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Preface

The heat shock protein (HSP) family consists of several proteins, which are synthe-
sized in response to a variety of stressors including hyperthermia, ischemia, infarct,
lesions, and seizures or following less drastic metabolic changes as those produced
by physical exercise or psychological stress. HSP is present in all living organisms.
HSP regulates the stability, activation, and degradation of a diverse array of proteins
associated with growth, proliferation, and survival. Thus, it is core to regulation of
protein stability and protein-degradation pathways and modulating transcription
factors, signaling transduction networks, and kinases. It facilitates the survival of
cells during stress response and exhibits a pronounced antiapoptotic and stabilization
effect. HSP performs various functions in the transportation and refolding of proteins
from the cytoplasm into the mitochondrial matrix and has been linked to diabetes,
stress response, cancer, and certain types of immunological disorders.

The book Heat Shock Proteins in Inflammatory Diseases provides the most
comprehensive highlight and insight of the expression, function, and therapeutic
activity of sHsp in inflammatory diseases including sepsis, psoriasis, neurodegener-
ative diseases, cancers, viral infection, and autoimmune rheumatic diseases. Using
an integrative approach to the understanding of HSP structure, function, and
immunobiology, the contributors provide a synopsis of novel mechanisms by
which HSP is involved in the regulation of various human inflammatory diseases.
HSP alters the inflammation modules through inhibition of cytokines,
pro-inflammatory factors, by which playing the significant functions in the inflam-
matory diseases. HSP is found to be secreted into extracellular milieu, generates
autoantibodies, and also acts as immune modulators. The therapeutic potential of
HSP in inflammatory/autoimmune diseases has emerged owing to their ability to
induce the regulation of regulatory T cells, which play critical role in induction and
dysregulation of immune response.

Key basic and clinical research laboratories from major universities, academic
medical hospitals, and biotechnology and pharmaceutical laboratories around the
world have contributed chapters that review present research activity and impor-
tantly project the field into the future. The book is a must read for graduate students,
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medical students, basic science researchers, and postdoctoral scholars in the fields of
Translational Medicine, Clinical Research, Human Physiology, Biotechnology,
Natural Products, and Cell and Molecular Medicine and pharmaceutical scientists
and researchers involved in Drug Discovery.

Toledo, OH, USA Alexzander A. A. Asea
Punit Kaur
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Extracellular Vesicle-Associated
Moonlighting Proteins: Heat Shock Proteins
and Metalloproteinases

Takanori Eguchi and Eman Ahmed Taha

Abstract

Introduction Protein moonlighting has been defined as one protein that plays
multiple roles. Intracellular heat shock proteins (HSP) are originally molecular
chaperones that assist in the folding of intracellular proteins, whereas extracellular
HSP plays a cytokine-like role through binding to receptors expressed on the surface
of immune and cancer cells. On the other hand, matrix metalloproteinases (MMP)
are originally extracellular proteinases, whereas intracellular MMP alters transcrip-
tion and gene expression. In here, we therefore propose to define HSP and MMP as
moonlight proteins and find these moonlighting proteins in extracellular vesicles
(EV), which carry and mediate molecular transfer of the cargo factors from the
producer cells to the recipient cells.

Methods PubMed and Google databases were searched with keywords including
“moonlight proteins, protein moonlighting, HSP, MMP, extracellular vesicles,
exosomes, alarmin, danger- or damage-associated molecular patterns (DAMPs).

Results Many members of HSP and MMP protein families are overexpressed and
extracellularly released in cancers and inflammatory diseases, including rheumatoid
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arthritis (RA). HSP are also known as alarmins that are released upon cell damage as
DAMPs in cancers and inflammatory diseases.

Conclusions In this chapter, we define HSP and MMP as moonlighting proteins
and review their roles in inflammatory diseases such as RA.

Keywords Alarmin · DAMP · Extracellular HSP · Extracellular vesicle ·
Intracellular MMP · Moonlighting protein · Rheumatoid arthritis

Abbreviations

APC antigen-presenting cell
ATP adenosine triphosphate
B B lymphocyte
BBB blood-brain barrier
CCL C-C motif chemokine ligand
CRPC castration-resistant prostate cancer
DAMP damage-associated molecular pattern
DC dendritic cell
ECM extracellular matrix
EV extracellular vesicle
HA hyaluronan
HMGB high-mobility group protein with a ‘Box’ domain
HSP heat shock protein
IL interleukin
IL-1R interleukin 1 receptor
L-EV large extracellular vesicle
LRP1 low-density lipoprotein receptor-related protein 1
MAPK microtubule associated protein kinase
MEV metastatic oral cancer-derived extracellular vesicle
MHC major histocompatibility complex
MMP matrix metalloproteinase
Mφ macrophages
NALP3 NACHT, LRR and PYD domains-containing protein 3
NK natural killer
NLR nucleotide-binding leucine-rich repeat
NLS nuclear localization signal
NOD nucleotide-binding oligomerization domain
OA osteoarthritis
OSCC oral squamous cell carcinoma
P2 purinergic type 2 receptor
PAMP pathogen-associated molecular pattern
PC-3 prostate cancer
PI3K/AKT phosphatidylinositol 3-kinase and protein kinase B
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PRR pattern recognition receptor
PTM post-translational modification
RA rheumatoid arthritis
RAGE receptor for advanced glycation end-products
RASF rheumatoid arthritis synovial fluid
SASP senescence-associated secretory phenotype
s-EV small extracellular vesicle
SR scavenger receptor
SRA1 steroid receptor RNA activator 1
SREC-1 scavenger receptor expressed by endothelial cells-I
T T lymphocyte
TLR toll-like receptor
Treg regulatory T cell

1 Introduction

Protein moonlighting has been defined as that one protein processes multiple tasks
and play multiple roles [49]. For example, heat shock proteins (HSP) are originally
molecular chaperones that assist in folding of intracellular proteins [26], while,
additionally, extracellular roles of HSP have been discovered to play a cytokine-
like role, so-called chaperokine, through binding to surface receptors such as CD94,
LRP1/CD91, toll-like receptors (TLRs), and a scavenger receptor (SR) expressed
on endothelial cells 1 (SREC-1) expressed on immune cells and cancer cells
[27, 105]. Moreover, many types of HSP are often found in extracellular vesicles
(EV) such as exosomes, including HSP90, HSP70, heat shock cognate 70 (HSC70),
HSP27, HSP110, and chaperonins [80, 105]. HSP are also known as alarmins or
damage-/danger-associated molecular patterns (DAMPs), which are released from
cells upon cell damage or cell stress. The molecular patterns of extracellular HSP are
recognized by pattern recognition receptors (PRRs) such as TLRs expressed on
dendritic cells (DC), macrophages (Mφ) and epithelial cells, SR expressed on Mφ
and endothelial cells, LRP1/CD91 expressed on immune cells and cancer cells, and
CD94 expressed on natural killer (NK) cells [105] (Table 1). The variety of the
recipient cells and types of receptors of HSP are the evidence and mechanism of how
HSP plays multiple roles as a moonlighting protein.

On the other hand, matrix metalloproteinases (MMP) are originally extracellular
proteinases [57], whereas MMP3 also regulates transcription and gene expression in
cellular nuclei [28–30, 78]. Classically, MMP are found to cleave extracellular
matrix (ECM) proteins, growth factors, and their receptors and alter their extracel-
lular microenvironment in inflammatory diseases and cancers, as well as during
development and organogenesis. Extracellular MMP are also known as one of the
senescence-associated secretory phenotype (SASP) that includes IL-1β, IL-1α, IL-6,
IL-8, chemokine (C-C motif) ligand 2 (CCL2), MMP3, and MMP2 [1, 2, 38, 42,
62]. Cellular senescence is known as a stress response associated with DNA damage,
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mitochondria dysfunction and cancer to maintain cell and tissue homeostasis
[13, 37]. However, more recently, intracellular roles of MMP have been discovered
to regulate gene expression [28–30] and to cleave intracellular proteins [52]. More-
over, recent studies discovered MMP as a cargo of EV [90]. Proteolytic roles of
MMP on the surface of EV can lead the EV to migrate and invade through the

Table 1 Alarmins, their receptors, and main impacts

Alarmins Receptors Main impacts

HMGB1 TLR2/TLR4
[84],
TLR5 [20],
RAGE [25],
and
CD24/Siglec-
10 [18]

Recruitment and activation of immune cells; inducing
pro-inflammatory cytokine secretion [14, 119]

HSP TLR2/TLR4
[122],
CD14 [3, 56],
CD40 [5],
CD91/LRP1/
A2MR [4],
CD94 [36],
SRA1 [8],
SREC-1
[73, 75], and
LOX-1 [22]

1.1.1.1. DC activation and promote the generation of innate
and adaptive immune responses [9]Hsp70

Hsp90
Gp96/Grp94/
Hsp96

2. Promoting the production of proinflammatory cytokines
[60, 61]

3. Supporting Treg expansion and functions [71]

MMP Integrin [11] 1. Extracellular proteolysis [83, 115]
2. Transcriptional regulation [29, 30];
3. Intracellular proteolysis [59, 68, 120]

IL-1α IL-1R [23] 1. Mediate APC/DC activation [6, 76] and
2. Promoting the inflammatory and immune responses
[104, 109]

IL-33 ST2R [96] A potent mediator of type 2 and regulatory immune
responses [96, 110]

S100 proteins TLR4 [32] and
RAGE [117]

Trigger immune cell recruitment and activation, and induce
the production of pro-inflammatory cytokines [94, 117]

ECM components
(a) Hyaluronan TLR2 and

TLR4 [51, 107]
Degraded HA products activate APC to stimulate chemo-
kine and cytokine production [51, 107]

(b) Fibronectin
(EDA domain)

TLR2 and
TLR4 [88]

Cartilage degradation and pathologic changes in the joint
connective tissues, also it provokes IL-1, MMP-1, MMP-3,
and MMP-9 in chondrocytes and synoviocytes [88]

Non-protein alarmins
(a) ATP P2X7 [100],

P2Y2 [72],
P2Y6 [121],
P2Y12 [43],
and
P2X4 [45]

Promoting the maturation of APCs and orchestrating both
innate and adaptive immune responses [70, 72, 121]

(b) Uric acid NALP3 [70]
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tissues, destruct barriers such as BBB, epithelial barriers, and membranes in living
bodies, and lead multiple cargo factors of EV to reach distant organs. Therefore, the
classical proteinase has a large potential as a novel moonlighting proteinase (Fig. 1).
It has been shown that very small changes such as post-translational modifications
(PTM) in a protein’s covalent structure can change its biochemical function [49]. To
insight into the moonlighting roles of HSP and MMP, we review their roles in
inflammatory diseases, especially RA in this chapter.

Fig. 1 Travel of moonlighting proteins. Alarmins are originally intracellular proteins, including
intranuclear proteins in a donor cell, producer cell or damaged cell (a, b). Upon cell stress or
damage, alarmins are released to extracellular space as a free form (c), an EV-associated form (d) or
a cargo of EV (e). The free alarmin could bind to and activate a cell-surface receptor that stimulates
intracellular signaling pathways (f) or endocytosis (g). Alarmins can be then released to the cytosol
through membrane fusion between EV and cells or the endosomal escape pathway in the recipient
cells in the local and distant milieu (h). Proteins containing nuclear localization signals (NLSs) such
as HMGB1 and MMP3 could then translocate into nuclei of the recipient cells (i). HSP can promote
the folding of client proteins in the recipient cells. EV-associated MMP can cleave extracellular
proteins and destruct barriers such as biological membranes, BBB or epithelial barriers, and thus
promote migration and invasion of EV through the barrier tissues in living bodies. MMP3 is also
known as one of the SASP

Moonlighting Metalloproteinases and HSP 5



1.1 Alarmins, DAMPs and Their Receptors

Alarmins are endogenic molecules rapidly released from damaged or infected tissues
or necrotic cells into the extracellular milieu. The release of alarmins often causes
inflammation. Alarmins are also known as danger signals and belong to the DAMPs
[10, 40, 77, 82]. The representative alarmins include intracellular proteins, such as
HSP [64], high-mobility group box 1 (HMGB1) [16], and S100 proteins, cytokines
such as IL-1α and IL-33, and materials derived from the extracellular matrix that are
generated following tissue injury, such as hyaluronan fragments [29]. Non-protein
DAMPs include ATP [60, 65], uric acid [54] heparan sulfate, and DNA [40]
(Table 1). The released alarmins bind to the surface receptors of cells that are
involved in maintaining tissue repair and host defense. These cell surface receptors
include the TLRs, the receptor for advanced glycosylation end products (RAGE), as
well as chemokine receptors, integrins, SRs, CD91/LRP1, CD2, and CD44 [54, 93].

By contrast, pathogen-associated molecular patterns (PAMPs) initiate and sustain
infectious pathogen-induced inflammatory responses. The cell surface receptors of
PAMPs are TLRs, while the nucleotide-binding oligomerization domain (NOD)-like
receptors (NOD-like receptors or NLRs) are intracellular sensors of PAMPs that
enter the cell via phagocytosis or pores.

The binding of a single danger molecule can simultaneously activate multiple
downstream signaling pathways, thus tight regulation of receptor signaling is
required to prevent aberrant inflammatory reactions [40, 63, 64, 82]. Notably, in
the absence of tissue injury or infection, alarmins play important intracellular roles
such as regulating the DNA transcription, cell proliferation, differentiation, and also
preventing proteins aggregation and denaturation as well as calcium homeostasis
[10]. It has been reported that high extracellular levels of alarmins have been
associated with various inflammatory and autoimmune diseases (such as arthritis,
sepsis, atherosclerosis, and inflammatory bowel disease) and cancer [16].

1.2 The Moonlighting Functions of HSP

HSP is a large family of proteins that are expressed in all living organisms and
exhibit a high level of conservation across species [123]. Some members of the HSP
are constitutively expressed, including HSC70, while some are stress inducible
which make them important biomarkers of diseases [55, 95, 98]. The stress
inducible HSP are expressed in response to stress stimuli such as extreme temper-
ature, hypoxia, oxidative stress, and inflammation [26, 105, 118]. Based on their
molecular sizes, HSP are classified into six major families including HSP110,
HSP90, HSP70, HSP60, HSP40, and small HSP (approximately 15–30 kDa)
[19, 66].

HSP function as molecular chaperones due to their physiological and protective
roles in cells [91]. For instance, HSP are involved in the maintenance of proper
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protein folding, protein trafficking, and assembly/disassembly of protein complex,
and degradation [12, 58, 91]. Thus, HSP play a key role in the cellular proteostasis
under physiological and stressful conditions [85, 97]. Additionally, they are impli-
cated in the modulation of host immune response, development of autoimmune
diseases [24], in antigen processing and presentation [74], stabilization of transcrip-
tion factors, assembly and disassembly of transcription machinery, DNA repair, and
the cell cycle regulation [17]. Thus, HSP are considered as moonlighting proteins
(or multifunctional proteins) as they exhibit several physiological functions within
the cells [17, 48, 50, 67].

1.3 Roles of HSP in Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a systemic inflammatory disease that is characterized
by irreversible destruction of the cartilage, tendon, and bone that comprise synovial
joints. Alarmins that are involved in inflammatory arthritis include the HMGB1
molecule, phagocyte-derived S100-proteins, HSP, and IL-33. It should be noted that
the level of these molecules is significantly higher in the synovial fluid, synovium,
and in the serum, of arthritis patients, besides they are correlated with the disease
severity [33, 54, 60].

The inflamed synovial tissue of RA patients possesses many characteristics of a
stressed tissue which resulted in an increase in HSP expression in the synovial tissue
[101]. For instance, the inflamed rheumatoid joint is hypoxic, subjected to regular
episodes of hypoxic-reperfusion injury (damage caused when blood supply returns
to tissue after lack of oxygen), produces many reactive oxygen species, and it is a
potent source of inflammatory cytokines [35]. This cellular stress would induce high
expression of HSP and their secretion into the extracellular space (e.g. HSP60 and
HSP70), therefore, HSP are excellent signals of pathological stress and tissue
damage [34]. Notably, there are several potential receptors for HSP such as CD91,
TLRs, CD36, CD40, or CD14 [102], which promote cytokine and chemokine
release (e. g. TNF-α, IL-1, and IL-12) [34, 53, 86] by cells of the innate immune
system or induce maturation of antigen-presenting cells (APC, e.g. DC) and thereby
other immune cells including T cells and B cells [34].

In addition, HSP can modulate the adaptive immune response through the major
histocompatibility complex (MHC)-dependent presentation of HSP-derived peptides
to the TLR, resulting in the stimulation of cytotoxic T cells or proliferation of CD4+/
CD25+/FOXP3+ regulatory T cells that exhibit anti-inflammatory properties such as
secretion of IL-4, IL-10, and TGF-β [21, 34, 53, 86].

It has been reported that the stress-inducible HSP70 (iHSP70) was highly
expressed on the surface of RA synovial fluid (RASF) myeloid DC and this occurred
concurrently with the expression CD91 and CD14 HSP receptors [69]. Furthermore,
Gp96 (a homolog of HSP90 present in the endoplasmic reticulum) was elevated in
RA synovial tissue and it was correlated with lining thickness and inflammation
[46]. Gp96 was purified from RA synovial macrophages and it was significantly
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induced the transcription of TLR2, TNFα, and IL-8 [46]. Moreover, HSP60 has been
involved in RA by activating monocytes of RA patients via TLR2 or TLR4
[9, 47]. Besides, HSP22 was identified in RA synovial tissue where it mediated
DC activation through TLR4 [92]. HSP90 also contributed to the pathogenesis of
RA via inducing a tumor-like synovial overgrowth by potentiating both actin
cytoskeletal rearrangement through stabilizing integrin-linked kinase (ILK) and
survival of synovial cells via MAPK and PI3K/AKT signaling pathways [41].

In addition, HSP have potential to attenuate inflammatory responses [113, 116]
by activating CD4+/CD25+/FOXP3 + Treg that directly suppress the
proinflammatory effector T cells via the release of IL-4, IL-10, and TGF-β
[53, 86]. The transfer of these HSP-specific Treg inhibited inflammation in animal
models of arthritis [87, 112].

The exact role of HSP in inflammatory arthritis has not been clearly defined, both
pro-inflammatory and anti-inflammatory effects induced by several HSP families
were described [15]. A possible explanation could be that studies reported the
pro-inflammatory effects of HSP were performed with recombinant HSP produced
in bacteria. Bacterial contaminants are considered to be responsible for the reported
pro-inflammatory effects. Indeed, the purified bacterial HSP failed to induce
pro-inflammatory responses in the absence of foreign PAMPs [7, 39, 103, 114].

1.4 Roles of MMP in Rheumatoid Arthritis

MMP are zinc-dependent endopeptidases that are involved in the remodeling of the
ECM under physiological (i.e. angiogenesis and wound healing) and pathological
processes, i.e. cancers, RA, and osteoarthritis (OA) [29]. Notably, MMP3 is a
proteolytic enzyme, a key player in the destruction of bone and cartilage components
in RA and OA by breaking down various extracellular components, including
collagens (types III, IV, V, IX, and XI), matrix proteins and proteoglycans and
activating other pro-MMP such as pro-MMP-7, pro-MMP-8, and pro-MMP-9
[65]. It has been reported that RA patients have a significantly elevated MMP3
level in the serum and synovial fluid, making it an early predictor of progressive joint
destruction and a strong prognostic marker of disease activity [33, 111] (Table 1). It
was shown that suppression of proteolytically active, but not total MMP-3, was
associated with treatment response in phase III clinical study of rheumatoid
arthritis [99].

Importantly, intracellular transcriptional roles of MMP3 was originally found in
normal cartilage and OAmodel, while MMP3 can be more abundantly released from
synovial fibroblasts in the joint tissues in RA patients. Elevated levels of MMP3 in
sera in arthritis patients can be a result of tissue damage and inflammation
[111]. However, it has not been clarified whether MMP3 is free forms or
EV-associated forms that carry EV cargo factors systemically. The roles of
EV-associated MMP may be common between inflammatory diseases and cancers
as a manner of alarmin, DAMP, SASP, or the moonlighting protein.
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1.5 Tumorigenic and Oncogenic Properties
of HSP-Enriched EV

Tumor-derived EV have recently emerged as putative biological mediators in cancer
[89]. EV are highly specialized molecules in cellular communication, as they carry
several oncogenic proteins, nucleic acids, and signaling molecules that can be
transferred horizontally to the target cells and modulate the tumor microenvironment
for supporting tumor growth, invasion, and metastasis [44, 89, 108].

It should be mentioned that HSP can be released from cells in EV such as
exosomes and oncosomes, and they are involved in intercellular communication in
cancer, immunity, and various pathological conditions [27, 105]. Proteomics anal-
ysis of EV released from oral squamous cell carcinoma (OSCC) revealed their
enrichment with HSP90 [80]. The si-RNA mediated double knockdown of
HSP90α and HSP90β remarkably reduced the survival of the metastatic OSCC
cells, while the single knockdown of HSP90 was ineffective [80]. Likewise, the
metastatic oral cancer-derived EV (MEV) were demonstrated to be enriched with
HSP90α, HSP90β, and cancer-initiating cell marker CD326/EpCAM [81]. These
MEV initiated epithelial cell transformation- EMT, promoted the tumorigenic,
migratory, and invasive abilities of oral cancer cells and induced macrophages
M2-like polarization. The triple knockdown of these chaperone molecules markedly
diminished their levels, reduced their MEV transmission into macrophages, as well
as attenuated the EMT events exerted through EV release [81].

Furthermore, proteome analysis of castration-resistant prostate cancer (CRPC)-
EV showed that HSP90α, HSP90β, and their potential receptor CD91/LRP1 were
enriched at high levels in CRPC cell-derived EV. Moreover, it has demonstrated that
the prostate cancer (PC-3) cells release two types of vesicles, small s-EV
(30–200 nm) under a non-heated condition, large L-EV (200–500 nm) and
membrane-damaged EV [31]. importantly, both membrane-damaged EV and
L-EV were co-released upon the heat shock stress, indicating that vesicular mem-
branes were damaged by the stress [31].

1.6 Tumorigenic and Oncogenic Properties
of MMP3-Enriched EV

Recently we have reported that oncosomes (oncogenic EV) enriched with MMP3
were highly transmissive and protumorigenic in vitro and in vivo [79]. EV derived
from LuM1 (a rapidly metastatic murine cancer cell line which derived from a
parental cancer cell line Colon26 (aka CT26)) were found to significantly promote
the distant tumor growth through body fluids and cause cachexia in mice, followed
by a systemic distribution of LuM1-EV into multiple organs, including the liver,
lung, and head. Moreover, MMP3-enriched LuM1 EV were transferred into recip-
ient cell nuclei where they altered their features in vitro, through the immediate
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induction of an additional protumorigenic factor, CCN2/CTGF (connective tissue
growth factor, aka cellular communication network factor 2). CCN2/CTGF is a
matricellular protein essential for ECM integrity, tumor-stromal interaction, and
possibly for EV integrity. On the other hand, the EV-derived from the MMP3
knockout cells abolished this transactivating effect [79]. Interestingly, the transferred
MMP3 was stabilized from 15 min to 9 h post-EV-addition, while the induction of
CCN2/CTGF was sustained from 15 min to 1 h, suggesting that CCN2/CTGF might
be secreted from the cells upon synthesis or switched off by regulatory mechanisms.
Furthermore, the migration and invasion properties of the tumor cells, as well as
CCN2/CTGF promoter activity were significantly decreased after the knockout of
Mmp3 using the CRISPR/Cas9 genome editing [79].

Most recently, we demonstrated that the CRISPR/Cas9 mediated knockout of
Mmp3 gene significantly reduced the 3D-tumoroids formation in vitro, reduced the
tetraspanins (CD9 and CD63) in EV, and resulted in destabilizing the EV structural
integrity [106]. Indeed, the Mmp3 gene loss was associated with abnormal disorga-
nized shapes of EV such as crescent moon-like and broken EV. We found that
MMP3-enriched EV were highly penetrative and deeply transferred to the recipient
MMP3-null tumoroids. Moreover, we confirmed the EV-mediated molecular trans-
fer of MMP3 into the MMP3-KO tumoroids under the 3D culture system by treating
MMP3-KO cells with LuM1-EV or LuM1-condition medium (CM). Interestingly,
MMP3 was restored and detected in the cytoplasmic and nuclear regions of MMP3-
KO recipient cells after the addition of LuM1-EV or LuM1-CM [106]. Furthermore,
CD9 that was low expressed in MMP3-KO cells became abundantly expressed on
the cell surface and well co-localized with endogenous palmT (a membrane lipid-
binding palmitoylation (palm) signal fused with fluorescent tandem dimer Tomato
proteins) as honeycomb shape after the addition of LuM1-EV or LuM1-CM,
suggesting that CD9 contributed to cell-cell adhesion in the recipient tumoroids.

The addition of MMP3-enriched EV fostered the tumorigenicity and increased
the proliferation of MMP3-null cells as judged by the highly significant increase in
Ki-67 expression index. Thus, we concluded that MMP3-enriched EV were highly
transmissive and protumorigenic in vitro [106].

2 Conclusion

Protein moonlighting has been defined as that a single protein plays multiple
functional roles. Among these proteins, we here focused on the HSP and MMP as
moonlighting proteins, as well as alarmins involved in RA. HSP are originally
molecular chaperones that essential for proper folding of intracellular proteins,
whereas extracellular HSP plays cytokine-like roles through binding to receptors
expressed on the surface of immune and cancer cells. On the other hand, MMP are
primary extracellular proteinases that cleave ECM proteins, growth factors, and
membrane receptors. However, intracellular MMP alter gene expression by regulat-
ing transcription. Many members of HSP and MMP protein families are often found
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in EV and are overexpressed and extracellularly released in cancers and inflamma-
tory diseases, including RA. Furthermore, HSP are also known as alarmins or
DAMPs, which are endogenous molecules released into the extracellular microenvi
ronment upon cellular damage. Extracellular MMP are known as one of the SASP
associated with DNA damage, mitochondria dysfunction, and cancer. The
multifunctionality of HSP and MMP provide evidence as moonlighting proteins.
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Heat Shock Proteins and Periodontitis –
Cross-Reaction Between Bacterial
and Human HSP in Periodontal Infection
Linking with Cardiovascular Diseases

Tadashi Yamamoto and Takanori Eguchi

Abstract

Introduction Periodontitis is a globally prevalent chronic inflammatory disease
caused by oral dysbiotic biofilm. The host immune and inflammatory responses
against the biofilm play a crucial role in the initiation and progression of periodon-
titis. Many members of heat shock proteins (HSP) are upregulated by varieties of
stresses in periodontal pathogenic bacteria, such as Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans. HSP are immunodominant antigens in
periodontitis, however, it has been unclear whether/how anti-HSP reactions involve
the pathogenesis of periodontitis as well as cardiovascular diseases. In here, we aim
to clarify whether/how anti-HSP reactions involve the pathogenesis of periodontitis
and cardiovascular diseases.

Methods We review the current knowledge of oral bacterial and mammalian HSP
and discuss immunoreaction to HSP in periodontitis.

Results Among bacterial HSP, GroEL is well investigated in auto-immune reac-
tions because of the sequence similarity with human Hsp60. The antibody titers to
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Hsp60 and bacterial GroEL were significantly higher in the periodontitis patients and
these antibodies were also detected in the gingival tissue and atherosclerotic plaques.

Conclusions The anti-HSP reactions may be involved in the pathogenesis of
periodontitis as well as cardiovascular diseases. The precise mechanism of the
cross-reaction between bacterial and mammalian HSP remains unclear. However,
the elevated levels of the antibodies play important roles in periodontal immune and
inflammatory response and may correlate the pathogenesis and the severity of
periodontal and cardiovascular diseases. Further understanding of the roles of HSP
might lead to a new theranostic strategy of precision medicine for systemic health
linked periodontitis.

Keywords Aggregatibacter actinomycetemcomitans · Autoimmunity · Bacterial
HSP · Cardiovascular disease · Periodontitis · Porphyromonas gingivalis

Abbreviations

A. actinomycetemcomitans Aggregatibacter actinomycetemcomitans
CPN chaperonin
EPF early-pregnancy factor
HSP heat shock protein
LDL low-density lipoprotein
MAA-LDL malondialdehyde-acetaldehyde-modified LDL
NEF nucleotide exchange factor
OxLDL oxidized LDL particles
P. gingivalis Porphyromonas gingivalis
TLR Toll-like receptor

1 Introduction

Periodontitis is a chronic inflammatory disease caused by oral polymicrobial infec-
tion. More than 700 species of oral bacteria that develop into a biofilm, called dental
plaque, have been identified. The inter- and intra-individual variation in microbiota
depends on the environment, genetics, age, and lifestyle of the host. These risk
factors can spatiotemporally influence the microbiota composition and colonization,
resulting in dysbiosis; disruption in the normal balance between the oral commensal
flora and the innate immune status of periodontal tissue. The subgingival dysbiotic
biofilm mediates the destruction of supporting connective tissue and alveolar bone
around the teeth and triggers the periodontal inflammation, consequently leading to
tooth loss. Periodontitis is one of the most prevalent infectious diseases and can
affect up to 90% of the worldwide population. Although moderate periodontal
inflammation and bone loss are common in older persons, severe periodontitis
should not be regarded as a natural consequence of aging. High susceptibility to
periodontitis, termed as aggressive periodontitis, has been reported in children and
young adult patients that are characterized by rapid destruction of the periodontal
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tissues in otherwise healthy individuals. [10, 18, 39, 42]. The considerable burden of
massive tooth loss includes structural disorder in occlusion and temporomandibular
joint, physiological dysfunction in mastication and nutrient intake, and even troubles
of pronunciation, esthetics, emotion, and oral health-related quality of life. Impor-
tantly, periodontitis does not only cause tooth loss, but also adversely affects
systemic health.

Over the past two decades, a new paradigm shift has occurred in periodontology
with the concept “Periodontal medicine”. Periodontal medicine is a collective term
used to describe how periodontal infection/inflammation may affect extraoral health
[5]. Periodontitis has been potentially linked to over 50 systemic diseases and
conditions may increase the patients’ risk particularly for cardiovascular disease
including atherosclerosis, aspiration pneumonia, diabetes mellitus, adverse preg-
nancy outcomes, rheumatoid arthritis, and Alzheimer’s disease (Fig. 1), even after

Cardiovascular disease 

Atherosclerosis Aspiration pneumonia

Diabetes mellitus

Adverse pregnancy outcomes

Rheumatoid arthritis

Alzheimer’s disease 

Fig. 1 Periodontal medicine – a relationship between periodontitis and systemic diseases.
Periodontitis is pathologically correlated with many systemic disease states, such as cardiovascular
diseases including atherosclerosis, aspiration pneumonia, diabetes mellitus, adverse pregnancy
outcomes, rheumatoid arthritis, and Alzheimer’s disease. Periodontal polymicrobial infection and
the pro-inflammatory products circulatory spread to the whole body and adversely affect the
systemic conditions. Chronic low-grade inflammations contribute to the generation of a systemic
inflammatory phenotype. Epidemiological and experimental studies have suggested the most strong
link between periodontitis and cardiovascular disease among such systemic diseases
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adjusting for other known risk factors such as age, gender, smoking, body mass, etc.
Although the underlying mechanisms linking these diseases are not fully under-
stood, accumulated data have indicated that periodontitis can elicit a systemic
inflammatory response, occurred during transient and recurrent bacteremia caused
presumably by periodontal infections. The ulcerated epithelium of the periodontal
pocket facilitates the proximity of the subgingival dysbiotic biofilm to the underlying
connective tissue and alveolar bone. Periodontal inflammation by bacterial invasion
and influx of immune cells leads to leakage of bacterial products, inflammatory
mediators, and pathogenic oral bacteria into the blood circulation through which
they are transported to distal sites. Eventually, the dissemination of bacterial spread
and chronic low-grade inflammatory condition adversely affect systemic diseases
(Figs. 1 and 2). More importantly, increasing shreds of evidence have suggested that
periodontal treatment can mitigate the risk of systemic diseases. Periodontal treat-
ment consists of mechanical debridement and antimicrobial chemotherapy to
remove oral dysbiotic biofilms and may consequently reduce bacteremia and local
and systemic inflammatory response [24].

Altered host cellsBacteria

Immune cells

HSP60GroEL
Cross-reaction

Inflammation & Bone resorption

Fig. 2 Immune inflammatory response in the periodontium. The junctional epithelium of
gingiva closely adheres to the tooth surface through the hemidesmosome and provides a physio-
logical barrier to bacterial exposure. Bacteria and bacterial virulence factors disrupt the integrity of
gingival epithelium, leading bacterial invasion and inflammatory infiltration of immune cells in the
sub-connective tissue. Periodontal immune responses are highly cross-reactive against bacterial
GroEL and HSP60 synthesized in the stressed host cell, resulting in the progression of inflammatory
responses and bone resorption around the teeth
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Gram-negative anaerobes and spirochetes are closely associated with periodon-
titis and are referred to as periodontal bacteria [47]. Although the bacterial biofilm
plays a crucial role in the initiation and progression of periodontitis, the prolonged
inflammation and severity of the disease mainly depend on the host immune and
inflammatory responses. The immune-inflammatory response is complex and
involves both innate and acquired immunity and the cytokine and inflammatory
mediator networks. In the early lesion, both the host and bacteria in the periodontal
biofilm release proteolytic enzymes that damage gingival tissue. They also release
cytokines and chemokines that recruit neutrophils into sites of infection. If the
recruited neutrophils fail to control the dysbiotic microbiota, the chronic lesion is
initiated, characterized by the phagocytosis and digestion of bacteria and bacterial
products by macrophages and neutrophils that can recognize pathogen via toll-like
receptors (TLR). Complement proteins are also activated. If the early lesion persists
without resolution, the advanced lesion is induced with a transition from innate
immune response to the acquired immune response. The antigen-antibody reaction is
a major host-protective mechanism that is processed and presented by lymphocytes,
macrophages, and dendritic cells. In the inflamed periodontal tissue, macrophages,
plasma cells, and T and B lymphocytes are dominant, with IgG1 and IgG3 sub-
classes of B lymphocytes also present. Tissue destruction is thought to be mediated
by many mediators and cytokines, including prostaglandin E2 (PGE2), interleukin-1
(IL-1), IL-6 and tumor necrosis factor-alpha (TNF-α), which induce the production
of matrix metalloproteinases by fibroblasts and receptor activator of nuclear factor
kappa-B ligand (RANKL) resulting in collagen and extracellular matrix degradation
and bone resorption. All information indicates that the tissue destruction during
periodontitis is not primarily due to infectious agents, but rather the result of a
persistent but not effective immune and inflammatory response. Excellent reviews of
more detailed mechanisms exist elsewhere, e.g. [8, 34].

1.1 Bacterial HSP as Potent Antigens in Periodontitis

There is evidence that heat shock proteins (HSP) are immunodominant antigens
derived from many periodontal bacteria [31]. HSP are families of highly conserved
proteins and are abundantly found in virtually all living organisms, from bacteria to
humans. HSP are commonly grouped into subfamilies based on molecular weight:
small HSP, GroES-homologue proteins also known as HSP10 (~ 10 kDa), DnaJ-
homologue proteins also called HSP40 (~ 40 kDa), GroEL-homologue proteins also
known as HSP60 (~ 60 kDa), DnaK-homologue proteins also called HSP70 (~
70 kDa), HptG-homologue proteins also called HSP90 (~ 90 kDa), and Clp
ATP-dependent proteases also called HSP100. HSP belonging to the same subfam-
ily share the strong amino acid sequence identity [16] (Table 1). These proteins were
first described as a response to heat shock and the main role is to allow micro-
organisms to survive under stress conditions, but they are also expressed during
tissue remodeling or wound healing and are associated with several pathological
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functions in inflammatory diseases. HSP act as molecular chaperones that assist in
proper protein folding and re-folding as well in the transport of damaged or toxic
unfolded proteins to degradation systems [16, 54]. Periodontal bacteria are often
exposed to a wide range of stresses (temperature, pH, redox potential, oxidative
stress, etc.) that may affect their growth and virulence and induce a stress response.
Many HSP are quickly upregulated under stressful conditions. Pre-existing immu-
nity to HSP from various pathogens could cross-react with host natural HSP causing
the autoimmune reactions. The high sequence similarity of HSP among species
explains the cross-reaction possibilities between host and pathogenic HSP [21].

Periodontal immune responses against HSP also can be highly cross-reactive
among bacterial and mammalian species and capable of recognizing both foreign
and self-stress proteins [2, 16]. Homologs of specific stress protein families
have been demonstrated to be present in many periodontal bacteria. Among
them, HSP of Porphyromonas gingivalis (P. gingivalis) and Aggregatibacter
actinomycetemcomitans (A. actinomycetemcomitans) have been extensively studied
[16]. P. gingivalis shows a strong association with periodontitis, although only

Table 1 Bacterial HSP and corresponding human homologs

Bacterial
homolog

Human homolog and alternative
names Functions

DnaK Hsp70 (i) Ubiquitously expressed HSP

(ii) Forms machinery important for protein
folding, and help to protect cells from stress

DnaJ Hsp40 (i) An enzyme that couples cycles of ATP
binding, hydrolysis, and ADP release to
cycles of sequestration and release of
unfolded proteins

(ii) The J domain interacts with Hsp70. DnaJ
plays a role in regulating the ATPase activ-
ity of Hsp70

GroEL Hsp60, Cpn60, HspD1, mitochon-
drial matrix protein P1, p60 lympho-
cyte protein

(i) A mitochondrial chaperonin, which is
typically responsible for the transportation
and refolding of proteins from the cytoplasm
into the mitochondrial matrix

(ii) A chaperonin to assist in folding linear
amino acid chains into their respective three-
dimensional structure

(iii) Involved in diabetes, stress response,
cancer, and other immunological disorders

GroES Hsp10, Cpn10, EPF, HspE1 (i) Required for the proper folding of many
proteins

(ii) Requires the cochaperonin protein com-
plex GroES

GrpE HSP 20-30kD GrpE dimer serves as the nucleotide
exchange factor (NEF) for DnaK

HtpG – Class III HSP (molecular chaperone)

Cpn chaperonin, EPF early-pregnancy factor
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present at a low frequency, and is pathogenic capable of inducing dysbiosis and
thereby act as a keystone pathogen [11]. A. actinomycetemcomitans is also a major
causative bacterium by promoting bacterial invasion into the gingival tissue
and elicits an excessive immune response [12]. The JP2 clone of A
actinomycetemcomitans is considered as a pathogen of aggressive periodontitis
[19]. P. gingivalis and A. actinomycetemcomitans possess several HSP and the
syntheses of GroEL, GroES, DnaK, and HtpG are all up-regulated following heat
stress [16] (Table 1). The GroEL homologs are known to be key molecules in auto-
immune reactions because of the sequence similarity with human Hsp60 and the
reactions by P. gingivalis GroEL may be one of the causes for the initiation of
periodontitis [33]. P. gingivalis GroEL and A. actinomycetemcomitans GroEL also
share a high degree of homology. Human Hsp60 but not P. gingivalis or
A. actinomycetemcomitans GroEL demonstrated a stimulatory activity on the pro-
duction of tumor necrosis factor-alpha (TNF-α) in THP-1 monocytic cells. There-
fore, Hsp60 family proteins from different bacteria species have different
proinflammatory activities to induce proinflammatory cytokines [52].

HSP family proteins lack an N-terminal hydrophobic signal sequence, character-
istic of most secreted proteins, and therefore, cannot be released from cells by the
conventional secretion pathways. However, HSP can be secreted into the extracel-
lular milieu via secretory lysosomes or lipid vesicles including ectosomes and
exosomes. Formation of the microvesicles consists of complex processes including
the internalization of portions of the plasma membrane and subsequent release of
microvesicles containing a variety of functional mRNA, microRNA, and intracellu-
lar proteins, including HSP [7]. A. actinomycetemcomitans GroEL is located on the
cell surface, in surface-associated material, and on outer membrane vesicles (OMV)
produced by A. actinomycetemcomitans meanwhile, P. gingivalis GroEL is not
encapsulated in the OMV of P. gingivalis, possibly suggesting the difference in
the virulence of the bacteria [16, 46]. Even so, both GroEL homologs are
immunodominant antigens in humans and are presented to macrophages as foreign
antigens by lymphocytes and involved in the mediation of bone resorption [22, 28,
44, 45] (Fig. 2). As the molecular chaperone functions, Hsp60 and Hsp70 have been
reported to play important roles in antigen presentation and cross-presentation,
activation of macrophages, lymphocytes, and dendritic cells to induce
proinflammatory mediators. Therefore, it has been suggested that the HSP provides
the link between innate and adaptive immune systems. In periodontitis patient’s sera,
high levels of circulating antibodies to periodontal pathogen and host-derived
antigens, and the levels of antibodies to P. gingivalis correlated with IgG antibodies
to Hsp60 as well as Hsp70 [6]. In addition, these innate immune responses are
mediated by TLR2, TLR4, or TLR2-TLR4 heterodimers. The cytokine production
activity of hsp60 was inhibited by anti-CD14 and anti-TLR4 antibodies in THP-1
monocytic cells [52]. Nevertheless, there is controversy about whether these effects
are due to the contamination of recombinant HSP with pathogen-associated mole-
cules such as lipopolysaccharide [7, 51].
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1.2 HSP Increased in Periodontitis Patients

Accumulating evidence shows that Hsp60 is highly expressed in inflamed periodontal
tissues in periodontitis patients. Hsp60 was highly expressed in inflamed tissue
samples from periodontitis patients compared with samples from periodontally
healthy individuals [2, 20, 32, 52]. Moreover, it has been shown that gingival tissues
extracted from periodontitis patients contained antibodies to the P. gingivalis GroEL
[48]. Autoimmunity with cross-reaction between human Hsp60 and P. gingivalis
GroEL has been suggested to be a feature of periodontal disease [21] (Table 1). The
antibody titers to Hsp60 and P. gingivalis GroEL were significantly higher in the
periodontitis patients compared to a control group and those antibodies were detected
in all patient-derived samples of gingival tissue extracts of periodontitis [48]. In
periodontitis patients, Hsp60 or P. gingivalis GroEL-reactive T-cell clones and peri-
odontitis lesion-infiltrating T cells share the same receptors, suggesting that Hsp60-
specific and P. gingivalis GroEL cross-reactive T-cells accumulate in periodontitis
lesion. Analysis of the cytokine profiles demonstrated that Hsp60-reactive T-cell
clones from periodontitis patients produced significantly higher levels of gamma
interferon compared with cells from healthy control, whereas P. gingivalis GroEL
did not induce. These data suggest that periodontal infection may activate self Hsp60-
reactive T cells with Th1 cytokine profile. Subsequent activation of macrophage and
Th2 cytokine secretion may induce antibody production specific to bacteria as well as
endogenous Hsp60 [56]. A. actinomycetemcomitans GroEL is also an
immunodominant antigen in humans. Immunological cross-reactivity between fibro-
nectin and A. actinomycetemcomitans GroEL that may lead to an autoimmune
response and contribute to tissue destruction during the progression of periodontitis
[57]. A. actinomycetemcomitans GroEL can modulate acquired and adaptive immune
responses [35] although the detailed mechanism remains elusive. Sera collected from
patients with periodontitis reacted strongly with A. actinomycetemcomitans GroEL
[23], however, antisera A. actinomycetemcomitans GroEL highly cross-react with
E. coli GroEL and weakly cross-react with Hsp60, suggesting that the part of serum
antibody to A. actinomycetemcomitans GroEL could be derived from the cross-
reactivity with enterobacteria E. coli GroEL and self-Hsp60 [49] (Table 1).

