we reviewed Hsp70 in various stress 
responses and alternative fungal biological conditions. In this chapter, we focused 
on the role of 70-kDa heat shock protein in fungi. In addition application of Hsp70 
as a vaccine candidate has also been discussed.

 Genes Encoding HSP70 in Fungi

Hsp70 is evolutionary conserved protein within the eukaryotes that shares approxi-
mately 50% amino acid sequence similarity with prokaryotic Hsp70 protein (DnaK) 
(Gupta and Singh 1994; Daugaard et al. 2007). Fungal Hsp70 molecule contains an 
ATP domain at N-terminal region and, a domain specific for substrate-binding which 
has affinity for client proteins, present in C-terminal region and a C-terminal domain 
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of variable length (Mayer and Bukau 2005). The deduced amino acid sequence of 
the Hsp70 corresponds to 636 amino acid sequences with a molecular mass of 
70.56 kDa and a pI of 6.01 which exhibited a strong sequence homology with many 
other eukaryotic Hsp70 family proteins. Similarly, Hsp70 of B. emersonii has been 
cloned and showed it consists of 650 amino acids with molecular mass of 70.8 kDa. 
These observations suggested that yeast and fungi have conserved hsp70 genes 
(Stefani and Gomes 1995). Hsp70 subfamilies have shown to be conserved in terms 
of function and evolution. For example, S. cerevisiae Ssq1, involved in iron sulfur 
clustering which involved sub functioning as to mimic Ssc1 (Craig and Marszalek 
2011). Ssa and Ssc are Hsp70 proteins, evolved due to higher change of copy num-
ber in gene evolution, while some Hsp70 family proteins such as Ssz, Lhs, Kar have 
evolved from change in few copy. Seven subfamilies of S. cerevisiae hsp70 blast 
analysis revealed similarity with 53 ascomycota genome associated 491 orthologs. 
Also, four different strains of Basidiomycota genomes analysis for hsp70 showed 
thirty hsp70 genes, hence studied for fungal hsp70 evolution (Kominek et al. 2013).

S. cerevisiae is the leading organism for hsp70 genomic studies, thus served as a 
model organism to understand hsp70 in fungi (Morano et al. 2012). S. cerevisiae 
exhibits multigene family of hsp70, which involves eight members, including con-
structive as well as stress inducible ones (Craig et al. 1993). There are 14 well char-
acterized Hsp70 proteins of S. cerevisiae available that categorized into seven 
different subfamilies: four canonical-type Hsp70 chaperones (Kar, Ssa, Ssb, and 
Ssc), three atypical regulatory Hsp70s (Ssz, Sse, and Lhs), actively modulating 
Hsp70 partners activity (Kominek et  al. 2013). Fungal Hsp70 have been ubiqui-
tously distributed in all cellular compartments majorly cytosol, mitochondria, endo-
plasmic reticulum, and ribosome (Boorstein et al. 1994; Easton et al. 2000).From 
the seven Hsp70 homologues in S. cerevisiae, six have been observed to be located 
in cytosol, namely, Ssa1, Ssa2, Ssa3, Ssa4, Ssb1, and Ssb2 (Werner-Washburne 
et al. 1987; Černila et al. 2003). It is observed that cytosolic proteins have diversi-
fied and overlapping functions. For example, Ssb proteins did not showed substitu-
tion for Ssa protein survival in yeast (Boorstein et al. 1994). Ssd1/Kar2 is known to 
present in endoplasmic reticulum (Werner-Washburne and Craig 1989). Fungi have 
a specialized ribosomal Hsp70, have specific binding site on ribosome 36 position. 
Fungi also have a specialized ribosome-associated Hsp70, Ssb, which indepen-
dently associates with the 60S subunit. Binding of Ssb in ribosome depends on 
conserved residue, which is specific in the peptide-binding domain at valine 442 
region, allows flexibility (Pfund et al. 2001). In mitochondria, three different hsp70 
encoded by the genes ecm10, ssc1 and ssq1 were observed. Deletion of ssc1 was 
lethal under all conditions. ssc1 have similar functions as of jac1 (Kampinga and 
Craig 2010). ssa1 and ssa2 are involved in transport of aminopeptidase-I from the 
cytoplasm into the vacuole (Satyanarayana et  al. 2000). Recently, a variety of 
eukaryotes have showed a special class of protein known as Hsp110 protein which 
is found in the endoplamic reticulum and cytoplasm. At molecular level, they are 
large and vast protein but belonging to hsp70 gene superfamily as they have same 
functional and structural similarities (Easton et al. 2000; Nikolaidis and Nei 2004).
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 Role of HSP70 in Morphogenesis