1.3 HSP in Cardiovascular Disease

Cardiovascular disease, including atherosclerosis, myocardial infarction, and stroke,
is the leading cause of death worldwide, and atherosclerosis is the major underlying
etiology. Atherosclerosis is generally initiated by mononuclear cell infiltration into
the intima at arterial branches and curves. Infiltration precedes the accumulation of
cholesterol and recruitment of macrophages and vascular smooth muscle cells and
occurs when endothelial cells are stressed by traditional risk factors such as cigarette
smoking, hypertension, elevated lipid levels, and diabetes mellitus. A sizable per-
centage of patients may not have any of the risk factors, therefore, chronic infection
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and inflammation have been focused on the initiation and progression of cardiovas-
cular events. Epidemiologic data have suggested a potential link between periodon-
titis and cardiovascular disease [4, 24]. Low-grade chronic systemic inflammation
and increased circulating cytokines such as C-reactive protein (CRP), IL-1, IL-6,
TNF-α, and PGE2, are linked to adverse cardiovascular outcomes and anti-
inflammatory agents can prevent cardiovascular disease [41]. Periodontitis is asso-
ciated with elevated levels of CRP and other inflammatory biomarkers and peri-
odontal therapy can lower the serum levels of the inflammatory biomarkers and
reduce the risk factors by improving endothelial function [36, 50]. Periodontal
bacteria and their products are also considered to have a role either directly through
the cytotoxicity or indirectly by inducing inflammation in the progression of cardio-
vascular disease, as atherosclerotic plaque contains viable and invasive periodontal
bacteria, such as P. gingivalis and A. actinomycetemcomitans [25]. These bacteria
are proposed to exert atherogenic effects by accumulating at sites of plaque devel-
opment and provoke the local vascular inflammatory response [14].

Indirect interactions of periodontal pathogens in cardiovascular disease include
both innate and acquired immune responses. High combined IgG response to
A. actinomycetemcomitans and P. gingivalis was associated with prevalent cardio-
vascular disease although it is not entirely clear how the antibodies participate in the
pathogenesis [38]. Another immunologic mechanism to explain the association is the
antigen mimicry between GroEL and human HSP. GroEL cross-reacts with endog-
enous Hsp60 expressed on endothelial cells, leading to endothelial dysfunction and
atherogenesis [37, 53]. Circulating levels of Hsp60 have been correlated with
susceptibility to cardiovascular disease [55] whereas antibodies to Hsp60 accelerate
and perpetuate the atherosclerotic process by promoting infiltration of mononuclear
cells into the intima and significant correlation was observed between anti-Hsp60
antibody and high morbidity and mortality of atherosclerosis [54]. Hsp60 was
selectively found in arterial endothelial cells and lymphocytes in atherosclerotic
lesions rather than non-atherosclerotic areas, while GroEL and periodontal bacteria
were detected within intimal cells in carotid endarterectomy specimens, suggesting
that Hsp60 and GroEL closely associate with inflammatory infiltrate of activated T
cells and macrophages [13]. Epidemiologic data have reported significant positive
correlations between anti-P. gingivalis GroEL levels and anti-Hsp60 in cardiovas-
cular patient’s sera, as P. gingivalisGroEL proteins are highly homologous to Hsp60
[27]. Previous studies have identified T-cell immune responses specific to
P. gingivalis GroEL in patients suffering from atherosclerosis and periodontitis
[9]. Cross-reactive antibodies and T-cells between Hsp60 and P. gingivalis GroEL
have been detected in the peripheral blood of patients with atherosclerosis as well as
in the atherosclerotic plaques themselves [15] (Table 1). The autoimmune concept
reinforced the concept that the development of tolerance against Hsp60 and its
peptides could be useful for the prevention of atherosclerosis. Several studies
demonstrated the protective effect by using recombinant Hsp60 or Hsp peptides
vaccination. Sublingual vaccination with recombinant GroEL is also effective for the
prevention of P. gingivalis-associated atherosclerosis in an experimental mice
model. However, clinical studies by using antibiotic therapy have been investigated
gave equivocal results for effects on atherosclerosis [17, 54].
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Lipid-modification is a principal therapy for the prevention of atherosclerosis.
There are several available and emerging therapies for lowering low-density lipo-
protein (LDL) cholesterol [40]. In the atherosclerotic intima of the artery wall, LDL
particles go through oxidative modification which creates oxidized LDL particles
(OxLDL) and subsequently malondialdehyde-acetaldehyde-modified LDL
(MAA-LDL) particles are created. The exact role of antibodies to OxLDL in
atherosclerosis is not fully understood. Since IgM antibodies to OxLDL inhibit the
cholesterol uptake of macrophages through scavenger receptors, IgM antibodies to
OxLDL are considered to have protective properties, whereas IgG antibodies to
OxLDL are more heterogeneous but mainly considered pro-atherogenic [26]. The
MAA adducts have potent immunogenicity and dose-dependent direct cellular
toxicity [3]. Increased levels of MAA adducts were detected in cardiovascular
disease and periodontitis lesion and salivary IgA antibodies to MAA-LDL cross-
react with P. gingivalis, Rgp44 (gingipain A hemagglutinin domain of P. gingivalis)
and A. actinomycetemcomitans in patients with cardiovascular disease [1]. Moreover,
A. actinomycetemcomitans GroEL cross-reacts with Hsp60 and MAA-LDL, which
could be a potential mechanism in the progression of cardiovascular disease [26]
(Fig. 3). Therefore, controlling immunoreaction to LDL and HSP in periodontitis is
beneficial for the prevention and management of cardiovascular diseases.

CRP Pg, Aa
GroELCytokine

Bacteremia

Blood circulation

Altered endothelial cells

HSP60

Systemic inflammation Local inflammation

Antibody cross-reaction

LDL MAA-LDL

Atherosclerotic cardiovascular disease

Traditional risk factors
(Endothelial stress)

Fig. 3 Autoimmune concept in periodontitis-associated atherosclerosis. Periodontal bacter-
emia can spread into coronary lesions through blood circulation. Endothelial cells in the lesion are
stressed by traditional risk factors such as cigarette smoking, hypertension, elevated lipid levels,
diabetes mellitus, and consequently synthesized HSP60. Low-grade chronic systemic inflammation
and increased circulating cytokines such as CRP, are linked to the modification of LDL to generate
malondialdehyde-acetaldehyde-modified LDL (MAA-LDL). GroEL, HSP60, and MAA-LDL
released by P. gingivalis and A. actinomycetemcomitans are highly immunogenic and cross-
reactive each other. Eventually, the dissemination of bacterial spread and chronic inflammatory
conditions adversely enhances atherosclerotic cardiovascular disease
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As mentioned so far, many molecular and immunologic mechanisms have been
proposed, the exact mechanism linking between periodontitis and cardiovascular
disease is yet to be fully known. However, it has become increasingly evident that
periodontal bacterial HSP generate antibodies that can cross-react with human HSP
and these antibodies activate inflammatory cytokine production, as well as monocyte
and endothelial cell activation in the atherogenic process [43]. Although much
evidence of epidemiological linkage between two diseases has been reported, the
significance of the correlation depends on the types of study design. According to an
American Heart Association statement, the association is independent of known
confounders [30]. The most recent Cochrane review described that there is no
reliable evidence for primary and secondary prevention of cardiovascular disease
by periodontal treatment. Further trials are needed to reach conclusions about
whether periodontal treatment can help prevent the occurrence or recurrence of
cardiovascular disease [29].

2 Conclusions

The precise mechanism of the cross-reaction between bacterial and mammalian HSP
remains unclear. However, the elevated levels of the antibodies play important roles
in periodontal immune and inflammatory response and may correlate the pathogen-
esis and the severity of periodontal and cardiovascular diseases. Longitudinal inter-
vention and pathogenic mechanism studies are required. Further understanding of
the roles of HSP and LDL might lead to a new theranostic strategy of precision
medicine for systemic health linked periodontitis. Importantly, reducing the systemic
risk associated with periodontitis requires new biomarkers and diagnostic tools that
can link the pathological condition of the diseases and improve diagnostic capability,
and establishing clinical guidelines for the treatment.
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Protective Role of Heat Shock Proteins
During Neurodegeneration in Parkinson’s
Disease

Amr Ghit

Abstract

Introduction Parkinson’s disease (PD) is one of the most common diseases after
Alzheimer’s disease (AD) causing neurodegeneration. It affects approximately 1%
of individuals above age 60. PD is characterized by intracellular aggregation of
misfolded α-Synuclein (α-Syn), loss of dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNpc) and subsequent reduction of dopamine levels in the
striatum. Aggregation of misfolded α-Syn proteins plays major roles in the onset,
progression and severity of PD. This chapter reviews the current understanding of
the protective roles of HSPs to prevent the incidence and progression of PD.

Methods A review of the previously published articles related to the topic in
addition to NCBI and UniProt databases.

Results α-Syn monomers can interact causing the formation of toxic α-Syn species,
such as oligomers and amyloid-β sheet fibrils that aggregate into Lewy Bodies
(LBs). LBs are spherical inclusions promote synaptic dysfunction and impair neu-
ronal connections, ultimately causing synaptopathy and subsequent death of DA
neurons. Degradation and clearance of these toxic proteins come through different
degradation systems include molecular chaperone activity, autophagy-lysosomal
pathways (ALP), and the ubiquitin-proteasome system (UPS). Heat shock proteins
(HSPs) play a key role in these mechanisms suppressing protein misfolding and
inhibiting the apoptotic activity of DA neurons.

Conclusions HSPs represent a class of proteins potentially involved in PD patho-
genesis. Dysregulation of HSPs is likely the first step driving the toxic accumulation

A. Ghit (*)
Department of Biotechnology, Institute of Graduate Studies and Research (IGSR), Alexandria
University, Alexandria, Egypt

Department of Biology and Biotechnology, University of Pavia, Pavia, Italy
e-mail: amr.saadshehatariz01@universitadipavia.it; amr.ghit@hotmail.com

Heat Shock Proteins (2021) 22: 33–51
https://doi.org/10.1007/7515_2020_23
© Springer Nature Switzerland AG 2020
Published Online: 7 November 2020

33

http://crossmark.crossref.org/dialog/?doi=10.1007/7515_2020_23&domain=pdf
mailto:amr.saadshehatariz01@universitadipavia.it
mailto:amr.ghit@hotmail.com�
https://doi.org/10.1007/7515_2020_23#DOI


of α-Syn in dopaminergic neurons impairing their functions and connections. HSPs,
therefore, protect dopaminergic neurons from the degeneration that causes PD.

Keywords Autophagy-lysosomal pathways · Heat shock proteins · Lewy bodies ·
Molecular chaperones · Neurodegenerative diseases · Parkinson’s disease · Ubiquitin
proteasome system · α-Synuclein

Abbreviations

Ach Acetylcholine
AD Alzheimer’s disease
ALP Autophagy-lysosomal pathways
ALS Amyotrophic lateral sclerosis
AZ Active zone
BAG1 BAG family molecular chaperone regulator 1
CHIP Carboxyl terminus of HSC70-interacting protein
CMA Chaperone-mediated autophagy
DA Dopamine/dopaminergic
DAT Dopamine transporter
DLB Dementia with Lewy Bodies
EOPD Early-onset Parkinson’s disease
ER Endoplasmic reticulum
FTD Frontotemporal dementia
GPe External globus pallidus
GPi Internal globus pallidus
HD Huntington’s disease
HIP HSC70-interacting protein
HOP HSP40 and HSP70–HSP90 organizing protein
HSC70 Heat shock cognate 71 kda protein
HSEs HSP Sequence-binding Elements
HSF Heat shock factors
HSP Heat shock protein
LAMP2A Lysosome-associated membrane protein type 2A
LBs Lewy bodies
LC3 Light chain 3/ALP marker
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MW Molecular weight
NAC Non-amyloid-β component
NT Neurotransmitter
PD Parkinson’s disease
PSI Peptidyl aldehyde selective inhibitor
PTM Post-translational modification
RAC Ribosome-associated complex
ROS Reactive oxygen species
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sHSP Small Heat shock protein
SNpc Substantia nigra pars compacta
SNpr Substantia nigra pars reticulata
STN Subthalamic nucleus
SV Synaptic vesicle
Ub Ubiquitin
UCH-L1 Ubiquitin carboxy-terminal hydrolase L1
UPS Ubiquitin-proteasome system
VMAT2 Vesicular monoamine transporter 2
α-Syn α-Synuclein

1 Introduction

Proteins are macromolecules involved in a vast array of biological functions of the
cell. In the nucleus, DNA is transcribed into mRNA which is exported to the
cytoplasm for translation. MRNA is translated by ribosomes into a sequence of
amino acids bound together by peptide bonds forming a polypeptide chain, which is
called the primary structure of the protein. The secondary structure defines the
folding of a polypeptide chain through hydrogen bonding to produce α-helix and
β-pleated sheet structures. The tertiary structure refers to the three-dimensional
folding of a polypeptide chain, where the interior of the most of proteins consists
of non-polar, hydrophobic amino acid residues and the outside consists of polar
hydrophilic residues. The quaternary structure is a group of two or more polypeptide
chains held together by non-covalent interactions forming a protein complex [60].

As the primary structure of the protein is being synthesized by the ribosome, it
begins to fold into its tertiary structure, the native state of the protein, which is
biologically functional. Some proteins fail to fold into its native structure producing
misfolded proteins which are biologically inactive. Many proteins, once they leave
the ribosome, undergo post-translational modification (PTM) where the amino acid
side chains are modified by some chemical modifications [26].

Molecular chaperones or heat shock proteins (HSPs) are a class of proteins that
assist in the proper folding of other proteins. They interact with the primary structure
of the target proteins, even when they are being synthesized by the ribosome, and
fold them into their native three-dimensional structure. HSPs also have critical roles
in refolding of partially denatured or misfolded proteins [26]. Mutations or lack of
the normal folding process lead to the production of misfolded proteins. Aggregation
of misfolded proteins in the cell leads to the formation of amyloid-like structures that
pose a threat to the various biological functions in the cell, which ultimately leads to
cell degeneration and death [12].

Degradation and clearance of these misfolded protein aggregates are achieved
through two principal pathways; ubiquitin-proteasome system (UPS), and
autophagy-lysosomal pathways (ALP). HSPs are involved in both the UPS pathway
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and an autophagy mechanism, known as chaperone-mediated autophagy (CMA).
Therefore, HSPs are considered as intracellular lifeguards of the proteome as well as
the cell and the organism itself [56]. Several experimental data revealed that
misfolded aggregates are thought to be the major cause of synaptic dysfunction
and neuronal death in many neurodegenerative diseases, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and
Frontotemporal Dementia (FTD). Importantly, HSPs which are constitutively
expressed in the nervous system, play a key role in reducing the risk of formation
of these aggregates [13, 28]. Therefore, activation of HSP to tackle these misfolded
protein aggregates could be a promising strategy in drug development against
different neurodegenerative diseases. This book chapter was written to declare the
role of HSPs to prevent the incidence of PD through maintaining dopaminergic
neurons from degeneration and death.

1.1 Heat Shock Proteins

Heat shock proteins (HSPs) are a large family of proteins function as molecular
chaperones for other proteins. They are named according to the molecular weight
(MW). In 1962, HSPs were first reported by Italian geneticist Ferruccio Ritossa in
Drosophila cells under heat stress. Several studies have shown that HSPs have a vital
role in cellular protein homeostasis that includes protein maturation, refolding, and
degradation. This role not only against heat shock but also against other environ-
mental stresses, such as cold stress and ultraviolet irradiation and also during wound
healing [10, 33, 38, 49].

HSPs superfamily is categorized based on their MW into HSP40, HSP60, HSP70,
HSP90, HSP100-110 (Table 1), and small heat shock proteins (sHSPs) such as
HSP10, HSP20, HSP25/26 and HSP27 (Table 2). Most HSPs require the aid of
co-chaperones to function (Table 3; [60]). They can be also categorized into two
families: (1) ATP-dependent HSPs or HSPs with high MW; (2) ATP-independent or
HSPs with low MW. HSPs can be localized in the cytosol, nucleus and cellular
organelles such as mitochondria and endoplasmic reticulum (ER) [4, 16].

1.1.1 HSP40

HSP40 also known as DnaJ, is a molecular chaperone protein play a pivotal role in
protein synthesis, folding, refolding, translocation and degradation. HSP40s are
divided into three subtypes, 1, 2 and 3, in which subtype 1 and 2 are considered as
co-chaperones, whereas subtype 3 defines as a chaperone. HSP40s act as
co-chaperones for HSP70 and HSP90. They can interact with HSPA/HSP70 via
the J-domain and regulates ATPase activity for the HSP70s. They can also bind with
and deliver many client proteins to HSP70. Interestingly, HSP70s and certain types
of HSP40s assist in protein translation by forming a stable complex known as
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ribosome-associated complex (RAC). Importantly, HSP40s increase the stability of
protein interactions and prevent their aggregation, and are also involved in
proteasomal degradation pathway (Table 1; [35]).

1.1.2 HSP60

HSP60 is a mitochondrial chaperone responsible for refolding and translocation of
the newly synthesized proteins from the cytoplasm into the mitochondrial matrix. It
is involved in folding of amino acid chains into their native three-dimensional
structure and also in intracellular protein trafficking. HSP60 cooperate with
HSP10, HSP70 and other chaperones for protein folding. Besides, it can recognize
misfolded or aggregated proteins and refold them to their native structure. Some-
times HSP60 interacts with anti-apoptotic proteins in the cytosol to prevent cell
death (Table 1; [35]).

Table 1 HSP subtypes, their cellular localization, and function

Protein Gene MW
Alternative
name(s)

Cellular
localization Function

HSP10 HSPE1 10 CPN10
Early-preg-
nancy fac-
tor (EPF)

Mitochondrion Co-chaperonin help Hsp60 for
protein folding

HSP40 DNAJB1 40 DnaJB1
hDj-1

Nucleus
Cytoplasm

Co-chaperonin help HSP70 for
protein folding

HSP60 HSPD1 60 CPN60
HuCHA60

Mitochondria Implicated in mitochondrial
protein import and macromo-
lecular assembly.

HSP70 HSPA1A
HSPA1B
HSPA1L

70 HSP70-1
HSP70-2
HSP70-
Hom

Cytosol, ER,
nucleus,
mitochondria

Plays a pivotal role in protein
homeostasis in the cell.

HSC70 HSPA8 70 LPS-asso-
ciated pro-
tein 1

Cytosol,
nucleus, cell
membrane

Chaperone mediated
autophagy, protein
degradation

HSP90A HSP90AA1
HSP90AA2

90 HSP86 Cytoplasm Help in protein folding,
refolding and degradation,
signal transduction and pre-
vent cancer growth

HSP90B HSP90AB1 HSP84 ER

HSP110 HSPH1
HSP110
HSP105

110 Heat shock
protein
110 kDa
Heat shock
protein
105 kDa

Cytoplasm,
nucleus

Promote the release of ADP
from HSPA1A/B inhibits
HSPA8/HSC70 ATPase and
chaperone activities

Data compiled from UniProtKB
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1.1.3 HSP70

HSP70 is the most conserved chaperones in all living organisms. It is mainly
localized in the cytosol, ER, nucleus, and mitochondria. It can also interact with

Table 2 sHSP subtypes, their cellular localization, and function

Protein Gene MW
Alternative
name(s)

Cellular
localization Function

HSPB1 HSPB1 22.3 HSP27
HSP28

Cytoplasm,
nucleus

Through its molecular chaperone
activity may regulate phosphory-
lation and the axonal transport of
neurofilament proteins

HSPB2 HSPB2 20.2 MKBP Cytoplasm,
nucleus

May regulate the kinase DMPK

HSPB3 HSPB3 17 HSP17 Cytoplasm,
nucleus

Inhibitor of actin polymerization.

HSPB4 CRYAA 19.9 Alpha-
crystallin A
chain

Cytoplasm,
nucleus

Has chaperone-like activity, and
contributes to the transparency
and refractive index of the lens

HSPB5 CRYAB 20.2 α/β-crystalline Cytoplasm,
nucleus

Has chaperone-like activity, and
contributes to the transparency
and refractive index of the lens

HSPB6 HSPB6 17.1 Heat shock
20 kDa-like
protein p20

Cytoplasm,
nucleus

Has chaperone-like activity, and
plays a role in regulating muscle
function

HSPB7 HSPB7
CVHSP

18.6 cvHsp Cytoplasm,
nucleus

Has chaperone-like activity, and
plays a role in heart development
and contraction

HSPB8 HSPB8
HSP22

21.6 HSP22 Cytoplasm,
nucleus

Displays temperature-dependent
chaperone activity

HSPB9 HSPB9 17.5 Cancer/testis
antigen 51
(CT51)

Cytoplasm,
nucleus

Unknown

HSPB10 HSPB10
ODF1

28.4 Outer dense
fiber protein
1 (ODF1)

Cytoplasm,
nucleus

Component of the outer dense
fibers (ODF) of spermatozoa

HSPB11 HSPB11
IFT25

16.3 Placental pro-
tein 25 (PP25)

Cytoplasm
cilium

Has a role in cell differentiation
and spermatogenesis

Data compiled from UniProtKB

Table 3 Major HSPs and their co-chaperones in human

HSPs Co-chaperone

HSP90 P23, AHA1, HOP, CDC37, CYP40, FKBP51, FKBP52

HSP70 HSPBP1, HOP, HIP, BAG1–6, HSP40, CHIP

HSC70 BAG1–6, CHIP, HOP, HSP40

HSP60 HSP10

Data compiled from [60] and UniProtKB
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other chaperones such as HSP40 and HSP90 for its chaperone activities. HSP70
show neuroprotective effects in neurodegenerative diseases such as PD and AD
where it can bind with unfolded or partially misfolded proteins, and refold them into
their native conformation. Interestingly, in cellular stress condition, HSP70 can
inhibit caspases, thus prevents apoptosis (Table 1; [35]).

1.1.4 HSC70

HSC70 is a member of the HSP70 family. It has 86% identity to inducible HSP70
and performs similar chaperoning activities. HSC70s cooperates in protein folding
and degradation machinery in the cell. In a process called chaperone-mediated
autophagy (CMA), HSC70 recognize misfolded or denatured proteins and along
with a set of co-chaperones unfold, translocate and target these proteins to the
lysosome for degradation (Table 1; [60]).

1.1.5 HSP90

HSP90s are among the most abundant proteins in eukaryotes. They can be classified
according to their subcellular localization. Heat shock protein HSP90-α (HSP90A),
the inducible form of HSP90, is localized in the cytosol whereas Heat shock protein
HSP90-β (HSP90B), the constitutive form, is localized in the ER. It requires ATP for
its chaperone activities. Importantly, HSP90A can bind with HSF-1, and induce
expression of the other HSPs such as HSP70, HSP60 and HSP40 (Table 1; [35]).

1.1.6 Small HSP (sHSP)

They are a set of proteins with small molecular weight (15–30 kDa), localized in the
cytosol, ER and nucleus. Although in mammals, sHSP family includes at least
eleven different subtypes (Table 2), HSP27 (HSPB1) is the most abundant and
well understood. They are activated through different environmental, physiological
or pathological stresses, and their levels are increased in different neurodegenerative
diseases. Small HSPs are involved in many essential functions in the cell, for
example, they assist in ubiquitin-proteasome degradation of misfolded or denatured
proteins. They also act as molecular chaperones and co-chaperones with HSP70 for
inhibition of misfolded or unfolded protein aggregation. Besides, they help in cell
development and differentiation and have a role in the inhibition of apoptotic cell
death. They can also interact with actin and intermediate filaments to protect the cell
from cytoarchitectural damage [35].

Protective Role of Heat Shock Proteins During Neurodegeneration in Parkinson’s. . . 39



1.2 Functions of HSP

HSPs have several functions related to the protection of cells against stress condi-
tions such as (i) They work as intra-cellular chaperones for other proteins. They play
an important role in the proper folding of nascent proteins and refolding of misfolded
or unfolded proteins to their native conformation; (ii) They assist in the degradation
of undesirable protein and inhibit its accumulation in the cell through UPS and CMA
machineries (Fig. 2); (iii) They modulate protein-protein interactions and prevent
their aggregation; (iv) They have a role in cytoskeletal organization and transporta-
tion of proteins across membranes within the cell [14].

UPS is a major mechanism in eukaryotes by which cells can degrade misfolded,
unfolded or damaged proteins and also regulate particular protein concentration
[37]. It consists of the proteasome itself and some other factors that include ubiquitin
(Ub), ubiquitin ligases (E3), ubiquitin hydrolases, and ubiquitin-like molecules. We
can summarize fundamental pathways as the following (Fig. 1). In reaction depends
heavily on ATP, E1 enzymes, which is also called ubiquitin-activating enzymes,

Fig. 1 Role of HSPs in the ubiquitin-proteasome system. Protein degradation via Ubiquitin-
proteasome system (UPS) requires coordinated reactions by three enzymes E1, E2 and E3. E1
hydrolyzes and activates the ubiquitin (Ub) which is transferred to E2. Finally, E3 catalyzes the
transfer of ubiquitin from E2 to the target protein. Additional ubiquitin molecules are conjugated
onto the first Ub. Poly-ubiquitinated proteins are recognized by the proteasome 26S subunit for
degradation. HSPs can bind to different components of the proteasome subunits, the 20S, 11S,
and 19S
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form a thioester bond with ubiquitin (Ub). Then, Ub is transferred to bind with
ubiquitin conjugases (E2) with a new thioester bond. E3 recognizes specific motifs
in the targeted protein and catalyzes the transfer of ubiquitin from E2 to the target
protein. Ubiquitin molecules are conjugated onto the first forming a poly-
ubiquitinated protein, which ultimately is recognized by the 26S proteasome for
degradation [24].

HSPs have a fundamental role in both the ubiquitination as well as the degrada-
tion machinery done by the UPS. Direct interactions between HSPs and the
proteasome itself were reported in several studies. CHIP (carboxyl terminus of
HSC70-interacting protein) in association with HSP90, HSP70 and E3 can form a
complex with target protein facilitating its ubiquitination. BAG1 (BAG family
molecular chaperone regulator 1) is a co-chaperon binds with HSP70 promoting
the ubiquitination process. It can also interact and provide a bridge between the 26S
subunit of the proteasome and HSP70/HSC70. During the ubiquitination process,
HSP27 bind with ubiquitin, and also with the target protein, however, the purpose of
this action is unknown. Moreover, HSP90 and a sHSP known as αβ-crystallin or
HSPB5 bind with 20S subunit, in the same time, HSP27 and HSP70 bind with 19S
subunit accelerating the degradation of ubiquitinated proteins (Fig. 1; [60]).

It has been reported that a lack of clearance of misfolded proteins or mutation in
genes associated with UPS has a prominent role in cellular toxicity and
neurodegeneration. Several neurodegenerative diseases such as Parkinson’s disease
(PD), Alzheimer’s disease (AD) and Huntington’s disease (HD) share dysfunction of
the UPS and aggregation of misfolded or toxic proteins as pathological
hallmarks [24].

Some forms of misfolded proteins are too large to pass through proteasome
cylinder, and therefore cannot be degraded through UPS. Autophagy lysosomal
pathway (ALP) is an alternative machinery present in every cell for degrading
large toxic aggregates. ALP includes macroautophagy for the degradation of large
aggregates, microautophagy for the degradation of small cytosolic proteins, and
chaperone-mediated autophagy (CMA).

CMA is more specific, performing its activity through the selective degradation of
protein having KFERQ-like motif which is delivered to the LAMP2A (lysosome-
associated membrane protein 2a) receptor on lysosome via HSC70 and
co-chaperones, such as CHIP, HOP (HSP40 and HSP70–HSP90 organizing protein)
and HSP40. After passing inside lysosome, the target protein is degraded by
lysosomal enzymes into amino acids residues (Fig. 2; [5, 30]).

1.3 Regulation of HSP Expression

Heat shock factors (HSFs) are transcription factors that activate the expression of
HSP genes [53]. During cellular stress, expression of HSF increase, and translocate
to the nucleus where they bind specifically to HSF Sequence-binding Elements
(HSEs) throughout the genome, and help to express different types of HSP
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depending on the cellular requirements [25]. Enough amount of cytosolic HSP refold
the misfolded proteins, then they interfere with further translocation of HSF to the
nucleus and stop HSP gene expression by feedback mechanism [61]. However, not
all chaperones are target genes of HSF. For example, the major constitutively
expressed HSC70 is transcriptionally independent of HSF [60].

1.4 Parkinson’s Disease (PD)

Parkinson’s disease (PD) is the second most common idiopathic neurodegenerative
disease after Alzheimer’s disease (AD), first identified by James Parkinson two
hundred years ago. It affects approximately 1% of individuals above age 60.
Younger people may also be vulnerable to early-onset PD (EOPD) [2, 47]. PD
characterized by two main pathological features: (1) loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) leading to a severe reduction of dopamine
(DA) levels in the striatum, (2) abnormal deposition of α-synuclein (α-Syn) protein
in the cytoplasm of certain neurons in several different brain regions [37]. PD

Fig. 2 Role of HSPs in cellular protein homeostasis. HSPs assist in protein maturation,
re-folding, and degradation through molecular chaperone activity, the ubiquitin-proteasome system
(UPS) and chaperone-mediated autophagy (CMA). Dysregulation of HSPs is associated with the
accumulation of misfolded proteins leading to degeneration and subsequent death of the cell
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characterized by motor symptoms (tremor at rest, bradykinesia, muscle rigidity, and
postural instability), and non-motor symptoms (anxiety, fatigue, depression, sleep
disturbance, cognitive impairment, and gastrointestinal dysfunction) [46].

The exact mechanism of dopaminergic neuron loss in PD is not yet entirely clear.
However, the most accepted theory is the accumulation of amyloid proteins
forming Lewy bodies (LBs), which trigger synaptic dysfunction that results in
neurodegeneration. In addition to that, mitochondrial damage, energy failure, oxi-
dative stress, and excitotoxicity, may be involved in the onset and progression of
PD [42].

1.4.1 Historical Review of Discovering Degeneration of Dopaminergic
Neurons in PD

In 1817, James Parkinson published a valuable work “An Essay on the Shaking
Palsy” in which he described six individuals with symptoms of a disease he called
paralysis agitans. Jean-Martin Charcot and his colleagues at La Salpêtrière hospital
in Paris contributed significantly to the detection of major symptoms and pathology
of PD. They also argued that the term paralysis agitans that Parkinson used in his
essay was improper and suggested to change the name of the disease to be
“Parkinson’s disease” or “PD” [45].

In 1893, Paul Blocq and Georges Marinesco noted an encapsulated tumour
localized in the SNpc of a tuberculosis patient suffering from tremor. They published
their work concluding the SNpc is the main pathological site in PD patients [45].

In 1912, Fritz Heinrich Lewy discovered abnormal aggregations of proteins
inside neurons of PD patients. Later, these aggregates became the so-called “Lewy
bodies” or “LBs” which are considered as a characteristic indicator of PD and
dementia with Lewy bodies (DLB) [50]. In 1938, Rolf Hassler studied autopsies
of PD patients and he noted neurodegeneration and accumulation of LBs in the
SNpc [45].

In 1959, Arvid Carlsson (Nobel Prize in Physiology or Medicine, 2000) presented
his work at the international pharmacology meeting and showed that dopamine was
somehow responsible for PD. In 1960, Oleh Hornykiewicz published a landmark
paper showing for the first time a marked depletion of dopamine in the caudate and
putamen brain regions of PD patients [18]. In 1961, Hornykiewicz and Birkmayer
published a work declare the therapeutic effect of intravenous administration of
amino acid precursor of dopamine (Levodopa or L-DOPA) in PD patients [6].

1.4.2 Mechanisms of α-Syn Protein Induced Dopaminergic Neuron
Death in PD

α-Syn is a cytoplasmic protein consisting of 140 amino acids encoded by the SNCA
gene. Its protein domains include an amphipathic region (N-terminal), non-amyloid-
β component (NAC) domain and an acidic tail (C-terminal) (Fig. 3a). α-Syn is
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expressed throughout the brain and enriched at presynaptic terminals, while few
amounts are distributed in the heart, muscles and other tissues. Synuclein protein
family includes 3 subtypes, α-Syn, β-Syn and γ-Syn. However, α-Syn is the only one
in the family to be found in LB inclusions, the pathological hallmark in PD. α-Syn is
found throughout the brain but dopaminergic (DA) neurons are most susceptible to
the accumulation of its toxic species.

So far, the function of α-Syn has not been fully discovered. However, under
normal physiological conditions, α-Syn monomers play a role in synaptic vesicle
trafficking, recycling and neurotransmitter release. In PD patient, α-Syn monomers
can interact causing the formation of toxic α-Syn species, such as oligomers and
amyloid-β sheet fibrils that aggregate into LBs (Fig. 3b) affecting processes required
for dopamine release and neuronal communication (Fig. 4; [7, 55]). Additionally, it
has been demonstrated that deregulated dopamine triggers the formation of toxic
α-Syn [43]. Therefore, there is a vicious cycle of α-Syn accumulation and
deregulated dopamine promotes synaptic dysfunction which impairs neuronal con-
nections and ultimately causes synaptopathy and subsequent death of DA neurons in
PD.

Fig. 3 α-synuclein protein structure. (a) The protein is composed of 140 amino acids includes
three distinct domains, an amphipathic region (N-terminal), non-amyloid-β component (NAC)
domain and an acidic tail (C-terminal). (b) Under normal physiological conditions, α-Syn in their
native conformation as soluble monomers. In diseased conditions α-Syn monomers can interact
causing the formation of toxic α-Syn species, such as oligomers and amyloid-β sheet fibrils that
aggregate forming Lewy bodies (LBs)
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1.4.3 Loss of DA Neurons Promotes Dysfunction of Basal Ganglia
Motor Circuit in PD

The basal ganglia include the neostriatum (caudate nucleus and putamen), the
external and internal segments of globus pallidus (GPe, GPi), the subthalamic
nucleus (STN), and the substantia nigra with its pars compacta (SNpc) and pars
reticulata (SNpr) [22]. The release of dopamine in striatum initiates and facilitates
movement. It stimulates the GABA output via D1 receptors and inhibits the GABA
output via D2 receptors. On the other hand, acetylcholine (Ach) in the striatum is
thought to do the opposite of DA [27]. In the striatum of healthy individuals, the
balance between dopamine and acetylcholine is maintained. Loss of this balance due
to the death of the dopaminergic neurons in the SNpc leads to a hypodopaminergic-
hypercholinergic condition which describes the abnormal motor features in PD
patients [34].

1.5 Role of HSPs in PD

PD is characterized by intracellular accumulation of misfolded α-Syn protein and
death of dopaminergic neurons in the brain. HSPs are found to be down-regulated in

Fig. 4 The behaviour of α-Syn at the presynaptic terminals of dopaminergic (DA) neurons in
healthy subjects and PD patients. α-Syn in their native conformation as soluble monomers play a
role in synaptic vesicle trafficking, recycling and dopamine release. In PD patient, α-Syn monomers
can interact causing the formation of toxic α-Syn species that aggregate to form LBs, which prevent
dopamine release and neuronal communication
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neurons of PD patients and also other neurodegenerative diseases [29, 36]. HSPs are
the most efficient, highly conserved cellular defence mechanisms which maintain
α-Syn protein homeostasis in neurons through proper folding, refolding of partially
misfolded, and degradation of toxic aggregates (Fig. 5; [37, 62]). HSPs also play
pivotal roles in the clearance of aggregated α-Syn protein through UPS and CMA
machineries (Fig. 5; [37]). HSPs involved in the regulation function of UPS and
CMA are HSP27, HSP40, HSP60, HSP70, HSP90 and HSP100 [8]. Furthermore,
sHSP such as α/β-crystalline (HSPB5), HSP20, HSP27, HSPB8 and HSPB2B3 also
interact with α-Syn proteins and inhibit their aggregation [9]. Interestingly, certain
co-chaperones such as Bag1, CHIP, HOP and HSC70-interacting protein (HIP) also
inhibit α-Syn aggregation (Table 3; Fig. 5; [39]). Therefore, HSPs are regarded as
anti-apoptotic factors that prevent dopaminergic neuron degeneration in PD [37].

1.5.1 Impairment of Molecular Chaperone Activity Leads to PD

Several studies have reported dysregulation of HSPs in PD. For example, HSP70
co-expression in Drosophila and yeast models of PD decreases aggregation of toxic

Fig. 5 Role of HSPs to prevent dopaminergic neuronal loss. HSPs are involved in protein
folding and refolding of misfolded α-Syn protein. They also, assist in clearance pathways of toxic
α-Syn aggregates, ubiquitin-proteasomal system (UPS), and chaperone-mediated autophagy
(CMA). HSPs, therefore, protect dopaminergic neurons from degeneration and subsequent death
which in turn prevent the incidence of PD
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α-Syn protein and prevents dopaminergic neuron death [3], whereas mutations at
ATPase domain of HSP70 increase aggregation of toxic α-Syn [20]. Similarly,
in vitro and in vivo models of PD induced by MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), over-expression of HSP70 decreases PD symptoms and neuro-
toxicity [19, 58]. On the other hand, co-expression of HSP27, HSP40, HSP70 or
HSP104 in vitro model of PD observed a reduction of total misfolded α-Syn
aggregates [31].

1.5.2 Impairment of Degradation Pathways Lead to PD

Ubiquitin Proteasome System (UPS)

Impairment or failure of the UPS has a key role in PD pathogenesis. In fact,
aggregation of toxic α-Syn proteins increases neurodegeneration in the SNpc
[51]. Inactivation of ubiquitin hydrolases with ubiquitin aldehyde showed toxicity
in neuronal cell cultures [40]. A study on ventral mesencephalic cells of fetal rat used
lactacystin (an organic compound synthesized by bacteria) to bind and inhibit
specific subunits of the proteasome. This led to the loss of dopaminergic neurons
and the accumulation of LBs. Similarly, intrastriatal administration of lactacystin led
to a degeneration of dopaminergic neurons in rodent brains [21, 48]. A previous
study on neuroblastoma cells using UPS inhibitors for several weeks showed an
increase in toxic protein aggregates and reactive oxygen species (ROS) and mito-
chondrial dysfunction [54]. Also, subcutaneous injections of epoxomicin, a natural
proteasome inhibitor or PSI (peptidyl aldehyde selective inhibitor), a synthetic
proteasome inhibitor in adult rats led to severe motor dysfunction and death of
dopaminergic neurons [41].

There are some other UPS-related proteins involved in PD pathogenesis, such as
parkin and UCH-L1 (Ubiquitin carboxy-terminal hydrolase L1). A parkin-mutated
mouse is a genetic model of PD successfully developed by researchers to prove the
link between UPS dysfunction and PD [23]. Parkin mutations in Drosophila lead to
loss of dopaminergic neurons and locomotion dysfunction [11]. Further, inactivation
of UCHL-1 in mice results in motor ataxia but without degeneration in DA
neurons [52].

Chaperone-Mediated Autophagy (CMA)

α-Syn protein is selectively degraded by CMA and therefore the failure of CMA
machinery increase levels of α-Syn aggregates, which lead to degeneration of
dopaminergic neurons. The downregulation of HSC70 or LAMP2A prevents
autophagosome formation or inhibits its binding with lysosomes [15, 37]. In a
previous study on brain mice, poly-ubiquitinated proteins were aggregated due to
down-regulation of Atg5 or Atg7, autophagy-related genes [32]. Significant evi-
dence from human post-mortem studies showed the dysfunction of autophagy in the
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brain of PD patients. For example, levels of ALP marker (LC3 or Light chain 3) and
autophagy vacuoles in the SNpc of PD patients and temporal cortex of DLB patients
increased sharply compared to age-matched healthy individuals, suggesting ALP
dysfunction is linked with PD progression [1, 57, 59]. Also, lower levels of HSC70,
LAMP1 and LAMP2A have been observed in the SNpc of PD patients, indicating
defective CMA [44]. Further, postmortem studies have shown that some autophagy
downstream signaling pathways, such as mTOR and PI3K/AKT signaling, were
severely inhibited in brain tissues of PD patients [17].

2 Conclusions

In the nervous system, protein homeostasis maintains a persistent environment for
neurons to be healthy and alive. This can be accomplished through various mech-
anisms include regulation of protein translation, protein folding and protein degra-
dation. Aggregations of misfolded α-Syn proteins forming LBs in SNpc are the
hallmark pathologies noted in PD. HSPs are molecular chaperones that can refold
α-Syn aggregates to their native structure or degrade them through different protein
clearance pathways. Consequently, defective HSPs prevent proper folding, refolding
and degradation machinery that lead to the aggregation of misfolded α-Syn in
dopaminergic neurons. α-Syn aggregates, such as oligomers and amyloid-β sheet
fibrils contribute to the formation of LBs, which lead to synaptic dysfunction,
impaired neuronal communication, and ultimately dopaminergic neuron death.
HSPs, therefore, protect dopaminergic neurons from degeneration and death which
in turn prevent the incidence of PD.
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HSP Stimulation on Macrophages
and Dendritic Cells Activates Innate
Immune System

Yanyin Lu and Takanori Eguchi

Abstract

Introduction Heat shock proteins (HSP) are found in both prokaryotes and eukary-
otes. Microbial HSP can activate innate immune system by closely regulating the
antigen presentation function of dendritic cells and macrophages that produce
proinflammatory cytokines. However, it is not organized how microbial and host
HSP activate macrophages and dendritic cells in human and mouse. Besides,
knowing the functions of HSP in innate immunology and tumor biology is also
necessary for a deep understanding of inflammatory diseases and cancers. Here, we
review; (i) how bacterial and mammalian HSP activate the innate immune system
through activation of macrophages, (ii) how HSP interrelate with professional APC
(dendritic cells) and participate in antigen presentation, and (iii) how HSP play key
roles in innate immune system and tumor immunology.

Methods Studies containing keywords “dendritic cells, heat shock protein; innate
immune system; macrophage; mitogen-activated protein kinase; proinflammatory
cytokines; toll-like receptor” on Pubmed and Google data base were searched and
summarized.

Results Microbial HSP60 is capable of activating macrophages by regulating CD14
and toll/IL-1 receptor (TIR) signaling pathway. HSP produced in mammalian hosts
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stimulate the activation of macrophages through various promoters, receptors, and
pathways such as enhancing their antioxidant defense, activating the toll-like recep-
tors (TLRs) and inducing the production of IL-12 and TNF-α. HSP can be
complexed with peptides and form HSP-peptides complexes, while HSP-peptides
complexes can be taken up and re-presented by APCs such as macrophages and
dendritic cells (DCs) by MHC class I molecules and induce specific CD8+ cytolytic
T lymphocytes (CTLs) responses. HSP are also involved in promoting the produc-
tion of proinflammatory cytokines and modulating client proteins, which is closely
related to inflammatory diseases and tumor survival, proliferation, and progression.

Conclusions HSP are involved in the modulation of innate immunity. Both micro-
bial and host HSP are capable of activating macrophages and DCs by provoking the
production of proinflammatory cytokines and various receptors for different path-
ways. HSP engage in the specific immunological function in the progression of
protein folding, cytoprotection, antigen presentation, and even tumor proliferation
and progression by various pathways or mechanisms. Further studies on the func-
tions of HSP are necessary to develop new therapeutics against tumors and infec-
tious diseases.

Keywords Dendritic cells · Heat shock protein · Innate immune system ·
Macrophage · Mitogen-activated protein kinase · Proinflammatory cytokines · Toll-
like receptor

Abbreviations

17-AAG 17-allylamino-17-demethoxygeldanamycin
APC antigen-presenting cell
CRPC castration-resistant prostate cancer
CTL cytotoxic T lymphocyte
DAMP danger-associated molecular pattern
DC dendritic cell
ELAM-1 endothelial cell leukocyte adhesion molecule-1 (also known as

E-selectin)
ER endoplasmic reticulum
ERK extracellular signal-regulated kinase
EV extracellular vesicle
HSP heat shock proteins
ICAM intercellular adhesion molecule
IL interleukin
iNOS inducible NO synthase
JNK/SAPK c-Jun N-terminal kinase
LOX low-density lipoprotein receptor
LPS lipopolysaccharide (also known as endotoxin)
MAPK mitogen-activated protein kinase
MHC major histocompatibility complex
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MIF Macrophage migration inhibitory factor
MMP matrix metalloproteinase
MyD88 myeloid differentiation primary response 88
NBD nucleotide-binding domain
NF-κB nuclear factor-kappaB
NO nitrogen oxide
OSCC oral squamous cell carcinoma
SAPK stress-activated protein kinase
TAP transporter-associated antigen processing
TIR toll/IL-1 receptor
TLR toll-like receptor
TNF tumor necrosis factor
TRAF TNF receptor-associated factor
VCAM vascular cell adhesion molecule

1 Introduction

HSP is a sort of ancient and stable protein which exists in almost all creatures.
Microbial HSP are significant activator of the innate immune system in human
bodies. Therefore, understanding the mechanism of how microbial HSP activate
macrophages becomes vital. Besides, HSP produced by host cells can also promote
the activation of macrophages.

In addition to macrophages, HSP are also relevant to the professional antigen-
presenting cells (APCs) called dendritic cells (DCs). DCs are able to take up, process,
and present exogenous antigens with major histocompatibility complex (MHC) class I
molecules to CTLs, which is called antigen cross-presentation and is interrelated with
HSP. By making a molecular complex with specific peptides, HSP can be taken up by
DCs and participate in the MHC class I molecules, which allows them to make a firm
connection between innate and adaptive immune systems.

Besides, HSP are involved in tumor survival, proliferation, and progression.
Targeting a particular property of HSP may achieve an anti-tumor effect.

In this chapter, we review (i) how bacterial and mammalian HSP activate the
innate immune system through activation of macrophages and (ii) how HSP inter-
relates with DCs and participate in antigen presentation, (iii) how HSP play key roles
in the innate immune system and tumor immunology.

2 Microbial HSP60 Activate Macrophages in Human
and Mouse

Microbial HSP have been identified to be a potent activator of the innate immune
system in hosts [54] and are able to induce the production of proinflammatory
cytokines by the monocyte-macrophage system [50]. Of note, members of bacterial
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HSP60 have been implicated to activate macrophages and induce the production of
matrix metalloproteinases (MMPs) and tumor necrosis factor-alpha (TNF-α)
[11, 18]. However, a later study has reported that recombinant human HSP60 did
not induce the release of TNF-α from murine macrophages [16]. According to Amir
Kol’s research group, chlamydial HSP60 was positively correlated with increased
expression in interleukin-6 (IL-6), nuclear factor-kappaB (NF-κB), and adhesion
molecules such as endothelial-leukocyte adhesion molecule-1 (ELAM-1 also known
as E-selectin), intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1) in human [19]. Their group also found that bacterial HSP60
is capable of activating human monocyte-derived macrophages through CD14 and
p38 mitogen-activated protein kinase (MAPK) [20]. Bacterial HSP60 was able to
activate macrophages by the Toll/IL-1 receptor (TIR) signaling pathway stimulating
MyD88 and TRAF6, which can also activate NF-κB, JNK-1/2, p38 MAPK, and
extracellular signal-regulated kinase (ERK)1/2 [52].

Bacterial HSP60 can trigger tissue regeneration and wound healing by regulating
inflammation and cell proliferation by promoting the differentiation of intermediate
monocytes to M2 macrophages [34]. A recent study found that a chemical consti-
tution of the C-terminus of HSP60 can activate mouse peritoneal macrophages by
stimulating lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1) on the
cell surface [24].

Thus, microbial HSP60 is able to promote the production of proinflammatory
cytokines and stimulate diverse pathways to induce the differentiation and activation
of macrophages to arouse the innate immune system in hosts.

3 HSP Expressed in Host Cells Activate Macrophages

Apart from the microbial HSP60, mammalian HSP70 is one of the most prominent
and best characterized HSP, which is expressed at a higher level in macrophages
than other cell types.

By generating HSP70, macrophages can enhance their antioxidant defenses and
prevent themselves from undergoing apoptosis under oxidative stress [5]. Increased
expression of HSP60 and HSP70 in bacteria-induced apoptotic neutrophils stimulate
macrophages activation by potentiating the effect of lipopolysaccharide (LPS) on
macrophages activation [56]. HSP, in this case, can elicit activation of human
macrophages by potentiating LPS-stimulated production of TNF-α [56]. It has also
been shown that HSP70 induced activation of IL-12 and ELAM-1 promoters in
macrophages and this induction was regulated by MyD88 and TRAF6 signaling
pathways through activation of toll-like receptor (TLR)-2/4 [53].

Distinctively from their extracellular roles, intracellular HSP have been noted for
the cytoprotective function. For instance, it has been shown that HSP70 assist correct
protein folding as well as transport, which is called chaperoning [39] and its function
of inhibiting the apoptotic pathway is also of great significance for cytoprotection
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[37]. These abilities of HSP to act as not only a chaperone but also a cytokine can be
termed chaperokine [3].

Gp96 (also known as Grp94 (glucose-regulated protein 94)/endoplasmin/
HSP90B1/HSP96) expressed in host cells is also an important HSP associated
with macrophages. Gp96 is an endoplasmic reticulum (ER) chaperone essential for
cell-surface TLRs. TLR1, TLR2, and TLR4 were found functionally related to ER
chaperone gp96 [35]. Studies on gp96-deficient macrophages indicated that gp96
binds directly to not only TLR4 but also TLR9 [55]. Besides, HSP70, HSP90, and
gp96 all stimulated the secretion of IL-1β, TNF-α, and IL-12 from CD11b+ cells,
which also proved that HSP cytokines could induce the macrophages to secret
cytokines [6].

Hence, HSP of different subfamilies released from not only microbial but also
host cells are able to stimulate the activation of macrophages through various pro-
moters, receptors, and pathways (Table 1 and Fig. 1).

Table 1 Heat shock proteins relevant to macrophages and dendritic cells

Species

HSP
family
member Functions Author, Year

Microbial HSP60 Produce IL-12. Skeen et al. [41]

Promote CD14 signaling and p38
MAPK production.

Kol et al. [20]

1) activate the TIR signaling pathway. Vabulas et al. [52]

2) induce the secretion of IL-6 and
NF-κB.
3) increase the expression of adhe-
sion molecules such as E-selectin,
ICAM-1 and VCAM-1.

1) trigger tissue regeneration and
wound healing.

Pei et al. [34]

2) promote the differentiation of
monocytes to M2 macrophages.

Mammalian Activate macrophages and induce the
production of MMPs and TNF-α.

Kol et al. [18] and Chen et al.
[11]

HSP70 1) activate NF-κB pathway. Basu et al. [6], Kuppner et al.
[21] and Singh-Jasuja et al.
[40]

HSP90 2) stimulate the secretion of cyto-
kines such as IL-1β, TNF-α, and
IL-12 in macrophages.

gp96 3) induce expression of antigen-
presenting and co-stimulatory mole-
cules on the DCs and promote
maturation.

(continued)
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Table 1 (continued)

Species

HSP
family
member Functions Author, Year

HSP-
peptides
complex

1) induce specific CTLs and CD4+
cells.

Blachere et al. [10], Srivastava
et al. [43], Tamura et al. [48]
and Basu et al. [7]2) participate in MHC class I and

class II molecules.

3) induce the secretion of
proinflammatory cytokines.

4) mediate migration and maturation
of DCs

5) take part in the antigen cross-
presentation.

HSP70 1) enhance antioxidant defenses in
macrophages.

Bachelet et al. [5]

2) prevent macrophages form under-
going apoptosis.

HSP70 1) assist correct protein folding as
well as transport.

Schmitt et al. [37] and Shi and
Thomas [39]

2) inhibit the apoptotic pathway.

HSP70 Mediate migration and maturation of
DCs

Basu et al. [6], Singh-Jasuja
et al. [40] and Asea [1]

HSP70 Induce activation of IL-12 and
ELAM-1 promoters (regulated by
MyD88 and TRAF6 pathways and
TLR 2/4)..

Vabulas et al. [53]

HSP70 Produce TNF-α, IL-1β, IL-6 and
IL-12.

Asea et al. [2–4] and
Svenssona et al. [44]

HSP70 Increase the release GM-CSF,
chemokines such as MIP-1, MCP-1
and RANTES.

Lehner et al. [23], Panjwani
et al. [33] and Srivastava [42]

HSP70 Present potent endogenous signals
through the TLR2 receptor.

Zhou et al. [57]

Gp96 Act as ER chaperone essential for
TLR1, TLR2, TLR4, TLR9.

Randow and Seed [35] and
Yang et al. [55]

Gp96
and
HSP70

Induce the production of iNOS and
produce NO.

Panjwani et al. [33]

HSP60 Potentiate LPS-stimulated production
of TNF-α.

Zheng et al. [56]

HSP70

Microbial and host HSP are able to stimulate the activation of macrophages and DCs through
various promoters, receptors, and pathways. This table shows some of the mechanisms and function
of them by classifying the species, the HSP family and publishing time
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4 HSP Interrelate with DCs and Participate in Antigen
Presentation

Apart from the ability to activate macrophages, HSP have been considered as a
bridge between innate and adaptive immunity because of their capability of corre-
lating with DCs and eliciting specific immunity in antigen presentation.

A number of studies showed that necrotic cell death, as well as cellular damage,
leads to the release of HSP as damage- /danger-associated molecular patterns
(DAMPs). The released extracellular HSP can be complexed with peptides.
HSP-peptides derived from HSP90, HSP70, and gp96 can activate the highly
conserved NF-κB pathway, stimulate macrophages to secrete cytokines, and induce
the maturation and expression of antigen-presenting and co-stimulatory molecules in
DCs [21, 40]. Consequently, these HSP species can interact with not only macro-
phages but also other APCs such as DCs [6].

Fig. 1 HSP activate macrophages by stimulating surface receptors
Microbial HSP (shown as green spheres) activate macrophages by stimulating cell-surface receptors
such as Toll/IL-1 receptor (TIR), lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1)
and CD14, which can promote the production of proinflammatory cytokines such as TNF-α and
activate the innate immune system
Host HSP (shown as red spheres) can interreact with other cell-surface receptors such as toll-like
receptor (TLR)-2/4, regulating the MyD88 and TRAF6 signaling pathways and induce the produc-
tion of proinflammatory cytokines like IL-12
Thus, HSP are capable of activating macrophages and increasing the production of proinflammatory
cytokines (shown as pink spheres)
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The ability of DCs to take up, process, and present exogenous antigens with
major histocompatibility complex (MHC) class I molecules to CD8+ cytolytic T
lymphocytes (CTLs) is called antigen cross-presentation. Studies found specific
HSP-peptides complexes can induce specific CTLs and T-helper (CD4+) cells
mediated responses by participating in MHC class I molecules [10, 43, 48] (Fig. 2).

HSP-peptides of gp96, HSP70, and HSP90 were found to be taken up and
re-presented by macrophages and DCs [7, 10]. These processes were considered to
be related to receptor-mediated endocytosis, and studies furtherly discovered that
CD91 (also known as low-density lipoprotein receptor-related protein 1 (LRP1) or
α2-macroglobulin) was a common HSP receptor on APCs for several HSP members
such as HSP70, HSP90, gp96 and calreticulin [7, 9].

By mediating the expression of CD14, CD40, CD83, CD86, and MHC class II
molecules, HSP70 can also induce the maturation and migration of DCs [1, 6,
40]. HSP70 was able to chaperone a tyrosinase peptide and transfer it to immature
DCs via a receptor-dependent uptake [28]. HSP70 could also enhance the cross-
presentation of exogenous antigens by supporting complex formation and uptake of
antigen [8]. Even in the absence of innate signals like TNF-α, the enhancement of
HSP70-mediated peptides in cross-presentation still existed and the T-cell stimula-
tion didn’t require additional exogenous maturation signals, which implied HSP may
be involved in various functions in immune modulation [8, 27].

In tumor environment, the peptide complex of HSP70 can be internalized and
re-presented by the bone marrow-derived DCs. DCs pulsed with tumor-derived
Hsp70 was also able to induce tumor-specific CTLs responses, which was dependent
on transporter-associated antigen processing (TAP) [51].

In the occasion of HSP90-peptide complexes, evidence showed the cross-
presentation of extracellular Hsp90–ovalbumin (OVA) protein complexes to specific
CD8+ T cells involved both classical TAP-dependent and TAP-independent
endosomal pathways [32]. In the TAP-independent pathway, HSP90-peptide

Fig. 2 HSP-peptide complexes induce antigen cross-presentation of dendritic cells to CD8+

cytotoxic T cells
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complexes were efficiently cross-presented through the recycling endosome path-
way by targeting static early endosomes within human monocyte-derived DCs
[22]. Static early endosome was also associated with HSP90-chaperoned self-DNA
and CpG-oligodeoxynucleotide and necessary for signaling through TLR9 for alpha-
type interferon (IFN-α) production [29].

Briefly, HSP from various subfamilies such as HSP70, HSP90, and gp96 released
from different host cells are able to induce the activation, maturation, and migration
of DCs. HSP-peptides complexes can activate the CTLs and participate in antigen
presentation through efficient pathways.

5 Innate Immunological Functions of HSP

Except for APCs activation and antigen presentation, HSP still have a variety of
functions in the innate immune system. Macrophages and DCs stimulated with the
gp96 and HSP70 can lead to the induction of inducible NO synthase (iNOS) and
produce a synergistic production of NO [33]. The iNOS induction appeared to be in
response to stimuli like TNF-α, IFN-γ, and ligation of CD40 [26], while NO was a
major tumoricidal mechanism of macrophages and an immunomodulator of helper T
cell function [33]. HSP interrelated with NO secreted by HSP-activated macro-
phages and DCs also implied the vital roles of HSP in the innate response to the
functions of APCs.

HSP70 was able to cause various immunoregulatory effects. By the pathways
depending on CD14 and intracellular calcium, the releases of IL-1β, IL-6, IL-12, and
TNF-α can be increased after 2 to 4 h post-exposure of APC to exogenous HSP70 in
human monocytes. However, by means of the CD14-independent and calcium-
dependent pathways, only TNF-α showed an increasing release. These suggested
that CD14 may be a potent co-receptor in HSP70-activated pathways [2, 3]. Besides,
GM-CSF, chemokines such as MIP-1, MCP-1, and RANTES showed a significant
release under the stimulation of extracellular HSP70 ([23, 33, 42]). These functions
of HSP70 were derived by binding with high affinity to the plasma membrane and
elicit a rapid intracellular calcium flux. HSP70-mediated pro-inflammatory cytokine
release was modulated by the MyD88/NF-κB pathway and could exploit both TLR2
and TLR4 to accomplish the proinflammatory signal transduction, which was also
CD14-dependent [4].

Recently, a study in the plant showed that the HopBF1 family of bacterial
effectors can phosphorylate and inactivate eukaryotic HPS90 but also mimic
HSP90 client by adopting a protein kinase folding to achieve specificity and hence
cause many disease symptoms, which also indicates HSP90 to be an essential
component of immunity [25].

Thus, HSP can take part in specific immunological functions like inducing the
secretion of proinflammatory cytokines such as NO, IL-1β, IL-6, IL-12, TNF-α,
GM-CSF, and chemokines. These indicate that HSP play an important role in
modulating innate immune system and eliciting inflammatory diseases.
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6 HSP Are Involved in Tumor Proliferation
and Progression

HSP90 is a critical molecular chaperone that could be targeted by an anti-cancer
agent because its client proteins such as HER2 (human epithelial growth factor
receptor 2), EGFR (epithelial growth factor receptor), AKT and RAF1 assisted the
survival, proliferation, and progression of tumors [47].

HSP90 complexed with a human tumor antigen peptide derived from survivin-2B
can induce specific CTLs [49], which could be expected to be a natural activator for
cancer vaccines.

Macrophage migration inhibitory factor (MIF) was also one of the client proteins
of HSP90. MIF was a kind of cancer-promoting proinflammatory cytokine and
performed a central role in the innate immune response in various diseases
[38]. HSP90 could prevent MIF from degradation, and studies in the mouse model
of breast cancer had proved MIF to be a stable client of HSP90 in vivo. In 1997,
Tamura reported a method of tumor immunotherapy with autologous tumor-derived
gp96 and HSP70 [48].

In tumor progression, the secretion of extracellular vesicles (EVs) are often
closely related to HSP. A recent study examined the EV proteome of oral squamous
cell carcinoma (OSCC) cells and found metastatic OSCC cells profoundly secrete
HSP90-rich EVs. Double knockdown of HSP90α and HSP90β can decline the
survival of metastatic OSCC cells. These findings implied that HSP90 level in
EVs may be potential prognostic biomarkers and double targeting of HSP90α and
HSP90β can become a new therapeutic in metastatic OSCC [30]. Moreover, CDC37,
a kinases-specific co-chaperone of HSP90, is also a significant in the release of EV
proteins such as CD9. Therefore, the effect of triple targeting of CDC37, HSP90α
and HSP90β is more anticipating. Tumorigenicity of castration-resistant prostate
cancer (CRPC) was markedly weakened after triple knockdown of CDC37/
HSP90α/ HSP90β [15]. In the case of metastatic oral cancer cells, metastatic oral
cancer-derived EVs transmission into macrophages was also effectively reduced
after triple knockdown of CDC37/ HSP90α/ HSP90β [31]. Besides, three-
dimensional (3D) nano-environment was more close to in-vivo tumor status and
found to promote secretion of HSP90 and EVs [14]. These studies indicate triple
depletion of CDC37/ HSP90α/HSP90β could be a novel therapeutic strategy for
EV-mediated malignancy events.

Apart from HSP90, stress-inducible HSP70 (also called HSP72) is significant in
refolding disrupted proteins, which can furtherly prevent cellular injury, and restore
cellular function [17]. A research found that HSP72 can be applied to predict the
survival of patients in small cell lung cancer (SCLC) by monitoring the different
expression levels of HSP72 in the cells [45]. The cellular expression of HSP72 is
increased by kinds of stimuli like heat, ischemia, cytokines, etc. [36], while low
expression levels of HSP72 in cells of SCLC patients carrying specific HSP72
genotype may suffer a higher risk of carcinogenesis and more rapid progression
than a high expression group [45]. Besides, gene expression of HSP72 were found
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regulated by intracellular MMP3 because of its ability to control transcription
[12, 13].

Thus, targeting the HSP system using the HSP inhibitors could be a considerable
method for anti-tumor treatment. For instance, targeting HSP90 with HSP90 inhib-
itors such as 17-allylamino-17-demethoxygeldanamycin (17-AAG), ganetespib,
AUY922, and retaspimycin provided a pleiotropic and tumor-specific method for
cancer treatment. As for HSP70, various inhibitors targeting different homologous
members can be efficient, such as VER155008, MKT-077, and YK5 targeting the
N-terminal nucleotide-binding domain (NBD) which contains ATPase activity [46].

Hence, the HSP family, including the HSP70 and HSP90 subfamilies, with
specific tumor-related client proteins should be noticed, since they are related to a
variety of functions on tumor proliferation and progression. By using specific
inhibitors, targeting the HSP can become a notable and anticipated method in anti-
tumor treatment.

7 Conclusions

HSP are involved in the modulation of innate immune system. Both microbial and
host HSP are capable of stimulating the activation of macrophages and DCs through
various promoters, receptors, and pathways such as enhancing their antioxidant
defense, activating the toll-like receptors (TLRs) and inducing the production of
proinflammatory cytokines.

HSP can be complexed with peptides and form HSP-peptides complexes, while
HSP-peptides complexes can be taken up and re-presented by APCs such as
macrophages and DCs by MHC class I molecules and induce specific CTL
responses. HSP also engage in the specific immunological function of progress of
protein folding, cytoprotection, antigen presentation, and even tumor proliferation
and progression by different pathways or mechanisms. Further studies on the
functions of HSP are necessary to develop new therapeutics against tumors and
infectious diseases.

HSP-peptides complexes (shown as red spheres with grey cuboid) can be taken
into dendritic cells (DCs) by receptor (shown as a pink sphere)-mediated endocytosis
and re-presented by MHC class I molecules. CD91 is known as a common HSP
receptor on APCs for endocytosis on several HSP members such as HSP70, HSP90,
gp96 and calreticulin. Antigens (shown as grey cuboids) can be cross-presented by
DCs and promote the activation of cytotoxic T lymphocytes especially CD8+ T cells
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Heat Shock Factor 1 and Its Small Molecule
Modulators with Therapeutic Potential

Naibedya Dutta, Koustav Pal, and Mahadeb Pal

Abstract

Introduction Heat shock response (HSR), a crucial component of cellular protein
quality control mechanism has been shown to be deregulated in various protein
conformation diseases such as Parkinson’s disease and cancer. Therefore, heat shock
factor 1 (HSF1), being a master regulator of HSR has been in consideration for
targeting for potential therapeutic intervention of those diseases. Our objective is to
review the literature in the area and sum up the progress in this book chapter.

Methods Pubmed was searched using key words such as heat shock response
(HSR), heat shock factor 1 (HSF1), and small molecule modulators of HSR/HSF1
to select relevant set of publications to assess research progress in the area.

Results Literature showed identification of growing number of small molecule
modulators such as activators and inhibitors of HSF1. Increasing number of studies
has shaded lights on the molecular basis of their actions as well.

Conclusions In this book chapter a brief discussion on our understanding on
cellular HSF1 regulation was made followed by highlighting various small molecule
modulators of HSF1 and their underlying basis of the activities as became available.
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Abbreviations

DBD DNA binding domain
HSE heat shock element
HSF1 heat shock factor 1
HSP heat shock protein
HSR heat shock response
RD regulatory domain
TAD trans activation domain

1 Introduction

Study about the heat shock response has begun in 1962 with an accidental discovery
by a young Italian geneticist Ferruccio Ritossa. He noticed a different type of puffing
pattern in the polytene chromosome of Drosophila larvae, and a rapid synthesis of
new RNA under exposure to an elevated temperature, or dinitrophenol [1, 2]. Later
this phenomenon which known as heat shock response (HSR) has been observed to
be active in all living organism starting from bacteria to human. This conserved
cellular process is orchestrated by a transcription activator, heat shock factor (HSF),
which acts through binding to a sequence motif on its target gene regulatory regions
called heat shock elements (HSE) to control the expression of different molecular
chaperones including those of inducible heat shock proteins (HSP), co-chaperones
and ubiquitin in response to exposure to an increased temperature or any other
condition that will compromise normal structure and function of protein [3]. Notably,
while the HSE unit occurring in different organisms are highly conserved, the HSF
proteins are significantly different in their sizes and structures [4]. In addition, the
number of variants of HSF protein varies from organism to organism with single
HSF in baker’s yeast and fruit fly to six in human.

1.1 Structure and Regulation of HSF1 Activity

HSF1 is a 529 amino acid long protein with ~57kD molecular weight. This is the
most well characterized protein among six member family of heat shock factors in
human. Human genome encodes HSF1, HSF2, HSF4, HSF5, HSFX and HSFY with
some of these expressed only in certain cell type with very specialized function
[5]. In non-stress condition HSP70, HSP90 and TRiC/CCT proteins associate to
stabilize HSF1 in an inactive monomeric state in the cytoplasm [6, 7]. Upon expo-
sure to an activation signal which includes an elevated temperature or hypoxia or any
other proteotoxic stressor, inactive monomeric HSF1 rapidly converted to an active

70 N. Dutta et al.



homotrimeric form which then translocates to the nucleus to bind to an alternately
inverted sequence unit (50-nGAAn-30) in the regulatory region of target genes [8, 9].

HSF1 has four major structural/functional domains implicated in the regulation of
its activity. The best characterized DNA binding domain (DBD), which forms a
looped helix-turn-helix structure spans from aa15 to aa110 in the amino terminal
end. The carboxy terminus of DBD wraps around the DNA. The DNA-HSF1
complex is stabilized by interaction of amphipathic helical region with the hydro-
phobic DNA pockets as well as specific interaction of Arg and Lys residues with the
DNA backbone [5, 46]. The α-helix rich trimerization or oligomerization domain is
located next to the DBD spanning region from aa130 to aa203. Oligomerization
domain named LZ1-3 is divided into two sub-domains, HR-A and HR-B. Upon
activation, the intermolecular hydrophobic interactions between the oligomerization
regions of three HSF1 molecule form an unusual coiled-coil configuration [11]. An
additional hydrophobic region HR-C spanning from aa384 to aa409 as called LZ4,
located between the transactivation domain and regulatory domain and inhibits the
spontaneous oligomerization of HSF1 monomers [12]. The Trans activation domain
(TAD) is localized in the extreme C-terminus of HSF1 (from aa409 to aa529). Like
oligomerization domain TAD is also sub-divided into two regions, TAD1 (spanning
from aa402 to aa420) and TAD2 (spanning from aa431 to aa529) [13]. Acidic
residues present at TAD1 region are responsible for the transcriptional initiation
whereas the hydrophobic residues present at the TAD2 region help in transcriptional
elongation process by recruiting specific transcription factors and chromatin
remodelers [14–16]. The regulatory domain (RD) of HSF1 spanning from aa203
to aa384 is present in between HR-A/B and HR-C regions. RD can sense the heat
stress and subjected to the various forms of post translational modifications for the
complete activation of HSF1. In non-stress condition RD suppress the function of
TAD [17].

For the completion of HSF1 activation cycle, several post translational modifi-
cations including phosphorylation, acetylation, and sumoylation are essential. Acti-
vation of HSF1 is highly dependent on hyper-phosphorylation of specific serine
residues which are present at the regulatory region of HSF1. Different events of
activatory and inhibitory phosphorylations of HSF1 have been identified to date.
Stimulatory phosphorylation events take place at Ser230, Ser419, Thr142, Ser320,
Ser326 positions where as inhibitory phosphorylations occurs at Ser303, Ser307,
Ser363 and Ser121 [18]. Hyper-phosphorylation and the consequence of those
phosphorylations can alter in response to different physiological conditions and
environmental stressors [19]. It was also found that the phosphorylation dependent
sumoylation at Lys298 residue leads to the inhibition of HSF1 transcriptional
activity [20]. Acetylation at Lys80 residue of DBD by p300 negatively regulates
the DNA binding activity of HSF1. Sirtuin 1 or SIRT1, a NAD+ dependent protein
deacetylase helps to maintain the DNA binding competent state of HSF1 by
deacetylation of Lys80 residue [19, 21].

The activation cycle of HSF1 is limited by feedback regulation established by
interaction with chaperons like Hsp70 and Hsp90 to restore the activity to its basal
level. Though it is considered that the sequence of HSF1 activation events are
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universal across different cell lines, some studies indicate the cell line specific
differences of HSF1 activation and the expression of its target gene products.

1.2 Association of HSF1 with Neurodegenerative Diseases

Pathogenesis of most of the neurodegenerative diseases such as Huntington’s and
Parkinson’s disease which affect majorly the older population are linked with
inefficient functioning of protein quality control mechanism associated with HSF1
function. In fact, functions of protein quality control machineries including HSF1 are
progressively reduced with aging. The stability of HSF1 protein was found to be
compromised in these diseases as demonstrated in a number of studies
[5]. Phosphoryltion of distinct serine residues in the regulatory domain of HSF1
through different kinases such as CK2 was linked with Huntington’s disease
[5, 22]. Expressing constitutively active HSF1 could prevent the α-synuclein aggre-
gation mediated loss of dopaminergic neurones in Drosophila [23]. Neuronal pre-
cursor cell expressed developmentally down-regulated protein 4 or NEDD4, an E3
ligase mediated degradation of HSF1 which aggravates α-synucleinopathy, was
shown to be counteracted by pharmacological activation of HSF1 through SIRT1
mediated deacetylation [24]. Activation of HSF1 through SIRT1 mediated
deacetylation was shown to ameliorate Parkinson’s disease developed in mouse
model through induced expression of mutant α-synuclein [25]. Accumulation of
mutant superoxide dismutase 1 (SOD1) aggregation and hyper-phosphorylated TAR
DNA binding protein 43 (TARDBP or TDP43) associate with amyotrophic lateral
sclerosis (ALS). It was observed that HSF1 knockout mice carry increased insoluble
TDP43 aggregates leading to the development of ALS-associated phenotypes
[26]. Aggregation of SOD1 cause oxidative stress and severely affect motor neurons
which can be protected by HSF1 dependent activation of molecular chaperones and
taurine transporter (TauT) [27]. Increased expression of Hsp70 and Hsp25 through
pharmacological activation of HSF1 could remarkably reduce the neuronal loss
caused by the accumulation of toxic β-amyloid peptide’ enhancing spatial memory
in hippocampus and cerebellum region of the brain [28–30]. Activation of protein
chaperons by inducing HSF1 activity facilitated protein refolding and enhancement
of the solubilisation of toxic polyQ proteins [31]. In contrast to a mouse with normal
HSF1 function, an increased level of mutant Huntingtin’s protein correlating with
shorter lifespan was observed in HSF1 deficient mouse model of Huntington’s
disease [32]. Similarly HSF1+/� mouse appear with higher pathogenic polyQ repeat
expansion in androgen receptor which conduct higher neurodegeneration compared
to its genetically unmodified counterpart in spinal and bulbar muscular atrophy
(SBMA) [33]. It is widely documented that upregulation of protein quality control
mechanism by inducing HSF1 activity helped to ameliorate protein misfolding and
associated toxicity in neurodegenerative disease models in cell, fly and animals
[5, 31].
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1.3 Association of HSF1 with Cancer

Molecular chaperones encoded by HSF1 target genes help to stabilize many proteins
needed by cancer cells for their proliferation. Protein chaperones such as HSP90,
stabilizes many oncogenes such as AKT, RAF1, and BCR-ABL [34]. Cancer cells
depend for their survival on a constitutive upregulation of HSF1 activity
[6, 39]. About a decade ago a surprising role of HSF1 in cancer progression has
become apparent revealing that HSF1 mediates expression of genes, independent of
heat shock, that encode many functions such as helping cancer cells in metabolism,
proliferation, cell signalling, and resistance to apoptotic signals in distinct ways
[35]. Independent studies demonstrated a higher level of HSF1 mRNA and protein
expression with slower turnover in different cancer types [36]. MEK which is
activated in cancer cells activates HSF1 though phosphorylation at serine 326.
MEK activation results in many cancer cells due to loss of tumor suppressor
neurofibromin (NF1) [37]. MEK mediated phosphorylation of HSF1 at Ser326
combined with downregulation of tumour suppressor filamin A-interacting protein
1-like (FILIP1 L), which helps in HSF1 stabilization in tumor cells [38–40]. F-box
and tryptophan/aspartic acid (WD) repeat domain-containing 7 (FBXW7), another
tumour suppressor in the class of E3 ligase promotes degradation of HSF1 is
inhibited in various cancer types [22]. HSF1 antagonizes HER2/NEU mediated
cellular senescence to promote malignant transformation [41]. It was also found
that HSF1 is directly associated with activation of oncogenic RAS signalling and
inactivation of tumour suppressor p53 pathway [42, 43]. In HSF1�/� cell line an
impaired p53 ubiquitination pathway was found [43]. Apart from its transcriptional
activation property, HSF1 upon phosphorylation at ser216 by PLK1 promoting
aneuploidy [43]. In cancer cells HSF1 through inhibition of JNK induces
mTORC1 activity to facilitate protein translation and proliferation [44]. Given strong
association with many aspects of cancer cell metabolism, growth and survival, HSF1
has been considered as a promising next generation anticancer therapeutics.

1.4 Small Molecule Modulators of HSF1

1.4.1 Small Molecule Activators of HSF1

Accumulated evidence since last two decades suggest that forceful activation of heat
shock response helps to ameliorate misfolded protein aggregation in various neuro-
degenerative disease conditions [45]. There are several naturally occurring as well as
chemically synthesized small molecule HSF1 activators have been identified which
represent a diverse set of structurally unrelated compounds (Fig. 1).
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1.4.2 Phytochemicals

Celastrol

Celastrol, a triterpene is present majorly in the celastraceae family of plants. It was
first isolated from the root extracts of a very common Chinese medicinal plant
Tripterygium wilfordii. At the beginning of the twentieth century, celastrol was
identified as an antioxidant and anti-inflammatory drug which further established
as a potent neuroprotective agent [47]. Richard Morimoto and his group showed for
the first time that celastrol stimulates HSF1 by disrupting the association between
HSP90 and its co-chaperone CDC37 leading to activation of heat shock response in
different types of human cell lines to maintain cellular protein homeostasis
[48, 49]. Celastrol was shown to induce HSP70 and facilitate the amelioration of
the MPTP induced loss of dopamine concentration in the mice model of Parkinson’s
disease. Celastrol significantly reduced the volume of striatal lesion induced by
3-nitropropionic acid by activating HSF1 in a rat model of Huntington’s
disease [50].

Fig. 1 Structures of natural and synthetic HSF1 activators. (a) Celastrol, Gedunin,
Withaferin A, Resveratrol, Curcumin, Salphoraphane, Coniferyl aldehyde and Azadiradione were
isolated from different plants of Indian or Chinese origin (b) HSF1A, Pyrrolidine dithiocarbamate,
and 2-hydroxy benzylidine acetone are among the most studied synthetic HSF1 activators
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Gedunin

Gedunin, a pentacyclic triterpenoid which has been used in numerous homeopathic
medicine for a long time, is one of the major compound present in Indian medicinal
plant Neem (Azadirachta indica) [51]. It is well known for its anticancer, antifungal,
and antiparasitic activity [52, 53]. Recently it was found that gedunin induces the
HSF1 activity through inhibiting HSP90, a negative regulator of HSF1 activity
[53, 54].

Withaferin A

Withaferin A is a naturally occurring steroidal lactone found mainly in the Indian
plant Withania somnifera. It is a well-known molecule for its anticancer and
neuroprotective activity [55]. By a cell based reporter assay withaferin A was
identified as a HSF1 inducer which leads to the activation of HSR pathway through
inhibiting the function of HSP90 [56, 57].

Curcumin

Curcumin, a biologically active small molecule, has been traditionally used as an
antibacterial and anti-inflammatory agent against wound and inflammation. It was
isolated from Indian medicinal plant Curcuma longa, commonly known as turmeric
[58]. Curcumin induces HSF1 activity by inhibiting HSP90 ATPse activity [59]. Cur-
rently curcumin is under investigation in different clinical trials for its potential
activity against Alzheimer’s disease [60].

Salforaphane

Salphoraphane [1-isothiocyanato-4-(methyl-sulfinyl)butane] is a well-established
anticancer agent majorly found in cruciferous vegetables such as broccoli, cabbages,
and cauliflower [61]. Sulphoraphane was also found as a promising neuroprotective
compound which can significantly reduce the load of β-amyloid peptide deposition
in the mice model of Alzheimer’s disease [62]. It stimulates proteasome activity by
inducing the expression of heat shock proteins, mainly HSP27 to clear the misfolded
protein aggregates formed under proteotoxic stress [63].

Resveratrol

Resveratrol [3,5,40-trihydroxy-trans-stilbene] is a strong antioxidant with potent
anticarcinogenic, neuroprotective, cardio-protective and anti-aging activities
[64]. Resveratrol is found majorly in different fruits which include grapes,
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blueberries, and peanuts. It is found as a potent compound to clear β-amyloid
aggregations by stimulating a NAD+ dependent protein deacetylase SIRT1 activity
on HSF1 function [65, 66].

Coniferyl Aldehyde

Coniferyl aldehyde present in Eucommia ulmoides, a plant used in traditional
medicine in Korea, Japan and China. Treatment with this glucoside stimulates
activating phosphorylation of HSF1 at S326 involving MAP Kinase ERK1/2. An
effect, coniferyl Aldehyde includes enhanced stability of HSF1 protein [67].

Azadiradione

Azadiradione found in the neem (Azadirachta indica) seed extract was shown for the
first time to stimulate HSF1 activity through enhancing the affinity of HSF1 to its
recognition site (HSE) of its target gene promoters. They have identified the heat
shock response inducing activity of Azadiradione by a cell-based reporter assay.
Their study revealed that Azadiradione can significantly ameliorates protein aggre-
gates both in cell line and Droshophila model of PolyQ disease [68]. HSF1 inducing
activity of Azadiradione was shown to be independent of cellular HSP90 and
proteasome functions. Azadiradione was also found to ameliorate Huntington’s
disease in genetic model of mice with the activity correlating with upregulation
HSF1, Ube3a and inducible protein chaperones [69].

1.4.3 Synthetic Compounds

HSF1A

HSF1A is a benzyl pyrazole derivative which can activate HSF1 without inhibiting
HSP90 and proteasome activity. Neef et al. have screened over 10,000 compounds
from a chemical library by a humanized yeast-based high throughput system and
identified HSF1A for the first time as a HSF1 activator to clear the misfolded protein
aggregation load in both animal cell line and Droshoplia model of PolyQ disease.
HSF1A binds and inhibits the activity of TRiC/CCT, one of the negative regulator of
HSF1and disrupt the interaction between TRiC/CCT and HSF1 [7, 70].
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Sulfoxy Thiocarbamate Alkyne

Sulfoxy thiocarbamate alkyne is an another class of synthetic HSF1 activator which
derived from sulforaphane, a naturally occurring HSF1 inducer [71]. It inhibits
HSP90 by modifying specific cysteine residues which inhibits interaction with its
clients [72].

Pyrrolidine Dithiocarbamate

It was identified as a HSF1 inducer by Kim et al. Their results suggested that PDTC,
a known NFkB inhibitor, could induce HSF1 activity due to its pro-oxidant and thiol
group modulating activity [73].

Bis (2-Hydroxybenzylidine) Acetone

Bis-(2-hydroxybenzylidine) acetone, a synthetic derivative of bis-(benzylidine)
acetone causes a robust induction of HSF1 activity through inhibition of HSP90
action via interacting with sulfohydryl group. It is more efficient than compound A1,
a closely related analogue of bis-(benzylidine) acetone [74].

1.4.4 Small Molecule Inhibitors of HSF1

Many research groups have independently come up with different small molecule
inhibitors of HSF1, several of which showed promising therapeutic potential against
cancer. Understanding molecular mechanisms of action of many of these molecules
are currently ongoing as noted in Table 1.

2 Conclusions

HSF1 is an indispensable molecule to maintain optimal proteostatic condition in cell.
HSF1 not only coordinates the transcriptional activation of heat shock proteins but
also found as an important determinant of other cellular processes. As discussed,
beneficial effects of pharmacological activation of HSF1 has been observed in
different disease models such as Hungtington’s disease and Parkinson’s disease.
Because of pro-proliferative/antiapoptotic properties, HSF1 activation as
a therapeutic purpose has to be considered with a caution especially for the popu-
lation with genetic susceptibility to various cancers. On the other hand, identifica-
tion/development of a small molecule with cancer cell specific HSF1 inhibitory
activity which can extinguish oncogenic potential of HSF1 without hampering
cellular HSR can be a plausible approach to fight against cancer.
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Heat Shock Proteins, a Key Modulator
of Neuroinflammation in Alzheimer’s
Disease

Komal Panchal, Vidhi Bhatt, Mahima Raval, and Anand Krishna Tiwari

Abstract

Introduction Heat shock proteins (Hsp) are a key player to maintain protein
homeostasis and folding in neurodegenerative diseases (NDDs) such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), etc. Hsp are
associated with NDs via induction of proper folding of toxic misfolded protein. AD is
the second most common neurodegenerative disease worldwide and is characterized
by accumulation of Aβ42 plaques and hyperphosphorylated tau that results in cogni-
tive decline, neuronal death and affects brain structure. From the last past decade,
several researchers proved that AD is not restricted to the brain, but it also manipu-
lates the immune response and activation of inflammatory cells. AD is the amalgam of
neurobiology and Immunology. One of the core pathologies of AD is
neuroinflammation which activates the innate immune response followed by activa-
tion of microglia (macrophages), a resident immune cell of CNS and astroglia cells.
Amyloid plaques and neurofibrillary tangles activate neuroinflammatory components
such as microglia which further induce the production of a variety of proinflammatory
cytokines, ROS, nitric oxide, eicosanoids, etc. Previous studies have shown that apart
from Hsp molecular chaperone function, it also plays a role in neuroinflammation and
disease-related signaling mechanisms. In here, we aim to summarize the details of
Hsp as a key modulator of neuroinflammation in Alzheimer’s Disease.

Methods The authors reviewed most of the relevant papers of Hsp and their role in
neuroinflammation in AD.

Results Available data suggest that Hsp plays a protective role in
neuroinflammation by acting as an immunomodulator in the central nervous system
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and is also associated with astrocytes in Aβ42 plaques in the brain of AD patients. It
has been demonstrated that several signaling pathways are activated by cytokines
such as TNF-α, INF-γ, IL-1β, etc. in the brain which exacerbates the AD-related
pathologies and overexpression of Hsp decreases the inflammatory cytokines in the
brain and decrease the progression and severity of the disease.

Conclusions Hsp are significantly involved in the modulation of
neuroinflammation via interacting with inflammation-causing molecules and helps
in the prevention of neuroinflammation in AD. It is used as a potential therapeutic
target for the prevention of AD-related pathologies. The supplementation of com-
pounds, known as inducers/co-inducers of Hsp in AD might be one of the potential
therapeutic targets to treat/prolong the AD related pathologies in future. Moreover,
membrane lipid rearrangement and nanoparticle-based therapies are also involved in
decreasing the neuroinflammation via increasing the Hsp level at the site of
neuroinflammation. Thus, apart from the supplementation of drugs to modulate the
Hsp level, the interaction of Hsp with inflammatory cells and their affinity to reduce/
inactivate them should be a more focused area in the case of AD and need to be
extensively studied to get better therapeutic approach to treat the AD.

Keywords Alzheimer’s disease · Astrocytes · Aβ42 plaques · Heat Shock Proteins
(Hsp) · Microglia · Neuroinflammation · Nuclear factor-kappa B · Pro-inflammatory
cytokines · Tau

Abbreviations

17-AAG 17-allylamino-demethoxygeldanamycin
AA arachidonic acid
AAVs adeno-associated viruses
ACD α-crystallin domain
AD Alzheimer’s disease
AP1 activator protein 1
ApoE apolipoprotein E
APP amyloid precursor protein
Appl amyloid precursor protein like
ASK1 apoptosis signal-regulating kinase 1
ATP adenosine triphosphate
Aβ amyloid-β
BACE-1 beta-site amyloid precursor protein cleaving enzyme – 1
BAX Bcl-2-associated X protein
BBB blood brain barrier
Bcl2 B-cell lymphoma 2
CD cluster of differentiation
Clp Casein lytic proteinase
CNS central nervous system
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COX-2 cyclooxygenase-2
CPX cyclooxygenase – 2
CSF cerebrospinal fluid
CTF C-terminal fragment
CTL cytotoxic T lymphocytes
CTR c-terminal region
CvHsp cardiovascular heat shock protein
DAXX death domain associated protein
DHMN2C distal hereditary motor neuropathy 2C
DMPK myotonic dystrophy protein kinase
DNA deoxyribonucleic acid
DPPC dipalmitoyl phosphatidyl choline
EEVD Glu-Glu-Val-Asp (Glu- glutamic acid, Val- Valine, Asp-

Aspartic acid)
eIF4E eukaryotic translation initiation factor
EPF extracellular protein factor
ER endoplasmic reticulum
ERGIC ER-Golgi intermediate compartment
ERK extracellular-signal regulated kinases
FLT3 FMS-like tyrosine kinase-3
GGA Geranylgeranyl acetone
GRP78 glucose-regulated protein 78kD
HD Huntington’s disease
HSE heat shock elements
HSF heat shock factor
Hsp heat shock proteins
HTPG high-temperature protein G
IL interleukins
INF interferone
iNOS inducible nitric oxide synthase
JAK2 Janus kinase
JNK c-Jun N-terminal kinase
kDa kilo Dalton
LPS lipopolysaccharides
MAPK mitogen-activated protein kinase
MCP-1 macrophage chemo-attractant protein-1
M-CSF macrophage colony-stimulating factor
MHC major histocompatibility complex
MIP-1α macrophage inflammatory peptide
MKBP myotonic dystrophy kinase binding protein
MN motor neuron
MS multiple sclerosis
MtUPR mitochondrial related unfolding protein response
Myd88 myeloid differentiation factor 88
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NDDs neurodegenerative diseases
NF-kB nuclear factor-kappa B
NFT neurofibrillary tangles
NO nitric oxide
NOD leucine rich repeat and pyrin containing protein 3 (NLRP3)
NTR N-terminal region
ODF1 outer dense fiber protein 1
PD Parkinson’s disease
PG prostaglandins
PI3K phosphatidylinositol-3-kinase
PP1 protein phosphatase 1
PS presenilin
RAF rapidly accelerated fibrosarcoma
RIP receptor-interacting kinase
ROS reactive oxygen species
SAPK stress-activated kinases
sAPP soluble amyloid precursor protein
sHsp small heat shock protein
STAT-1 signal transducers and activator of transcription-1
TBI traumatic brain injury
TCTEL1 T-complex-associated-testis-expressed 1-like 1
TGF transforming growth factor
TLR toll like receptor
TNF tumor necrosis factor
TRAP tryptophan regulated attenuation protein
WD/EPF domain WD (Tryptophan-aspartic acid (W-D) dipeptide), epf-domain

1 Introduction

Heat Shock Proteins (Hsp), molecular chaperones play a vital role in maintaining
protein homeostasis via proper protein folding, degradation and protein trafficking in
cellular stress conditions such as neuroinflammation, autoimmune diseases, envi-
ronmental stress, brain injury, trauma, ischemia, neurodegenerative disorder, metal
ions, ethanol, anoxia, UV exposer, etc. [1–4]. Hsp also plays a key role in
multiprotein complexes assembly, sorting/transporting proteins into their respective
subcellular compartments, inhibition of cell death and oxidative stress, etc.
[5–8]. They are highly conserved proteins that confer their thermotolerance in all
organisms [9–11]. Hsp were first discovered in the early 1960s by FM Ritossa. He
demonstrated that chromosomal puffs in the salivary gland of the fruit flies were
generated in the response of heat shock in Drosophila busckii [12].