Asexual reproduction in fungi accounts for fungal morphogenesis which comprises 
different stages, namely, conidia in dormant stage, vegetative hyphae and mycelia 
(Wang and Lin 2012). Hsp70 has a vital role in morphogenesis of fungi in stress 
related conditions (Tiwari et al. 2015). Transcripts of hsp70 were observed during lag 
and log phase followed by reduction at aerial hyphae in early stage and the hsp70 
transcripts were found maximum at later stages of aerial hyphae. This is because of 
activation of hsp70 transcription or decrease mRNA degradation rate (Häfker et al. 
1998). Xavier et al, also showed that expression of the heat shock inducible hsp70 
gene depend on the various development stages of fungi and found maximum induc-
ibility in late aerial hyphae due to lower mRNA degradation rate (Xavier 1998). 
Studies on N. crassa exhibited highest hsp70 transcripts at aerial and dormant conidia 
stage which fluctuate on later stages of germination (Fracella et al. 1997). Proteome 
profile of germinating conidia of A. flavus showed the expression of Hsp70, suggest-
ing their role during transition from conidia to hyphae (Tiwari et al. 2016). With the 
increase in temperature (from room temperature to higher), Paracoccidioides con-
verts from mycelia to yeast form, a pathogenic form. P. brasiliensis and P. lutzii 
showed high hsp70 transcripts in yeast form (Monteiro et al. 2009; Shankar et al. 
2011a, b). Hyphal stage in C. albicans showed upregulated Ssa (Hsp70), suggesting 
the key role of Hsp70 protein in morphogenesis of fungi (Brand 2011). C. albicans 
showed higher accumulation of Hsp70 protein in its cell wall which was found to be 
expressed in all conditions (Lopez-Ribot et al. 1996). A. flavus (toxigenic and atoxi-
genic strains) showed expression of hsp70 transcripts at 30 °C, however, downregu-
lated expression was observed in toxigenic strain in comparison to atoxigenic strain, 
thus suggesting lower expression of hsp70 transcripts favor aflatoxin biosynthesis 
(Thakur et al. 2016). Hsp70 induction and overexpression has been observed in the 
compensation of cwh41 gene, which codes for glucosidase- I in A. fumigatus, impor-
tant for cell wall synthesis and morphology of fungi (Jin 2011).

During stress response, fungus such as C. albicans, P. lutzii, H. capsulatum etc 
existing in mycelia form converts to yeast form and vice versa, this phenomenon is 
termed as dimorphism (Brand 2011). Penicillium marneffei showed temperature 
dependent upregulation of hsp70 transcripts during the mycelium to yeast phase 
transition (increase at 39  °C followed by decrease at 42  °C) (Kummasook et  al. 
2007). Similar studies have also shown in H. capsulatum with higher expression of 
hsp70 from mycelia to yeast transition (Caruso et al. 1987; Shearer Jr. et al. 1987). 
This finding showed that hsp70 plays a very essential role in heat stress dependent 
fungal dimorphism.Hsp90 plays a major role in the fungal morphogenesis which 
requires the co-operation of Hsp70. Hsp70 acts as co-chaperon for Hsp90 and 
requires Sti1/Hop1 as an adapter protein for Hsp90 mediated polypeptide release 
(Rohl et  al. 2015). Hsp70 also works in combination with Hsp30 and Hsp80 to 
interact with unfolded polypeptide, hence mimicking Hsp90 activity in fungal mor-
phogenesis. Hsp70 interaction with Hsp30-Hsp80 complex has been observed in 
various yeasts such as S. cerevisiae, N. crassa and C. albicans in their dormant 
conidial stage (Ouimet and Kapoor 1999; Girvitz et al. 2000).
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 Role of HSP70 Co-factors