The Hsp has been categorized as large and small Hsp dependent on their
molecular weight [10, 13]. Large ATP has range of 40–110 kDa ATP dependent
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Hsp such as Hsp100, 90, 70, 60, 47, 40 and small, ATP independent Hsp (sHsp)
categorized as Hsp27, HspB5, Hsp20, Hsp22, etc. [10, 13–15]. Among all, Hsp70 is
one of the most studied, conserved and ubiquitously expressed Hsp, present in
archaebacteria to human [16, 17]. Hsp are very well known for its role in immunity
by presenting antigens to the MHC Class I and class II molecule [7, 18, 19]. They
also have anti-cancer properties (mediated by the adaptive and innate immune
system) [19, 20].

The regulation of Hsp gene expression in stress condition is mediated by the
interaction of heat shock factor (HSF) with heat shock elements (HSEs) in the heat
shock protein gene promoter regions in DNA (Fig. 1) [21, 22]. In unstressed
condition, HSF is unable to bind DNA and remains in monomeric molecules and
are bound to Hsp70 and Hsp90 (repressors of HSF) in the cytoplasm [23–25]. When
cellular insults induce cellular stress, Hsp70 and Hsp90 interact with misfolded
protein and subsequently, HSF monomers get dissociated form Hsp90 and Hsp70
(Fig. 1) [26, 27]. HSF gets hyperphosphorylated at several serine residues 230, 326,
and 419 by the mitogen-activated protein kinase (MAPK) subfamilies such as
JNK/SAPK, ERK1, p38 protein kinase, etc. in a ras-dependent manner which pro-
motes its transcriptional activity [26, 28–31]. After phosphorylation HSF forms
trimer structure and translocate from cytoplasm to the nucleus and bind at the
promoter region of Hsp gene on DNA results in robust increase in various Hsp
gene expression such as Hsp70, Hsp60 as well as sHsp27 (Fig. 1) [15, 28, 32, 33].

Fig. 1 Heat shock transcription factor 1 (HSF1) activates Hsp expression. The above sche-
matic diagram shows that in normal conditions, HSF-1 is in monomeric inactive form in the
cytoplasm and Hsp70 and Hsp90 remain bounded with HSF-1 and blocking its transcriptional
activity. Under stress conditions, misfolded proteins are formed which binds to Hsp70 and Hsp90
and triggers the detachment of it from the HSF-1. HSF-1 forms a phosphorylated trimer structure in
the cytoplasm and translates to the nucleus and binds to specific heat shock elements (HSE)
sequences on DNA and activates Hsp such as Hsp70, Hsp60, Hsp27 etc. genes transcription
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1.1 Large Heat Shock Proteins (40-110 kDa) [ATP
Dependent]

As mentioned above, ATP dependent large Hsp are high molecular weight Hsp
ranging from 40 to 110 kDa includes Hsp100, 90, 70, 60, 47, 40 kDa (Table 1).

1.1.1 Hsp40

Hsp40 (DnaJ) has 40 kDa molecular weight and mostly present in the cytosol and
endoplasmic reticulum (ER) [41, 42]. It has three types such as type I, type II and
type III [141]. All three types of 40 contain J-domain made up of 70 amino acid
residues located on N-terminal in Hsp40 types I and II and at any position in the case
of type III [37, 40]. The C-terminal domain of type I and type II Hsp40 has a peptide-
binding domain [141, 142]. They are bind to the non-native protein and induce
protein folding by acting as cochaperones of Hsp70 [141, 143, 144]. Hsp40 and
Hsp70 are the members of the DnaJ-like family which make transient complexes
with non-native polypeptides results in protein folding, protein assembly, transport
and degradation [56, 160, 333]. Hsp40 type I also known as DnaJ (E.coli), Ydj1
(Yeast) and Hdj2 (Human), all these contain middle two Zinc-finger motifs but it is
absent in Hsp40 type II such as Sis1 (yeast) and Hdj1 (human) (Table 1) ([34, 35].

1.1.2 Hsp47

Hsp47 (Serpin H1) is 47 kDa molecular weight glycoprotein located in ER as well as
cytoplasm [47, 52, 145]. This is a collagen specific chaperon mostly expressed in
type I procollagen expressing cells and play a vital role in collagen synthesis [46, 48,
49]. Hsp47 belongs to the serpin family and possesses a serpin loop without serine
protease inhibitory activity (Table 1) [145, 146]. It is induced by heat shock and
shows the interaction with collagens I, II, III, IV and V [45, 47, 147]. It dissociates
from the cis/ER-Golgi intermediate compartment region (ERGIC) after binding with
procollagen in the ER. It is bind with procollagen with the help of collagenous
repeats (Gly-Xaa-Arg) present on triple-helical procollagen results in inhibition of
premature aggregation of procollagen [1, 49, 145, 148]. The previous study demon-
strated that knockdown of Hsp47 causes collagen related genetic diseases like
osteogenesis imperfect. It is expressed in the case of atherosclerosis involve in the
proper folding of procollagen [50, 51, 147].

1.1.3 Hsp60

Hsp60 is a 60 kDa molecular weight containing prototypic molecular chaperone
abundantly present in bacterial and eukaryotic cells [16]. It is located in
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mitochondria [36, 64]. It forms a football like crystal structure with an oligomer
composed of monomer arranged in two stacked heptameric rings [65, 149]. GroEL is
one of the most studied family among all chaperons, E. coli. Hsp60
[150, 151]. Hsp60 has a barrel-like structure and can entrap 50 kDa of proteins
(Table 1) [62, 152]. Its capacity increases when the co-chaperone GroEL comes into
picture which works for closing the structure [62]. This group of proteins shares
similarities with other families in terms of the ATP-mediated protein folding mech-
anism [153, 154]. It is also known as a mitochondrial chaperonin protein because it
induces proper folding of nuclear-encoded protein which is imported into the
mitochondria with the help of co-chaperonin Hsp10 [53, 56, 63]. Thus, it is impor-
tant for maintaining mitochondria protein homeostasis [64, 155, 156]. Apart from
mitochondria, it is also present in cytosol, nucleus, extracellular space, intracellular
vesicles, etc. [54, 55, 57–59]. Hsp60 act as moon lightning protein as it performs
multiple functions apart from protein folding, the non-folding functions such as cell-
signaling molecule, in the immune system, act as a receptor for several ligands, etc.
[60, 61].

1.1.4 Hsp70

This family of heat shock proteins has 70 kDa molecular weight and they are most
studied chaperons among all which are involved in the protein folding, protein
assembly, protein refolding and interacts with other proteins to achieve proper
folding in case of stressed conditions [70, 71, 75]. It has ATP-mediated chaperone
activity as it relies on ATP for conformational changes and subsequently proper
protein folding [75]. There are 13 members of Hsp70 present in humans
i.e. HspA1A, HspA1B, HspA1L, HspA2, HspA3, HspA4, HspA5, HspA5BP1,
HspA6, HspA7, HspA8, HspA9B and HspA10 [2, 73, 157, 158]. These Hsp are
universally conserved shows high structural similarity [159, 160]. It is made up of
640 amino acid residues with two main domains such as the N-terminal ATPase
domain and the C-terminal domain which is divided in two parts such as peptide-
binding domain and a Glu-Glu-Val-Asp (EEVD) regulatory motif [66, 68, 76]. The
N-terminal ATPase domain binds to ATP and hydrolyzes it while the C-terminal
domain binds with the client protein and refold the non-native polypeptides
[68, 76]. They are ubiquitously present in the cell such as cytoplasm, nucleus,
mitochondria, ER, etc. (Table 1) [67, 69, 73, 77]. Partner proteins such as Hsp40,
Hsp100 and nucleotide exchange factors involved in the Hsp70 mechanism
[158, 161]. These co-chaperones have J domain made up of long helical hairpin
formed by ~70 residues along with a flexible loop and a conserved His-Pro-Asp
motif and is required for the ATP hydrolysis by Hsp70 [76, 162]. Hsp70 also
exhibits its protein folding and unfolding function by interacting with other chaper-
ones such as Hsp40, Hsp60 chaperonins, Hsp90, small heat shock proteins and
Hsp100 AAA+ [36, 72, 74, 77].
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1.1.5 Hsp90

Hsp90 belongs to the family of molecular chaperones with 90 kD molecular weight
of proteins [86]. Hsp90 family members are encoded by 17 known genes in humans
[86, 156]. The Hsp90 family exhibits 4 different classes: Hsp90A (cytosolic),
Hsp90B (ER) and TRAP (Tryptophan Regulated Attenuation Protein) (mitochon-
dria) and isoforms are known to localize to the mitochondria, chloroplasts, cytosol,
nucleoplasm and ER (Table 1) [163–165]. The structure of Hsp90 contains
homodimer and three flexibly linked regions such as a N-terminal ATP-binding
domain, a central domain, and a C-terminal dimerization domain [84, 166]. The
different members of the family identified by its functions and its subcellular
localization. Hsp90A and Hsp90B present in all eukaryotes whereas High-temper-
ature protein G (HTPG), TRAP and Hsp90C occur only in Animalia, Bacteria and
Plantae respectively [163]. Hsp90A is duplicated into Hsp90AA and Hsp90AB in
vertebrates and Hsp90C duplicated into Hsp90C1 and Hsp90C2 in higher plants
[167]. It is an ATP-dependent chaperone that changes its conformation with ATP
triggering and binds to unfolded and folded proteins and induce proper protein
folding [10, 168]. It has a conserved function in protein folding and signal trans-
duction [79, 169].

1.1.6 Hsp100

Hsp100 protein has a molecular weight of 100 kDa also known as Casein lytic
proteinase (Clp) and is located in the cytoplasm and present in bacteria, yeast, plants,
humans and animals [91, 170]. The most studied Hsp100 family chaperons are
bacterial ClpB and yeast Hsp104 (Table 1) [91, 171]. This family plays a crucial
role in resolubilizing aggregated protein with the help of co-chaperones Hsp40,
Hsp70 and Hsp90 [91, 172]. Hsp100 chaperones are members of AAA+ ATPases, a
super large family of energy-driven conformational “machines” [173]. They form
large hexameric structures in the presence of ATP and possess unfoldase activity
[92, 174]. The structure of Hsp100 contains a highly mobile N-terminal domain that
helps in substrate recruitment, two different conserved AAA1, and 2AAA+ ATPase
domains and a coiled-coil middle regulatory domain which forms a belt around the
AAA1 tier [94, 175]. In yeast, disaggregates the protein plaques were first studied
with Hsp104 chaperons by Lindquist and coworkers [91, 176, 177]. Moreover, the
bacterial ClpB is homologous of yeast Hsp104 which reactivates the aggregate
proteins with the help of the DnaK/DnaJ/GrpE system [91, 178]. So, these unique
properties of Hsp100 make it unique from conventional molecular chaperones that
cannot reactivate the protein so efficiently like Hsp100 [91]. Moreover, Hsp110 is
located in the cytosol and nucleus and help in the proper folding of proteins folding
in stress condition with co-chaperone Hsp70 or Glucose-regulated protein 78
(GRP78) [10, 179].
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1.2 Small Heat Shock Proteins (sHsp) [ATP Independent]

Small heat shock proteins (sHsp) are present ubiquitously and are ATP-independent
molecular chaperones [124, 180]. They have a molecular weight between 12 and
30 kDa, with a core conserved α-crystallin domain (ACD) flanked by variable N-
and C-terminal domains [124, 181, 182]. sHsp have a more confined mode of action
than other Hsp such as they have a large binding capacity and can efficiently bind to
the non-native proteins from peptides to large-size proteins to prevent their aggre-
gation irreversibly [124]. sHsp perform multiple cellular functions including protein
refolding and degradation [183].

Apart from protein folding, sHsp also act as anti-apoptotic, anti-inflammatory,
neuroprotective agents [184, 185]. sHsp distributed in the different tissues and
specific cell types results in cell survival under stress conditions [186, 187]. There
are two classes of sHsp such as class I and class II. Class I sHsp includes Hsp27
(HspB1), αB-crystallin (HspB5), Hsp20 and Hsp22 (α-crystallin C) and class II sHsp
includes HspB2, HspB3, αA-crystallin (HspB4), HspB7, HspB9 and HspB10
(Table 1) [186, 188, 189]. Class I sHsp express ubiquitously whereas the Class II
sHsp are primarily expressed in myogenic and testicular lineages [190].

1.2.1 Class I sHsp

Class I sHsp includes Hsp27 (HspB1), HspB5 (αB-crystallin), Hsp20 (α-crystallin)
and Hsp22 (α-crystallin C) (Table 1).

1.2.2 Hsp27 (HspB1)

Hsp27 has a molecular weight of 22.8 kDa and express ubiquitously but mainly
expressed in cardiac, skeletal, smooth muscles (Table 1) [98, 191]. It is a redox-
sensitive molecular chaperone and has a homologous highly conserved α-crystallin
domain near the C-terminus and N-terminus consists WD/EPF domain ([99, 186,
192]. Activation of Hsp27 activated by phosphorylation in unphosphorylated olig-
omer which contains Ser-15, Ser-78 and Ser-82 sites for phosphorylation
[193, 194]. It induces proper protein folding and inhibits the aggregation of toxic
protein in the stress condition [195, 196]. The previous studies have shown that
phosphorylation of Hsp27 causes conformation changes and suppress kinases and
inhibits the growth of hepatocellular carcinoma [100]. Further, unphosphorylated
Hsp27 (HspB1) regulates translation initiation via a direct association with eIF4E in
osteoblast [98]. Hsp27 acts as an anti-oxidant agent in oxidative stress conditions by
lowering the intracellular ROS level [197–199]. The previous study by Charette
et al. [200] has shown that Hsp27 also acts as an anti-apoptotic agent and prevents
Fas-FasL mediated apoptosis via binding to Death domain associated protein
(DAXX) and prevent the binding of Apoptosis signal regulating kinase 1 (ASK1)
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to DAXX ([199, 201]. It also inhibits the mitochondrial-dependent apoptosis by
binding to the Bax and cytochrome c [202, 203]. Additionally, it is an actin capping
protein and helps in the regulation of actin cytoskeletal by promoting actin poly-
merization [96, 204, 205].

1.2.3 HspB5 (αB-crystallin)

HspB5 is also known as αB-crystallin and has ~20 kDa molecular weight. It has a
monomeric structure containing three regions such as α-crystallin domain (ACD)
(a conserved central domain), the flanking N-terminal region (NTR) and the
C-terminal region (CTR) (Table 1) [43, 206, 207]. It is mostly expressed in the
eye lens but is also present in the brain, skeletal and cardiac muscles [206, 208]. It
has chaperonin activity that promotes protein refolding and degradation and also
participates in cytoskeletal remodeling in stress conditions as well as during devel-
opment [43, 101]. It assists ATP dependent Hsp70 chaperone in protein folding and
degradation via the ubiquitin-proteasome and autophagic lysosomal pathways
[103]. In stress conditions such as oxidative stress, heat shock and ischemia, it
regulates the apoptosis in the cells [97, 104]. HspB5 acts as an anti-apoptotic
agent, binds to procaspase-3, p53 and Bax which inhibits their translocation to the
mitochondria and results in a decrease in apoptosis [97]. Moreover, it also blocks the
RAF/MEK/ERK signaling pathway, BAX, Bcl-2 mitochondrial translocation and
inhibits caspase-3 maturation in the cells [209, 210].

1.2.4 Hsp20 (α-crystallin)

The Hsp20 also known as α-crystallin, has molecular mass ~ 20 kDa with conserved
100 residues C terminal domain (Table 1) [107, 109, 211]. It is also known as
HspB6, a small heat shock protein family that includes 10 members such as HspB1-
B10 with 15–30 kDa molecular mass and protects the cell in stress conditions
[33, 212]. Hsp20 has a homodimer structure formed by a combined groove at the
interface via extending a beta-sheet and the shared groove contains two symmetry-
related C-terminal extensions with peptide in polyproline II conformation
[107, 213]. It is evolutionarily related to alpha-crystallin, an abundant constituent
of eye lenses of vertebrate species and plays a key role in the correction of the
refractive index of the lens [3, 129]. Hsp20 is abundantly present in the cytoplasm,
mammalian heart, skeletal and various muscle cells [35, 38, 185, 207]. It has a role in
protection of heart from endotoxin-induced myocardial dysfunction, myocardial
ischemia/reperfusion (I/R) injury via inhibition of Akt, Bax, α-actin, NF-kβ,
ASK1, etc. [212, 214, 215]. It also plays a key role in platelet aggregation inhibition
and acts as a negative regulator of type 1 protein phosphatase (PP1) (a negative
regulator of cardiac function) activity in the heart [38, 106].
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1.2.5 Hsp22 (α-crystallin C)

Hsp22 has a molecular weight of ~20 kDa which is involved in the aging process
[46, 216]. It contains a conservative alpha-crystallin domain at C-terminal and
present in the cytoplasm, nucleus and mitochondria (Table 1) [32, 112, 217–
219]. It is also present in the heart, skeletal and smooth muscle and brain along
with prostate, lung, and kidney in some extent [110, 220–223]. Apart from aging, it
plays a role in cardiac hypertrophy, cell proliferation, apoptosis, and carcinogenesis
[146, 224, 225]. In aging, particularly the expression of Hsp22 was increased
[216, 226]. In Drosophila, it is expressed during the metamorphosis of larvae to
pupa development [216, 227]. It is also involved in increasing the lifespan of fly
probably via histone deacetylation by Hsp22 [82, 111]. Together, the upregulation of
Hsp22 shows a helpful effect in aging and also used as a biomarker for aging which
indicates stress and improper homeostasis [216, 228]. The previous study by Tower
et al. [229] has shown that Hsp22 decreases the adverse effect of aging via reducing
mitochondrial metabolism. InDrosophila, it has been reported that Hsp22 alter some
gene expressions, protein translation and shows a beneficial effect in maintaining
mitochondrial structure and integrity during aging and oxidative stress condition
[216, 230, 231]. Hsp22 is also involved in the mitochondrial related unfolding
protein response (mtUPR) (a response against protein misfolding in mitochondria)
with the help of Hsp60 and mitochondrial Hsp70 [231, 232]. During protein
misfolding in mitochondria, Hsp22 decreases the ROS production, increases the
lifespan, and enhance mtUPR signaling along with mitochondrial and nuclear
signaling [114, 223, 233].

1.2.6 Class II sHsp

Class II sHsp includes HspB2, HspB3, HspB4 (αA-crystallin), HspB7, HspB9 &
HspB10 (Table 1).

1.2.7 HspB2

HspB2 is a new member of the sHsp family with ~20.3 molecular weight and also
known as Myotonic Dystrophy Kinase Binding Protein (MKBP), expressed mostly
in the heart and skeletal muscles [118, 121]. It is present in the nucleus, cytoplasm
and mitochondria [118, 122] and contains a conservative alpha-crystallin domain at
the C-terminal part of the molecule (Table 1) [123, 124]. It is associated with
Myotonic Dystrophy Protein Kinase (DMPK), a serine/threonine-protein kinase
and maintains muscle structure and function [120, 234]. The previous study by
Prabhu et al. [120] has shown that HspB2 exhibits molecular chaperone activity by
inhibiting the aggregation of Aβ42.
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1.2.8 HspB3

HspB3 (Heat Shock Protein Family B (small) Member 3) is sHsp27 like the smallest
sHsp protein with 17 kDa monomeric mass and shows high sequence homology
with HspB1 [126, 207]. It lacks a flexible extension of the C-terminal structure
(Table 1) [123, 125]. It is localized in the spinal cord, brain cortex and nerves of
chicken, mouse and human [119, 235]. HspB3 is linked to neurological and mus-
cular diseases in humans and helps in MNs survival [235, 236]. It shows chaperone-
like activity with the help of yeast alcohol dehydrogenase [237]. The mutation of
HspB3 associated with distal hereditary motor neuropathy 2C (dHMN2C) [43, 217,
238]. It is associated with HspB2 in the heart. The previous study by [123] has
shown that the crystal structure of a tetrameric heterocomplex of HspB2/HspB3
found in muscle cells.

1.2.9 HspB4 (αA-crystallin)

HspB4 has ~20 kDa molecular weight and mainly expressed in eye ocular lens along
with spleen and thymus in some amount [130, 239]. It produces from the duplication
process of an ancestral α-crystallin gene and exhibits 57% amino acid sequence
homology with HspB5 αB crystallin [207, 240]. It has 90 amino acid long
α-crystallin domain (ACD) flanked by a variable hydrophilic C-terminal domain
and hydrophobic N-terminal domain [129]. It acts as a molecular chaperone, possess
anti-apoptotic activity and helps in proper substrate protein folding (Table 1)
[128, 130].

1.2.10 HspB7

HspB7 is a member of the sHspB family which heterodimerize with other similar
Hsp (Table 1) [97, 134]. It is made up of 170 amino acids with 18.6 kDa molecular
mass and mostly expresses in the heart [131, 135] and also known as cardiovascular
heat shock protein (cvHsp). It facilitates sarcomeric proteostasis with the help of
Filamin C and Titin [134, 136]. It is mainly present in the nucleus, cajal body,
cytoplasm, developing and adult heart [131, 132, 136]. Mutation of this gene results
in heart failure, renal carcinoma, induction of autophagic pathways etc. [241–
243]. The function of this gene includes tumor suppression in the p53 pathway,
cardiac morphogenesis along with left-right asymmetry and thin filament structural
regulation [133, 135]. The previous study by Wu et al. [244] has shown that HspB7
decreases the polyQ aggregation by its unique N-terminal domain by binding with
the HspB1 alpha-crystallin domain.
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1.2.11 HspB9 & HspB10

HspB9 & HspB10 are the members of sHsp family B also known as Cancer/testis
antigen 51 (CT51) [140, 245]. HspB9 has 17.5 kDa molecular mass and a contin-
uous open reading frame encoding a protein of 159 residues [102, 139]. HspB10 is
also known as outer dense fiber protein 1 (ODF1) [138, 139] and has 27 kDa
molecular mass with C terminal tail like keratins with high content of cysteine
(Table 1) [139, 194]. These two Hsp are the testis-specific expressed sHsp
[101, 139]. HspB10 mostly found in sperm tail and also localized in the nucleus,
cytoplasm and tumor cells [243, 246]. Both Hsp response to environmental heat
stress conditions [139]. HspB10 plays a key structural role in the sperm tail (Table 1)
[243, 247]. The previous study has shown that HspB10 interacts with the T-com-
plex-associated-testis-expressed 1-like 1 (TCTEL1) gene in spermatogenesis
[139]. HspB9 and B10 expression gradually increases with the age and remain
constant after sexual maturity [139]. HspB9 expressed in spermatogonia, spermato-
cytes, round spermatids and interact with the TCTEL1 gene in spermatogenesis.
HspB10 expressed in elongated spermatids [102, 139].

1.3 Neuroinflammation in Alzheimer’s Disease

Inflammation is a biological response of body tissue that can be triggered by various
factors such as injury, injured cells, pathogen attack, exposure to toxic compounds,
etc. [248–250]. Neuroinflammation is the inflammation of central nervous system
(CNS) and is characterized by activation of glial cells, release of cytokines chemokines
and infiltration of blood cells to the brain parenchyma [251–255]. The
neuroinflammation response is induced by microglia, astrocytes, neutrophils, mast
cells, macrophages, lymphocytes, etc. (Fig. 2) [256–258]. During neuroinflammation
condition, activated microglia, astrocytes, macrophage and lymphocytes releases the
inflammatory mediators such as pro-inflammatory cytokines interleukin-1β (IL-1β),
IL-6, and Tumor necrosis factor-α (TNF-α), ROS, macrophage chemo-attractant
protein-1 (MCP-1), neurotransmitters, pro-inflammatory enzymes such as
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), etc. (Fig. 2)
[252, 255].

Further in the CNS, microglia and astrocytes are the two main types of cells
involved in the inflammatory response [252, 250]. Microglial cells are a type of
macrophage and predominantly found in CNS. Approximately 10% of these cells
play a vital role in regeneration, neuronal plasticity, neurogenesis and mounting the
immune response in case of injury to the brain [252, 253]. The astrocytes are the
abundant glial cells that are crucial for homeostasis of the brain, and help for
synaptic plasticity/synapse formation, regulate neurotransmitters and ion balance
extracellularly [260, 261].

Neuroinflammation plays an important role in neurodegenerative diseases
(NDDs) such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Multiple
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sclerosis (MS) and Huntington’s disease (HD) [252, 259]. These NDDs are corre-
lated to high levels of pro-inflammatory cytokines [252, 259, 262]. AD is a neuro-
degenerative disease and the most common cause of mental deterioration in elderly
people. It is classified as a type of dementia that was first discovered by Alois
Alzheimer in 1907 [263, 264]. Two main neuropathological hallmarks of AD are
extracellular peptide aggregates of senile plaques; mainly composed of amyloid-β
(Aβ) peptides and formation of intracellular neurofibrillary tangles (NFT) associated
with tau protein (microtubule-binding protein) [85, 252, 265–267]. In non-disease
condition, amyloid precursor protein (APP) is a transmembrane protein cleaved by

Fig. 2 Neuroinflammation in Alzheimer’s disease. Schematic diagram showing various
neuroinflammatory mechanisms involved in AD, such as cytokines, TLR receptors and other
proteins on amyloid beta (Aβ) production leading to Alzheimer’s disease (AD). (1) Neuropil
destruction and Aβ aggregates activate the microglial cells which further releases cytokines
(IL-1β, IL-6, TNF-α) that promotes an increase in Aβ plaques aggregation. (2) Hyperphosphorylated
Tau also activates microglial cells, astrocyte cells and release various cytokines that increase the Aβ
plaque formation. (3) Activated microglial also interacts with Aβ peptides using receptors such as-
TLR-2, TLR-4, TLR-6, TLR-9, CD-14, CD-36 and CD-47, thus increasing ROS levels. (4) NFκB a
transcription factor when activated in the presence of ApoE-ε4, upregulates APP and BACE-1
protein production. This further increases Aβ production in AD. (5) Hyperphosphorylated Tau and
Aβ plaques stimulate the release of pro/anti-inflammatory factors such as- TNF-α, TNF-β, IL-1β,
IL-6, IL-10, and IL-18. These inflammatory factors cross the blood brain barrier and activate the
lymphocytes and monocytes leading to the upregulation of Cytokines (IL-1β, Il-6, TNF-α) and
promote Aβ depositions. (6) In the case of neuroinflammation, TNF-α, IFN- γ levels are increased
and this leads to Aβ production and eventually AD and neuronal death
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non-amyloidogenic pathway in which it is cleaved by α- and γ- secretases and
generates large, soluble, secreted fragments (sAPPα and sAPPγ) along with
membrane-associated C-terminal fragments (CTFs) [268, 269]. APP has two
isoforms amyloid precursor-like protein 1 (APLP1) and amyloid precursor protein
2 (APLP2) in humans and in flies (Drosophila melanogaster) it is present as Appl
[266]. In AD, APP is cleaved by the amyloidogenic pathway via β and γ-secretase at
the extracellular domain produces two insoluble Aβ42 fragments [268, 269]. Amyloid
plaques are predominantly found in the basal forebrain and spread to the cortex;
which are associated with sensory or motor areas of the brain [270, 271]. Thus, this
concludes that Aβ42 plaques and NFTs along with microglial activation plays an
important role in neuroinflammation in neurodegeneration [252, 272].

Disclosing evidence recommends that inflammatory response contributes to the
progression of AD, accelerating the course of the disease [273]. During inflamma-
tion process, glial cells like astrocytes and microglia release cytokines such as IL-1β
and IL-12 and these are related to the progression of AD pathology (Fig. 2)
[262, 274, 275] Aβ plaques and neurofibrillary tangles present in the brain are
known to activate inflammatory cells such as astrocytes, microglia and tissue levels
of pro and anti-inflammatory mediators like cytokines and chemokines [276]. These
inflammatory molecules and mediators are associated with Aβ42 plaque aggregation
in the brain [273, 276]. This release of mediators activate monocytes and lympho-
cytes through the blood-brain barrier (BBB, the barrier between blood and brain
which are composed of endothelial cells, astrocytic end-feet and pericytes) along
with activation of microglia, improve their proliferation and releases more inflam-
matory factors (Fig. 2) [252, 273, 277]. Activated microglial cells and reactive
oxygen species (ROS) contribute to the loss of neurons, apolipoprotein E (ApoE)
and nuclear factor-kβ (NF-kβ) as they all are involved in the inflammatory process
related to AD (Fig. 2) [278].

Microglia and astrocytes contribute to a pivotal role in the inflammatory response
in the AD brain [279]. Microglia interacts with Aβ peptide to produce ROS and other
inflammatory mediators such as cytokines and chemokines; these are known to
cause damage to the neuronal cells [278, 279]. NFk-B is a well-studied transcription
factor and located in the cytoplasm, is responsible for the regulation of cytokine-
producing genes [280]. The production of different inflammatory mediators is
enhanced when activated NF-kB enters the nucleus. Several molecules can activate
NFk-B such as TNFα, Aβ, and secreted APP [278, 281]. APP and BACE-1 levels are
increased when NF-kB is activated which increases the production of Aβ
[224, 278]. Recent studies have demonstrated that in the presence of apolipoprotein
E4 (APOE e4) NF-kB levels were increased; also, Aβ peptides increases APOE
production via NFk-B dependent pathway [224, 278]. Cytokine production is
associated with TNF and by T-lymphocytes and activated microglia
[282, 283]. Transforming Growth Factor-β (TGF-β) is an inflammation regulator
[274] and is known to have pro-apoptotic and anti-apoptotic effects [283, 284]. In
the AD brain, TNF-ɑ has also been shown to have a neuroprotective role. Further,
cytokines have a vital role in AD [283, 284]. An interaction of chemokines and
cytokines with Aβ was shown recently in an in-vitro study. It showed that Aβ
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production and APP processing can be regulated by TNF-α [283, 284]. In the
cerebrospinal fluid (CSF) of AD patient’s brains; increased TGF-β was correlated
with amyloid plaques aggregates. So, in a way cytokine plays a dual role in
AD. Another known inflammatory regulator in the case of neuroinflammation is
the IL12 and IL-23. Pathway of IL-12/IL-23 attenuates the pathologies of AD
[274, 285]. It has been shown that in AD patients IL-12p40 subunit and its receptor
activity was decreased due to cognitive deficits, this study also found that in CSF of
AD patients IL-12p40 concentration was increased. In a deletion study of
AD-related deficits, behavioral deficits in APP/PS1 mice and altered synaptic integ-
rity was shown to be triggered by anti-inflammatory cytokine IL-10
[274, 286]. Chakrabarty et al. [287] have shown that in APP transgenic mouse
model, there was an increased amyloid aggregation, synaptic alterations, behavioral
deficits and impaired microglial phagocytosis of Aβ when IL-10 levels were
up-regulated by using adeno-associated viruses (AAVs) [274, 287].

An important source of cytokines is microglia and astrocytes in AD. Thus,
cytokines are the most important aspects of neuroinflammation [253]. The anti-
inflammatory and pro-inflammatory processes are started as a result of the response
of microglia to the aggregation of Aβ42 plaques, chemoattraction and neuronal
injury [253, 288]. Immunohistochemistry studies proved that AD trigger
neuroinflammatory components in the presence of activated microglia that further
express major histocompatibility complex (MHC) and releases the pro-inflammatory
mediators such as inflammatory cytokines which are associated with amyloid
plaques in AD patient’s brain [289, 290]. Microglial cells have an important
functions in the brain that tend to protect and support the neurons and neuronal
survival [251, 273, 289].

The neuropil destruction process in AD patient’s triggers microglial activity as
per clinical studies [291, 292]. In an in-vitro study, Aβ peptide generated an
inflammatory type response concerning fibrillar Aβ, and they can bind to comple-
ment factor-C and activate the complementary pathway in an antibody independent
fashion [276]. Genetics and epidemiological studies showed positive signs that
inflammatory mechanisms are involved in the AD [293, 294]. Also, these studies
point out the linkage of polymorphisms of plaques with pro-inflammatory cytokines
i.e., acute-phase proteins [α1-antichymotrypsin], IL-1, IL-6, and TNF-α are risk
factors in AD [276, 295, 296]. AD pathogenesis was closely tied to IL-1 in the case
of neuroinflammation [297]. Increased expression of IL-1 by microglia was seen in
amyloidal plaques’ surroundings. Thus IL-1 was associated with AD pathogenesis
[277, 297].

In AD patients before neuropil destruction, microglial activation was found to
take place in neuropathological and neuroradiological studies [276, 292]. Microglia
and astrocytes were related to Aβ aggregation as per mammalian associated studies.
Moreover, β-secretase activity was found to be increased due to cytokines in
inflammatory conditions, this result was found in correlation with increased Aβ
aggregation too [252, 298]. The inflammatory reactions in AD take place with the
help of receptors, such as class A scavenger receptor A1, a6β1 integrin, toll-like
receptors i.e toll-like receptors 2 (TLR2), TLR4, TLR6 and TLR9 and CD14, CD47,
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CD36 [210, 299, 300]. Using this mechanism, microglial cells bind to Aβ fibrils and
soluble amyloid β (Aβ) oligomers [253, 301].

Inefficient removal of Aβ is identified with AD sporadic cases. Downregulation
of Aβ phagocytosis receptors leads to increased levels of cytokine which causes the
relative loss of microglial phagocytic capacity [258, 302]. Early response in AD is
represented by astroglial atrophy that has further effects on synaptic connections. In
synaptic transmission astrocytes predominantly contribute to cognitive defects as per
animal model studies [303–305]. Also, cytokines, cytotoxic molecules, nitric oxide
and interleukins are released by microglia and astrocytes cells when exposed to Aβ
aggregates, thus, increasing the neuroinflammation in the brain [258]. Astrocytes can
increase the microglial activity by lipidation and require ApoE60 for the removal of
Aβ [258, 306]. Thus, astrocytes play an important role in the degradation of Aβ.
While adult astrocytes increase the production of Aβ-degrading proteases like
insulin-degrading enzyme, neprilysin, angiotensin-converting enzyme-1 (ACE-1)
and endothelin-converting enzyme-2 [258].

In a wider aspect multiple factors such as anti and pro-inflammation, neuronal
injury, microglia cells aggregation are associated to cytokine production in presence
of Aβ peptides, for example, one such study pointed out the increase in production of
pro-inflammatory cytokines (i.e., pro-IL-1α, IL-6, TNF-α), macrophage inflamma-
tory peptide (MIP-1α) and macrophage colony-stimulating factor (M-CSF) due to
the exposure of microglia to pre-aggregated Aβ42 [258, 307].

1.4 Hsp and Its Biological Role in Neuroinflammation

As mentioned above, Hsp are evolutionarily conserved proteins that expressed in
various stress conditions and helps in protein homeostasis by promoting proper
protein folding, protein assembly and degradation [134, 308]. Apart from chaperone
activity, they play a vital role in neuroinflammation [184, 186, 309, 310]. Heat shock
responses (HSR) are triggered due to various cellular stress such as thermal shock,
heavy metals, oxidative stress (ROS), etc. [184, 311, 312]. The neuroprotective role
of Hsp in the nervous system was first described by [313]. They have shown that in
thermal stress conditions, extracellular Hsp migrates from glial cells to neurons in
the squid model [190]. Additionally, [314] have also demonstrated Hsp translocation
as human glioblastoma cells secrets HspA1 in heat stress condition that is taken up
by the human neuroblastoma cells [315]. HspA1 exerts its anti-apoptotic activity in
neuroblastoma cells and decreases cell death in neurons [314, 315].

Several studies have demonstrated that apart from chaperone activity, Hsp plays
an important role in the prevention of neuroinflammation in various neurodegener-
ative disease conditions [116, 184]. Hsp are involved in the regulation of
neuroinflammation by modulating the expression of pro-inflammatory genes but
the detailed study on the role of Hsp in neuroinflammation is still elusive. Hsp has a
key role in antigen cross-presentation with its chaperone activity via processing in
proteasome and transfer antigenic peptides to MHC class I or class II, followed by
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the activation of CD8+ CTL (cytotoxic T lymphocytes) to kill the antigen/virus-
infected cells [310, 316, 317]

Furthermore, NF-κB is frequently constitutively activated in neuroinflammatory
conditions and activation of NF-kB receptor leads to the production of
pro-inflammatory cytokines such as TNF-α, IFN-γ, IL-6 by macrophages which
results in neuronal death [242, 318]. The previous study by [319] has shown that Hsp
plays a key role in the inhibition of neuroinflammation via inhibiting NF-kB receptor
activation [320]. Overexpression of Hsp70 inhibits the NF-kB receptor activation as
well as the production of pro-inflammatory molecules such as TNF-α, IFN-γ, IL-6
and prevents neuroinflammation. Hsp70 inhibits NF-kB receptor activation by
binding with IKKα and IKKβ, which are required for the NF-κB activation
(Fig. 3) [321]. Hsp70 inhibits the IκB kinase (IKK) activation via stabilizing the
IκB-α and inhibits the NF-κB activation [322, 323]. Hsp70 inhibits the activity of
IκB kinase as well as NF-kB activation and results in decreases TNF-α production
and neuroinflammation (Fig. 3) [184, 324–326]. Furthermore, Hsp70 also decreases
the NO production stimulated by LPS-activated macrophages [323, 327]. Hsp70
helps in the modulation of neuroinflammation via inhibiting the JNK and NF-κB
signaling pathways (Fig. 3) [328, 329]. It suppresses the phosphorylation and
activation of JNK as well as IκBα. The inhibition of JNK and IκBα activation by
Hsp70 leads to suppress their binding to DNA and also inhibits the production of
their transcription factors such as NF-kB, signal transducers and activator of
transcription-1 (STAT-1) and activator protein-1 (AP-1) (Fig. 3). The decrease in
the expression of pro-inflammatory genes NF-kB, STAT-1 and AP-1 results in
decrease neuroinflammation [330–333]. The inflammasomes also plays a key
role in neuroinflammation and composed of a receptor and an adaptor through
which they activate pro-inflammatory cytokines such as IL-1β or IL-18
[334, 335]. NOD-leucine rich repeat and pyrin containing protein 3 (NLRP3) are
most studied inflammasome that activates caspase-1 and produce IL-1β and IL-18
[335–337]. The previous study by Martine et al. [338] have shown that knockdown
of Hsp70 increases NLRP3 inflammasome along with the production of
pro-inflammatory cytokines such as IL-1β and activates caspase-1 which results in
neuroinflammation in mice.

Hsc70 also plays a key role in the prevention of neuroinflammation via
inhibiting the activation of NF-kB, and decreases the release of pro-inflammatory
molecules, reduces phosphorylation of downstream signaling molecules such as
c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinases 1/2 ERK,
phosphatidylinositol-3-kinase (PI3K/Akt) (Fig. 3) [116, 323, 339]. JNK, ERK and
PI3K play a vital role in the neuroinflammation as JNK and ERK level is increased
by the activated astrocytes and microglia [340, 341]. They are involved in the central
sensitization especially in chronic pain, induced via glial cell stimulated
neuroinflammation so the inactivation of JNK by Hsc70 results in the reduction of
neuroinflammation related pathologies (Fig. 3) [323, 341]. Hsc70 also shows the
anti-inflammatory effect via decreasing the production of iNOS and COX-2 gene
expression and ultimately suppress the neuroinflammation [323].
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The previous study by [342] have demonstrated the anti-inflammatory role of
HspA1 in ischemic conditions. They have shown that overexpression of HspA1
leads to a decrease in the activity of NF-κB in the brain via inhibiting the IκB
phosphorylation [343]. Overexpression of HspA1 also prevents apoptosis in the case
of stroke patients [328]. Intravenous administration of HspB1 significantly decreases
the neuroinflammation in the case of ischemic injury and autoimmune demyelination
in CNS [344, 345].

Fig. 3 Hsp role in neuroinflammation. The above schematic diagram shows that Hsp (Hsp70,
Hsc70) and HSF-1 inhibit the neuroinflammation via two mechanisms. (1) JNK and ERK pathways
are activated in neuroinflammation via MAPK which causes the phosphorylation of JNK and ERK.
Activated JNK and ERK translocate into the nucleus and activates the various transcription factors
such as c-jun, c-fos and STAT3 via phosphorylation. After phosphorylation, activated transcription
factors bind to the pro-inflammatory gene promoter region of DNA and induces the expression of
different pro-inflammatory cytokines and enzymes such as TNF-α, INF-γ, IL-6, IL-1β, COX2,
iNOS etc. Moreover, (2) PI3K/AKT phosphorylates and activates IKKα and IKKβ. Activated IKKα
cleaved by the proteasome and formed p56 and p50 subunits. These subunits are bind to DNA at
NF-kB promoter region and increase the expression of NF-kβ which leads to the production of
pro-inflammatory cytokines and enzymes such as TNF-α, INF-γ, IL-6, IL-1β, COX2, iNOS etc. and
increases the neuroinflammation. Hsp plays a protective role in neuroinflammation via inactivating
the JNK, ERK and PI3K/AKT signaling pathways and inhibits the production of TNF-α, INF-γ,
IL-6, IL-1β, COX2, iNOS, NF-kB, etc.
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It has been demonstrated that the Hsp60 level is significantly increased during
stress conditions in the cytosol [346, 347]. Several studies demonstrated that intra-
cellular as well as extracellular Hsp60 is associated with the TLR4 receptor mediates
apoptosis in microglia and plays a central role in the generation of neuroimmune
responses in the case of NDDs [255, 348]. Thus, Hsp60 can be used as a warning
signal in case of neuronal damage caused due to the neuroinflammation, as seen in
one such study where the TLR4-MyD88 (myeloid differentiation factor 88) signal-
ing pathway was associated with neuronal damage in microglial cells [255, 325].

Additionally, HSF1 is also involved in the directly regulating the
neuroinflammation via inhibiting the production of TNF-α and IL-1β in the response
of lipopolysaccharide (LPS)-induced shock in a mouse model [349–351]. The
previous study by [116] has shown that overexpression of Hsp70 inhibits the
activation of astrocytes, stimulated by α-synuclein in PD. Subsequently, it also
decreases the release of pro-inflammatory molecules such as TNF-α and IL-1β by
astrocytes. Overexpression of Hsp70 also decreases the pro-inflammatory enzymes
such as COX-2 and iNOS level and ultimately suppresses the neuroinflammation
[116, 323]. A study by Schettet et al. [352] has demonstrated that the downregulation
of HSF1 increases the apoptotic cell death and TNF-α mediated inflammatory
signaling pathway.

1.5 Hsp Role in the Modulation of Neuroinflammation in AD

As discussed above, neuroinflammation is one of the prominent features of the
different brain-related diseases such as traumatic brain injury, ischemic stroke as
well as NDDs i.e. AD, PD, HD [184, 353]. It is characterized by activation
of glia and astrocytes cells with the increased level of pro-inflammatory molecules
such as cytokines and chemokines, etc. [354, 355]. As mentioned above, the
accumulation of amyloid-beta (Aβ) plaques and neurofibrillary tangles initiate the
neuroinflammation and lead to neuronal death [356, 357]. Different Hsp are known
as a key modulator of neuroinflammation via preventing the neuroinflammatory
response and release of pro-inflammatory molecules such as IL1, IL1β, TNFα, and
IL6 [184, 358]. Through this Hsp help in the prevention of neuroinflammation
and decreasing the progression of disease condition [359, 360]. The detailed
mechanisms, how Hsp modulates the neuroinflammation in AD are still not well
understood.

As mentioned above, neuroinflammation in AD is mainly caused by astrocytes
and microglial cells [361, 362]. Extracellular HspA1 or HspC1 stimulates microglial
cells and enhances their phagocytic activity against Aβ peptides [184, 363]. Nuclear
factor-kappaB (NF-kB) level increases in neuroinflammation in the brains of AD
patients and plays an important role in inflammation, apoptosis and oxidative stress
[364, 365]. The higher level of NF-κB increases the level of BACE1 and the APP
gene which results in the accumulation of Aβ42 plaques [364, 366]. The previous
study by [342] has shown that HspA1 reduced NF-κB activity and exert anti-
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inflammatory effect which might play an important role in AD. NF-κB also increases
the level of neurodegenerative disease-related pro-inflammatory enzymes iNOS and
COX-2 in AD [275, 365]. Hsp70 tends to inhibit the production of iNOS and COX-2
by macrophages and astrocytes in neuroinflammation which might be helpful in
decrease the AD-related pathologies [163, 367].

1.6 Therapeutic Strategies Targeting Hsp Anti-inflammatory
Role in AD

As mentioned above, Hsp plays an important role in modulation of AD and serve as
potential therapeutic targets to treat/improve neuroinflammation in AD
[184, 368]. Activation of microglial and astrocyte cells in the brain is one of the
prominent pathologies of neuroinflammation in AD [355]. Therefore, targeting the
cells along with inhibition of pro-inflammatory cytokines could be a relevant therapy
of AD [184, 369]. The immunosuppressive action of Hsp consists of inactivation of
antigen-presenting MHC cells, expansion of regulatory T cells and inactivation of
NF-kB activity in the diseased condition [370, 371]. In this paper, we have demon-
strated the possible therapeutic strategies targeting the modulation of different Hsp
levels to decrease the neuroinflammation in AD. Nowadays, increasing the level of
endogenous Hsp and delivering extracellular Hsp into the cell is a promising
therapeutic strategy to reduce the neuroinflammation related toxicity in AD
[372, 373]. Membrane Lipid Therapy is useful to induce the heat shock response
and allows the entry of extracellular Hsp into the cell via modulating the membrane
fluidity [184, 374].

1.7 Membrane Lipid Therapy

Membrane lipid therapy is one of the promising therapies that target lipid membrane
fluidity as well as its structure and influence the lipid organization via principles of
structure-function (Structure and function reciprocally dependent on each other like
structure of the cell formed according to its function and function of cell is dependent
on the structure) results in change in the localization and function transportation of
proteins across the lipid bilayer [375, 376]. It is a novel therapeutic approach for
drug development that helps in the maintenance of lipid structure and its composi-
tion in the membrane [375, 376]. Membrane lipid therapy would also be applicable
for Hsp response in neuroinflammation in AD. It might influence the transport of
Hsp across the lipid membrane and help in decreasing the neuroinflammation in AD
[312, 377]. Through membrane lipid therapy, alteration in the physical properties
and microdomain organization of lipid membrane is possible which has a vital role in
the activation of heat shock proteins [225, 311]. Hyperfluidization of lipid
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membrane helps in the activation of different Hsp which performs various role in the
prevention of neuroinflammation in AD by maintaining the normal proteostasis,
decreasing pro-inflammatory molecules, activated microglia and astrocytes apopto-
sis [342, 378, 379]. The previous study by [374] has shown that membrane lipid
therapy is also exerting its beneficial effect in normalizing Hsp expression in
diseased conditions. The drugs which interact with lipid raft in plasma membranes
such as hydroximic acid derivatives, including BGP-15 and BM, play a role as Hsp
co-inducers and help in the prolonged activation of HSF1 [374, 380, 381]. These
drugs known for their neuroprotective property via increase transcription of Hsp
gene and subsequently decreases in neuroinflammation [184, 382, 383]. The previ-
ous study by [184] has demonstrated that HSF1 inactivation leads to the
uncontrolled inflammatory process and leads to neuroinflammation. Together,
BGP-15 and BM might help in the decrease neuroinflammation by increasing
HSF1 expression. Further, several studies suggested that different Hsp inducers
and co-inducers help in decreasing the neuroinflammation in AD. Few Hsp inducers
and co-inducers are described below:

1.8 Hsp Inducers and Co-inducers

1.8.1 Celastrol

Celastrol (tripterine) is a pentacyclic triterpenoid compound that belongs to the
family of quinone methides isolated from the root extracts of Tripterygium wilfordii
(Thunder god vine) and Celastrusregelii [384, 385]. Previous studies have shown
that celastrol has antioxidant and anti-inflammatory effects. These effects are helpful
in the prevention of AD [384, 386]. The anti-inflammatory effect of celastrol is due
to suppression of the production of the pro-inflammatory cytokines’ TNF-α and
IL-1β produced by human monocytes and macrophages which might help in the
prevention of AD [384, 387]. Celastrol also acts as a Hsp co inducer as it increases
the Hsp32/HO-1 and Hsp70 expression level in AD via activating the HSF1 and
HSR (Fig. 4) [388, 389]. Higher expression of Hsp32/HO-1 and Hsp70 shows
the anti-inflammatory effect and prevents AD [184, 390–392]. Upregulation of
Hsp32/HO-1 and Hsp70 decrease the neuroinflammation by reducing the LPS
induced activation of NF-kB signaling cascade and production of TNF-α and
INF-γ-induced iNOS expression in rat brain (Fig. 4) [163, 393]. The previous
study by [394] has shown that celastrol has the neuroprotective potential through
increasing the Hsp level especially Hsp70B in human neurons and showed beneficial
effects of celastrol in NDDs including AD. Moreover, celastrol induced expression
of Hsp70, Hsp27 and Hsp32 in cerebral cortical cultures of rat and induce Hsp70
expression in the neuronal cell body (Fig. 4) [395, 396]. It shows neuroprotective
effect in the case of AD by inhibiting Aβ protein aggregation by in vivo adminis-
tration of celestrol in a transgenic mouse model of AD [395–398]. The previous
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study by [399] has demonstrated that celastrol also act as a Hsp90 inhibitor and
shows protective effect in AD by suppressing the accumulation of Aβ-induced cell
death and also induces Hsp70 expression along with increases the Blood-Brain
Barrier (BBB) penetration [400, 401]

1.8.2 Arimoclomol

Arimoclomol (BRX-220) is a small new chemical compound synthesized by Biorex
pharmaceutical company (Hungary) at the end of the last century [204, 205]. The
oral administration of this drug easily penetrates the CNS and shows an anti-
inflammatory effect [98, 205]. Previous studies have revealed that arimoclomol
acts as a co-inducer of Hsp [402, 403] and increases the expression of HSF1
which binds to heat shock elements (HSEs) in the promoter regions of heat shock
genes and increases the Hsp level [394, 404] such as Hsp70, Hsp40, and Hsp27and
results in decrease of the neuroinflammation in AD [405, 406]. BRX-220 protects

Fig. 4 Therapeutic effects of Hsp inducers/co-inducers and Hsp90 inhibitor in
neuroinflammation. Hsp90 inhibitors such as tanespimycin, geldanamycin, Radicicol and
Arachidonic acid dissociates Hsp90 from the HSF-1 monomer. Free monomers of HSF-1 phos-
phorylates and forms trimer which can bind to the HSE region on DNA and induces Hsp70
expression. Secondly, the Hsp inducers/co-inducers such as celastrol, arimoclomol, geranylgeranyl
acetone, tanespimycin, paeoniflorin and curcumin increases the expression of HSF-1 and Hsp70. In
both cases, an increased Hsp70 level reduces the production of pro-inflammatory molecules such as
NF-kB, COX2, iNOS, TNF-α, INF-γ, etc. and ultimately decreases the neuroinflammation in AD
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motor neurons from axotomy-induced cell death and causes upregulation of HspC1
and HspA1 in parallel in glial and neuronal cells [370, 411].

1.8.3 Geranylgeranylacetone

Geranylgeranylacetone (GGA) is a non-toxic ulcer drug that induces the expression
of Hsp70 [407, 408]. Previous studies have shown that oral administration of GGA
significantly decreases the levels of inflammatory cytokines, namely TNF- α, IL-1β
and COX-2 in the GGA-treated mice [409, 410] and also improves the cognitive
function and other pathological phenotypes in APP/PS1 mice in case of AD. It has
been shown that it decreases cerebral ischemic damage in rat brains [410]. The
previous study by [411] has shown GGA has cytoprotective and anti-aggregation
activities besides the anti-inflammatory effect (Fig. 4). In vivo administration of
GGA increases the expression of Hsp70 in neurons and decreases the accumulation
of Aβ42 plaques in AD. It also exhibits the neuroprotective effect in focal cerebral
ischemia by inducing the Hsp expression in the neurons [412]. Oral administration
of GGA improved the cognitive defect along with other pathological manifestations
in APP23 AD mice [411].

1.8.4 Tanespimycin

Tanespimycin [17-allylamino-demethoxygeldanamycin (17-AAG)] is a water-
soluble benzoquinone and antibiotic geldanamycin derivatives which are promising
new anticancer drugs [413, 414]. 17-AAG up-regulates the expression l of Hsp70
and Hsp27 in neurons (Fig. 4) [415, 416]. It reduces the expression levels of
pro-inflammatory cytokines TNF-α, IL-1β and IL-6 and exhibits the neuroprotective
effect in a rat model of Traumatic Brain Injury (TBI) [417]. 17-AAG significantly
increases the neuronal survival in the cortex region of the brain following trauma
[359, 418]. The previous study by [419] has shown that 17-AAG injection decreas-
ing the accumulation of Aβ42 plaques and improve behavior activity by increasing
the Hsp70 expression level in the rat.

1.8.5 Paeoniflorin

Paeoniflorin is a monoterpene glycoside which is one of the major elements of an
herbal medicine derived from Paeonia lactiflora and it can also be isolated from the
freshwater fern Salvinia molesta [420–422]. It has the potential to induce Hsp via
HSF1 activation (Fig. 4) [423, 424]. Cells treated with paeoniflorin showed
enhanced phosphorylation and acquisition of the deoxyribonucleic acid-binding
ability of heat shock transcription factor 1 (HSF1), as well as enhanced the formation
of characteristic HSF1 granules in the nucleus, resulting in the induction of Hsp by
the activation of HSF1 [423]. The previous study by [180] has shown paeoniflorin
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function in brain protection from cerebral ischemic injury via inhibition of apoptosis.
Moreover, the intraperitoneal administration of paeoniflorin induces Hsp70 expres-
sion in the mouse stomach (Fig. 4) [425].

1.8.6 Curcumin

Curcumin is a biphenolic antioxidant as well as anti-inflammatory molecule present
in turmeric, a common seasoning commonly used in Indian food [426, 427]. It plays
a tremendous role in cancer, wound repair and inflammatory disorders. Several
studies have shown that curcumin as a Hsp co-inducer can induce Hsp such as
Hsp27, αB crystallin and Hsp70 expression and help in the prevention of
neuroinflammation in AD (Fig. 4) [278, 396, 423, 428, 429]. The previous study
by Ma et al. [430] has shown that administration of curcumin in increases Hsp70
expression and decreases the Aβ plaques and tau oligomers accumulation in A-
β-infused rats. Moreover, it acts as a homeostatic regulator in inflammatory diseases
by association with phagocytic cells like macrophages along with Aβ plaques and
induces its clearance in human cells and AD rodent model also [222, 431]. Curcumin
decreases the neuroinflammation and hyperphosphorylated Tau toxicity by NF-kB
and the Activator Protein 1 (AP1) inhibition [432, 433]. The previous study by
Sundaram et al. [434] has demonstrated that curcumin decreases neuroinflammation
by inhibiting the p25-induced tau and amyloid-beta pathologies and improve cog-
nitive function in AD p25Tg mice.

The other therapeutic strategy to prevent the neuroinflammation can be treatment
by Hsp90 inhibitors is described below:

1.9 Hsp90 Inhibition: Potential Therapeutic Strategy
to Modulate Neuroinflammation in AD

Hsp90 interacts with receptor-interacting kinase (RIP) and recruits it to the TNF
receptor which activates the NF-kB, a key component of the inflammatory response
in AD [435, 436]. The previous studies have shown that overexpression of Hsp such
as Hsp27, Hsp70, Hsp60, etc. prevents activation of NF-kB by inducing the degra-
dation of receptor-interacting protein kinase (RIP) and reduce the inflammation
[437]. Moreover, Hsp90 directly interacts with HSF1 and inactive it results in a
reduction of Hsp levels and neuroinflammation [438]. Hsp90 is also involved in the
activation of pro-inflammatory cytokines [439] and increases the neuroinflammation
in AD and inhibits the expression of Hsp by binding to HSF1 [440, 441]. Hsp90
inhibitor is one of the prominent therapeutic strategies to cure neuroinflammation in
AD [401, 442]. There are several Hsp90 inhibitors available which might be helpful
to reduce the neuroinflammation in AD. Some Hsp90 inhibitors are described as
below:
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1.9.1 Tanespimycin

Tanespimycin (17-AAG) is the first potential Hsp90 inhibitor tested in phase II
clinical trials in kidney cancer, thyroid and pancreatic patients [443]. It inhibits the
Hsp90 by inhibiting its intrinsic ATPase activity via binding to its N-terminal ATP
binding domain [444, 445]. The previous study by Zuo et al. [446] has shown that
Hsp90 inhibition by 17-AAG reduced the neuroinflammation via decreasing the
level of inflammasome NLRP3, caspase-1 and IL-1β level and increase neurogenesis
in mice with Subarachnoid Hemorrhage [447, 448]. Moreover, 17-AAG inhibits
Hsp90 association with HSF-1 results in expression of Hsp70 and Hsp40 which
decreases the neuroinflammation in AD [449–451] (Fig. 4).

1.9.2 Geldanamycin

Geldanamycin is a 1,4-benzoquinone ansamycin, acts as Hsp90 inhibitor
[452, 453]. This is also popular to have antitumor, antibiotic properties and inhibits
the expression of Hsp90 by binding at the N-terminal ATP-binding pocket of Hsp90
[454–456]. It also acts as a Hsp co-inducer because it releases the HSF1 and induces
the expression of Hsp70 which is known to suppress the pro-inflammatory signals
and activate the anti-inflammatory genes (Fig. 4) [108, 451]. The previous study by
[457] has demonstrated that geldanamycin inhibits the aggregation of huntingtin
protein in both a mammalian and mouse model by increasing the chaperone expres-
sion. So, inhibition of Hsp90 by geldanamycin might be useful in the prevention of
neuroinflammation in AD [455, 458].

1.9.3 Radicicol

Radicicol is an antifungal macrolactone antibiotic derived from Diheterospora
chlamydosporia and Chaetomium chiversii that inhibits the heat shock protein
90 (Hsp90) and induces the heat shock responses [414, 459, 460]. Radicicol deriv-
atives NXD30001 exhibits higher stability in in-vivo conditions than radicicol and
induces the expression of different Hsp such as Hsp70, Hsp60, Hsp40, and Hsp27
via HSF1 activation and helps in decreasing the neuroinflammation in AD
[461, 462].

1.9.4 Arachidonic Acid

Arachidonic acid (AA) acts as a potential inhibitor of Hsp90 as well as inducer and
co-inducer of Hsp72/Hsp70 [389, 463, 464]. It is a polyunsaturated essential fatty
acid present in the plasma membrane of human and animal cells [141, 407]. It is
found in human fat cells, liver, brain, and glandular organs [465, 466]. It produces
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prostaglandins, thromboxanes, and leukotrienes which can act as mediators in
several processes such as immune function, leukocyte chemotaxis, inflammatory
cytokine production, etc. [467, 468]. The previous study by [469] has shown that the
expression of AA induces HSF1 phosphorylation and results in increased Hsp
expression. Moreover, AA product prostaglandins (PGs) are a class of naturally
occurring cyclic 20-carbon fatty acids. The type A and J prostaglandins (PGA1,
PGA2 and PGJ2), could activate HSF1 and induces Hsp72 in the presence of a
reactive, unsaturated carbonyl group in the cyclopentane ring (cyclopenteneone)
[37, 470–473]. The previous study suggested that the HSF1/Hsp72 pathway exhibits
an endogenous anti-inflammatory role through inhibits the prolonged and higher
activation of the inflammatory response [473]. Thus, the supplementation of AA in
the early stage of AD reduced the symptoms and toxicity of the disease [474].

Further, the intranasal administration of exogenous recombinant human Hsp70
(eHsp70) administration increases the life and cognitive function in a mouse model
of AD [93, 475]. Previous studies have shown that Hsp70 could significantly reduce
the production of TNF-α, IL-1β, glial fibrillary acidic protein (GFAP), COX-2 as
well as Inos [116, 184]. It also modulates astrocytes induced inflammation
[343, 476]. This study indicates that eHsp70 could be a potential therapeutic strategy
to decrease the neuroinflammation in AD.

The main challenges are in the effective drug delivery to treat the AD because the
BBB restricts drug efficacy. Not many drugs can efficiently cross the BBB and give
the 100% results in AD so there are some drugs such as polymeric nanoparticles,
liposomes, metallic nanoparticles and cyclodextrins form to achieve most promising
drug delivery systems [477]. The BBB serves as a physical barrier that can protect
the CNS from exogenous substances and on the other side, the BBB helps in the
chemical transportation to the CNS [478–480]. But the traditional AD drugs have
low penetration capacity and limited transportation through BBB. Therefore, several
types of research are done to overcome this limitation by using nanoscale particles to
deliver the drug efficiently through BBB via increasing their penetration capacity
[421, 481]. One of the strategies to improve the pharmacokinetic profiles of the drug
is liposome-mediated nanoparticle therapy.

1.10 Liposome-Lipophilic Nanoparticles

Liposomes are sphere-shaped colloidal particles containing one or more phospho-
lipid bilayers exposing outside [482, 483]. It has a hydrophilic core inside which is
useful to encapsulated hydrophilic drugs and lipophilic particles [484, 485]. The
liposome is a potential particle to deliver therapeutic molecules across the BBB by
incorporating with cell-penetrating peptides and antibodies [486, 487]. One of the
anti-inflammatory drugs is Rivastigmine, an FDA approved drug for AD treatment
which reduces the level of T-cells and TNF-α and IFN-γ which are implicated in the
pathogenesis of AD but it has 1.5 h half-life and its brain penetration is restricted by
tight junctions [488, 489]. Previous studies have shown that the administration of the
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rivastigmine by using dipalmitoylphosphatidylcholine (DPPC)/cholesterol lipo-
somes increases the penetration of it into the brain as compared to without liposomes
[477]. So, it could be a novel and effective therapeutic strategy to prevent
neuroinflammation in AD. The above-mentioned therapeutic strategies could help
in the modulation of the neuroinflammation and its related toxicity in AD.

2 Conclusions

Hsp are evolutionarily conserved proteins that play a vital role in maintaining the
protein homeostasis through the induction of protein folding, protein assembly and
degradation. It also plays a key role in neurodegenerative diseases such as AD, PD,
HD, etc. via decreasing the neuroinflammation and promoting neuronal survival.
Neuroinflammation in AD is the result of synchronized prolonged activation of
astrocytes, microglia, pro-inflammatory cytokines as well as enzymes along with
other CNS cells in the brain that induces chronic inflammation which ultimately
promotes tissue injury and disease-related toxicities. Thus, the modulation of
neuroinflammation via regulating activation inflammation-related cells is one of
the effective strategies to treat the AD. As discussed above, large and small Hsp
are significantly involved in the modulation of neuroinflammation via interacting
with inflammation-causing molecules and helps in the prevention of
neuroinflammation in AD. Hsp also interacted with neuroinflammasome and
decreases the neuroinflammation in AD. As mentioned above, Hsp play a
neuroprotective role by decreasing the neuroinflammation in AD, thus it is used as
a potential therapeutic target for the prevention of AD-related pathologies. The
supplementation of compounds known as inducers/co-inducers of Hsp and applica-
tions in AD might be one of the potential therapeutic targets to treat/prolong AD
related pathologies in the future. Moreover, membrane lipid rearrangement and
nanoparticle-based therapies are also involved in decreasing the neuroinflammation
via increasing the Hsp level at the site of neuroinflammation. Thus, apart from the
supplementation of drugs to modulates the Hsp level, the interaction of Hsp with
inflammatory cells and their affinity to reduce/inactivate them should be a more
focused area in the case of AD. Overall, this chapter highlights the effect of different
Hsp in the modulation of neuroinflammation in AD and how Hsp modulating drugs
used for the prevention of neuroinflammation in AD.
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Role of Heat Shock Factor 1 in HIV

Xinfeng Xu, Xiaoyan Pan, and Shuwen Liu

Abstract

Introduction Viral infection is one of the triggers to heat shock response which is
an evolutionarily conserved cell protection mechanism in eukaryotic cells and is
closely related to the key transcriptional factor heat shock factor 1 (HSF1). It is
generally recognized that HSF1 and its downstream factors especially heat shock
proteins play extensive roles in viral infection-associated immune response, cell
death, and tissue injury. They work constructively in cell development, differentia-
tion and aging in non-pathological conditions, and work inductively in cell stresses
from external environment, cancer development, drug resistance and neurodegener-
ative diseases. In addition, HSF1 and its downstream factors were reported to
extensively participate in HIV infection, propagation, latency reversing, and associ-
ated inflammatory response. Understanding the mechanism of HSF1 in both phys-
iological and pathological conditions is important to elucidate the role of proteostasis
in the action of protein machine in eukaryotic cells.

Methods Systematic PubMed retrieval was conducted for all real publications on
HSF1, Hsp and HIV. The literature on the role of HSF1 in HIV infection and latent
activation was comprehensively investigated, and the searching information was
sorted out and analyzed.

Results HSF1 and Heat shock proteins are widely involved in the entire life cycle of
HIV. HSF1 acts directly on HIV LTR through autophosphorylation to promote HIV
transcription activation, and its downstream heat shock proteins hsp90 and
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hsp60 play active role in promoting HIV transcription, infection, and latent activa-
tion. In contrast, some heat shock proteins like HSP70 exert inhibitory effects.

Conclusions This article reviews the role of HSF1 and its downstream Hsp in HIV
infection. Realizing the role of HSF1 in HIV is in favor of developing new drugs
and therapies targeting HSF1 or associated factors for being acquired by immune
deficiency syndrome.

Keywords Heat shock factor 1 · Heat shock protein 90 · Heat shock response ·
HIV · Inflammatory response · Latency reactivation

Abbreviations

AIDS acquired immune deficiency syndrome
AP-1 activator protein 1
APOBEC3G apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like

3G
BRG1 brahma related gene 1
CaMK II calcium/calmodulin-dependent protein kinase II
CBP CREB-binding protein
CHIP carboxy terminus of Hsp70-binding protein
CK2 casein kinase 2
CREB cyclic AMP response element-binding protein
DBD deoxyribonucleic acid binding domain
ELL2 eleven nineteen lysine-rich leukemia gene
ER stress endoplasmic reticulum stress
FACT facilitates chromatin transcription
GM-CSF granulocyte-macrophage colony-stimulating factor
HAART highly active antiretroviral therapy
HADCi histone deacetylase inhibitors
HIV human immunodeficiency virus
HO-1 heme oxygenase-1
HR heptad repeats
HSE heat shock element
HSF1 heat shock factor 1
HSFs heat shock factors
Hsp heat shock proteins
Hsp90 heat shock protein 90
HSR heat shock response
IKKγ IκB phosphorylation kinase γ
LEDGF lens epithelial-derived growth factor
LEF-1 lymphoid enhancer-binding factor 1
LPS lipopolysaccharide
LRAs latency reversing agents
LTR long terminal repeat
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MAPK mitogen-activated protein kinase
MNSF-β monoclonal nonspecific suppressor factor β
mTOR mammalian target of rapamycin
NF-AT nuclear factor of activated T cells
NF-κB nuclear factor kappa-B
PARP1 poly (ADP-ribose) polymerase 1
PIC preintegration complex
PIs proteasome inhibitors
PKA protein kinase A
PKC protein kinase C
PLK1 polo-like kinase 1
PPARγ peroxisome proliferation activated receptor γ
PSMD 26S proteasome non-ATPase regulatory subunit
p-TEFb positive transcription elongation factor b
REACT reiterative enrichment and authentication of CRISPRi targets
RPA replication protein A
SIRT1 sirtuin1
SIV simian immunodeficiency virus
Sp1 specificity protein 1
STAT5 signal transducer and activator of transcription 5
TAD transcriptional activation domain

1 Introduction

Heat shock response (HSR) is an extensively and highly conserved stress response
[121], which is especially important to cell stresses from external environment,
including physical (e.g. high temperature or radiation), chemical (e.g. toxic
chemicals), and biological (e.g. bacteria, virus or parasite) stresses [70, 108, 115,
134]. Once eukaryotes contact with harmful external environment, protein
misfolding and aggregation even cell death may occur. The activation of HSR can
protect eukaryotes from fatal factors [32, 91]. Therefore, HSR is an important
eukaryotes to survive in harmful environments, which is one of the indispensable
mechanism for life continuation.

Heat shock factors (HSFs), a group of structural and functional homologous
transcription factors, affects the expression of some specific genes at transcriptional
level, producing a series of proteins to resist stresses in eukaryotes during HSR
[136]. HSF forms a trimer and undergoes various post-translational modifications
which enables it to interact with DNA, thereby binding heat shock element (HSE) to
modulate the transcription of heat shock proteins (Hsp) and some other related genes
[60, 217]. Hsp, as important molecular chaperone, involves in protein folding,
transport, aggregation, depolymerization, and renaturation [54, 66, 90]. They were
firstly discovered in the salivary glands of Drosophila in 1962 [164]. Subsequent
studies have found that most organisms contain Hsp, from bacteria and yeast to
human [59].
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Viral infection disease is one of the major threats to human health. Viral infection
induced activation of HSR which affects viral infection, replication, and budding
[94, 199]. HSF is the transcriptional regulator of HSR in eukaryotic, mediating the
activation or inhibition of downstream target genes, and producing Hsp that are
positively or negatively correlated with viral infection and propagation [3]. Study
has shown that dengue virus infection activated HSF1 by activating Ca2+ and protein
kinase A (PKA)-dependent pathways to promote viral replication [193]. Similarly,
HSF1 promoted the spread of Human cytomegalovirus (HCMV)-infected mono-
cytes [154], and is closely related to the infection of orthopoxviruses including
monkeypox, smallpox, and vaccinia [62]. What’s more, through inducing the
expression of heat shock protein 40 (Hsp40) and the binding of HSF1 to HIV-1
long terminal repeat (LTR), HSF1 positively regulates HIV gene expression and
replication [162]. However, Hsp70 showed same antiviral effect against both HIV
and Zika [101, 110].

HSF1 is closely related to HIV infection. Cellular HSR was activated after HIV
infection, then HSF1 binds to HIV LTR to promote HIV infection and replication
[162] meanwhile modulating the expression of downstream Hsp90, Hsp60, and
Hsp40 [38, 127, 203]. HSF1 can also directly bind to HSE on HIV LTR and recruit
positive transcription elongation factor b (p-TEFb) to reactivate latent HIV, or
inhibit HIV infection induced-inflammatory response [146–148]. Thus, HSF1
plays an important role in HIV infection, replication, latency reversing, and inflam-
mation. In this chapter, we will review the mechanism of HSF in HIV infection,
especially HSF1 in latent HIV-1.

2 Biological Characteristics of HSF

2.1 HSF in Vertebrate

HSF family mainly includes four classical members, HSF1-4 [140, 141, 159,
174]. HSF3 is an avian-specific heat shock factor, and the other three are in
mammalian cells. Among them, HSF1 is the major regulatory factor of Hsp and
highly conserved among different species, despite that HSF2 and HSF4 also regulate
gene expression in mammals [48, 66, 197]. Compared with HSF1, HSF3 is more
important than HSF1 in birds in resisting severe heat stress, because it has a higher
thermal threshold for activation [189]. HSF2 is mainly related to cell development
especially in reduction mitosis and neurodegeneration [57, 191]. However, recent
studies showed that HSF2 is involved in cancer development, such as hepatocellular
carcinoma [210], breast cancer [209], and lung cancer [216]. While HSF4 is mainly
associated with the occurrence of cataract in human [9, 33], it preferentially
expresses in the heat, brain, skeletal muscle, and pancreas [141]. The four HSFs
are unique features of vertebrate to date. However, a new study confirmed that HSF5
which predominantly expresses in testis is the fifth member of HSF family in
vertebrate and it is required for proper spermatogenesis and fertility in male
zebrafish [166].
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2.2 Biological Activity of HSF

HSF is composed of multiple functional domains, among which the DNA binding
domain (DBD) is the most conserved. DBD locates at the N-terminus of HSF and
has a DNA binding protein characteristic with the helix-turn-helix motif, which
determines the binding of HSF to HSE of the target genes [27, 76, 198]. The
trimerization domain of HSF consists of three hydrophobic aliphatic heptad repeats
(HR), including HR-A, HR-B, and HR-C. The first and fourth hydrophobic residues
of each heptavalent amino acid repeat are unique to the coiled-coil structure, and can
form a leucine zipper to facilitate the formation of homologous or heterologous
trimer [92, 160, 170]. At the C-terminus of HSF, an extra HR-C which interacts with
HR-A or HR-B to form three coiled helices, maintains HSF in an inactive monomer
state [135, 160]. However, human HSF4 (hHSF4) can maintain as a trimer state
[188] without HR-C domain. The transcriptional activation domain (TAD), lies in
the C-terminus of HSF, is an activated region that promotes transcription of Hsp
genes [37]. The TAD of HSF1 is composed of two units, TAD-1 and TAD-2, which
are regulated by a central regulatory domain between trimer domain and TAD
[26, 48, 72]. Similar with other HSFs, HSF5 has a helix-turn-helix DBD at the
N-terminal region in zebrafish, showing 37-39% similarity with other HSFs, while
HSF5 in zebrafish lacks structural domains except DBD mentioned above ([166];
Fig. 1a).

The binding site of HSFs is heat shock element (HSE), which is bound by DBD of
HSF. In the front of the transcription initiation site of heat shock genes, there are
hundreds of base-pairs with multiple copies of HSE. These copies of HSE are
sequenced as repeated units of 5 bases, 50-nGAAn-30, which is called GAA boxes
[53, 144]. HSE structure usually has three inverted repeat, GAA boxes [122], and
HSFs bind to HSE in the form of trimer, which possesses the greatest affinity thus
guaranteeing efficient transcription of the genes of Hsp [114]. However, the member
of HSFs has different binding affinities for HSE in mammal [168]. Yamamoto et al.
analyzed different types of HSE and characteristics of binding to human HSF1
(hHSF1), hHSF2, and hHSF4 [208]. The study suggested that it is preferential for
hHSF1 to combine with continuous HSEs rather than discontinuous HSEs, while
hHSF2 has a higher binding affinity for discontinuous HSEs than HSF1. hHSF4
shows a significantly different binding characteristic from hHSF1 and hHSF2, which
has high affinity for discontinuous nGAAn sequences [208].

2.3 Post-translational Modifications of HSF

In non-stress state, different HSFs exist in different forms. HSF1 mainly rests in
cytoplasm in the form of inactive monomers [23], while HSF2 exists in the form of
homodimers [3, 125]. When stimulated by stresses, HSF1 forms into active trimers
and enter into the nucleus, functioning with various post-translational modifications
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simultaneously (phosphorylation, sumoylation, and acetylation) [65, 82,
204]. Under the mediation with replication protein A (RPA), brahma related gene
1 (BRG1) facilitates chromatin transcription (FACT) and Poly (ADP-ribose) poly-
merase 1 (PARP1) [16, 66, 67, 186], HSF binds to the HSE at the 50 terminal of
target genes and then initiates transcription. HSF2 forms into a homotrimer with
itself or forms a heterotrimer with HSF1 in the nucleus thereby inducing the
expression of related genes, which is always accompanied by post-translational

Fig. 1 The biological characteristics of HSFs in vertebrate. (a) Diagrammatic representation of
HSF family members. The number of amino acids in different regions of each HSF is shown in the
end of the amino acid of corresponding regions. HSF family have a DBD domain, and human HSF1
(hHSF1), hHSF2, and chicken HSF3 (cHSF3) have HR-A, HR-B, and HR-C domains. While
hHSF4 only have HR-A and HR-B. (b) The schematic of HSFs post-translational modifications.
HSFs are required to be in the form of trimer binding to HSE to promote the expression of Hsp gene.
HSF1 (blue ellipse) exists as monomer, which undergoes phosphorylation, acetylation, and/or
sumoylation after a trimer is formed. HSF2 (green ellipse) exists as homodimers, and forms into
a homotrimer with itself or a heterotrimer with HSF1, which is mainly undergoes sumoylation.
HSF4 exists as a trimer mainly experiencing phosphorylation and sumoylation
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modification, sumoylation [170, 214]. Moreover, studies had shown that the activity
of HSF2 depends on HSF1 when HSF2 works [145], and HSF4 obtains biological
activity after phosphorylation and sumoylation [84]. So far, it is still unclear how
HSF5 is post-translationally modified in fever (Fig. 1b).

2.3.1 HSF Phosphorylation

Phosphorylation of HSF1 is important to the function of HSF1. The phosphorylation
of HSF1 mainly includes Calcium/calmodulin-dependent protein kinase II (CaMK
II)-mediated phosphorylation at Ser230 [152], PKA-mediated phosphorylation at
Ser320 [138], casein kinase 2 (CK2)-mediated phosphorylation at Thr142 [180], and
polo-like kinase 1 (PLK1)-mediated phosphorylation at Ser419 [104]. In addition,
phosphorylation of HSF1 at Ser326 plays an important role in stress-induced
activation of HSF1, which is primarily associated with mammalian target of
rapamycin (mTOR) pathway or rat sarcoma/mitogen-activated protein kinase
(RAS/MAPK) pathway [39, 49]. Phosphorylation at the following sites of HSF1
negatively regulates the activation of HSF1, which include Ser121, Ser303, Ser307,
and Ser363 [46, 73, 178]. Among them, phosphorylation at Ser303 is the premise of
sumoylation of HSF1 at K298 [78]. Additionally, phosphorylation of HSF4b at
Ser299 can downregulate the transcription activity of itself by MAPKinase [44].

2.3.2 HSF Sumoylation

Sumoylation, a post-translational modification modulated by ubiquitin-like proteins,
primarily regulates protein modification without promoting protein hydrolysis
[80]. Sumoylation can regulate the transcriptional activation of HSF1 moderately
under stress responses [29, 119]. Heat shock stress can induce the termination of
HSF1 through labelling small ubiquitin-related modifier, thereby inhibiting the
transcriptional activation of HSF1 [10]. Sumoylation of HSF4b at K293 suppresses
the transcription activity of HSF1 [206]. However, sumoylation of HSF2 at K82
enhances the binding of HSF2 to DNA in both human cell and Xenopus [71, 81, 86,
206].

2.3.3 HSF Acetylation

Compared to phosphorylation and sumoylation, acetylation of HSF1 is relatively
latter, which often occurs during the recovery phase after the activation of HSF1.
Acetylation of HSF1 mainly at K80, K118, K208, K298 and K524, is regulated by
the balance between acetyltransferase (p300/CBP) and deacetylase (SIRT1)
[163, 200, 205]. Acetylation at K80 prolongs the binding time of HSF1 on DNA,
and acetylation at K118 negatively regulates the function of HSF1 [163, 200]. Studies
suggested that activation of SIRT1 can prolong the transcriptional activity of HSF1,
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while reducing the expression of SIRT1 to accelerate HSR into recovery phase
[107, 200].

3 Participation of HSF1 in HIV Reactivation

Stanley et al. are the first to report that HSR (supraphysiologic temperature) induced
HIV gene expression in promonocytic (U1 cells) and T cell lines (ACH2 cells)
[183]. Specifically, HIV reverse transcriptase, viral proteins and RNA produced
after treatment with hyperthemia in both U1 and ACH2 cells. Furthermore,
NF-κB conserved sequences in HIV LTR are essentialunder the induction of
hyperthemia. By contrast, it might be difficult to induce the expression of HIV by
physiological temperature alone. However, it synergizes with interleukin 6 (IL-6)
and granulocyte-macrophage colony-stimulating factor (GM-CSF) to promote viral
production in U1 cells, and this phenomenon was not observed in other cytokines
[183]. Pawat P et al. showed that HSF1 mediates the transcription of HIV gene
positively, and they also found the HSE sites in the HIV 50-LTR region (69–91
region, GGGACTTTCCAGGGAGGTGTGGC). These data highlight that HSF1
plays a crucial role in latent HIV reactivation [162].

3.1 Latent HIV Reactivation

Acquired immune deficiency syndrome (AIDS) is a harmful infected disease to
human health, which is caused by HIV infection [158]. The main transmission
route is directly contact with bloods or fluids. Upon infection, HIV attacks CD4+

T cells, an important member of the host immune system [172]. With the replication
and spread of HIV, the number of host CD4+ T cells in blood decreases sharply, and
the immune system gradually disintegrates and collapses. As a result, host is
disabled to recognize and remove cancerous cells and pathogens or control the
normal growth of bacteria in the body, eventually dies from various opportunistic
infections or cancers [47]. With the application of highly active antiretroviral therapy
(HAART) which combines drugs targeting viral reverse transcriptase, protease, and
integrase, in different stages of viral propagation [105], AIDS progression can be
controlled. Once the therapy is administrated, the viral load in blood will be
decreased apparently, survival time of patients has been greatly extended, and
quality of life has also been improved [14, 181]. Once the therapy is withdrew,
viremia will restrike rapidly [195].

Thus, the main obstacle to HIV cure becomes the presence of latent HIV in
patients [40, 64]. As is known to all, the integration of HIV proviral DNA to host
genome is a necessary step to HIV multiplication [45]. After integration, few cells
reverted from activated state to static state with a relatively longer half-life period.
Transcriptionally silenced latent HIV reservoir, however, could escape surveillance
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of immune system and HAART suppression [41, 173]. The stable and integrated
HIV proviral DNA become part of the genetic material and it is inherited with the
transcription of host cells [155]. When stimulus signal appears, it would be tran-
scribed and as a new source of infection [28]. HIV proviral DNA not only rests in
HIV-infected monocytes, macrophages, resting memory CD4+ T cells, and
microglia, in blood, but also in tissues as lymph nodes, visceral associated lymphoid
tissues, genital tract, marrow, lungs, kidneys, and central nervous system [4, 7, 8,
85].

At present, the mechanism of the establishment of HIV reservoir is still not clear.
Recent studies have found that transcriptional repression is critical for establishment
and maintenance of HIV latency [35]. The formation and maintenance of HIV
reservoir is contributed by co-regulation of multiple factors, which work on both
transcription and post-transcription [52, 102, 103]. In spite of that, transcriptional
intervention, transcriptional regulation, and epigenetic silencing are known to be in
correlation with HIV latency [35].

3.1.1 Transcriptional Intervention in HIV Latency

HIV proviral DNA is apt to integrate into active regions in host gene pool. Lens
epithelial-derived growth factor (LEDGF/p75), which locates in the intron of active
gene, integrates HIV proviral DNA by binding to chromosomal DNA and HIV
integrase [112, 128, 177]. LEDGF/p75 is a highly efficient chromatin-binding
protein required for lentiviral integration, and it is mediated in actively transcribed
genes [126]. However, HIV provirus remains a state of transcriptional silence due to
transcriptional interventions by enhancer trapping, promoter blockade, or steric
hindrance [102, 103]. Enhancer trapping means that HIV 50 LTR enhances the
ability of weak cell promoter while suppressing the transcription of itself
[102, 103]. Promoter blockade refers to the collision of RNA polymerase II complex
(Pol II) extended by virus and cell promoter when HIV provirus is reversely
integrated into host genes, leading to an early termination on one or both of the
promoters [35, 177]. However, steric hindrance may occur when HIV proviral DNA
has the same transcription direction with host genes and integrates into downstream
host genes ([35]; Fig. 2).

3.1.2 Transcriptional Regulation in HIV Latency

HIV LTR contains binding sites of positive transcription factors, such as nuclear
factor of activated T cells (NF-AT), nuclear factor kappa-B (NF-κB), activator
protein 1 (AP-1), specificity protein 1 (Sp1), lymphoid enhancer-binding factor
1 (LEF-1), and so on [123, 175]. They are slightly active in the nucleus of HIV
reservoir cells, but their activity will be increased under external stimuluses which
promotes the transcription of HIV [83, 93]. At the stage of transcriptional elongation,

Role of HSF1 in HIV 155



low expression of Tat protein and p-TEFb in HIV reservoir cells may be involved in
the establishment and maintenance of HIV latency [118, 194]. In addition, p-TEFb
binds to small nuclear RNA 7SK ribonucleoprotein complex (7SK snRNP),
resulting in fewer free p-TEFb to maintain HIV latency ([56]; Fig. 2).

Fig. 2 The diagrammatic of latent HIV reactivation. The mechanism of HIV reservoir estab-
lishment as: (1) enhancer trapping (prohibition symbol with blue arrow), HIV 5’LTR enhances the
ability of host promoter to suppress self-transcription; (2) promoter blockade (prohibition symbol
with orange arrow), the opposite transcriptional direction of both host gene and HIV gene, the
collision between transcription complex and extension complex causes the promoter prematurely
terminate; (3) steric hindrance (prohibition symbol with green arrow), host transcription prevents
the combination of HIV 50 LTR with transcription factors; (4) transcriptional regulation (prohibition
symbol with black arrow), 7SK snRNP binds to p-TEFb and the decrease in free p-TEFb restricts
the transcriptional elongation of HIV; (5) epigenetic silences (prohibition symbol with pink arrow),
epigenetic modification associated with transcriptional repression lead to HIV maintaining the state
as nucleosome. Different LRAs activated latent HIV through different ways (red font with red lines)
which are involved with host factors as PKC, protein kinase C; p-TEFb, positive transcription
elongation factor b; HDAC, histone deacetylase; HMT, histone methyltransferase; DNMT, DNA
methylase
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3.1.3 Epigenetic Silences in HIV Latency

DNA is entrapped around by nucleosome and histone tails formed by histone
octamers [171]. Experiencing multiple post-translational modifications like epige-
netic modification, histone tail becomes heritable and ables to alter the expression of
genes without changing DNA sequences [106]. Epigenetics affect the condensation
of chromatin and determine whether transcription factors can bind to the
corresponding sites. HIV LTR is encapsulated in Nuc-0 and Nuc-1 nucleosomes
[196]. Thereby, Nuc-0 is in HIV 50 LTR, and Nuc-1 covers +10 bp to +55 bp
downstream of transcription start site to block transcriptional elongation [196]. The
nucleosomes on HIV 50 LTR of the latent provirus usually have epigenetic markers
related to transcriptional repression [1, 133]. A series of epigenetic modifications
contribute to the maintenance of HIV latency [75]. Stress responses potentially alter
the genetic markers and reconstitute Nuc-1, thus providing the possibility of
reactivating HIV reservoirs ([17, 207]; Fig. 2).

3.2 Mechanism of Latent HIV Reactivation

To achieve the goal of HIV cure, researchers have put forward a series of strategies.
(1) The first one is gene editing, which aims at deleting HIV co-receptor to disable
the entry of invasive or reactivated virus [6, 150]. (2) The second is developing
neutralizing antibodies to antagonize HIV and control disease progression
[34]. (3) The third is ‘Block and Lock’ strategy, which is combined HAART with
Tat inhibitors to inhibit the reactivation of HIV reservoir [99]. (4) The fourth is
‘Shock and Kill’ strategy, which employs latency reversing agents (LRAs) to
activate latent HIV, combining with HAART to clear HIV reservoir [51]. Among
them, the ‘Shock and Kill’ strategy is studied and accepted widely due to its high
feasibility and low risk.