Hsp70 of fungi are the ubiquitous chaperonin family protein found in cellular 
compartments, and involved in various cellular functions such as protein synthesis, 
translocation and degradation of protein and also in protein folding (Frydman 2001). 
To perform the vital functions Hsp70 chaperone requires a specific binding to 
substrate protein which is controlled by ATPase cycle. The rate of substrate binding 
and release from ATP bound domains of Hsp70 is high and the affinity for substrates 
is low. This process is reversed by the hydrolysis of ATP bound Hsp70 which is 
converted to ADP-bound confirmation form, hence trapping the substrate with 
higher affinity. This whole cycle relies on interaction of Hsp70 with some specific 
co- factors which are regulatory molecules (Andréasson et al. 2010). Co- factors are 
involved in ATP hydrolysis or exchange of ATP for ADP. Some of the major 
co- factors of fungal Hsp70 chaperone protein have been described in this study.

 Nucleotide Exchange Factors

Substrate release from Hsp70 is mediated by Nucleotide Exchange Factors (NEFs) 
which performs dissociation of nucleotides and rebinding of ATP. Hsp70 requires 
NEFs as they have low affinity for nucleotide binding. Fungi can possess multiple 
NEFs which may have specific interactions with different HSp70s. For example, 
multiple NEFs have been reported in S. cerevisiae such as Sls1, Snl1, Fes1, Sil1, 
Lhs1, and Sse1 (Kabani et al. 2000; Tyson and Stirling 2000; Sondermann et al. 
2002). However, Sse1 stimulates yeast cytosolic Hsp70s whereas endoplasmic 
reticulum specific Hsp70 function is enhanced by Lhs1 (Steel et al. 2004; Shaner 
et al. 2006; Andréasson et al. 2010). Some NEFs may have functional overlapping. 
Lhs1 is more potent than Sil1 whereas, Sse1 is more effective with Ssa Hsp70s than 
Fes1 (Steel et al. 2004; Sharma and Masison 2009). Ssa1p and Hsp110 is the cyto-
solic Hsp70 chaperone of S. cerevisiae which when present in ADP bound form 
associates with Fes1p (nucleotide exchange factor) and favors nucleotide release. 
Translation related defects have been seen due to deletion of fes1p (Kabani et al. 
2002). Grp170 (Lhs1) is the NEF of endoplasmic reticulum Hsp70 in yeast.

 Hsp40 Co-chaperones

Hsp70 interacts with a client proteins known as J-proteins (also called Hsp40s) 
(Kampinga and Craig 2010). Hsp40s are critical companion of all Hsp70s in the 
regulation of Hsp70 activity (Steel et al. 2004). Hsp40s are present in multiple iso-
forms and regulate ATP dependent polypeptide binding of Hsp70 protein (Shen 
et al. 2002; Craig et al. 2006). Hsp40 is divided in three classes viz. class I, class II 
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and class III which differs in their structural patterns (Cheetham and Caplan 1998; 
Hennessy et al. 2000). Yeast Hsp70 Sis1, a class II Hsp40 has structure similarity 
with Ydj1 which is a class I Hsp70 of yeast (Li et al. 2003a, b). S. cerevisiae Hsp70, 
that is, Ssa1 and Ssa2 interacts with Djp1, Ydj1, Sis, Hlj1 and Swa2, the binding/
interaction of which is based on cellular location (Hettema et al. 1998; Sharma and 
Masison 2009). For example, Djp1 interacts with Ssa1 and 2 in peroxisomes bio-
genesis, Ydj1 in endoplasmic reticulum membrane, Sis1 in ribosome (Brodsky et al. 
1998; Hettema et al. 1998; Horton et al. 2001). Another class of yeast Hsp40 co- 
chaperone Zou1 has shown interactions with Ssz1 (yeast Hsp70) (Craig et al. 2003).

 Hsp70 Functions in Fungi

Hsp70 has been involved in various cellular processes. The following sections dis-
cuss the examples Hsp70 functions.

 Protein Folding and Prevention of Aggregation

Hsp70 plays an important role in maintaining native conformations of folded pro-
teins from their synthesis until their degradation. S. cerevisiae cytosolic Hsp70, Ssa 
and Ssb are highly identical (Craig et al. 1995). Ssb interacts at early stage of syn-
thesis of polypeptide thus facilitates nascent polypeptide chains elongation whereas 
Ssa interacts with the secondary structure developed from nascent chain and helps 
in translocation of protein (Sharma and Masison 2009). Translation in fungi is 
sometimes hurdled by aggregation of peptides due to non-native (exposed) form of 
hydrophobic residues, so requires native contacts of all amino acids emerged from 
ribosome, which is mediated by Hsp70 (Sharma and Masison 2009).