On the basis of the knowledge on establishment and maintenance of HIV
reservoir, a series of LRAs that reactivate latent HIV through different pathways
have been discovered. (1) Immunomodulatory LRAs, including cytokines as IL-2,
IL-7, IL-15, and antibodies against CD3 and CD28, mediats cell activation and
promotes latent HIV reactivation [201]. (2) LRAs targeting transcription factor act
via following pathways: (a) promoting PKC phosphorylation via activating PKC
thereby facilitating the binding of its downstream transcription factors NF-κB and
AP-1 to LTR and mediating viral transcription initiation [132, 202]; (b) activating
the p-TEFb transcriptional complex, promoting the binding of Tat protein to facil-
itate HIV transcriptional elongation [42, 116]. (3) LRAs targeting epigenetic mod-
ifications mainly includes following: (a) histone deacetylase inhibitors (HADCi)
loose the nucleosomes in chromosomes, exposing viral DNA entangled by nucleo-
somes and promoting the extension of HIV transcription [20, 161, 187]; (b) DNA
methylase inhibitor [61]; and (c) histone methyltransferase inhibitor ([22]; Fig. 2).
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3.3 HSF1 Plays Important Part in Latent HIV-1 Reactivation

Based on the finding of Pawat P et al., we found that latent HIV is reactivated
effectively by stress responses including high temperature, Poly I:C, STA-4783, and
Thapsigargin, which induce the phosphorylation of α subunit of eukaryotic transla-
tion initiation factors 2 (eIF2α) in J-Lat 10.6 cell line, a cell model of HIV latency
[146, 147]. Latent HIV is confirmed to be reactivated by Salubrinal, which is called
an inhibitor of eIF2α dephosphorylation, in cell models (J-Lat 10.6 cells, ACH2
cells, U1 cells) and primary CD4+ T cells from HIV infected individuals after
HAART. Further research revealed that healthy physical mechanism is closely
related to HSF1, and HSF1 is activated by stresses. HSF1 is further found to recruit
acetylase (p300) to promote self-modification, and its downstream factors (Hsp27,
Hsp70, and Hsp90) are involved widely in this process.

Anderson et al. suggested that Hsp90 assists IκB phosphorylation kinase IKKγ to
promote NF-κB activation and nuclear translocation, thereby reactivating latent HIV
[11]. Additional studies showed that heat shock-induced Hsp90 accelerates HIV
transcription and activates transcription factors as NF-κB, NF-AT, and signal trans-
ducer and activator of transcription 5 (STAT5) [97]. Moreover, Hsp90 specific
inhibitors, Tanespimycin (17-AAG) and Luminespib (AUY-922), prevent viral
rebound in HIV-infected humanized mice. In conclusion, these studies demonstrated
that (1) activated HSF1 occurs in latent HIV reactivation and (2) Hsp90 plays an
important role in HIV reservoir reactivation. Pan et al. found that proteasome
inhibitors (PIs)-induced endoplasmic reticulum stress (ER stress) can reactivate
latent HIV through HSF1. They investigated the function of PIs (Carfilzomib,
Bortezomib, and MG132) in latent HIV reactivation and HIV gene transcription
[146, 147]. HSF1 is demonstrated to closely relate to PIs-stimulated latent HIV
reactivation and promote transcriptional elongation by recruiting p-TEFb. More
importantly, Hsp90 interacts with CDK9 to protect CDK9 from proteasomal degra-
dation during latent HIV reactivation, which provides a positive feedback to HSF1-
induced latent HIV reactivation [146, 147]. Besides, recent study suggested that PIs
like Bortezomib and Carfilzomib can stabilize the transcription elongation factor
1,119 lysine-rich leukemia gene (ELL2) to reverse HIV latency by inhibiting
proteasome [117]. This study has illustrated the role of proteasome in HIV latency
reversing from another perspective, in which they used the reiterative enrichment
and authentication of CRISPRi targets (REACT) to discover new HIV-1 restriction
factors in a HIV latency model. They found that proteasomal subunits (PSMD1,
PSMD3, and PSMD8) are closely related to Tat-dependent HIV-1 transcription, and
the inhibition of proteasome increases ELL2-containing super elongation complexes
(ELL2-SECs) to reverse HIV latency.

Above all, HSF1 is considered as a target for screening small molecule com-
pounds against latent HIV. Natural polyphenolic compound, resveratrol, was dem-
onstrated to target HSF1 for promoting latent HIV transcription through
phosphorylation HSF1 and facilitating its binding to HIV LTR [213]. Further
research found that resveratrol is a potent LRA drug candidate that induces latent
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HIV reactivation on a series of cell models without causing extensive T cell
activation. In addition, resveratrol in combination with the LRAs (Prostratin, JQ1,
and SAHA) has a synergistic effect on reactivating latent HIV [213]. The
immunoproteasome inhibitor, PR-957, is also demonstrated to be able to reverse
HIV latency effectively both in latent HIV cell lines and primary CD4+ T cells from
HIV infected individuals after HAART [120]. Most importantly, PR-957 reduces the
expression of HIV receptors and co-receptors, causing no extensive T cell activation.
PR-957 also synergizes with Prostratin to activate latent HIV and decreases the
extensive T cell activation caused by Prostratin. The mechanism of PR-957 revers-
ing latent HIV is revealed as activating HSF1 pathway and up-regulating the
expression of p-TEFb [120].

To sum up, HSF1 plays an important role in latent HIV-1 reactivation. Specifi-
cally, it is phosphorylated and translocated into the nucleus, then recruits p300 to
promote auto-acetylation and binds HIV LTR to induce transcription initiation of
HIV genes meanwhile recruiting p-TEFb to facilitate transcription elongation.
Beyond that, Hsp90 downstream of HSF1 is able to protect the p-TEFb subunit
CDK9 from ubiquitination degradation thus giving a positive feedback on HSF1.
Based on these findings, two LRAs, resveratrol and PR-957, were found to activate
both HSF1 pathway and p-TEFb to reverse HIV latency (Fig. 3).

4 HSF1 Downstream Hsp in HIV

4.1 Biological Functions of Hsp

Hsp is important effector in HSR. When cells are under stress, HSF binds to
upstream genes of Hsp and then mediates the production of Hsp, protecting cells
from stresses [139]. Hsp, known as molecular chaperone, engages widely in cellular
stress, inflammation, tumors, and infections [25, 91, 113, 131]. Particularly, Hsp not
only plays an important role in the process of viral infection including virus entry,
nuclear translocation, replication, viral protein folding and assembly, but also
participates in DNA repair, apoptosis and immuno-regulation [25, 54].

The protein molecular of Hsp is ranging from 10 kDa to 110 kDa, which is
classified into Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, and small molecules Hsp,
according to their molecular weight [63, 111]. Their main biological function in
eukaryotic cells is regarded as molecular chaperone to play roles in the conditions of
both physiological and stressful conditions. In physiological condition, Hsp regu-
lates the folding and translocation of nascent proteins to prevent their accumulation
[55]. Under stress, they promote the renaturation of denatured proteins or promote
the degradation of damaged proteins. Moreover, Hsp has other functions as follow-
ing: (a) Hsp60 enhances the function of CD4+ CD25+ regulatory T cells and plays a
part in innate immunity [212]; (b) Hsp32, known as heme oxygenase-1 (HO-1),
removes the oxidant heme to produce CO and biliverdin which plays a key role in
diabetes, vascular diseases, and kidney diseases [167, 169]; (c) Hsp20 mediates
adipocyte function through forming Hsp20-FBXO4 axis to regulate peroxisome
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proliferation activated receptor γ (PPARγ)-ubiquitination pathway [153]; (d) Hsp70
modulates ATPase activity and its C-terminal helix subdomain [69]. In addition,
Hsp60 has a negative function on mediating the ubiquitin-like protein monoclonal
nonspecific suppressor factor β (MNSF-β) in macrophages [142], which was con-
firmed in other reports [98].

Fig. 3 The role of HSF1 and Hsp in HIV infection, replication, integration, and latent
reversing. (1) HSF1 mediates latent HIV reversing. Phosphorylated HSF1 forms a trimer and
enters the nucleus, recruits p300 to promote self-acetylation, further binds to HIV LTR to promote
the initiation of HIV DNA transcription. Meanwhile, HSF1 recruits p-TEFb to generate transcrip-
tional elongation. Moreover, HSF1 promotes the expression of Hsp90 to protect p-TEFb subunit
CDK9 from ubiquitination degradation and gives positive feedback to HSF1 regulation. PR-957,
Salubrinal, Resveratrol, Bortezomib/Carfilzomib (red box with red arrow) act on this process.
(2) Hsp90 (red ellipse) positively regulates HIV infection and transcription. Hsp90 reverses
mutations in HIV protease in the cytoplasm and protects CDK9 from degradation. Hsp90 inhibition
(red latter with red line) inhibits IκBα degradation thus suppress NF-κB pathway. Meanwhile,
Hsp90 reverses the CA-mutant and protects the infectivity of HIV, which occurs between the viral
membrane and core. (3) Hsp70 (bright yellow ellipse) inhibits HIV replication by interacting with
viral proteins. Hsp70 inhibits Vpr-mediated PIC (light blue pentagon) nuclear translocation and
host G2 cycle arrest, maintains negative regulation of Nef, inhibits Vif-mediated APOBEC3G (deep
blue ellipse) ubiquitination and degradation, and inhibits CDK9 phosphorylation to downregulate
p-TEFb activation. All these approaches suppress HIV transcription and replication. However,
Hsp70 promotes nuclear translocation of viral PIC and accelerates the replication of HIV when Vpr
protein is deficient or deleted. (4) Hsp60 (deep yellow ellipse) exists in both intracellular and
extracellular matrices and binds to HIV gp41 (at the upper right corner)
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4.2 Roles of Hsp in HIV

Hsp is multifunctional in diseases such as cancer and virus infection. Actually, not
all Hsp are associated with the infection, replication and reactivation of HIV, except
for Hsp90, Hsp70 and Hsp60 [137]. Among these, Hsp90 is involved in HIV
replication and reactivation by positively regulating p-TEFb, NF-κB activation and
viral gene repair, while Hsp70 inhibits HIV transcription and replication through
interacting with viral associated factors (Vpr, Nef, and p-TEFb etc.), and Hsp60
mainly participates in HIV membrane fusion and integration.

4.2.1 Hsp90 Is a Positive Regulator for HIV-1 Transcription

Studies have shown that hyperthermia can promote HIV replication in primary CD4+

T lymphocytes and cell lines, through increasing Tat transactivation on LTR instead
of facilitating viral entry or reverse transcription. This may be mainly attributed to
Hsp90, because Hsp90 inhibitor can reverse the HIV replication induced by hyper-
thermia [165]. Another two studies suggested that hyperthermia activates HIV gene
expression in HIV latency cell models effectively, which appears to be related to the
binding of NF-κB to HIV LTR [77, 183]. Further studies have found that the
regulation of Hsp90 in HIV also has something to do with p-TEFb complex,
NF-κB and capsid protein.

Hsp90 functions in HIV mainly by interacting with p-TEFb complexes. P-TEFb
is the central regulator in transcriptional elongation in cells. However, HIV Tat
protein recruits p-TEFb to HIV promoter [24, 68]. Hsp90 binds CDK9 to stabilize it
until assembling of active CDK9/CyclinT1 dimers [19, 143]. As previously men-
tioned, Hsp90 acts as a molecular chaperone of CDK9 to protect it from proteasomal
degradation, and activates p-TEFb through sending positive feedback to HSF1 in
modulating HIV reservoir [146, 147].

Hsp90 modulates latent HIV reactivation associated with NF-κB pathway.
NF-κB pathway is one of the classical pathways for latent HIV reactivation
[129]. After investigating the relationship between Hsp90 inhibitors and classical
latent HIV reactivation pathway, inhibition of Hsp90 was found to reduce IκBα
degradation and block nuclear translocation of transcription factor, thereby
inhibiting NF-κB pathway [11]. Surprisingly, NF-κB and Hsp90 are essential for
HIV protein expression [211]. But a study found that the mRNA level of Hsp90 in
AIDS individuals was 1.43 fold lower than that in healthy individuals through
comparative genomics [176].

Hsp90 promotes HIV survival through maintaining the core function of viral
capsid. Mutations in HIV protease lead to the reduction of its enzyme activity, which
finally results in the accumulation of uncleaved Gag precursor. This is the reason
why HIV has drug resistance to Ritonavir [95, 130]. However, the persistent
inhibition on HIV can be reversed in targeted cells, since Hsp90 reverses these
mutations to improve viral adaptability and replication [95]. Accumulating
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evidences revealed that Hsp90 locates between viral membrane and core, thereby
reversing capsid-mutant (CA-mutant) virus from loss of infectivity [96]. In general,
Hsp90 may be a turning point for HIV survival and drug resistance, which may
provide new ideas to solve the problem of HAART resistance.

4.2.2 Hsp70 Is a Repressor for HIV Replication

During HIV infection, viral proteins modulate life cycle of both virus and host cell.
Vpr which is highly conserved in HIV-1 meditates the entry of pre-integration
complex (PIC) into the nucleus and induces host cell cycle G2 arrest [192, 215]. Def-
initely, Hsp70 can reverse G2 arrest and apoptosis of host cells caused by
Vpr-induced HIV replication [31, 88, 89], and it also inhibits nuclear translocation
of Vpr [88, 89]. These co-regulations make Hsp70 suppress HIV in the presence of
Vpr. Hsp70 is instantly induced after HIV infection in macrophages and highly
express in HIV-infected individuals after HAART [58, 88, 89]. These data suggested
that Hsp70 may be an innate antiviral factor. Interestingly, Hsp70 can promote
replication of Vpr-deficient HIV, while the replication increases in Vpr-positive
HIV instead of in Vpr-deficient HIV when Hsp70 is inhibited [88, 89]. Studies
have shown that Hsp70 can be incorporated into HIV viral membranes [74], and
competes with Vpr to bind karyopherin α to facilitate nuclear translocation of PICs
[2]. These evidences collectively proved that (a) Vpr has similar biological activity
as Hsp70, guaranteeing HIV survival with mutant Vpr; (b) Vpr competes with
Hsp70 to bind the same site which is high affinity to Vpr than Hsp70; (c) Hsp70
may directly interacts with Vpr to inactivate Vpr.

Hsp70 suppresses HIV by inhibiting HIV transcription. HIV Nef extensively
expresses in the early stage of HIV infection, and promotes HIV replication through
maintaining a host environment in favor of viral replication and pathopoiesis, such as
changing the expression of cell membrane proteins and destroying host immunity
[30, 100]. HIV Tat is responsible for viral propagation, which mediates the tran-
scription of viral genes by binding LTR [15]. Nef inhibits LTR-driven transcription
only in the presence of Tat, while it promotes proteasomal degradation of Tat in the
cytoplasm [184, 185]. And the host cell E3 ubiquitin ligase protein CHIP which is
the carboxy terminus of Hsp70-binding protein can mediate Tat degradation by
proteasome [5]. However, the depletion of Hsp70 relieves the suppression of Nef on
HIV-1 replication [184, 185]. While Hsp40, the co-chaperone of Hsp70 [124], is
required for Nef-mediated viral gene expression and replication [109]. Furthermore,
Hsp70 inhibits the phosphorylation of CDK9 in p-TEFb complex to suppress HIV
transcription [19, 110]. Another study suggested that Hsp70 protects apolipoprotein
B mRNA-editing enzyme catalytic polypeptide-like 3G (APOBEC3G), which is an
innate restriction factor for HIV [87, 149], from being ubiquitinated and degraded by
HIV-1 Vif [184, 185]. In fact, it is demonstrated that HIV can be inhibited by Hsp70
which is from human cells or microbials. [18, 36].
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4.2.3 Hsp60 Participates in Membrane Fusion and Integration in HIV
Infection

HIV is a member of the family Retroviridae and belongs to the lentivirus genus.
When HIV attached to host cell, HIV gp120 recognized CD4 and co-receptor (CCR5
or CXCR4) as targets and membrane fusion occurs upon structural clues from gp41,
thereby viral genome is released into the cytoplasm. As previously mentioned, HIV
provrial DNA integration is essential step for HIV propagation. Hsp60 is a molecular
chaperone that mainly locates in the mitochondria, cytoplasm, cell surface, and even
extracellular space and plasma [156, 179].

Bartz et al. firstly observed that Hsp60 is induced in HIV or SIV infected cells
[21]. A study on 295 sera from 132 HIV-infected individuals showed that C1qAb
and Hsp60 autoantibodies exist in some of the sera, and C1q levels are strongly
correlated with that of Hsp60 [157]. Meanwhile, C1q has been reported to combine
with gp41 [190]. These data suggested that Hsp60 may be related to the function of
gp41. Speth et al. provided the evidence for this hypothesis [182], and they demon-
strated that Hsp60 tightly binds p18 which is a soluble fragment of gp41, whereas,
Hsp60 hardly binds gp120. In spite of that, there is no definitive evidence to prove
where the complex of Hsp60 and gp41 locate in during protein synthesis, cell
membrane or endoplasmic reticulum [203].

Researches on Hsp60 in HIV integration have shown that Hsp60 interacts with
HIV-1 integrase. Besides, Hsp60 can stimulate the processing and ligation activity of
integrase in vitro, as well as protecting the enzyme from thermal denaturation. The
presence of Hsp60-Hsp10 complex in ATP is able to identify the HIV-1 integrase as a
substrate [151]. What’s more, the level of circulating Hsp60 in HIV-infected indi-
viduals is higher than that in HIV-negative individuals, while the level of Hsp10
seems no differences between these two groups. In particular, circulating Hsp60 is
significantly correlated with viral load, CD4 counts, soluble CD14, and lipopolysac-
charide (LPS) levels [12]. These data imply that: (a) Hsp60 serves as an important
target in the process of HIV infection, and it is necessary to target precisely when
combiningwith gp41; (b) Hsp60may be a potential HIV reservoir or a potential target
for LRAs.

5 HSF1 and Inflammation Caused by HIV-1

HIV infection is accompanied by HSR. Although HIV is restrained by HAART
effectively, HIV-infected individuals still suffer from chronic inflammation
[79]. Chronic inflammation can lead to chronic immune activation, which in turn
leads to impairment on the function of innate immune, T cell, and B cells [43]. In
recent years, many studies have shown that HIV-induced inflammation is a major
cause of the depletion for CD4+ T cell in lymphoid tissues [13]. Therefore, under-
standing the activation mechanism of HIV-induced inflammation is critical to
control the progression of AIDS. As we know, HIV infection accompanied with
HSR [50] is closely related to HSF1 [162]. Pan et al. found that HIV infection
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induces the production of inflammatory cytokines in THP-1 accompanied by acti-
vation of HSF1. And activated HSF1 inhibits the production of inflammatory
cytokines, while HSF1 deficiency augments that. [148]. Furthermore, HSF1 is
demonstrated to suppress the inflammatory response via competing with NF-κB to
bind HIV LTR in the nuclear [148].

6 Conclusions

In summary, HSF1 as well as its downstream Hsp engaged in the infection signifi-
cantly, integration, replication, and reactivation, throughout the whole life cycle of
HIV. HSF1 reverses HIV reservoir under stress response through promotingHsp90 to
facilitate self-activation meanwhile inhibiting HIV-induced inflammatory response.
Furthermore, Hsp90 and Hsp60 positively regulate HIV-1 transcription and infection
through protecting CDK9 from proteasomal degradation thus maintaining p-TEFb
complex, promoting NF-κB function, reversing viral capsids to improve viral adapt-
ability and replication, and binding gp41 to protect integrase. By contrast, Hsp70
regulates negatively HIV-1 through inhibiting nuclear translocation, arresting cell
cycle, suppressing p-TEFb activity to block transcriptional elongation, and enhancing
inhibition of Nef onHIV transcription. Although these information highlight HSF1 as
important role in HIV infection, the underlying impact of HSR on HIV and viral
infection is complex and it is deserved to be further investigated (Fig. 3).
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Heat Shock Protein and Cancer Based
Therapies

Lütfi Tutar, Ezgi Nurdan Yenilmez Tunoglu, Berçem Yeman Kiyak, and
Yusuf Tutar

Abstract

Introduction Tumor cells have higher metabolic rates compared to normal cells.
Biochemical reactions require properly folded proteins to perform pathway specific
functions. Nascent substrate proteins specially signaling and cell cycle molecules
must be folded in shorter times. Tumor cells overexpress Heat Shock Proteins (HSP)
to help client proteins folding. Most of the HSP have anti-apoptotic functions and
help tumor cell survival. HSP90 and HSP70 are at the center of heat shock response
mechanism and drug designers target HSP to inhibit these two essential functions to
drive tumor cells to apoptosis.

Methods Small molecule inhibitors inhibited HSP by competitive inhibition with
nucleotides, by perturbing protein-protein interactions through interface inhibitors,
and by binding to allosteric sites and disrupting conformational changes. Major
databases (Pubmed, Scopus, and WOS) were surveyed with the keywords “Hsp90”,
“Hsp70”, “anti-cancer agent”, and “inhibitor”.
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Results One major challenge for HSP inhibitor design is complementing function
of this protein family. HSP70 can complement HSP90 function or alternatively,
redundant isoforms may complement each other. Further, different isoforms have
similar structures and inhibition of specific HSP may be difficult. In spite of these
critical problems, several agents are designed for HSP inhibition. These inhibitors
and their derivatives provide templates for drug design.

Conclusions HSP90 inhibitors have been widely studied and displayed promising
anticancer activity for variety of cancer. This work explains current efforts on cancer
treatment through HSP inhibition mechanisms.

Keywords DNAJ · Heat shock protein · HSP60 · HSP70 · HSP90 · Nucleotide
exchange factor

Abbreviations

Hsc Hsp70 constitutive form
HSP heat shock proteins
Hsp70 Hsp70 inductive form
NEF nucleotide exchange factor
SBD substrate binding domain
sHSP small HSP

1 Introduction

Drug targeting through key targets can modulate biochemical functions. HSP family
control protein homeostasis and function therefore, manipulation of HSP related
pathways are interest to drug designers. However, redundant isoforms and complex
interaction of coordinating HSP molecules make specific design more difficult.
Further, HSP isoforms add another layer of complexity to drug design, not only
with distinct interaction partners but also with structural similarities. Elucidating
HSP interaction network and protein-protein interaction can help designing precise
inhibitor.

1.1 HSP: Structure and Function

Hsp are evolutionarily conserved proteins that properly fold many other proteins to
their three-dimensional structures to keep their functional native forms. Many
species have structurally related but functionally different Hsp. A cell may have
a variety of Hsp within its compartments such as endoplasmic reticulum,
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mitochondrion, and cytosol. Further, functionally different but related Hsp may
function in the same compartment, for example six different Hsp70 chaperones
found in S. cerevisiae cytosol, Ssa1-4 and Ssb1-2. Some chaperone proteins are
expressed constitutively in the cell and some others interact with different macro-
molecules to perform specific functions [124]. Hsp works with co-chaperones
coordinately in cellular processes such as proper folding of nascent chains, protein
translocation, protein disaggregation, preservation and restructuring of the cytoskel-
eton and targeting damaged proteins. Hsp70, Hsp40, Hsp90, Hsp100, Hsp60,
nucleotide exchange factors, and small Hsp are the key Hsp families.

1.1.1 HSP70 Family

Hsp70s play key roles in substrate protein folding and in several essential biochem-
ical functions. Basic action mechanism is based on its functional domains. Hsp70
ATPase domain hydrolyses ATP and transmits this energy to the substrate binding
domain (SBD). The energy regulates lid closure of SBD. Hsp70 binds substrate
weakly at ATP bound state and bind more strongly at ADP state. When the lid closes
in the presence of ADP, SBD provides a hydrophobic environment to the unfolded
substrate protein and lead proper folding. On the other hand, this energy transfer may
work in reverse order. Substrate binding to SBD may trigger ATP hydrolyses
however, kinetic studies yet to be done to reveal the mechanism. Hsp70 has several
subcellular forms and can be either constitutively or inducibly expressed [125–
127]. It is believed that inducing Hsp70 isoform help Hsc70 thermotolerans related
stress. Hsp70 is the key player of the folding mechanism and interacts with partner
proteins. Hsp40, Hsp100, and nucleotide exchange factors are the main partners of
Hsp70 [39, 50]. Hsp70s are universally conserved and SBD has broader substrate
specificity among species. Existence of redundant isoforms suggested possible roles
of distinct functions. Hsp70s can substitute each other nonetheless constitutively
expressed form (Hsc70) can only substitute constitutive form but not the inductive
form (Hsp70) [123]. This action may depend on Hsp70 interaction partners as Hsc70
and Hsp70 coordinates and cooperates with different Hsp members. Hsp70 not only
fold proteins but serves for different functions; nascent chain folding, translocation
across membranes, targeting proteins for degradation, and apoptosis are the cellular
processes that Hsp70s perform [126].

1.1.2 HSP40 Family

One key partner for Hsp70 is Hsp40. The protein family, also called DnaJ, is
classified into DnaJA, DnaJB, and DnaJC depending on difference in domain
structure. Hsp40s help substrates to form right orientation to be processed by
Hsp70 [99]. Hsp40s has over 100 members and introduce the substrate to Hsp70.
Hsp40s have a J domain and the domain connects with ATPase domain of Hsp70.
This interaction induces ATPase activity of Hsp70 since Hsp70-Hsp40 pair folds
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substrate proteins or send them to degradation [32]. And distinct Hsp70-Hsp40
isoform pairs form different cellular function. Besides its folding/refolding activity,
Hsp40 is involved in protein translocation, translation, proteosomal degredation.
HSP40 associate with tumor growth and metastasis.

1.1.3 Nucleotide Exchange Factors (NEFs)

During Hsp70 folding mechanism, nucleotide must be removed from Hsp70 to start
a new cycle. Nucleotide exchange factors (NEF) function to regenerate acceptor
ATPases. NEF family include a variety of unrelated protein classes, namely GrpE
homologs in prokaryotes and Bag1, Fes1p, Hsp110 in eukaryotes [51, 81]. NEF acts
on Hsp70 as pliers and remove ADP from ATPase pocket. This process must be
syncronised to client protein folding as Hsp70 process seven residues at a time.
Hsp70-NEF interaction interface inhibitors are potential targets for drug designers.

1.1.4 HSP90 Family

Hsp90s are the abundant cytoplasmic proteins in unstressed cells. Hsp90s have a
highly conserved N-terminal domain and highly conserved C-terminal domain
[80]. Hsp90s are dimeric proteins and two cytosolic isoforms, called α and β, can
be found in higher eukaryotes. Hsp90 acts with Hsp70 chaperones and
co-chaperones (e.g. Hop; Hsp organizing protein) to fold the substrate proteins to
be functionally active conformations. Hsp90s play key roles in some cellular pro-
cesses such as cell cycle control, transcriptional regulation and signal transduction
[23]. The folding process can be viewed as prefolded with Hsp70 and folded-honed
with Hsp90.

1.1.5 HSP60 Family

Hsp60s mediate folding of many different proteins. E. coliHsp60, GroEL is the most
familiar among all chaperones [4]. The family functions with a slightly different
mechanism compared to other families since substrate is totally entrapped into the
protein. Hsp70 and Hsp60 have similar features but cannot substitute each other.
During folding and assembly of substrate proteins, the two proteins works
coordinately [8].

1.1.6 sHSP

Small Hsp (sHsp) family is not highly conserved in organisms during evolution and
various among species. Members of this family share a conserved C-terminal region,
called α-crystalline and located at different cellular compartments. sHsp bring
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substrate proteins into folding competent state by preventing their irreversible
aggregation, but cannot refold them [27]. They take roles in some cellular and
biochemical processes such as RNA stabilization and cytoskeleton interaction.
Since HSP27 increases tumor growth and metastatic potential, focus will be on
HSP27 as sHSP in this work.

1.2 HSP90 and Cancer

HSP90 has a unique structure and forms dimer structure. The cavity in the protein
may hold substrate proteins up to 30 kDa. HSP90 receives partially folded structures
from HSP70 and locally fold the substrate proteins. This process helps proper
folding of multimeric substrate proteins. Therefore, HSP90 plays an essential role
in folding. Because of the unique structure, several small molecule inhibitors
designed to inhibit HSP90 function as HSP70. HSP90 forms from three domains:
N-terminal ATPase for ATP hydrolysis, middle domain for substrate protein bind-
ing, and C-terminal domain for dimerization. Cochaperones can bind to middle
domain and C-terminal domain. HSP90 has more than 400 substrate/client proteins
(https://www.picard.ch/Hsp90Int/index.php). These proteins are involved in
signal transduction pathways, apoptotic evasion, differentiation, and metastasis
[29, 103].

Like HSP70, HSP90 cooperates with HSP family proteins. HSP70 and HSP40
(DnaJ) co-chaperones submit client proteins to HSP90 for further folding process.
HOP/STIP1 act as an adaptor and transfer substrate proteins from HSP90/HSP40
complex to HSP90. STIP1 also increases ATPase activity of HSP70 but inhibits
HSP90 activity [43, 95] Cdc37/p50 is a signal transduction protein and form
complex with several kinases and direct HSP90 to its target kinases. Cdc37 inhibits
HSP90 ATPase activity [111] In contrast, Aha1 increases HSP90 ATPase activity
[95] Sba-1/p23 cochaperone function as substrate release factor for HSP90 [149].

HSP90 substrate proteins involve (i.e. Cdk-4, eRBB-2, Raf-1, eNOS, N-Ras,
B-Raf) signaling kinases, regulators of cell proliferation and apoptosis. HSP90 also
interacts with tumor suppressor p53 transcription factor that regulate apoptosis.
Overall, HSP90 provides an adaptive strategy by favoring survival signals over
proapoptic signals. HSP90 resists apoptosis and promote angiogenesis and metasta-
sis by folding substrate proteins (i.e. VEGF, NOS, and MMP-2) [117, 132] Thus,
blockage of HSP90 through triggering apoptosis and by suppressing pro-cancerous
signaling cascades. Thus, inhibition of HSP90 has been an attractive model for drug
designers. This strategy seems elegant in design however, HSP proteins complement
each other. Inhibition of HSP90 induces HSP70 expression and cancer cells use
HSP70 in substrate protein folding. Current efforts employ dual HSP inhibitors to
prevent cancer cell bypass mechanisms.

Extracellular HSP90 coordinates with HSP70, HSP40, HIP, HOP, and p23 to
promote Matrix Metallopeptidase 2 (MMP-2) proteolytic activity. Thus, degradation
of extracellular matrix with MMP-2 is a signal for the beginning of invasion as well

HSP and Cancer Therapies 181

https://www.picard.ch/Hsp90Int/index.php


as metastasis. HSP90 further activates MMP-9 to promote cell invasion. Therefore,
HSP90 has an essential role in tumor invasion and metastasis [112, 116, 62]. Small
molecule inhibitors have been designed for HSP90: 17-AAG, 17-DMAG,
Geldanamycin, Herbimycin A, Radicicol, Coumermycin A1, NVP-AUY922, and
Novobiocin. 17-AAG is an HSP90 inhibitor. It destabilizes multiple oncogenic
client proteins in cancer cells and is a derivative of geldanamycin. Since
geldanamycin displayed solubility and toxicology problems, 17-AAG was synthe-
sized [52]. 17-AAG display synergetic action with clinical drugs; taxol, cisplatin
[128] 17-DMAG is semi-synthetic derivative of geldanamaycin and has advantages
over 17-AAG such as higher water solubility, good bioavailability, and greater
activity and it degrades Hsp90 client proteins [82] Herbimycin A is benzoquinoid
ansamycin class of natural products of HSP90 inhibitor, but the compound has
hepatotoxicity caused by the benzoquinone moiety [154]. Despite Radicicol prom-
ising in vitro activity (isolated from the fungus Monosporium bonorden), it is not
efficient in vivo and stable derivatives-oxime displayed promising results but have
not advanced into clinical trials [104].

Pyrimidinyl acyl thioureas designed by our group bound to Hsp90 ATP binding
pocket and inhibit ATPase function effectively [59]. Coumermycin work with a
different mechanism of action. It perturbs HSP90 dimerization rather than interfering
with HSP90 client proteins [11]. NVP-AUY922 reduces cell proliferation and
viability but lead HSP70 upregulation. This inhibitor also depletes HSP90 client
proteins. Overall the molecule has promising effect in vivo [5]. Novobiocin, couma-
rin derivative, bind weakly to Hsp90 C-terminal ATP binding site and works
similarly by degrading Hsp90 client proteins [28]. Novobiocin is different than the
rest of the small molecule inhibitors since it acts on C-terminal domain of HSP90.
Therefore, our lab designed novel compounds and combined thiazole with
coumarine [58]. These structures displayed promising inhibitory activity. The inhib-
itors prevented HSP90 dimer formation as Coumermycin A1 and disrupted HSP90
interaction with HSP70/HSP40 through HOP. Compared to the other inhibition
mechanism, this method is unique and may not lead potential off-target effects as
N-terminal inhibitors that targets ATPase domain.

HSP90 has more than 400 client proteins and these proteins involve in signaling
and cell cycle regulation (Table 1). HSP90 involvement with non-small cell lung
cancer, breast cancer, hepatocellular carcinoma, and colorectal cancer is through two
main categories. Inhibitors either block HSP90 or degrade client proteins. However,
inhibitors can block HSP90 by preventing its dimerization, allosteric inhibition, and
nucleotide analogs. These strategies provide highly effective anticancer treatment.

1.3 HSP70 and Cancer

HSP70 structure consists of N-terminal ATPase domain, substrate binding domain,
and C-terminal domain. HSP70 has a central role in HSP response and this protein
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coordinates and cooperates with other members of the family. These interactions
regulate HSP70 chaperone activity as well. BAG1 and CHIP binding lead HSP70 to
substrate protein degradation and HIP and HOP binding drives HSP70 to substrate
protein folding. HSP70 has several isoforms located in different part of the cell.
HSP70 isoforms interaction with different HSP family members serves to form
unique functions. Often these functions contain signaling proteins, apoptotic and
transcription factors. Therefore, HSP70 isoforms are associated with cancer. As
HSP70 isoforms characterized, a variety of nomenclature used. To prevent confu-
sion, HSP70 classified nomenclature “HSPA” but not common names are used
throughout this work. HSPA1-HSP72, HSPA6-HSP70B, HSPA8-HSC70 (cyto-
solic HSP70s), HSPA9-mortalin (mitochondrial HSP70), HSPA5-BIP
(ER HSP70), HSPA2-HSP70/2 [86, 124, 137]. Several cancer mechanisms employ
HSP70 to survive because of HSP70’s antiapoptotic function. Therefore, HSP70 is
often over expressed in cancer. Further, cancer cells grow faster than normal cells but
key proteins in cell cycle and signaling pathways must be properly folded for proper
function. HSP70 overexpression help folding of these substrate proteins in cancer
development [47, 91] These HSP70 functions increase oncogenic potential of some
cancer cells. Therefore, HSP70 is a target for anticancer drug development. Several
small molecule inhibitors developed to lead HSP70 to drive cancer cells to apoptosis.
HSP70 inhibitors not only perturb antiapoptotic and folding function but also HSP70
interactions with other proteins. Recently designed HSP70 inhibitors are
VER-155008, Apoptozole, MAL3-101, JG-231, YK5, HS-72, Novolactone,
MKT-077, PES.

HSP70 inhibitor design initially started with natural product spergualin and its
synthetic derivative DSG (15-deoxyspergualin). The molecule binds to the regulatory

Table 1 HSP90 associated cancers

HSP90 Cancer type Association References

HSP90AA1
(HSPC1)

Non-small cell
lung cancer

As an elevated expression of HSP90AA1,
HSP90AB1, HSP90B1 and TRAP1 was
associated with poorer overall survival out-
comes in patients with NSCLC, these HSP90
members may be potential prognostic bio-
markers and drug targets for the treatment of
NSCLC

[72]

Hsp90α,
Hsp90β
(HSPC2,
HSPC3)

Invasive and
metastatic breast
cancer

The secreted form of Hsp90α, but not
Hsp90β, is responsible the tumour cells’
abilities to migrate, invade and form tumours
in mice

[157]

HSP90B1
(HSPC4)

Hepatocellular
carcinoma

High BCLC staging scores, advanced cir-
rhosis and the overexpression of HSPA12A
and HSP90B1 might be associated with poor
survival from HCC, whereas high levels of
HSPA4, HSPA5 and HSPA6 might be asso-
ciated with earlier recurrence of HCC

[146]

TRAP1
(HSPC5)

Colorectal
Cancer

Overexpression of TRAP1 might contribute
to tumor cell local invasion of colorectal
cancer

[92]
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C-terminal ‘EEVD’ motif [87, 100]. Two inhibitors geranylger and anylacetone
designed to block substrate binding to HSP70 with low potency [90, 142]. Since
HSP70 sites other than ATP and substrate binding cavity are more druggable, myricetin
compound employed to inhibit HSP40 J-domain stimulated HSP70 ATPase activity.
And in a similar analogy an analog of 15-deoxyspergualin MAL3-101 allosterically
inhibitedHSP70ATPase function and perturbHSP70-HSP40 function through binding
to the interaction interface. The inhibitor has anti-proliferative and apoptotic activity.
The inhibitor displayed in vivo antitumor activity in xenograft model. [3, 13, 33,
135]. Another protein-protein interaction inhibitor is JG-231. This allosteric inhibitor
binds HSP70-BAG3 interface and inhibits breast cancer cells MCF-7 and MDA-MB-
231 [106].

VER-155008 is an ATP analogue that destabilizes oncoproteins and leads
caspase-dependent and independent apoptosis in colon cancer cells. The inhibitor
binds to different HSP70 isoforms (HSPA5, HSPA8) as well as HSP90 isoform
(HSP90AB1). [79, 134] Apoptozole acts with a different mechanism, it binds to
HSP70 ATPase domain and inhibits ATP hydrolysis and induce apoptosis
[19, 133]. YK5 induces degradation of HER2, Raf-1, and Akt kinases, and triggers
apoptosis in the SKBr3 breast cancer cells [67]. HS-72 just like YK5 induces
substrate protein degradation and growth inhibition. HS-72 specifically target induc-
ible HSP70 by allosterically inhibiting its ATP affinity [44]. Novalactone binds
HSP70 ATPase and substrate binding domain interface. The inhibitor is specific to
HSP70 ER and cytosolic isoforms [40].

MKT-077 interact with HSP70 just like myricetin but only in the ADP-bound
state [101] (Pifithrin-m is different than other HSP70 inhibiors as it targets substrate
binding, but specific saturable binding site was not monitored and like MKT-077, it
works in HSP70-ADP but not in HSP70-ATP state [64, 104] Our group developed
new generation inhibitors to prevent protein-protein interaction with interface inhib-
itors. These inhibitors also bind HSP70 in the presence of ATP at nM concentration,
but the inhibitors also inhibit HSP90. In vivo testing of these dual inhibitors is
underway (Unpublished results).

HSP70 involvement with bladder, lung, colorectal, ovarian, endometrial, cervical,
head and neck, papillary thyroid cancer, breast, non-small cell lung, pancreatic,
hepatocellular, nasopharyngeal esophageal squamous cell carcinoma shown in
Table 2. HSP70 has three domains and interacts with variety of cochaperones.
Domain specific and interface associated inhibitors designed for anticancer treatment.
Drug designers further developed dual inhibitors that effect both HSP70 and HSP90.

1.4 HSP60 and Cancer

Chaperonin-HSP60 interacts with HSP10 and located mainly in mitochondria. It is
also located in cytosol, cell membrane, extracellular space. It has three domains:
theapical, intermediate, andequatorial [137] HSP60:HSP10 is required for newly
imported protein folding into mitochondria but substrate proteins of HSP60 are
mostly unknown. However, HSP60 interacts with several factors in apoptosis and
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Table 2 HSP70 associated cancers

HSP70 Cancer Type Association References

HSPA1B Bladder Urothelial
Carcinoma

HSPA1B expression is associated with early
spread and progression of urothelial carci-
noma of bladder cancer

[36]

HSPA1B Colorectal Cancer Down regulation of HSPA1B expression
reduces cellular proliferation and tumor
growth

[48]

HSPA1B Ovarian Cancer Promote cellular growth and invasion of epi-
thelial ovarian cancer cells

[48]

HSPA1
and
HSPA2

Non-small cell lung
carcinoma

HSPA1 and HSPA2 gene expression reduced
growth and chemoresistance of NSCLC cells

[115]

HSPA2 Pancreatic carcinoma HSPA2 is correlated with tumor angiogenesis
and poor prognosis in pancreatic carcinoma

[150]

HSPA2 Hepatocellular
carcinoma

HSPA2 expression was an independent pre-
dictor of overall survival. Positive expression
of HSPA2 in hepatocellular carcinoma is
important in the acquisition of an aggressive
phenotype and it is an independent biomarker
for poor prognosis of patients with HCC

[34]

HSPA2 Esophageal squa-
mous cell carcinoma
(ESCC)

HSPA2 contribute to the malignant progres-
sion of ESCC and present a novel prognostic
indicator for ESCC patients

[152]

HSPA2 Bladder Cancer HSPA2 was identified as epigenetic bio-
markers for bladder Cancer

[22]

HSPA5 Lung cancer Inhibition of SIRT1/2 induces pro-survival
autophagy via acetylation of HSPA5

[85]

HSPA5 Breast cancer HSPA5 is a marker for poor prognosis in
breast cancer patients and has an important
role in cancer progression, including promot-
ing drug resistance and metastasis

[14]

HSPA5 Papillary thyroid
cancer

HSPA5 play a pivotal role in papillary thyroid
cancer relapse.

[151].

HSPA5 Nasopharyngeal
carcinoma

rs3216733 polymorphism in the GRP78 gene
promoter may correlate with NPC
susceptibility

[131]

HSPA5 Lymph node
metastases

HSPA5 significantly correlating with poor
prognosis, whose high expression was in part
confirmed in bioptic samples of lymph node
metastases

[6]

HSPA5 Head and neck
cancer

HSPA5 contributes to head and neck cancer
survival via maintenance of lysosomal
activity

[56]

HSPA5 Cervical cancer High expression of HSPA5 is a tumor-
promoting factor in cervical cancer and is thus
a potential target for novel treatment

[75]

HSPA5 Hepatocellular
carcinoma

GRP78 and granulin-epithelin precursor
(GEP) are interacting protein partners in liver
cancer cells and may play a role in

[147]

(continued)
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cell cycle regulation [9] The expression of HSP60 is increased in various cancer due
to its antiapoptotic function. HSP60 levels alter during carcinogenesis. HSP60 has a
direct role in tumor transformation and progression. HSP60 protects transformed
cells from apoptosis and binds surviving to stabilize it and control p53 function.
Elimination of HSP60 leads loss of surviving (inhibitor of apoptosis) and p53
dependent apoptosis in cancer cells [9] HSP60 mediates drug resistance and
overexpressed in cisplatin resistant cancer cells. HSP60 regulate apoptosis through
cyclophilin D and inhibition of HSP60 activates caspase-dependent apoptosis and
tumor suppression [37] HSP60 modulates growth factors and down regulation of
HSP60 enhances insulin like growth factor (IGFBP7) on colorectal cancer cell tumor
suppression [21, 102] Further, overexpression of HSP60 induces metastasis in
different cancers through interacting with β-catenin [122] Surface HSP60 coordi-
nates with α3β1-integrin in breast cancer and the integrin activity associate with
tumor progression, differentiation, invasion and metastasis. Therefore, inhibition of
HSP60 may inhibit tumor progression by perturbing the integrin activity [9].

Only a few researches have been conducted to develop inhibitors of cancer.
Inhibition of HSP60 reverses drug resistance and therefore several small molecule
inhibitors designed for HSP60 inhibition [1, 136] Geldanamycin dependent cell death
led mitochondrial HSP60 in osteosarcoma cells and sinularin inhibition effected
HSP60 expression in melonama cells [137] Although anticancer inhibitors that target
HSP60 is low, several small molecule inhibitors exist that directly bind HSP60.
Bortezomib is a proteasome inhibitor for chemotherapeutic drug that is used in

Table 2 (continued)

HSP70 Cancer Type Association References

GEP-mediated cancer progression in hepato-
cellular carcinoma

HSPA6 Hepatocellular
carcinoma

High levels of HSPA4, HSPA5 and HSPA6
associated with earlier recurrence of hepato-
cellular carcinoma

[146]

HSPA8 Endometrial cancer The depletion of HSPA8 siRNAs signifi-
cantly reduced cell proliferation, promoted
cell apoptosis, and suppressed cell growth in
endometrial cancer cells RL-95-2 and
HEC-1B

[105]

HSPA9 Invasive breast
cancer

Amplifications in the HSPA9gene lead to
lower survivability rates for the patient sam-
ples, while missense mutations in HSPA9 led
to higher

[53]

HSPA13 Hepatocellular
carcinoma

HSPH1, HSPBP1, HSPA1A, HSPA1B,
HSPA1L, HSPA2, HSPA4, HSPA5, HSPA8,
HSPA9, HSPAA1, HSPAB1, HSPA14,
HSPB11, HSPA13, HSP90B1 and HSPBAP1,
were all overexpressed in hepatitis B virus
(HBV)-related HCC tissues

[146]

HSPA12B Lung cancer HSPA12B stimulates lung tumor growth via a
Cox-2-dependent mechanism

[76]
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tumor treatment by modulating cell surface [12] BF844 targets mainly with HSP60
[A small molecule mitigates hearing loss in a mouse model of Usher syndrome III].
BF844 also binds HSP90 but characterization studies to identify drugs for cancer
treatment underway. Phenoxyacetanilide inhibits HIF transcriptional activity and
HSP60 [31] KHS-101 inhibits uncontrolled cell growth of glioblastoma multiforme
(GBM) by specifically binding to mitochondrial HSP60 (HSPD1). Thus, targeting
HSPD1 dependent oncometabolic pathways by inducing bioenergetic dysfunction
through inhibition of HSPD1 is a promising method [94]. Epolactaene inhibits
HSP60 by binding to cys442 of HSP60 and suvanine also sulfanate cyteine residues
however the compounds are not tested in cancer cells yet [88, 141] A recent work
summarize several HSP60 inhibitors (mizoribine, epolactaene, myrtucommulone,
stephacidin B, o-carboranylphenoxyacetanilides) but non of them tested on cancer
pathways yet [83]. HSP60 and HSP10 associated with pancreatic, breast, non-small
cell lung cancer, endometrial hepatocellular carcinoma, and glioblastoma (Table 3).
However, inhibitors of these family members are not extensively studied, therefore
researches limited with coordination of other HSP members.

1.5 Hsp27 (HSPB) and Cancer

HSP27 belongs to the family of small HSP with only 11 members in total. Among all
the HSP, this family is the only one that is ATP-independent. HSP are usually

Table 3 Chaperonins associated cancers

Chaperonins Cancer Type Association References

HSPD1 Pancreatic cell Knockdown of HSP60 attenuated pancreatic
ductal cancer cell proliferation and migration/
invasion, whereas ectopic expression of HSP60
increased tumorigenesis

[156]

CCT1 Breast cancer Overexpressing HSPA2 and DNAJC20 exhibited
longer survival, whereas overexpression of
HSP90AA1, CCT1, CCT2, CCT6A resulted in
unfavorable prognosis for breast cancer patients

[57]

CCT3 Hepatocellular
carcinoma

CCT3 and IQGAP3 protein level correlated well
with HCC etiology, tumor size, TNM stage, and
child-pugh classification

[96]

CCT5 Non-small cell
lung cancer

CCT5 is a potential tumor marker and may be
useful in the diagnosis of NSCLC in an early stage

[35]

CCT7 Endometrial
carcinoma

The mRNA expressions of CCT7, HSPA8,
PCBP2, LONP1, PFN1, and EEF2 in endometrial
carcinoma tissues were upregulated. CCT7,
HSPA8, PCBP2, LONP1, PFN1, and EEF2 are
potential biomarkers for endo-metrial carcinoma
tissues

[105]

CCT8 Glioblastoma High CCT8 protein expression might be related to
poor outcome of glioma, and that CCT8 regulates
the proliferation and invasion of glioblastomas

[98]
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categorized according to their molecular weight and all members of the small HSP
family are less than 43 kDa. HSP27 consists of 205 amino acids and has three
domains (N-terminal domain, α-crystallin domain and C-terminal domain) of which
N-terminal domain is responsible for chaperone activity and multimer formation and
C-terminal forms the compatible structure essential for chaperone activity. In order
to accomplish its function, HSP27 goes through phosphorylation under stress at
different sites (Ser-15, Ser-78, and Ser-82) with catalysis carried out by MAPKAPK
(mitogen-activated protein kinase-activated protein kinases) that is activated by
MAPK (mitogen-activated protein kinase) [137].

Studies on HSP27 and various cancer types have demonstrated the significance of
this protein in regulating important features of cancer cells including but not limited to
their growth, invasion, metastasis, and apoptosis. HSP27 also contributes to resistance
of cells against chemotherapeutic drugs. It has enhanced the migration in breast and
bladder cancer cells by increasing vascular endothelial growth factor and interfering
with integrin-linked kinase, respectively [119] Angiogenesis in breast cancer and cell
invasion in prostate cancer are also enhanced with the involvement of HSP27 [140]
Knockdown and overexpression experiments have also shown the regulation of
migration, invasion, proliferation, and metastasis of cancer cells [155].

A study on gastric adenocarcinoma has revealed an association between cancer
development and HSP27. C-X-C chemokine receptor type 1 (CXCR1) has a role in
the development and progression of cancer, and its knockout has decreased HSP27
expression hinting at its regulatory role along with CXCR1 [45]. When the activity
of this protein is inhibited or downregulated, findings have shown that it induces the
expression of phosphatase and tensin homolog (PTEN; a tumor-suppressor) in breast
cancer [10] increases caspase-3 activity and therefore causes apoptosis in glioblas-
toma cells [65], and also induces apoptosis due to serum depletion and hypoxia in
CD133+ colorectal cancer stem cells [71]. Other studies report on its inhibition of
caspase activation though binding to cytochrome c [7] prevention of cellular senes-
cence and regulation of p53 signaling [89], ncreased cell proliferation of lung cancer
cells through activator protein-1 [153].

The expression of HSP27 is increased in several cancers including breast cancer
stem cells, thyroid cancer, hepatocellular carcinoma, acute myeloid leukemia, and
several others; thus, it can be used as a diagnosis biomarker in these cancer types
[137]. As mentioned earlier, HSP27 contributes to resistance of cells against chemo-
therapeutic drugs. Studies with human pancreatic cancer cells show that cells develop
resistance to gemcitabine when HSP27 is overexpressed [60, 73, 74]. On the other
side, sensitivity against chemotherapeutics is observed in cancer cells when the
activity of HSP27 is supressed or blocked. Doxorubicin sensitivity is increa sed,
and its resistance is found to be overcome in the absence of HSP27 activity in colon
carcinoma and breast cancer cells [89, 113]. Other studies with chemotherapeutic
agents like 5-fluorouracil, cisplatin, genistein have also supported these results
[44, 114, 139]. Overall these findings indicate that HSP27 may be a target for
chemotherapeutics since it is involved in regulating their sensitivity and resistance.
HSPB or HSP27 associates with prostate, cervical, colorectal, breast, renal cell, lung,
gastric, non small cell lung cancer, glioblastoma, nasopharyngeal, hepatocellular
carcinoma, and TNBC, osteosarcoma glioma (Table 4).
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Table 4 HSPB associated cancers

HSPB Cancer Type Association References

HSPB1 Lung
tumorigenesis

The mesenchymal transition of vascular endothe-
lial cells caused by endothelial HSPB1 deficiency
contributes to lung fibrosis and tumorigenesis

[20]

HSPB1
(HSP27)

Lung cancer The expression of Redd1, HSP27 and HSP70 was
highly increased in lung cancer tissues compared
with that in normal lung tissues. Overexpression
of Redd1 led to HSP27 and HSP70 induction and
AKT activation, which were involved in lung
cancer cell survival and resistance to ionizing
radiation

[49]

HSPB1 Lung cancer rs2868371 genotypes of HSPB1 might be associ-
ated with radiation-induced esophagus damage
risk, especially in Caucasians

[67, 68]

HSPB1
(HSP27)

Prostate cancer Hsp27 could regulate EMT in prostate cells.
Hsp27 was stably overexpressed in the human
androgen receptor (AR)-positive prostate cancer
cell line

[110]

HSPB1 Cervical cancer A direct relationship between Cadmium-induced
toxicity and peroxynitrite production and a role for
recombinant HSP27 as a potential therapeutic
agent that may counteract Cd toxicity

[25]

HSPB1 Glioblastoma Expression level of heat shock protein 27 discrim-
inated glioblastoma presenting short and long
survival

[38]

HSPB2 Hepatocellular
carcinoma

HSPB6, HSPB7, HSPA6, HSPB2 and HSPB3
were upregulated in non-tumour tissues

[146].

HSPB5 Non small cell
lung cancer

CRYAB mRNA and protein expression levels
were significantly higher in NSCLC than in
matched non-cancerous tissues

[97]

HSPB5 Colorectal cancer HspB5 (Alpha B-crystallin) maybe trigger the
EMT in CRC by activating the ERK signaling
pathway. It is a potential tumor biomarker for
CRC diagnosis and prognosis

[66]

HSPB5 Colorectal cancer The expression of CRYAB protein in CRC was
significantly associated with distant metastasis
and overall survival

[108]

HSPB5 Colorectal cancer CG/GG at CRYAB C-802G is correlated with
CRC susceptibility

[138]

HSPB5
(CRYAB)

Breast cancer The disruption of the interaction between CRYAB
and VEGF165 can lead to inhibition of VEGF
production in breast cancer cells

[17]

HSPB5 TNBC αB-crystallin expression in primary breast carci-
nomas was associated with poor overall survival
and poor survival after brain metastasis, even
among patients with TNBC

[78]

HSPB5 Breast cancer αB-crystallin expression significantly correlated
with triple negativity and basal-like markers

[129]

(continued)
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1.6 Hsp40 and Cancer

As the largest family of human HSP with at least 49 members, HSP40s are classified
into three groups (DNAJA, DNAJB, and DNAJC). These proteins are homologs of
DnaJ HSP in bacteria and are therefore named as DNAJ family proteins. Most
members of this family have a ‘J’ domain which binds to nucleotide binding domain
(NBD) of HSP70 leading to regulation of protein folding/unfolding, translation,
translocation, and degradation [137]. Also known as the co-chaperone of Hsp70,
they help increase the ATPase activity of Hsp70. Together with the co-factor NEF,
they form a cytosolic chaperoning machinery. Concurrently, presence of HSP60 and
HSP90 is also necessary for ideal functioning of HSP70.

HSP40 family proteins have both pro-cancer and anti-cancer roles in cancer
development. For instance, many studies have been carried out with DNAJA3
(also known as Tid1) functioning as a tumor suppressor in various cancers. In breast
cancer MCF-7 cells, it takes the lead to apoptosis through p53-mediation
[121]. Another study with breast cancer cells shows that Tid1 prevents cell migration
by interfering with the production of IL-8 [55]. Overexpression studies of Tid1 in
head and neck squamous cell carcinoma show its inhibition effect on hallmarks of
cancerous cells including migration and invasion in addition to cell proliferation and
growth in vitro. Reduced tumor growth and relapse have also been observed in vivo.
[15]. On the other hand, knockdown experiments have been supportive of the

Table 4 (continued)

HSPB Cancer Type Association References

CK5/6 and SMA. A significant correlation was
also observed with pERK1/2 expression

HSPB5 TNBC Overexpression of alpha B crystallin was
observed more frequently in triple negative cancer
(9/20, 45%) than in luminal type cancer

[54]

HSPB5 Osteosarcoma The high level of CRYAB was associated with
shorten survival and tumor recurrence for the
postoperative osteosarcoma patients.

[109]

HSPB7 Renal cell
carcinoma

HSBP7 is likely to be a tumor suppressor gene
regulated by p53 and its downregulation by
hypermethylation may play a critical role in renal
carcinogenesis

[70]

HSPB8 Gastric cancer HSPB8 promotes cancer cell growth by activating
the ERK-CREB pathway and may serve as a
potential prognostic factor in GC patients

[107]

HSPB10 Nasopharyngeal
carcinoma
(NPC)

Positive expression of HSP10 and HSP70 associ-
ated with advanced clinical stages

[49]

HSPB11 Glioma HSPB11 expression was associated with poor
prognosis and was independently correlated with
overall survival (OS) in high-grade glioma

[18]

190 L. Tutar et al.



outcomes of overexpression studies. Tid1 knockdown has resulted in decreased
apoptosis and increased growth of osteosarcoma cancer cells [30].

Overexpression of several HSP40 family proteins is seen in a variety of cancers
including colorectal, lung, cervical, breast, ovarian, and gastric. DNAJC12 (also
known as JDP1) is increased in estrogen receptor (ER) positive breast cancer and can
be used as a target for hormonal therapy as it helps pursue the transactivation of ER
[26]. Simultaneously, DNAJB6 expression is reduced in aggressive breast cancer
[84]. DNAJA4 methylation is suggested to be a therapeutic and diagnostic target in
pediatric rhabdomyosarcoma [77]. DNAJA3 expression is increased in cancers such
as lung, ovarian, colon, and breast, while DNAJC25 is decreased in hepatocellular
carcinoma [120].

In the treatment of cancer, this family of proteins is engaged in assisting chemo-
therapeutic agent effectiveness. Expression of the DNAJ proteins, along with other
HSP, is inhibited when the agent KNK437 shows its antitumor effect [148]. Angio-
genesis is an important hallmark of cancer that is inhibited by the agent R115777
(also known as Tipifamib) in addition to tumor growth and survival pathways.
R115777 is known to inhibit the expression of DNAJ family members. It is also
known to be effective in radio-sensitization of glioblastoma multiforme cells possi-
bly indicating employment of a more effective radiation therapy [46, 130]. Effectivity
of another chemotherapeutic agent gefitinib is improved by inhibition of DNAJB1 in
human lung epithelial adenocarcinoma cells [93]. Human renal cell carcinoma cells
may develop resistance to the chemotherapeutic agent docetaxel; however, the
situation may be overcome by the knockout of DNAJB8 protein, which is demon-
strated to have a role in initiating tumors [143]. Curcumin is being explored as a
cancer therapeutic and has been shown to inhibit traits of cancer cells such as
invasion, migration, and metastasis. It is able to do so by activating a DNAJ family
member protein, HLJ1 [16]. HSP40 or DNAJ family proteins associate with various
cancers. DNAJ family has the highest member among HSP proteins. DNAJ isoforms
coordination with other HSP form specific functions and therefore, the members
involve in different cancers (Table 5).

2 Conclusions

HSP family proteins overexpressed in various cancers and elevated expression is
indication of poor prognosis in these cancers. Cancer cells employs the protective
effect of HSP for survival, thus elevated HSP expression are required for growth,
survival and formation of secondary cancers. Further, HSP involve in cancer treat-
ment resistance. Extracellular HSP released from cancer cells influence metastasis.
HSP gene families have multiple members and function of each member is well
defined however, complex formation among HSP isoforms form totally different
functions and these functions must be elucidated. Therefore, drug designers synthe-
size novel compounds to intervene complex formation through interface inhibitors.
Another strategy is to allosterically inhibit HSP function and employ competitive
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inhibitors. Currently HSP70 and HSP90 inhibitors widely employed and designed
for specific HSP isoforms. Individual oncogenes drive progression of cancers and
HSP70 isoforms interact distinctly with different oncogenes. Thus, these inhibitors

Table 5 HSP40 associated cancers

HSP40 Cancer Type Association References

DNAJA1 Colorectal cancer DNAJA1 was significantly upregulated in CRC
tissues and positively correlated with serosa
invasion, lymph node metastasis

[144]

DNAJB1 Lung, Breast,
Ovary Cancer

DNAJB1 suppresses p53 function via PDCD5 [24]

DNAJB2
(HLJ1)

Breast Cancer HLJ1 was found to be downregulated in breast
cancers and epigenomic events such as CpG
methylation and histone deacetylation could be
responsible for this downregulation

[2]

DNAJB6 Esophageal squa-
mous cell
carcinoma

Nuclear localization of DNAJB6 is associated
with longer survival times of patients with
ESCC. DNAJB6a reduces AKT signaling, and
DNAJB6 expression in KYSE510, KYSE
30TSI, KYSE140, and KYSE70TS cells reduces
their proliferation and growth of xenograft
tumors in mice

[63]

DNAJB8 DNAJB8 is a reasonable target for CSC/CIC-
targeting therapy

[61]

DNAJB9 Acute myeloid
leukemia

The inhibitory effect trigged by HNA was at
least in part mediated through the induction of
important regulatory genes for apoptosis, G0/G1
cell cycle arrest and downstream targets of
XBP1, namely p53, PARP, p21cip1, p58IPK,
CHOP and DNAJB9

[118]

DNAJC3-
DT(AS1)

Osteosarcoma High level of DNAJC3-AS1 was correlated with
high differentiated degree and advanced
Enneking stage. DNAJC3-AS1 enhanced cell
proliferation, migration, and invasion in vitro
and in vivo and reduced sensitivity of osteosar-
coma to cisplatin

[69]

DNAJC6 Hepatocellular
carcinoma

There was an important function of DNAJC6 in
the progression of HCC by induction of EMT,
and they implicate DNAJC6 as amarker of poor
outcome in HCC

[145]

DNAJC7 Renal cell
carcinoma

Increased serum level of DNAJC7-polyE protein
was also associated with advanced RCC stage
and grade

[67, 68]

DNAJC12 Rectal cancer High expression of DNAJC12 was found to be
correlated with poor prognosis for overall sur-
vival, disease-free survival

[42]

DNAJC25 Hepatocellular
carcinoma

DNAJC25 was significantly downregulated in
HCC, suggesting that DNAJC25 is involved in
hepotocellular carcinogenesis and acts as a sup-
pressor of HCC

[74]
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may be used with clinical drugs to prevent drug resistance. The HSP inhibitors
provide promising results and insights from how HSP are regulated in cancer help
designing novel drugs. A recent work analyzed HSP signature for the outcome
prediction of breast cancer patients by analyzing databases [57]. The results indi-
cated that patients overexpressing HSPA2 and DNAJC20 exhibited longer survival
and overexpression of HSP90AA1, CCT1, CCT2, CCT6A resulted in unfavorable
prognosis for breast cancer patients. Therefore, understanding HSP complex behav-
ior and drug effect over distinct cancers may open new avenues in anticancer
treatment.
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Effects of Heat Shock Protein 70 kDa
in Allergic Airway Inflammation

Marina A. Shevchenko, Natalia I. Troyanova,
and Alexander M. Sapozhnikov

Abstract

Introduction Local elevation of extracellular heat shock protein 70 kDa (HSP70)
concentration is an attribute of the acute phase of inflammation of different origins,
particularly, allergic airway inflammation. The effects and the mechanisms of
HSP70-mediated effects in allergic airway inflammation are still not completely
understood. In this book chapter, we summarize the data regarding the effects of
HSP70 on immune cells in the course of allergic airway inflammation. We discuss
the role of ATPase and chaperone activity in the regulation of immune responses that
cause inflammation resolution.

Methods Our rationale is based on in vivo studies to assess Hsp70 effects in the
allergic airway inflammation mouse models and in vitro experiments tested direct
Hsp70 impact on activated neutrophils yielded from the bone marrow of intact mice.

Results Here we provide the data regarding the implication of HSP70 in the allergic
airway inflammation. In addition to the role of endogenous HSP70 in this immune
process, we discuss some effects of allergens belonging to the HSP70 family that can
induce a cross-reactive humoral response to self HSP70. Chaperone properties of the
proteins support the hypothesis of the anti-inflammatory activities of HSP70. Indeed,
the suppressive activity of HSP70 was reported for inflammatory processes in the
respiratory tract. We provide the data indicating possible and established mechanisms
of HSP70 effects on immune cells in the course of allergic airway inflammation.

Conclusions In this book chapter, we demonstrated the implication of HSP70 in the
allergic airway inflammation. We also discussed the role of ATPase and chaperone
activity of HSP70 in the regulation of immune responses that cause inflammation
resolution.
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Abbreviations

BSA bovine serum albumin
fMLP N-formylmethionine-leucyl-phenylalanine
HBSS Hank’s balanced salt solution
NETs neutrophil extracellular traps
OVA ovalbumin
PMA phorbol 12-myristate 13-acetate
ROS reactive oxygen species

1 Introduction

HSP70 in some cases can act as a stimulator of immune inflammation and in other
situations reveal an anti-inflammatory activity. Multiple factors influence the effects
of HSP70 in inflammation, such as the origin of HSP70, the interaction of HSP70
with other proteins, particularly with receptors that are expressed by different cell
populations. The local immune cell microenvironment is also of great importance in
the context of HSP70 effects. Such a complex process as allergic airway inflamma-
tion is driven by different immune cell populations, in particular Th2, ILC2, and
eosinophils. Antigen-presenting cells and neutrophils are also implicated in the
regulation of allergic airway inflammation. In this chapter, we concern the allergenic
and suppressive effects of HSP70 in the course of allergic airway inflammation. We
discuss the anti-inflammatory potential of ATPase activity of HSP70 and summarize
the reported HSP70-induced neutrophil-mediated regulation of allergic airway
inflammation.

1.1 HSP70 in Allergic Airway Inflammation and Asthma

Extracellular heat shock protein 70 kDa (HSP70) does not serve as a specific marker
of asthma, but the elevation of extracellular HSP70 level was detected in samples of
bronchopulmonary lavages in the model of induced allergic airway inflammation in
mice [31]. Moreover, systemic and local elevation of extracellular HSP70 level was
shown to correlate with the severity of airway inflammation in asthmatic patients
[19]. It is important that in the course of inflammation, extracellular HSP70 can
reveal both pro-inflammatory and anti-inflammatory activity [7, 10, 30–32, 36].
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1.2 Allergenic Potential of HSP70

Several members of HSP70 family belong to allergens. Among them Alt a 3 [8] from
mold Alternaria alternate, Mala s 10 [3] from yeast Malacesia sympodialys; mite
protein Der f 28 [1, 2] from house dust mite Dermatophagoides farina and some
others (the data are presented in accordance with database AllFam (http://www.
meduniwien.ac.at/allfam/) [29]). Due to high homology between HSP70 family
members, cross-reactivity of serum Mala s 10-specific IgE from patients with
allergic eczema or dermatitis to self Hsp70 was described [3]. Elevation of self
Hsp70-specific IgG1 was reported for patients with allergic bronchial asthma
[38]. Later, Hou et al. [19] observed the associations of increased serum Hsp70
level and airway neutrophilia. Besides, correlation of sputum Hsp70 level and the
number of lymphocytes was detected in asthmatics [19]. Thus, the level of the
circulating in the organism extracellular HSP70 elevates in the course of allergic
inflammation. Primary structure homology between allergens from HSP70 family
and self, autologous HSP70 proteins under certain conditions can promote the
inflammation progression.

1.3 Suppressive Effect of HSP70 in the Airway Inflammation
of Different Etiology

As it was mentioned above, HSP70 can display both pro- and anti-inflammatory
activity in the course of inflammation. The anti-inflammatory effects of HSP70 were
demonstrated initially by the findings that the induction of increased Hsp70 expres-
sion protected lung tissues from the fibrosis caused by chronic inflammation
[16, 33]. Regarding allergy and asthma, increased Hsp70 levels were detected in
exosomes that were yielded from bronchoalveolar lavages of mice with induced
tolerance to the allergen [28]. Moreover, preventive intranasal immunization of mice
with Hsp70-rich exosomes blocked the allergic airway inflammation development in
response to olive pollen allergen [28]. The direct protective effect of Hsp70 was
demonstrated in the mouse model of allergic airway inflammation [31]. In particular,
oropharyngeal application of Hsp70 in the acute phase of ovalbumin-induces aller-
gic airway inflammation prevented airway eosinophilia and suppressed the total
bronchoalveolar lavage cell number and pro-allergic cytokine IL-4, IL-5 и IL-13
levels (Fig. 1). Thus, the elevation of extracellular HSP70 level can be protective in
the airway inflammation, particularly allergic airway inflammation, however, the
mechanisms of the protective HSP70 effects are still not completely understand.
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1.4 ATPase Activity as Potentially Protective Mechanism
of HSP70-Mediated Suppression in Allergic Airway
Inflammation

It is known that the main functions of HSP70 are connected with ATPase activity of
the protein. We suggest that this activity can be implicated in the mechanisms of
protective effects of HSP70 in the inflammation. ATP is known to be one of the
danger signals. Elevation of extracellular ATP level was observed in asthmatics at
the acute phase of inflammation [20]. Binding to purinergic receptors P2X and P2Y

Fig. 1 Protective effects of exogenous Hsp70 in mouse model of allergic airway inflammation.
(Adopted from [31]). Mice received Hsp70 24 h after the last allergen challenge (a). (b) Total cell
number (left), neutrophil (middle), and eosinophil (right) counts in BAL of mice with induced
allergic airway inflammation. (c) BAL fluid levels of IL-4, IL-5, and IL-13 of mice with induced
allergic airway inflammation and intact mice. Representative data of three independent experi-
ments. Data are presented as mean � SEM for five mice per group. Significant difference is
indicated; * p � 0.05; ** p � 0.01; *** p � 0.001; ns, not significant
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on dendritic cells causes the pro-inflammatory activation that leads to skewing
immune response towards Th2 proliferation that together with eosinophil recruit-
ment drive allergic airway inflammation [21]. In non-inflamed steady-state condi-
tions exoferments - ectonucleoside triphosphate diphosphohydrolases (E-NTPD) –
regulate extracellular ATP level at physiological conditions [39]. E-NTPD, as well
as HSP70, belongs to sugar kinase/heat shock protein 70/actin superfamily and
possesses a similar conformation of ATP-binding domain that is sensitive to Ca2+

or Mg2+ [41]. E-NTPDs manifest ATPase activity, however, due to their membrane-
bound location they can act only on the cell surface, but not in the extracellular
matrix, like HSP70 [35, 39]. The implication of HSP70 in the regulation of extra-
cellular ATP concentration was not yet detected in vivo, however, in vitro studies
revealed the decrease of extracellular ATP level in presence of Hsp70 in culture
filtrate of bone-marrow-derived dendritic cells [6]. Taken together, increased HSP70
concentration at the site of allergic airway inflammation and the ATPase activity of
the protein support the hypothesis that HSP70 can downregulate the extracellular
ATP levels and suppress the P2X activation by reduction of activation stimulus.
Thus, the neutralization of extracellular ATP by extracellular pool of HSP70 can be
considered as one of the potential molecular mechanisms of anti-inflammatory
HSP70 potential and is to be further investigated.

1.5 Effects of HSP70 on Granulocytes in the Course
of Allergic Airway Inflammation

At the acute phase of allergic airway inflammation like in any inflammatory process
both clinical and experimental studies observed IL-8 secretion and subsequent
neutrophil attraction to the site of inflammation [23, 24]. However, multiple repeats
of allergen exposure led to a decrease of neutrophil numbers and the establishment of
Th2-mediated response [5, 18]. In accordance to the classical view on allergic airway
inflammation, development of pro-allergic cytokines IL-4, IL-5 and IL-13 (that are
secreted by ILC2s at the early stage of inflammation and in most extent by Th2 at the
latter stage) induces the egression of eosinophils from the bone marrow, activate
endothelium to retain the eosinophils in the sites of inflammation and promote
eosinophil maturation [18, 22, 26]. The simultaneously rising concentration of
IL-4 blocks the egression of neutrophils from bone marrow [37].

As it was shown above, the exogenous elevation of extracellular Hsp70 concen-
tration in the site of inflammation decreased both the level of Il-4 and eosinophilia in
the experimental mouse model of OVA-induced asthma (Fig. 1). Besides, exoge-
nous Hsp70 application at the acute phase prevented subsequent decrease of
bronchoalveolar lavage neutrophil numbers at the late phase of allergic airway
inflammation (Fig. 1).

The potential of Hsp70 to stimulate chemotaxis of neutrophils was reported
previously for in vitro models [27]. One possible mechanism of neutrophil attraction
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is the interaction of ATP-bound form of Hsp70 to TLR4 [11] that can potentially
activate subsequent immune responses [17, 25]. Another mechanism by which
HSP70 can influence the neutrophil behavior was coming from the ability of
Hsp70 to interact with TPR domain-containing proteins, so-called co-chaperones
[4]. One of such proteins is Hsp interacting protein (Hip) that can also interact with
CXCR2 expressing on mature neutrophils and responsible for neutrophil recruitment
from bone marrow to the periphery [13]. In this way, the elevation of extracellular
Hsp70 concentration in the site of inflammation may affect the chemotactic activity
of neutrophils. Thus, the decrease of IL-4 level in bronchoalveolar lavage that was
observed after Hsp70 application together with the neutrophil attractive potential of
Hsp70 can be reasons for the retention of neutrophils in the airways. Recruited to the
site of inflammation neutrophils can neutralize the pathogen by one of the following
strategies: phagocytosis, reactive oxygen species (ROS) production and neutrophil
extracellular traps (NETs) formation. ROS hyperproduction, as well as uncontrolled
netosis, are the important factors of asthma complications in response to allergen
provocation [9, 12].

At the same time, in vitro studies demonstrated that Hsp70 prevented bacterial
antigen-induced ROS production and pro-inflammatory cytokine secretion by both
human peripheral blood and mouse bone marrow neutrophils [34, 40]. In particular,
the set of experiments was carried out with bone marrow-derived neutrophils
(Fig. 2a). The observation that heat shock itself (Fig. 2b), as well as exogenously
added Hsp70, decreased fMLP-induced ROS production (Fig. 2c) supported the
hypothesis of Hsp70-mediated prevention of neutrophil hyperactivation. Besides,
HSP70 was shown to be able to in vitro suppress PMA-induced NET formation by
neutrophils (Fig. 2d). These data are in agreement with previously showed suppres-
sion of ROS production since the NET release was shown to be linked to the
ROS-dependent cell death pathway in the inflammation [15]. Together with that,
the percentage of spontaneous apoptosis in the primary culture of bone marrow-
derived apoptosis significantly elevated in the presence of Hsp70 (Fig. 2e). Thus,
Hsp70 prevented netosis and necrosis and facilitated spontaneous apoptosis of
neutrophils. The demonstrated data support the hypothesis that extracellular
HSP70 – neutrophil interaction affects the functional activity of neutrophils. In
relation to allergic airway inflammation, neutrophil apoptosis was shown to be
advantageous for resolution of inflammation [14]. Thus, the elevation of extracellu-
lar HSP70 concentration facilitates neutrophil recruitment, but prevents their
hyperactivation and in this way stops the inflammation development.

2 Conclusions

In conclusion, we summarize some possible mechanisms of the demonstrated
previously HSP70 protective effects in allergic airway inflammation. Based on
ATPase and chaperone activity of HSP70 we can outline the points of potential
HSP70 implication in suppression of allergic airway inflammation.
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Dephosphorylization of extracellular ATP to ADP by HSP70 at the site of inflam-
mation limits the massive migration of immature antigen-presenting cells and their
subsequent activation and maturation toward inflammatory cells and in this way
reduces the activation of allergen-induced Th2-mediated response. Reduced number
of allergen-specific Th2 clones shows abate secretion of pro-allergic cytokines that

Fig. 2 Hsp70 prevents hyperactivation of bone marrow-derived neutrophils in vitro (adopted
from [31, 34]. (a) Schematic representation of the neutrophil yielding from bone marrow cells.
Representative images of flow cytometry dot plots of bone marrow cells (the first from left),
neutrophils after negative selection using Miltenyi Biotech Kit for the mouse neutrophil negative
enrichment by magnetic separation (the second from left), the same sample of neutrophils after
overnight separation (the third from left), and the gating for apoptotic cells in accordance to
Annexin-PI staining. (b) fMLP-induced ROS production of bone marrow-derived neutrophils
after 10 min long heat shock at 43�С (white squares) and without heat shock (black triangles). (c)
The dose-dependent effect of Hsp70 that was adding to the primary neutrophil culture on fMLP-
induced ROS production. (d) Effect of Hsp70 on PMA-induced extracellular nucleotide secretion.
(e) Hsp70-mediated dose-dependent elevation of Annexin+ cells in the primary culture of bone
marrow-derived neutrophils after overnight incubation
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lead to attenuated eosinophilia. Together with that, in the absence of elevated IL-4
level neutrophils egress from bone marrow and migrate to the site of inflammation.
In the presence of HSP70, activated neutrophils reveal a weak disposition towards
hyperactivation. Non-activated neutrophils spontaneously dying by apoptosis (but
not netosis or necrosis), facilitated by this way inflammation resolution. Thus, we
suggest the protective rather than pro-inflammatory effect of the elevated extracel-
lular HSP70 concentration at the site of inflammation, including allergic airway
inflammation.
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Role of Heat Shock Factor 1 in Neural
Development and Disorders

Dipankar J. Dutta, Kazue Hashimoto-Torii, and Masaaki Torii

Abstract

Introduction The Heat Shock Response (HSR) pathway plays a pivotal role in
regulating various aspects of fetal Central Nervous System (CNS) development under
normal non-stressed conditions. Its disruption, by prenatal exposure to various envi-
ronmental stressors, hampers fetal neurodevelopment resulting in deficits that are in
some cases obvious, such as in FetalAlcohol SpectrumDisorders (FASD), and in others
pernicious, such as an increased predisposition for adult-onset psychiatric illnesses.
This chapter explores how stressors, acting alone or with genetic predispositions, can
impair the ability of the HSR pathway in facilitating normal fetal neurodevelopment.

Methods We searched PubMed with the keyword ‘Heat Shock Factor’ to find
relevant peer-reviewed articles.

Results We focus primarily on Heat Shock Factor1 (HSF1), the predominant
mammalian activator of the HSR pathway. Following a brief introduction on HSR
and HSF1, the first section explores the burgeoning literature on the role of HSF1
and its downstream effectors, the molecular chaperones, in various aspects of
embryonic neurodevelopment. The second section discusses the interaction of
various environmental stressors with HSF1 expression and activity in the fetal
CNS, and how such interactions; depending on dosage, duration, and time of
exposure; can result in a spectrum of deficits within the fetal brain.
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Conclusions We conclude with our perspective on pressing and challenging out-
standing questions in the field.

Keywords Chaperones · FASD · Heat shock factor 1 · Heat shock protein · Heat
shock response · Neurodevelopment

Abbreviations

ADHD attention deficit hyperactivity disorder
AMP adenosine monophosphate
AMPK adenosine monophosphate-activated protein kinase
ATP adenosine triphosphate
BAG1 BCL2 associated athanogene 1
CK2 casein kinase 2
CNS central nervous system
DCC deleted in colorectal cancer
DISC1 disrupted in schizophrenia 1
DNA deoxyribonucleic acid
FASD fetal alcohol spectrum disorders
FRT flippase recognition target
GEF guanine nucleotide exchange factor
GTP guanosine-50-triphosphate
HOP HSP70/90 heat shock organizing protein
HSC heat shock cognate
HSE heat shock element
HSF heat shock factor
HSP heat shock proteins
HSR heat shock response
iPS induced pluripotent stem
JNK c-Jun N-terminal kinase
kDa kilo Dalton
KO knockout
PDZ post synaptic density protein (PSD95), Drosophila disc large tumor

suppressor (Dlg1), Zonula occludens-1 protein (zo-1)
PSA-NCAM polysialic acid neural cell adhesion molecule
RFP red fluorescent protein
RNA ribonucleic acid
siRNA small interfering RNA
SIRT1 silent mating type information regulation 2 homolog 1
SVZ subventricular zone
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1 Introduction

The staggering complexity of the human brain that fuels its seemingly unbounded
abilities comes with a steep cost. Neurodevelopment is an intricate, elaborate, and
protracted affair in humans [1]. We are born with a brain less than a third of its
ultimate adult proportions [2]. Different brain regions mature at different rates [3],
and different cognitive functions come with their own critical and sensitive devel-
opmental periods [4] that extend well into late adolescence [5]. Myelination, insu-
lation that makes vertebrate neuronal communication zippy, only reaches its peak by
39 years of age [6]. By then, we already have one foot out the door [7]. Meanwhile, a
lot of things can and do go awry. Even seemingly benign and minute alterations
during fetal neurodevelopment, within the same genetic background, can have a
disproportionate impact in later life. For instance, subtle variations in the in utero
environment of identical twins, as indexed by mild birth-weight variation, are
accompanied by significant alterations in brain anatomy and intelligence that persist
at least into late adolescence [5]. Therefore, it is no wonder that heat shock factors
and their target proteins, chaperones and otherwise, play such a pivotal role in brain
development by both ensuring proper neurodevelopment, and insulating the fragile
brain from internal and external stressors. In this chapter, we discuss these roles of
various components of the HSR pathway on neural development and disorders, with
an emphasis on HSF1 and its target genes.

2 The Heat Shock Response – A Brief History

The discovery of the HSR pathway was a happy accident. In the early 1960s,
Ferruccio Ritossa, an Italian geneticist, was studying nucleic acid synthesis in puffs
of polytene chromosomes in larval Drosophila salivary glands. Puffs, sites of vigor-
ous transcription, are local enlargements in these chromosomes that can be spatially
tagged and followed over time [8]. One eventful day, someone in Ritossa’s lab
inadvertently changed the temperature of his incubator. Ritossa later remarked, “I
cannot remember whether it was John Pulitzer or Inge or Clara Ghini or Giordano
who shifted the temperature of my incubator, but one day I noticed a different puffing
pattern!” Entirely new puffs emerged in Drosophila polytene chromosomes in
response to heat shock from elevated temperature inside his incubator. As is par for
novel discoveries, Ritossa’s early attempts to publish his findings were met with
skepticism. The editor of an influential journal, who rejected the manuscript,
remarked that “the observations lacked biological importance”, implying that it was
likely an artifact [9]. The seminal discovery was eventually published in Experientia
in 1962 [10]. However, interest lagged for another dozen years, until 1974, when
Tissieres et al. heralded the era of HSR research by showing that heat shock-induced
puffs culminatedwith intense protein synthesis and, beyond the salivary gland, can be
induced by a heat shock in various other tissues throughout the body [11].
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Decades of research have since demonstrated two fundamental aspects of the
HSR; its universality across all life forms, and the plethora of stimuli, primarily
stressful but also non-stressful developmental cues, which can lead to its activation.
The HSR has been observed in every living context it has been sought in; from
archaebacteria to Arabidopsis to humans [12]. The HSR is activated in a multitude of
stressful contexts including changes to various properties of the extracellular milieu,
such as temperature [11] or hydration [13]; the presence of chemical stressors, such
as ethanol [14], free radicals [15], or heavy metals [16]; and pathophysiological
states associated with ischemia [17], pathogenic infections [18], or mutations
resulting in protein misfolding and aggregation [19]. As we discuss later, compo-
nents of the HSR pathway also regulate normal fetal neurodevelopment in the
absence of external stressors, suggesting that their influences extend well beyond
their stereotyped role as mere facilitators of protein folding.

There are two principal components of the HSR pathway, the activators, and the
executors. The activators are heat shock factors (HSF) [20, 21], transcriptional
factors that, upon proteotoxic stress, activate the transcription of the executors, the
heat shock proteins (HSP) [11]. HSP are chaperone proteins that help maintain
protein homeostasis, or proteostasis, by facilitating proper protein folding
[22]. Together, HSF and HSP represent some of the most evolutionarily conserved
protein families and constitute a first line of defense against a diverse range of threats
to protein stability [23].

3 Heat Shock Proteins – Chaperones that Execute the Heat
Shock Response

The canonical role of the HSR pathway is to maintain optimal folding of native
tertiary protein structures in the face of proteotoxic stressors [22]. This task is both
critical and urgent during periods of cellular stress, and yet exceedingly difficult to
accomplish, at least in theory. For example, a 101 amino acid long protein can fold in
3100 different ways, and if it were to sample each fold sequentially at a brisk rate of
1013 folds per second, it would take the protein up to 1027 years, much longer than
the age of the universe, to find its native state [24]. However, in practice, proteins
fold in sub-second timescales [25]. This paradox, formulated by Cyrus Levinthal in
1969 [26], underscores the key role of chaperones in facilitating proper protein
folding via hydrophobic collapse, in which hydrophobic residues are excluded
from the aqueous milieu and sequestered in the core of the protein [27]. Proteins
are the ultimate manifestation of our genetic information, and cells have evolved an
extensive arsenal of mechanisms to protect and preserve the fidelity of this informa-
tion, both during the formation of proteins and after they have formed. Molecular
chaperones are a key component of this arsenal [28].

The word chaperone harks back to an antiquated time, the 1700s in France, when
young unmarried women were not allowed to appear in public without the company
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of a married woman, the chaperon. It is the French synonym for hood, with the
notion being to cover someone who is ostensibly vulnerable [29]. Biologists coopted
the term for proteins that help other proteins fold properly and remain properly
folded. Two main stressful events occur during the lifecycle of a protein; one when it
is trying to fold de novo after ribosomal synthesis, and the other when its optimally
folded native structure is under threat from proteotoxic stressors [30]. HSP are stress-
activated chaperones that associate with proteins during cellular stress, and thereby
both prevent protein misfolding and facilitate proper refolding of misfolded proteins.
Co-chaperones and myriad other proteins aid HSP in this crucial task [22].

HSP are classified based on their molecular mass, and range in size from 10 to
110 kDa. The small HSP, up to 40 kDa in size, are adenosine triphosphate (ATP)-
independent and include α-crystallins and HSPB1 among others. The large HSP
range from 40 to 110 kDa, function by expending ATP, and predominantly contain
the 40, 70, and 90 kDa HSP families. HSP70 and 90 also come in two flavors, a
stress-inducible form (iHSP70, HSP90α) and curiously, a constitutively expressed
heat shock cognate (HSC) variant (HSC70, HSP90β). HSP40, HSP100, and HSP110
are co-chaperones that interact with and regulate the activity of HSP70 and HSP90
[31]. Later in this chapter, we will discuss the contributions of individual HSP to
neurodevelopment in the context of their transcriptional activation by HSF1.

4 Heat Shock Factors – Transcription Factors that Initiate
the Heat Shock Response

Heat shock factors are transcription factors that activate the transcription of various
genes, including HSP chaperones, in response to proteotoxic stress, thereby initiat-
ing the HSR. They do so by binding to conserved heat shock elements (HSE) in the
promoters of target genes [32]. HSE consist of alternating inverted repeats with the
sequence nGAAn, where n is any nucleotide [33]. The vertebrate genome encodes
seven HSF (HSF 1–5 & X-Y), with unique and overlapping functions, where some
are universally expressed, and others restricted to specific tissues and developmental
periods [34]. Heat shock factor 1 (HSF1), the master regulator of this pathway in
vertebrates, is necessary to mount an effective HSR [35–37]. HSF2 modulates, both
positively and negatively, HSF1-mediated activation of the HSR [38, 39]. HSF2 also
regulates neuronal migration during corticogenesis [40]. HSF4, working in concert
with HSF1, plays a key role in the growth and development of sensory organs such
as the eye lens [41, 42] and the olfactory epithelium [43]. Mutations in HSF4 cause
cataracts [44, 45]. HSF5 is essential for spermatogenesis [46]. HSFX and HSFY are
in the X and Y chromosomes respectively. While the function of HSFX is unknown,
the deletion of HSF5 and HSFY results in male infertility [46–48]. HSF3, the most
recent and exciting addition to vertebrate HSF, does not crosstalk with other
members of the family, even HSF1, and can activate transcription of non-classical
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heat shock genes [49]. However, a human orthologue of HSF3 remains to be
identified.