 Role of Hsp70 in Protein Degradation

Hsp70 that assists protein folding, also involved in misfolded protein degradation, 
in association with Hsp40. Genetic studies have shown that Ssa1, which is a yeast 
Hsp70 chaperone and yeast Hsp40 chaperone Sis1, together play an important 
role in degradation of misfolded substrate which hampers the quality of proteins 
(Shiber et al. 2013). Function of Sis1 is ubiquitinization of substrate that is carry 
forwarded by Ssa1 which functions by forwarding the ubiquitinilated substrate to 
proteosome (Shiber et al. 2013; Shiber and Ravid 2014). Hsp70 subfamilies 
are highly dependent on substrates hence, showing specificity towards protein deg-
radation. For example, normal yeast strains containing Ssa1 showed cystic fibrosis 
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transmembrane conductance regulator (CFTR) degradation whereas, 60% CFTR 
degradation was observed by ssa1 mutant yeast cells. Also, yeast Kar2 (BiP), which 
is known to have a regulatory domain which responded to unfolded proteins in 
endoplasmic reticulum, when mutated showed no effect on CFTR degradation. This 
suggests that CFTR degradation in yeast is dependent on Hsp70 chaperone, Ssa, and 
not on Kar2 (Molinari et al. 2002). Ssb and Ssa have also been involved in cytosolic 
protein degradation in yeast. Proteosomal protein degradation in yeast is mediated 
by Ssb1 (Luders et al. 2000).

 Role of Hsp70s in Formation and Propagation of Yeast Prions

Prions are isoform of proteins which self-engendering and transmissible. Prions 
have been reported in several yeasts which exists in soluble form (normal state) or 
amyloid form (transmitting state) (Liebman and Chernoff 2012). To maintain 
themselves in fungal/yeast population, prions relies on Hsp70 function, which may 
depend on the abundance of Hsp70 for prion propagation (Jones et  al. 2004). 
Extensively studied prions in S. cerevisiae are [PSI+] and [URE3], which are 
derived from Sup35 and Ure2 proteins in their amyloid form responsible to cause 
infection (Jung et al. 2000; Tibor Roberts et al. 2004). Hsp70 chaperons such as 
Hsp40s and Hsp104 have impact on propagation of prions, as studies showed that 
conjugated role of Ssa1 and Ydj1 is involved in inhibition of polymerization of 
Sup35 (Song and Masison 2005).In yeast, mutant strain of Ssa1 (Hsp70 chaper-
one) has shown impair mitotic stability leading to partial inhibition of [PSI+] 
mediated allosuppresion (Jung et al. 2000; Song et al. 2005). This inhibition of 
prion is also dependent on the variety of Hsp70 chaperons present, as if mutated 
Ssa1 is only present in cytosol, then it have more pronounced effect on prions 
weakening. Mutation in Ssa1 also weakens [URE3] activity whereas mutation in 
Ssa2 weakens both [PSI+] and [URE3] activity (Sharma et al. 2009a, b). In absence 
of Ssa1 polymers have shown to be self associated and self aggregated, so it can be 
said that Ssa1 may prevent higher polymer aggregation hence preventing aggrega-
tion of prions (Song et al. 2005). Apart from similar homology of Ssa and Ssb, both 
vary in yeast prion propagation, as Ssb increases [PSI+] formation and Ssb inhibits 
propagation of [PSI+] (Allen et al. 2005). Prions propagation is also influenced 
by Hsp70 specific co-factors. For example, Hsp40 over expression, TPR, or NEFs 
(Fes1 or Sse1) deletion, is involved in the impairment of propagation of [PSI+] 
(Jones et al. 2004; Qiu et al. 2006). Long term interaction of Hsp70 with Sup35 
present in improper folded form may cause inhibition of conversion to prion state. 
So it is required for Hsp70 to perform proper activity alone or in co-operation with 
co-factors to prevent aggregation of polymers or prion regeneration (Sharma and 
Masison 2009).
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 Role of Hsp70 in Stress

Hsp are induced by two mechanisms in fungi, specific mechanism and general 
mechanism. Specific mechanism generally encompasses temperature related stress 
whereas, generalized mechanism by other stresses such as pH, oxidative stress, 
osmotic stress, starvation, or antifungal stress (Tereshina 2005). Thus, the roles of 
Hsp70 involved in stress responses have been categorized below.

 Hsp70 Response Against Heat Stress/Thermotolerance

Hsp70 is a high molecular weight chaperone, which exists in fungi without any heat 
stress, but as the heat stress is given to fungi they starts increasing in number 
(Plesofsky-Vig and Brambl 1985a). The enhancement of fungal hsp70 mRNA due 
to different temperature gradients revealed a strong stress induced response. In 
response to heat stress, Hsp70  in association with Hsp40 and Hsp104 has been 
involved in unfolding of denatured protein, mediating thermotolerance in fungi 
(Sanchez et al. 1993). A temperature dependent increase of hsp70 expression was 
found in A. fumigatus, A. terreus, C. cladosporioides and T. mentagrophytes, but 
P. chrysogenum and S. apiospermum showed no stress induced response. At different 
incubation temperatures, A. fumigatus showed an induction of the hsp70 expression 
level. A. fumigatus showed upregulation of gene expression from 25 to 35 °C, while 
further increase in temperature resulted in lowering the expression of hsp70. 
Similarly, A. terreus and C. cladosporioides showed higher hsp70 expression at 
40  °C.  Hence it suggests that expression of hsp70 is most at temperature range 
between 35 and 40  °C.  Other fungi such as T. mentagrophytes showed hsp70 
expression at lower temperature of 25 °C. However, expression of hsp70 in these 
fungi (P. chrysogenum and S. apiospermum) is temperature independent (Salzer 
2008). Achlya ambisemalis, an oomycete, in response to heat shock of 30–35 °C for 
10–30 min, showed higher expression of hsp70 (Gwynne and Brandhorst 1982). 
Similar results were also seen during heat shock response in A. nidulans, at 37–43 °C 
for 1  h (Newbury and Peberdy 1996). N. crassa is a filamentous fungus widely 
studied for stress responses. Heat stress mediated response of N. crassa showed 
accumulation of nuclear associated 78 kDa heat shock protein (Kapoor 1983). Later, 
N. crassa conidia in response to heat stress at 45 °C, showed assembly of 70 kDa 
Hsp (Plesofsky-Vig and Brambl 1985b). Different morphological stages (mycelia 
or yeast) have shown no effect on the expression of hsp70 in few fungi, in response 
to stress (Kummasook et al. 2007). For example, P. marneffei, dimorphic fungi have 
shown same expression level of hsp70 when exposed to 39 °C (Kummasook et al. 
2007). Also, N. crassa converts from mycelia to hyphae in response to heat stress 
(25–37 °C), with the higher expression of hsp70 in response to temperature but not 
during the transition state (Perlman and Feldman 1982). In in-vivo condition, 
expression of hsp70 plays a very important role, as it mediates resistance of fungi in 
host in response to high body temperature. Further, suggesting Hsp70 as a virulent 
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factor in fungal mediated infection. To uphold this statement, studies on N. crassa 
treatment at 48 °C for 14 h, showed upregulation of hsp70 expression (Kapoor et al. 
1995). Although, studies on P. brasiliensis showed that temperature above 42 °C 
have decreased the hsp70 mRNA expression (Da Silva et al. 1999). So, hsp70 medi-
ates thermo-tolerance in fungi is thought to be species dependent.

 Role of Hsp70 in Acid/Alkaline Stress

pH signaling is important for various cellular processes in fungi such as, gene 
expression regulation, virulence of fungi, secretion of nutritional enzymes, meta-
bolic processes, etc. (Caddick et al. 1986; Ferreira-Nozawa et al. 2006). PacA/PacC 
pathway is involved in the pH mediated response in fungi (Penalva and Arst 2002). 
A. nidulans is known fungal model used for the study of pH response (Silva et al. 
2008). Nucleotide sequence studies of hsp70 of A. nidulans revealed that it contains 
a binding site for PacC in their upstream region. It suggests that in normal condi-
tions (acidic, optimum temperature) PacC with Hsp70 is responsible to maintain 
normal conditions in fungi. The transcription of hsp70 is mediated by palA (tran-
scriptional factor) in normal growth condition (acidic environment), which is 
encoded by pacC (Tilburn et al. 1995). But, if the heat stress is given to fungi for 
1–2 h in the absence of palA, the hsp70 response becomes independent of both acid 
and alkaline pH, so PalA in that condition does not play any role in hsp70 expres-
sion. A. nidulans showed high expression of hsp70 at pH 8 and the activation of 
palA (Freitas et  al. 2011). Studies on pH mediated hsp70 response in N. crassa 
showed that hsp70 was highly expressed at acidic pH and optimum temperature 
(30 °C) but did not show any upregulation at alkaline pH, depending on PacC medi-
ated signaling pathway. Also, Squina et al, showed that pH mediated expression of 
hsp70 vary depending upon culture conditions and heat stress. Some hsp70 genes 
respond to these conditions in addition to pH response (For example; hsp70-1 and 
hsp70-2 of N. crassa) while some hsp70 only depends on culture conditions or heat 
stress but not on pH (For example; hsp70-3 of N. crassa) (Squina et  al. 2010). 
Another fungus, Candida glabrata, also showed same expression of hsp70 towards 
alkaline pH. Hsp70 (cytosolic Ssa1) protein was found to be downregulated at pH 
7.4 and 8, which suggests that in fungi hsp70 expression is mediated by acidic pH 
(Schmidt et al. 2008).

 Oxidative Stress and Osmotic Pressure Response

Oxidative stress and response towards osmotic pressure is a functional challenge for 
fungal cells that generally all fungus experience. Fungus overcomes the effect of 
reactive oxygen species by mediating activation of transcriptional processes and by 
producing stress response proteins. Very little information is available for the role of 
Hsp70  in oxidative stress response in fungi. Skn7 is a oxidative stress response 
mediated transcription factor which in co-ordination with heat shock transcriptional 
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factor hsf1 induces heat shock genes (Raitt et al. 2000). Loss in Skn7 in S. cerevisiae 
showed inhibition of Hsp70 (Ssa1) (Morano et al. 2012). This finding might also 
related Hsp70 role in oxidative stress response. In response to H2O2 stress in 
Paracoccidioides yeast cells, hsp70 was found to be expressed which showed the 
important part of oxidative stress response fungal machinery (de Arruda Grossklaus 
et  al. 2013). Kunal et  al, showed that in response to oxidative stress in fungi, 
Ascochyta rabiei, hsp70 was found to be upregulated (Singh et al. 2012). Hypoxia 
is a state of deprived oxygen, causing oxidative stress. In fungi, the hypoxia condi-
tions has led to heat shock responses, for example, C. neoformans, Drosophila 
melanogaster, C. albicans and B. emersonii in hypoxia condition, showed higher 
expression of hsp70 and the survivability of fungi was found to be increased signifi-
cantly (Setiadi et al. 2006; Chun et al. 2007; de Castro Georg and Gomes 2007; 
Azad et al. 2009). Metarhizium anisopliae, an entomopathogenic fungus, is respon-
sible for infection in insects. Osmotic stress response in this fungus is mediated by 
mos1 gene. When mos1 was knock down, showed the downregulated expression of 
hsp70 transcripts, possibly leading to delay in osmotic stress response (Wang et al. 
2008).

 Drug Response

To prevent the harmful effect of fungal species, various antifungal medications have 
been employed which have specific fungal targets for their action. Major antifungal 
drugs used are amphotericin, itraconazole, fluconazole, ketoconazole, clotrimazole, 
miconazole, terbinafine, etc. (Odds et  al. 2003). Some of these antifungals have 
been studied for their effect on hsp70 mediated responses in fungi. In A. terreus 
hsp70 play a vital role in response to amphoteracin B (AmB). Transcriptome analy-
sis of AmB resistance strain of A. terreus revealed relatively high ssa and ssb mRNA 
expression in comparison to AmB susceptible strains whereas mitochondrial and 
endoplasmic reticulum specific hsp70 members, kar and ssc, were downregulated. 
In addition, sse and ssz (nucleotide exchange factors) were also uplifted in response 
to AmB resistant A. terreus. Susceptibility of AmB towards A. terreus were found to 
increased in absence of Hsp70. AmB when combined with pifithrin (Hsp70 inhibi-
tor) inhibited AmB resistant A. terreus (Blatzer et al. 2015), whereas A. fumigatus 
treated with AmB showed downregulation of mitochondrial Hsp70 protein (Gautam 
et  al. 2008). 17β-estradiol is a female hormone that inhibits dimorphic fungus 
(Paracoccidioides) in their transition from mycelia to yeast, thus women are 
observed to be  resistant to paracoccidioidomycosis (Shankar et  al. 2011a, b). In 
Paracoccidioides, the transcriptional profile during temporal transition from myce-
lia to yeasts form showed differential regulation of hsp70 in response to 17β-estradiol. 
Expression of hsp70 was observed during 4–12 h of germination, which dropped 
further at 144 h, which suggested the role of hsp70 in delaying the morphological 
transitions from mycelium to yeast under the influence of 17β-estradiol (Shankar 
et  al. 2011a, b). Genome wide studies of C. albicans treated with 17β-estradiol 
showed expression of hsp90, whereas the regulation of hsp70 was not onserved 
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(Burt et al. 2003; Banerjee et al. 2007; Clemons et al. 2010). Paromomycin is an 
antibiotic which is used as antifungal compound. S. cerevisiae when exposed to 
paromomycin showed induction of hsp70 mRNA translation (Grant and Tuite 
1994). In other studies on S. cerevisiae treated with thiolutin (antifungal), induce the 
transcription of ssa4 (hsp70) (Adams and Gross 1991). These findings may signify 
that hsp70 is a novel target against pathogenic fungi.

 Other Stress Responses

Apart from heat stress, Hsp70 in fungi have been found to play important role in salt, 
metal or ion stress etc. Weitzel et al, showed the increase in expression of hsp70 in 
response to dinitrophenol in S. cerevisiae (Weitzel et al. 1985). Also, S. cerevisiae 
has shown the increase in expression of hsp70 in response to NaCl ranging from 0.3 
to 0.7 M (Antelo et al. 1992; Lewis et al. 1995). Thiolutin (RNA polymerase inhibi-
tor) and parornomycin (antibiotic) was also showed high expression of ssa4  in S. 
cerevisiae (Grant et al. 1989; Adams and Gross 1991). In continuation, S. cerevisiae 
showed same expression level of hsp70 in response to ethanol treatment, which was 
not observed in case of N. crassa (Plesset et al. 1982; Roychowdhury and Kapoor 
1988). N. crassa cells when treated with hydrogen peroxide showed the synthesis of 
Hsp70 protein (Kapoor and Lewis 1987). In several studies high concentration of 
sodium arsenite showed the increased transcripts of hsp70 in N. crassa. In addition, 
cadmium when inoculated with sodium arsenite, showed no effect on expression 
of hsp70 (Chakraborty et al. 1995). However, cadmium showed upregulation 
of hsp70 in A. fumigatus. Further, A. fumigatus also showed upregulation hsp70 on 
treatment with cadmium chloride (Damelin et al. 2000; Georg and Gomes 2007).

 Role of HSP70 in Fungus-Plant Interaction

Fungus mediated plant pathogenesis and disease is responsible to cause loss of food 
products worldwide. So, studies are needed further to deduce the fungal targets 
which are essential for disease progression. In few studies on fungal-plant interac-
tion, hsp70 has been observed to be upregulated, contributing to pathogenesis. 
For example, Colletotrichum gloeosporioides, showed higher expression of 
hsp70 in coffee plant in its infectious state (coffee berry disease) (Chen et al. 2003). 
Magnaporthe oryzae Hsp70 proteins (Lhs1p and Kar2p), were also found to accu-
mulate in the endoplasmic reticulum of fungi and responsible for disease develop-
ment in rice plant (Yi et al. 2009). Rhizoctonia solani is a plant pathogenic fungus 
causing various diseases in plants such as damping, root rot, collar rot, etc. (Zhu 
et  al. 2016). Proteomic studies revealed that heat shock protein of 70  kDa was 
observed during cell wall degradation of soybean seedlings, thereby, assisting 
virulence (Lakshman et al. 2016).
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 HSP70 in Pathogenesis and Potential Diagnostic or a Vaccine 
Candidate

Fungal diseases, in recent years, have been taken into account due to their dramatic 
increase and aggressiveness that demands better medical diagnosis and therapies. 
Fungal diseases/contamination has made its impact on immune-compromised 
patients (Thakur et al. 2015) as well as on several food crops (Chauhan et al. 2016). 
Fungal resistance over major antifungal drugs has raised a need to develop new and 
efficient drug targets for pathogenic fungi and vaccine candidate. Fungal pathogen 
after entering into the host body suffers temperature shifts. Hence, to overcome 
temperature shift stress, fungus produces heat shock proteins that may play role in 
fungal survival/growth in the host. In various transcriptomic and proteomic studies, 
it has been shown that Hsp of fungi are up-regulated during infection. Hsp70 is a 
major chaperone that has been widely studied due to their role in infection/contami-
nation in animals/plants. For example, Hsp70 in C. albicans has been reported in 
systemic murine candidiasis, which has been identified as an antigen by host 
immune system (Bromuro et al. 1998). Proteomic studies of A. flavus cultured on 
corn flour showed expression Hsp70 proteins (Tiwari and Shankar 2018). Thus, it 
suggests that fungal Hsp70 is important for both human and plant. Allergens from 
C. cladosporioides also showed expression of 72  kDa protein (Li et  al. 2008). 
Systemic mycosis is prevalently caused by P. brasiliensis in yeast phase showed 
higher expression of hsp70 mRNA during infection (McEwen et al. 2000; Goldman 
et al. 2003; Cleare et al. 2017). Cryptococcus neoformans being a pathogenic fun-
gus, is involved in impairing immunity of patients (HIV, defective T cells) causing 
severe infections. Studies on murine pulmonary cryptococcosis caused by C. neo-
formans have shown hsp70 as a target molecule for immune response (Kakeya et al. 
1999). Hsp70 mediated immune response e.g., IL-12 and IFN-γ has been observed 
in immunological studies of H. capsulatum (Allendoerfer et al. 1996; Deepe Jr. and 
Gibbons 2002; Cutler et al. 2007). Immune response against Hsp70 also accounts 
production of tumor necrotic factors and interleukin 6, which have role in the pre-
vention yeast infection (Bromuro et al. 1998). AntEroles et al., showed that heat 
stress induces the formation of C. albicans spores. These spores when reacted with 
polyclonal antibody of rabbit, exhibited hsp70 expression having homology with S. 
cerevisiae Ssa1 gene (Eroles et al. 1995). Studies from Li et al, showed that histatin 
5 (a salivary protein) has antifungal properties and possess affinity towards Ssa1 and 
Ssa2 (Li et al. 2003a, b). Previously hsp70 of Penicillium citrinum has also been 
screened from asthmatic patients (Shen et  al. 1997). Moreover, in other bacteria 
such as P. carinii, P. rattus and P. jirovecii also showed the expression of hsp70 
during their pathogenic phase (Stedman et al. 1998; Latouche et al. 2001; Burnie 
et al. 2006). These literatures suggest that fungal Hsp70 plays a major role in patho-
genesis and act as a potent antigen for mediating host immune response. Thus, 
Hsp70 has potential as a diagnostic candidate and may be a promising protein to 
study as a vaccine candidate (Cleare et al. 2017).
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 Conclusions

Fungi are the diverse genera produce Hsp70  in response to stress conditions for 
accomplishing various biological functions. Hsp70 has been observed to be highly 
conserved in the evolution of fungal kingdom. S. cerevisiae had been a best studied 
model for nucleotides and amino acid sequences of hsp70, which correlates with 
other fungal species. Majorly, Hsp70 protein has been reported in protein folding, 
protein aggregation and disaggregation, regulating transcription and post- 
transcription, morphogenesis and thermotolerance. Also, it has also showed role in 
other stress response such as osmotic, oxidative or response towards pH and stress 
response towards meal ion, antibiotics, alcohols etc. Hsp70 has emerged as a major 
heat shock protein expressed in fungi during the stress after Hsp90. Expression of 
fungal Hsp70 in the host system added a molecule to study for the development of 
vaccine candidate using Hsp70 protein/epitopes against various fungal infections.
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