5 Heat Shock Factor 1 – Expression, Activation
and Regulation

The expression of each of these HSF varies depending on the developmental state of
the cell and the tissue it is expressed in [50]. This is due to a multitude of factors that
regulate the expression and stability of HSF, including long non-coding RNAs
(ribonucleic acid) [51], splicing factors [52, 53], and proteasome-mediated degra-
dation [54]. HSF1, the master regulator of the HSR pathway, is constitutively
expressed [55, 56]. In the CNS, its activity varies depending on the type and
maturation status of the neuron [57, 58]. For example, in contrast to developing
fetal neurons, HSF1 response is muted in mature CNS neurons [59, 60], and this
dichotomy exacerbates neuronal vulnerability to toxic protein aggregates in adult-
onset neurodegenerative disorders [58, 61]. To compound these detriments, HSF1
levels and activity progressively decline with age [62], ironically during a period
when they are needed dearly. This paradox is in stark contrast with the critical and
active role of HSF1 in facilitating proper fetal neurodevelopment.

Although having enough levels of HSF1 is necessary for the HSR, it is by itself
insufficient to mount an effective HSR, which also requires the transformation of
HSF1 into a DNA (deoxyribonucleic acid)-binding transcriptionally competent
form. HSF1 exists in an inactive monomeric state, either unbound or bound to
repressive proteins, in the cytoplasm of unstressed cells [63]. In response to a
stressor, HSF1 migrates to the nucleus, oligomerizes with itself to form
homotrimers, and then binds to HSE in promoters of target genes [64]. This results
in the upregulation of various target genes, primarily HSP chaperones; such as
HSP40, HSP70, and HSP90; which mount an effective proteostatic response to the
stressor. Once enough chaperones are generated to mount an appropriate HSR, they
assemble into a repressive complex which then binds to and disrupts active
homotrimeric HSF1 complexes resulting in the termination of HSF1 activation. In
a classic example of feedback inhibition, this, in turn, represses further transcription
of HSP chaperones themselves [65, 66].

Considering the critical importance of the HSF1 pathway in maintaining
proteostasis, multiple steps in this parsimonious model of HSF1 activation-
inactivation are actively regulated. The proteasomal machinery plays an important
role in maintaining appropriate cellular levels of HSF1, by regulating its stability.
Different post-translational modifications, such as phosphorylation and acetylation
of various residues, determine whether HSF1 is degraded by proteasomes [67], but
have no effect on its transcriptional capability [68]. For example, while phosphor-
ylation of Serines 303 and 307 marks HSF1 for proteasomal degradation [61],
acetylation of Lysines 208 and 298 prevents it [69]. HSF1 activity is also regulated
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by cellular nutrient-sensing pathways. During nutrient deprivation, the ratio of
adenosine monophosphate (AMP) to ATP increases. To ensure cellular survival,
ATP-consuming cellular processes are then suppressed, and ATP-generating ones
are prioritized. Since stress-responsive chaperones expend ATP to refold proteins,
nutrient stress is accompanied by a downregulation of the HSF1 pathway. This is
accomplished by phosphorylation of Serine 121 in HSF1 by 50 Adenosine
Monophosphate-activated Protein Kinase (AMPK), which represses HSF1 activity
directly instead of marking it for proteasomal degradation [70]. Although beneficial
in the short term, this paradoxically makes starved cells more vulnerable to
proteotoxic stressors.

A comprehensive review of the regulation of HSF1 activity is beyond the scope
of this chapter, and readers are instead encouraged to peruse these excellent topical
reviews on the subject [34, 71]. Moreover, exact details for some of these mecha-
nisms are unknown; such as what drives HSF1 transition between oligomeric
activation states, and how HSF1 differentiates between different kinds of cellular
stress and are therefore rich fodder for future scientific explorations. Interestingly,
HSF1 can trimerize in isolation, in response to thermal or oxidative stress, and
therefore is likely an intrinsic thermo-redox sensor [72, 73]. We will now dive
into the contribution of HSF1 to fetal neurodevelopment and the detriments that
result from its impairment.

6 Heat Shock Factor1 in Neurodevelopment

HSF1 is primarily responsible for inducing the transcription of effector chaperones,
HSP, in vertebrates. However, HSF1 has also been shown to regulate the transcrip-
tion of various non-chaperone genes involved in myriad neurodevelopmental func-
tions [74]. Loss of HSF1, therefore, results in gross CNS abnormalities such as
enlarged ventricles, demyelination, astrogliosis, accumulation of ubiquitinated pro-
teins, and neurodegeneration [75–77]. Similarly, loss of the other prominent verte-
brate heat shock factor, HSF2, results in various neurodevelopmental deficits,
including lateral ventricle collapse, ventricular hemorrhages, third and lateral ven-
tricle dilation, diminution of the hippocampus and striatum, and disruption of
cortical layers due to impaired neuronal migration [40, 78, 79]. Since HSF2 can
also regulate HSF1 function [38, 80], the deficits in HSF2 knockout (KO) mice are
likely reflective of the disruption of both HSF1 and HSF2 activity.

The canonical function of the heat shock factor pathway in the CNS is to confer
protection to neuronal cells from apoptosis upon exposure to internal [81] and
external stressors [82]. As we discuss in our next section, this stress-responsive
component of the heat shock factor pathway is relevant in a wide range of condi-
tions, from fetal neurodevelopment disrupted by toxins [83] to adult-onset neurode-
generative disorders denominated by misfolded proteins [34, 61]. Both their activity
as molecular chaperones and their modulation of anti-apoptotic signaling pathways
help rescue neuronal apoptosis. For example, HSP27 prevents c-Jun N-Terminal

HSF1 in Neural Development and Disorders 219



Kinase (JNK) induced apoptosis in stressed neurons via activation of the Akt
pathway [84]. HSP70 similarly protects neurons from ischemia [85] by modulating
both intrinsic and extrinsic apoptotic pathways [86].

However, apoptosis is an integral part of normal neurodevelopment [87]. The
exuberant growth of neurons, glia, and their processes during early
neurodevelopment must be appropriately trimmed to establish proper neuronal
wiring and architecture [88]. Besides apoptosis, the heat shock factor pathway and
its target genes have also been shown to execute various non-apoptotic functions
fundamental to the proper development of the nervous system. In the following
section, we explore such non-canonical roles of HSF1 and its transcriptional targets,
both HSP, and non-chaperone proteins, during neurodevelopment.

7 Role of Heat Shock Factor1 on Neuronal Development
and Behavior

Generally considered to be an inducer of transcription, HSF1 activity can also be
transcriptionally repressive [74, 89]. This latter ability is important in the develop-
ment of the olfactory epithelium. DNA binding activity of HSF1 is induced in the
olfactory epithelium 4 weeks after birth, during which it binds to and represses the
transcription of Leukemia Inhibitory Factor. Loss of HSF1 in HSF1 KO mice,
therefore, results in an olfactory epithelium that is normal until 3 weeks post-birth,
but is atrophied thereafter due to increased apoptosis of olfactory sensory
neurons [43].

HSF1 activity is also important for proper neuronal development in the hippo-
campus with implications for behavior. Loss of HSF1 in HSF1 KO mice results in
impaired neurogenesis in the dentate gyrus as well as an aberrant morphology of its
resident granule neurons. The underlying molecular mechanism involves disruption
of HSF1-mediated modulation of polysialyltransferase gene expression, which in
turn modulates polysialic acid neural cell adhesion molecule (PSA-NCAM) expres-
sion in the hippocampus. PSA-NCAM is important for synaptogenesis and synaptic
plasticity [90]. Loss of PSA-NCAM is accompanied by behavioral consequences
with HSF1 KO mice exhibiting aberrant affective behavior, such as reduced anxiety
and sociability, but increased depressive and aggressive behaviors, and an increased
vulnerability to restraint stress. These cellular and behavioral deficits can be rescued
by HSF1 expression in neonates but not in adults, indicating the existence of a
critical developmental window during which HSF1 can mediate its effect. In sum-
mary, HSF1 plays a key role in spinogenesis and neurogenesis in the hippocampus
by regulating the transcription of polysialyltransferases [91].

HSF1 has also been shown to play a central role in establishing and maintaining
synaptic fidelity by promoting the transcription and preservation of synaptic pro-
teins; with important consequences for cognitive processes such as memory forma-
tion, and their disruption in neurodegenerative disorders [92]. Although these studies
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were mostly performed in the context of rescue from neurodegenerative pathologies,
the underlying mechanisms are likely conserved during neurodevelopment.

8 Role of Heat Shock Factor1 and its Transcriptional
Targets in Neurite Outgrowth

CNS development is accompanied by neuronal differentiation during which axonal
and dendritic extensions, or neurites, emerge from the cell-body proper. These
neurites go on to form about 150 trillion synapses in the cerebral cortex alone
[93], or roughly a trillion synapses per cubic centimeter of the cortex [94]. To put
this in perspective, as per our most recent estimates, there are about 2 trillion galaxies
in the known universe [95]. Neurite outgrowth is also a precursor to subsequent
neuronal endeavors; such as axon pathfinding and neuronal migration, in that similar
cellular processes are involved. The transcriptional targets of HSF1, both HSP and
non-chaperone proteins, play important roles in neurite development, by regulating
cytoskeletal dynamics, as discussed below.

HSF1 activity is involved in the transcription of HSP27 [96], and HSP27 phos-
phorylation is a common target of signaling pathways that modulate cytoskeletal
remodeling to facilitate neuronal differentiation [97] and neurite outgrowth
[98]. Non-phosphorylated HSP27 monomers function as actin-capping proteins,
thereby preventing actin polymerization. This ability is lost with their phosphoryla-
tion and subsequent aggregation into oligomers which then stabilize the actin
filament network [99]. Mutations in HSP27 cause several forms of hereditary
motor neuropathies including Charcot Marie Type 2 [100], underlining its impor-
tance in neuronal function.

Both HSP27 and its phosphorylated form, pHSP27, colocalize with actin and
tubulin in lamellipodia and focal contacts in early neurites, as well as in processes,
branch points, and growth cones in mature neurites [98]. Small interfering RNA
(siRNA)-mediated downregulation of HSP27 results in diminished neuritic tree-
length and complexity, while its upregulation accomplishes the opposite
[101, 102]. HSP27 can also promote neurite outgrowth by regulating signaling
pathways involved in modulating cytoskeletal dynamics. Activation of a small
GTPase (guanosine triphosphatase), RhoA, prevents neurite outgrowth
[103]. RhoA is activated by a specific Guanine Nucleotide Exchange Factor
(GEF), PDZ-RhoGEF. HSP27 can promote neurite outgrowth by inhibiting the
activator of RhoA, via upregulating expression of two microRNAs, miR-20a and
miR-128, that inhibit translation of the Rho activator, PDZ-RhoGEF [104]. Inhibi-
tion of RhoA signaling to promote neurite outgrowth can also be accomplished with
other small HSP such as HSPB5, another transcriptional target of HSF1
[105]. HSPB5 activation, in response to heat shock, increases dendritic complexity
and preserves dendritic arbors in hippocampal neurons in vitro [106].
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Larger chaperone transcriptional products of HSF1 activation, HSP70, and
HSP90, also play important roles in neurite outgrowth during development.
HSP70, acting in concert with its co-chaperone BAG1 (BCL2 associated athanogene
1), can regulate neurotrophin-mediated neurite outgrowth [107]. HSP90 promotes
neurite outgrowth of chick telencephalic and spinal neurons in vitro [108]. Further-
more, inhibition of HSP90 activity in embryonic hippocampal neurons disrupts
neuronal polarization and subsequent axon elongation [109].

9 Role of Heat Shock Factor1 and its Transcriptional
Targets in Axon Pathfinding

Neural circuitry, communication among neurons close and far, underlie all brain
functions. Axons, 0.1–10 μm (10�3 mm) across [110], must navigate their way
through a fetal brain with up to 86 billion neuronal and 85 billion non-neuronal cells
[111], packed into a relatively vast volume of about 350,000 cubic millimeters
(mm3) [112], to connect with other neurons. Yet axons find their way repeatedly,
billions of times over, within a relatively short gestational period, and with extraor-
dinary precision and fidelity [113]. Disruptions do occur however, and often come
with debilitating consequences, as a variety of neurodevelopmental and psychiatric
disorders, including autism spectrum disorders and schizophrenia, will attest
[114]. Loss of functional circuitry due to neuronal loss also underlies the familiar
disabilities in neurodegenerative disorders such as Alzheimer’s and Parkinson’s.

In the developing CNS, axons navigate by expressing guidance receptors on their
elongating tip, the growth cone, and by integrating attractive and repulsive cues
present in their environment [115]. Netrin1 is one such cue that mediates its
attractive action through the axonal receptor Deleted in Colorectal Cancer (DCC),
during cortical and spinal cord development in vertebrates [116, 117]. Netrin1-DCC
binding recruits Trio, a GEF, to DCC, which then activates Rac1, a Rho family
GTPase. Rac1, in turn, facilitates cytoskeletal reorganization appropriate for axon
outgrowth [118]. Small nucleotide polymorphisms in DCC and netrin1 are associ-
ated with schizophrenia [119], Parkinson’s disease, and Amyotrophic Lateral
Sclerosis [120].

HSC70, a constitutive chaperone, is expressed in neurons during normal CNS
development in unstressed conditions [121, 122]. HSC70 associates with the GEF
Trio in the developing cerebral cortex and recruits it to DCC upon Netrin1-DCC
binding, which then leads to Rac1 activation. HSC70 chaperone activity is required
for Netrin1–induced activation of Rac1, surface enrichment of DCC at the growth
cone, and axon outgrowth and guidance. HSC70-mediated regulation of Trio is
therefore essential for the stability of the DCC/Trio signaling complex at the cell
surface of growth cones to mediate Netrin1–induced axonal outgrowth and
guidance [123].
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10 Role of Heat Shock Factor1 and its Transcriptional
Targets in Neuronal Migration

Neuronal migration, the process by which neurons migrate from their origin in the
germinal ventricular and subventricular zones (SVZ) to their final destinations, is
another major way appropriate neural circuitry and overall architecture are
established in the developing brain [124]. For example, neuroblasts arising from
the SVZ migrate through the rostral migratory stream to reach the olfactory bulb at
the anterior tip of the brain [125]. Migrating neurons use similar strategies as
pathfinding axons, such as molecular guidance cues, to navigate their trajectory
[126]. Radial glia also facilitate neuronal migration by acting as a scaffold for
neurons to migrate along, and are important in the development of multilayered
structures such as the cortex, cerebellum, and hippocampus [127]. Cell-surface
expression of ATP-dependent HSP, such as HSP90, have been shown to be impor-
tant for neuronal migration during neurodevelopment [128]. Whether they act as
chaperones for other guidance receptors, or act as receptors themselves, remains to
be conclusively determined.

HSP90α is expressed on the cell surface of primary cerebellar neurons and its
activity is associated with actin cytoskeletal organization and lamellipodia forma-
tion. Inhibition of HSP90α activity with an antibody impairs migration of cerebellar
neurons in explant cultures [128]. Similarly, extracellular membrane-bound HSP90,
along with its co-chaperone HOP (HSP70/90 Heat-shock Organizing Protein), is
expressed in the anterior SVZ and on migrating neuroblasts along the rostral
migratory stream. This HSP90 complex is involved in facilitating neuroblast migra-
tion from the SVZ. Inhibition of HSP90 activity, with antibodies and chemical
inhibitors, disrupts neuroblast migration in SVZ explant cultures [129]. Theoreti-
cally, membrane-bound extracellular HSP90 can promote migration either by acting
as a receptor itself or via chaperoning appropriate conformation of guidance recep-
tors on its host neurons. There is some evidence in support of the former. Extracel-
lular HSP90-mediated activation of the epidermal growth factor receptor via Toll-
like receptor 4 stimulation has been shown to promote the migration of glioblastoma
cells [130].

11 Heat Shock Factor1 in Neurodevelopmental Disorders
Resulting from Prenatal Exposure to Environmental
Stressors

Fetal neurodevelopment is sensitive to perturbation by extrinsic environmental
stressors such as alcohol [131], heavy metals such as methylmercury [132], and
adverse maternal health statuses such as infections [133], stroke [134] and epileptic
seizures [135]. Fetal cerebral cortex development, in particular, is extremely sensi-
tive to any external stressors that can potentially impair the highly intricate
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neurogenesis, maturation, and migration programs that underlie the successful
development of a multilayered gyrated cortex unique to higher-order vertebrates
[82]. Here we discuss the role of HSF1 in counteracting external stressors during
embryonic development of the brain, with an emphasis on the development of the
cerebral cortex. We also discuss how HSF1 overactivation can be detrimental to
cortical development by impairing neuronal migration, demonstrating that too much
of a good thing can also be a handicap during the delicate period that is fetal
neurodevelopment.

There are two interesting emergent themes from studies on the role of environ-
mental stressors on in utero neurodevelopment. First, exposure to a diverse array of
prenatal environmental challenges culminate in a set of similar pathological out-
comes on brain development. Exposure to alcohol [136], cocaine [137], hypoxia
[138], methylazoxymethanol (used for modeling schizophrenia and epilepsy) [139],
methylmercury [132], and X-ray irradiation [140] cause similar cortical structural
abnormalities such as heterotopias, which are abnormally located neuronal densities,
and reduced cortical volume and thickness. These corticostructural changes are
accompanied by a reduction in the seizure threshold of the offspring [141–
145]. Heterotopias can also affect the cognitive function of distant brain regions,
and are accompanied by various behavioral deficits [146]. This suggests there are
common underlying molecular mechanisms that are perturbed by these diverse
adverse environmental paradigms.

Secondly, although suprathreshold exposure to these environmental stressors
results in obvious and striking developmental deficits, such as FASD in neonates
exposed to alcohol in utero; subthreshold exposure to the same environmental toxins
can also result in pernicious harm, such as an increased susceptibility to seizures
after birth, and an increased predisposition to adult-onset neuropsychiatric disorders
such as schizophrenia [83]. Interestingly, similar neurodevelopmental deficits under-
lie pathologies resulting from suprathreshold and subthreshold exposures to these
environmental stressors, with differences being merely of scale and age of onset. For
example, abnormalities in fetal brains of humans with FASD include heterotopia,
microcephaly, hydrocephaly, and agenesis of the corpus callosum; and these gross
structural perturbations have drastic chronic consequences for cognitive and other
faculties in the newborn [147]. On the other hand, a fetus exposed to subthreshold
levels of alcohol exhibits similar malformations, albeit on a smaller scale, such as the
formation of leptomeningeal heterotopias, reduction of brain volume, and dimin-
ished cortical thickness accompanied by an increased susceptibility to postnatal
seizures and an elevated risk for neuropsychiatric disorders in later life [83]. More-
over, phenotypes resulting from supra and subthreshold exposures can also coexist.
For example, patients with FASD exhibit higher rates of comorbidity with attention
deficit hyperactivity disorder (ADHD) [148] and epilepsy [149]. Here we discuss the
contribution of HSF1 to these two unifying themes in disruption of fetal
neurodevelopment due to exposure to environmental stressors in utero.

The HSF1 pathway plays a major role in the integration of pathophysiology
across a diverse range of environmental insults. Embryonic exposure to a wide array
of environmental factors such as alcohol, methylmercury, and maternal seizure, even
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at subthreshold levels, activate HSF1 in cerebral cortical cells. This activation
reduces the risk of cortical malfunction and susceptibility to postnatal seizures.
Conversely, deficiency of HSF1 during such exposures, even at the subthreshold
level, results in structural cortical abnormalities accompanied by increased suscep-
tibility to adverse postnatal neurological disorders such as seizures and neuropsy-
chiatric disorders. Such effects are traced to perturbations of normal neuronal
development such as the premature cell-cycle exit of neural progenitors, and an
increase in apoptosis in the absence of the protective effects of HSF1 [83]. Recent
genome-wide exploration of HSF1 binding via ChIP-on-chip has uncovered a
diverse range of target genes, well beyond the usual suspects, the stress-responsive
chaperone genes [150]. For example, many cortical genes involved in neuronal
proliferation and migration are under the transcriptional control of HSF1
[151]. Thus, the pleiotropic effects of HSF1 activation could be due to context-
dependent activation of different transcriptional targets based on the nature, dura-
tion, and intensity of the environmental stressor, the characterization of which will
pave the way for novel therapeutics targeted to the unique characteristics of each
stressor.

Another important consideration for pathophysiology due to environmental
stressors is whether HSF1 expression and activation are homogeneous across all
cells exposed to an environmental insult. Repetitive prenatal exposure to identical or
similar doses of noxious environmental stressors can result in highly variable and
unpredictable negative outcomes on fetal brain development [152, 153]. FASD, for
example, constitute a spectrum of four different clinical diagnoses arranged from the
least to the most dysmorphic [154]. While a modest amount of HSF1 activation is
essential for protecting the embryonic brain from these insults, excessive HSF1
activation can disrupt other essential developmental programs such as neuronal
migration [155]. Variability in HSF1 expression could also be the underlying reason
for cortical malformations like heterotopias involving clusters of aberrantly dense
neuronal populations. Although some of the factors contributing to these variabilities
are known, the molecular and cellular basis for this differential vulnerability of
exposed cells is not well understood. The duration and intensity of exposure to the
stressor play a large role in the variability of the response [152]. A sustained
suprathreshold exposure will have a much higher penetrance than say an intermittent
subthreshold exposure [153]. The gender of the affected fetus also has been shown to
be an important variable in determining the penetrance of various symptoms. In the
case of FASD, for example, males are more than twice as likely to be diagnosed with
ADHD than females [156]. HSF1 activity also varies depending on the maturation
status and type of the neuron involved [58, 157].

Of even greater significance is whether there is variability in HSF1 activation
among neurons of the same developmental stage. Such epigenomic variabilities, in
interaction with the underlying genetic factors, could be the driving force behind the
etiologies of various adult-onset neuropsychiatric disorders such as schizophrenia.
Recent studies have begun to shed light on this important question. Induced plurip-
otent stem (iPS) cells from schizophrenia patients were differentiated into neural
progenitor cells and exposed to alcohol, methylmercury, and hydrogen peroxide.
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Single-cell RNA sequencing revealed a highly heterogeneous HSF1-mediated HSR
response to these environmental stressors in these schizophrenic induced pluripotent
neural stem cells [83]. Such highly variable HSF1 activity in response to cell-
extrinsic stressors, in concert with underlying genetic mutations, can be an important
component of the etiology of these complex neuropsychiatric disorders.

Other prenatal environmental challenges such as viral infection [158], inflamma-
tion [158], hypoxia [138], irradiation [159], and heat [160], all known epidemiolog-
ical risk factors for adult-onset neuropsychiatric disorders such as schizophrenia,
also induce the expression of HSF1 target genes [10, 161–164]. The aberrant
differential activation of HSF1 could also be due to underlying but unidentified
genetic mutations in schizophrenic patients. Thus, genetic mutations underlying
schizophrenia that dysregulate HSF1 activity can further contribute to neural pro-
genitor cell vulnerability to various environmental risk factors that are in turn
epidemiologically linked to an increased risk for schizophrenia. Consistent with
this interesting hypothesis, HSP70 polymorphism is observed in patients with
schizophrenia among a Korean population [165, 166]. The production of antibodies
against HSP, including HSP70, has been reported in never-medicated schizophrenic
patients, and HSP70 overexpression was found in the prefrontal cortex of schizo-
phrenic patients [167]. As discussed above, overactivation of the HSF1 pathway can
hinder neuronal migration and thereby detrimentally affect cortical development
[155]. Pathogenic aggregates of HSP70 with DISC1 (disrupted in schizophrenia 1),
one of the genes linked to abnormal neural development in schizophrenia, has also
been reported [168]. Cortical thinning, one of the structural abnormalities in HSF1
KO mice, also strongly correlates with behavioral attributes of schizophrenia
[169]. Interestingly, cell-to-cell transcriptional variability in aged cardiomyocytes
has been traced to oxidative damage of the genome [170]. This could also be a
contributor to schizophrenia, as cellular samples procured from schizophrenic
patients exhibit increased oxidative DNA damage [171], and HSF1 activity is
strongly implicated in mitochondrial vitality and function [172, 173].

These observations raise other tantalizing questions. Is the variability in the HSF1
response in schizophrenic iPS cell lines caused by the underlying genetic deficits
characteristic of schizophrenia? Or is it something intrinsic and unique to the mode
of HSF1 activation? Or in other words, is there variability in the HSF1 response in
healthy neurons and brains to adverse environmental stressors alone? A recent study
answered this question by showing that exposing mouse and human embryonic brain
tissue to equal doses of noxious stimuli, such as ethanol, methylmercury, and
hydrogen peroxide, activates HSF1 in a highly variable and stochastic manner
among cortical neural progenitor cells and immature neurons [174]. Such mosaic
and probabilistic activation of HSF1 among neuronal cells at similar developmental
stages may contribute to the phenotypic variations in complex congenital disorders
like FASD, and thereby account for variations in cortical malformations among
fetuses exposed to similar stressful events. It might also be important in selective
neuronal vulnerability prevalent in adult-onset neurodegenerative disorders. Delete-
rious epigenetic mosaicism in a small population of neurons can be selected by these
environmental stressors, resulting in a disproportionately mosaic brain with
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vulnerable pockets in psychiatric disorders. Interestingly, this mechanism of mosaic
gene activation might be an evolutionary vestigial remnant [175]. Unicellular micro-
bial populations, such as yeasts, rely on this epigenetic cell-to-cell variability in gene
expression for the survival of a clonal population in response to abrupt environmen-
tal changes [176]. When extrapolated to the development of the single most sophis-
ticated entity in the known universe, the human brain, such rudimentary unicellular
adaptations can have lasting detrimental effects, including an increased risk for
developing adult-onset psychiatric disorders. Differential cell fates of neural pro-
genitor cells (glial vs neuronal, for example) and uneven tissue distribution of the
environmental stressor could also be non-trivial contributors to the inherent propen-
sity for differential HSF1 activation among stressed neurons.

New techniques and tools are being developed to help fully appreciate the signif-
icance and consequences of HSF1 activation on fetal neurodevelopment. For instance,
an HSE-RFP reporter system has been developed in which HSF1 binds to a heat shock
response element (HSE) containing the mouse Hsp70 promoter to transcribe a Red
Fluorescent Protein (RFP) reporter [177]. This reporter system can, depending on the
context of its expression, detect differential levels of HSF1 activation in vivo. In an
intra-utero electroporation-mediated reporter assay, the HSE-RFP system can detect
low levels of HSF1 activation, thereby enabling early identification of neurons
stressed by various environmental insults, well before the manifestation of symptoms.
Such early vulnerable neurons have hitherto eluded detection [178]. In contrast, upon
genetically engineering it into mice, the HSE-RFP reporter is only activated with high
levels of HSF1 activation in these transgenic mice, thereby enabling the detection of
highly vulnerable cells. The functionality of the HSE-RFP reporter system can be
further extended, with the help of a Flippase-FRT (flippase recognition target) recom-
bination system [179], to allow tracing of the descendants of these stressed cells with
varying levels of HSF1 activation. Therefore, it is now possible to identify neurons
that survive prenatal exposure to noxious agents but remain vulnerable in postnatal
life. The HSE-RFP reporter system has already been used to identify neurons with
primary and secondary damage in models of spinal cord and sciatic nerve injury
[180]. Interestingly, injured but surviving secondarily damaged neurons, have altered
physiological properties which likely hamper their functioning, and can also be found
at locations distant from the primary site of injury. The development of other novel
tools will go a long way in elucidating the critical role of HSF1 in neurodevelopment
interrupted by environmental stressors.

12 Heat Shock Factor1 in Aging and Adult-Onset
Neurodegenerative Disorders

Stress-induced HSF1 activation progressively declines with age [51, 181]. This is
unintuitive because HSF1-mediated protein homeostasis should become more rele-
vant as cells age, especially in terminally differentiated cells like neurons [59]. The
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underlying mechanism is not fully appreciated, but possibly involves increased
proteasomal degradation of HSF1. The activity of histone acetyltransferase p300,
which acetylates HSF1 at Lysines 208 and 298, and thereby prevents its proteasomal
degradation, diminishes with aging [182]. Also, neuronal differentiation, and cellu-
lar aging in general, is accompanied by a decrease in the deacetylase, SIRT1 (silent
mating type information regulation 2 homolog 1), which plays a crucial role in
preventing proteasomal degradation of HSF1, via deacetylation of its Lysine
80 [183]. Intriguingly, SIRT1 has also been suggested to be neuroprotective via a
trimerization and HSP-independent mode of HSF1 activation [184].

Both HSF1 levels and activity are severely depleted in various neurodegenerative
disorders characterized by toxic aggregation of mutant proteins such as Alzheimer’s,
Parkinson’s, and Huntington’s [34]. The underlying cause of this paradox, protein
misfolding diseases characterized by reduced expression and activity of the protein
quality control machinery, is unknown. Since HSF1 levels generally decline with
age, the adult-onset nature of these debilitating disorders is a likely contributor to
their diminished HSF1 levels. However, polyglutamine diseases such as
Huntington’s are relatively earlier onset, with clinical manifestations by the early-
30s, suggesting that pathophysiological mechanisms unique to these disorders likely
exacerbate the underlying age-related decline of HSF1 levels in these disorders. For
example, the upregulation of casein kinase 2 (CK2) activity is a common denomi-
nator of these pathologies and CK2 marks HSF1 for proteasomal degradation via
phosphorylation of its Serines at 303 and 307 [61]. Another possibility is that the
magnitude of the cellular toxic load, with rampant aggregation of mutant proteins,
leads to indiscriminate targeting of proteins, including HSF1, for proteasomal
degradation.

Irrespective of the mechanism, reduction in HSF1 levels further encumbers
afflicted neurons, already saddled with toxic protein aggregations, from their ability
to repair misfolded proteins, which in turn hastens their untimely dysfunction and
demise. This is in stark contrast to the pivotal role of HSF1 in fetal
neurodevelopment. Although impaired HSF1 activation is not the proximate cause
of neurodegenerative disease; restoration of its expression and activity reduces toxic
protein load, improves neuronal viability, rescues associated cognitive deficits, and
increases lifespan in various animal models of these disorders [185]. Hopefully,
these advances in animal models will translate to more effective clinical interven-
tions for these neurodegenerative disorders, therapeutics for which have been
remarkably recalcitrant.

13 Conclusions

There is an interesting context-dependent dichotomy in the function of heat shock
factors, and its myriad downstream effectors, in regulating aspects of fetal
neurodevelopment. Normally, in the absence of extrinsic stressors, components of
the heat shock factor pathway execute non-stress related functions during fetal
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neurodevelopment (Fig. 1a). For example, HSP play a pivotal role in the regulation
of the neuronal cytoskeleton, either by interacting with it directly or by modulating
signaling pathways that influence its stability. This has wide-ranging consequences
on CNS development due to its impact on neuronal differentiation and migration,
and axonal pathfinding [186]. In contrast, in the presence of extrinsic stressors,
inhibition of neuronal apoptosis via upregulation of stress-responsive chaperones

Fig. 1 (a) HSF1 pathway facilitates various aspects of a normal neurodevelopmental pro-
gram. In the absence of extrinsic stressors, activation of the HSF1 pathway facilitates various
aspects of a normal neurodevelopmental program including adequate levels of neuronal apoptosis
and proper migration, differentiation, axon guidance and spinogenesis of developing neurons,
culminating in a normal healthy brain. (b) Stochastic HSF1 activation due to prenatal stressors
disrupts normal neurodevelopment. In contrast, in the presence of various prenatal stressors, the
HSF1 pathway is stochastically activated which, in interaction with underlying genetic and epige-
netic susceptibilities, has been shown to disrupt neuronal migration and normal levels of neuronal
apoptosis in the developing brain. It is possible other neurodevelopmental programs such as
neuronal maturation, axon guidance and spinogenesis are also impacted, culminating in an atypical
brain with a disrupted connectome
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becomes the immediate priority of the HSF pathway [83] (Fig. 1b). This comes at a
cost, however, to other essential functions; for example, neuronal migration is
impaired by activation of the HSF pathway [155] (Fig. 1b). Moreover, apoptosis
plays a central role in shaping the fetal CNS and is necessary for pruning exuberant
neuronal and non-neuronal growth during development [87]. Therefore, inhibition
of apoptosis, although necessary during periods of external stress, probably comes
with a hidden burden. To summarize, while stress-mediated activation of the HSF
pathway can be beneficial in the short term, its persistent activation can also have
lasting detrimental consequences, both obvious and pernicious, on fetal
neurodevelopment (Fig. 1b). New research is beginning to shed light on how
dysregulation of the HSF1 pathway by extrinsic stressors, either acting alone or in
concert with underlying genetic and epigenetic factors, can disrupt
neurodevelopment. For example, the HSF1 response to extrinsic stressors was
previously assumed to be homogeneous among all exposed cells. However, surpris-
ingly, recent studies show that this is not the case. Instead, HSF1 is activated in a
stochastic manner among stressed neurons [174]. This phenomenon can have a
disproportionate impact during early neurodevelopment, as a small number of neural
progenitor cells are responsible for generating a large majority of adult neurons. The
field of HSF research has come a long way since Ritossa’s landmark discovery in
1962 [10]. HSF1 is no longer ascribed a solely cytoprotective function during
periods of cellular stress but is implicated in a wide range of diverse functions.
Transcriptional targets of HSF1 have expanded well beyond the canonical stress-
activated chaperones [34]. Multiple recent reports even describe HSF1-mediated
transcription to be important for functions as diverse as regulation of metabolism
[187] and mitochondrial energy homeostasis [172, 173]. HSP are no longer consid-
ered to be entirely intracellular and are found to be expressed on cell membranes
where they participate in signal transduction pathways [188]. Whether they act as
receptors themselves or chaperone other cell surface receptors remains unresolved.
HSP can also be secreted into the extracellular milieu. As far back as 1986, Tytell
and colleagues reported the transfer of glial heat shock proteins to the squid giant
axon after a heat shock [189]. Interest lagged in this novel observation until the
2000s when secreted extracellular HSP were shown to confer thermotolerance to
nearby neurons [190], and to exert a potent immunomodulatory effect [191]. Since
then, multiple secreted HSP have been shown to perform a myriad of functions, both
during CNS development [192] and in pathology [193]. Lately, HSP have also been
characterized in glial exosomes, which have been hypothesized to play a key role in
axonal vitality and function [194–196]. To conclude, there is a lot that we do not
know about neurodevelopment, and a lot more is unknown about the role of HSF1 in
neurodevelopment.
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Small Heat Shock Proteins in Inflammatory
Diseases

V. Sudhakar Reddy, Trinath Jamma, and G. Bhanuprakash Reddy

Abstract

Introduction Small heat shock proteins (sHsp) are a group of proteins character-
ized by presence of a conserved α-crystallin domain that assist in proper folding and
assembly of nascent protein in addition to protecting the cells from cell death,
preserving the cytoskeletal architecture, and inhibiting the platelet aggregation.
However, functions of sHsp in inflammation remain unexplored.

Methods An extensive literature review has been carried out to gather the available
information on role of sHsp in inflammatory diseases.

Results Intriguingly, residues 73–92 in sHsp have been shown to possess chaperone
and therapeutic activity in neurodegenerative, inflammatory and metabolic diseases in
addition to full length proteins. In the last two decades, remarkable work has been
done on secretion, therapeutic effect of sHsp, and their implication in inflammatory
diseases as well. Secretion of sHsp into extracellular milieu, found to generate not only
the auto-antibodies, but also acts as immune modulators at the site of inflammation,
tissues, body fluids including blood and cerebrospinal fluid in inflammatory diseases.
Mechanistically, sHsp were found to interact with the toll-like receptors and sup-
presses the NF-κB signaling and resultant inflammatory gene expression.

Conclusions Even though the mechanistic insights into anti-inflammatory function
of sHsp remain elusive, the clinical implications of these sHsp as therapeutic
molecules are being explored at a great pace. However, a great deal of work still
remains to be carried out to decipher the physiological impact of sHsp.
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Abbreviations

AGE advanced glycation end products
BMDC bone marrow-derived dendritic cells
CBP CREB binding protein
COPD chronic obstructive pulmonary disease
CSF cerebrospinal fluid
DRD2 dopamine D2 receptors
DSS dextran sodium sulfate
EAU experimental autoimmune uveitis
EMT epithelial to mesenchymal transition
GBS Guillain-Barre syndrome
HCC hepatocellular carcinoma
HERC human retinal endothelial cells
HSP heat shock proteins
IBD inflammatory bowel disease
IDO indoleamine 2,3-dioxygenase
IL interleukin
iNOS inducible nitric oxide synthase
IPF idiopathic pulmonary fibrosis
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MAPKAPK-2 mitogen-activated protein kinase (MAPK)-activated protein

kinase 2
MARCO macrophage scavenger receptor with collagenous structure
MCRA macrophage scavenger receptor A
MKBP myotonic dystrophy protein kinase
NBD Neuro-Behçet’s disease
ODF1 outer dense fiber protein 1
PGE2 prostaglandin E2
PLGA poly (lactic-co-glycolic acid)
ROS reactive oxygen species
sHsp small heat shock proteins
SR-A scavenger receptor-A
STZ streptozotocin
TLRs toll like receptors
TNFα tumor necrosis factor-α
UUO unilateral ureteral obstruction
αAC alpha A crystallin
αBC alpha B crystallin
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1 Introduction

Small heat shock proteins (sHsp) are a group of proteins characterized by presence of
a conserved C terminal α-crystallin domain [33, 77]. International Human Genome
Sequencing Consortium and the Celera Human Genome Project results showed
retrieval of ten sHsp proteins [67] with different classifications [7, 40, 141]. These
10 sHsp have been formally named as, Hsp27/Hsp25 of rodents (HSPB1), MKBP
(myotonic dystrophy protein kinase; HSPB2), HSPB3, αA-crystallin (αAC;
HSPB4), αB-crystallin (αBC; HSPB5), Hsp20 (HSPB6), cvHsp (HSPB7), Hsp22/
H11/H2IG1 (HSPB8), HSPB9, and ODF1 (sperm outer dense fiber protein 1;
HSPB10). The 10 sHsp genes are dispersed over 9 different chromosomes which
again reveal the ancient duplications that have generated the human sHsp family.
The molecular mass of sub units comprising from 12 to 43 kDa [48] and they can
exist in the form of monomers, dimers and assemble into reversible and
polydispersed homo or heterooligomeric complexes ranging from 2 to 40 subunits
which in turn regulated by post translational modifications such as phosphorylation
and glycation. The names of the sHsp, their expression, molecular weight, response

Table 1 Characteristics of small heat shock proteins

Common name Nomenclature
Heat
induction Expression

Sub unit
molecular
mass
(kDa)

Human
gene ID

Mouse
gene
ID

Hsp25 (m), Hsp27
(h and r)

HSPB1 Yes Ubiquitous 22.3 3315 15507

Myotonic Dystro-
phy protein kinase
binding protein
(MKBP)

HSPB2 No Heart and
muscle

20.2 3316 69253

HspB3 HSPB3 No Heart and
muscle

17.0 8988 56534

αA-Crystallin
(αAC)

HSPB4 No Lens and
retina

19.9 1409 12954

αB-Crystallin
(αBC)

HSPB5 Yes Ubiquitous 20.2 1410 12955

Hsp20, p20 HSPB6 No Ubiquitous 17.1 126393 243912

Cardiovascular
heat shock protein
(cvHsp)

HSPB7 ? Heart and
muscle

18.6 27129 29818

H11 protein
kinase, product of
E2IG1 gene,
CMT2L, Hsp22

HSPB8 Cell type
dependent

Ubiquitous 21.6 26353 80888

CT51 HSPB9 ? Testis 17.5 94086 75482

Outer dense fiber
proteins (ODF1)

HSPB10 ? Testis 28.4 4956 18285
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to heat induction, human and mouse gene IDs are listed in Table 1. Some of the sHsp
including Hsp27, and αBC are heat-inducible in contrast to MKBP, HspB3, αAC.
Additionally, some of the sHsp (Hsp27, αBC, Hsp20, and Hsp22) are ubiquitously
expressed whereas MKBP, HspB3, αAC, cvHsp, HspB9, and ODF1 are restricted to
specific tissues. For instance, MKBP, HspB3, and cvHsp are abundantly expressed
in heart, and skeletal muscle while HspB9, and ODF1 are expressed in testis. The
main function of sHsp is prevention of partially unfolded or aggregated proteins
through their chaperone-like activity under normal and stressful conditions by way
of hydrophobic interactions [56, 112]. sHsp are not true chaperones but exhibit
chaperone-like activity by binding to the partially unfolded proteins, forms interme-
diate complex, then the complex is transferred to Hsp70 and Hsp90 for appropriate
protein refolding. Therefore, sHsp are called holders since they hold the partially
unfolded proteins and their activity is referred to as holdase activity. In addition to
holdase activity, sHsp are also involved in diverse physiological functions of the
cell. It has been shown that sHsp protect the cells from multiple stressful events such
as heat stress, H2O2 induced-oxidative stress, osmotic stress, and UV-light induced
stress. sHsp promote cell survival and prevent the cells from programmed cell death
through mitochondria-mediated, and extrinsic apoptotic pathways. Further, sHsp
preserve the cytoskeletal architecture, and prevent the platelet aggregation, Interest-
ingly, sHsp act as anti-inflammatory agents and inhibit the proinflammatory
response. In addition, sHsp involve in fertilization and development [139, 162],
angiogenesis and vascular remodeling, cell differentiation [106, 132], cell growth,
cell development, cell movement and transport of proteins across membrane. Fur-
thermore, sHsp assist protein degradation pathway by regulating the ubiquitin-
proteasome system [34, 51], and autophagy [21]. Another interesting property of
sHsp is their ability to bind the metal ions such as Cu2+ thereby provide
cytoprotection by binding to Cu2+ and inhibiting the Cu2+-ascorbate induced reac-
tive oxygen species (ROS) [1]. sHsp interact with a wide variety of client proteins
which results in pleiotropic functions [4]. Mutations in sHsp lead to several patho-
logical conditions including cataracts [88], neuropathies [41], cardiomyopathies
[125], and myopathies [41, 152]. sHsp undergo post-translational modifications
such as glycation [79] and phosphorylation [115] under stress conditions. For
instance, αAC and αBC undergo non-enzymatic glycation and forms advanced
glycation end products (AGEs) under hyperglycemia while Hsp27, αAC, αBC and
Hsp20 undergo phosphorylation in many pathological conditions [115, 116]. It has
been shown that Hsp27 is phosphorylated on three serine residues S15, S78, and S82
in humans while S15 and S86 in rodents [75, 82] mediated by Mitogen-activated
protein kinase (MAPK)-activated protein kinase 2 (MAPKAPK-2) [82]. Several
previous studies reported the secretion of sHsp into the blood and cerebrospinal
fluid suggesting their extracellular functions [117]. Later, recombinant proteins of
full length sHsp are found to show protective and therapeutic functions upon
treatment in cell culture and experimental animal models [19, 96, 111, 120]. Intrigu-
ingly, 19–20 amino acid sequences from sHsp (residues 73–92 of sHsp) found to
show chaperone activity in vitro [15, 128]. These sequences referred to as mini
peptides or chaperone peptides or mini chaperone peptides. Subsequently, the
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administration of mini chaperone peptides into disease animal models ameliorated
the disease symptoms suggesting the therapeutic functions of sHsp-derived mini
chaperone peptides [80, 98]. Adding to this, intracellular and extracellular sHsp
found to be elevated in acute and chronic inflammatory diseases including
neuroinflammatory diseases, fibrosis, intestinal bowel disease, cancers, and diabetic
complications. The following properties of the sHsp can be ascribed to their impli-
cation in inflammatory diseases (i). the sHsp are elevated in tissues, blood, cerebro-
spinal fluid, and at sites of inflammation in inflammatory diseases (ii). The secreted
sHsp acts as auto-antigens to elicit the auto-antibody response (iii). sHsp are
involved in signaling by binding to the receptors of immune and endothelial cells
(iv). amelioration of inflammatory response upon administration of full-length sHsp
and sHsp-derived mini chaperone peptides into experimental disease animal models
and in humans. Several previous studies including research articles, review articles,
and book chapters extensively discussed the structure, mechanisms of action [49, 65,
95], functions [95] of sHsp and their implication in many pathological conditions
including neurodegenerative diseases [76], ageing [26], cardiovascular diseases
[57], and cancers [22, 23, 169]. In addition, role of large Hsp in inflammatory
diseases such as neuroinflammation [36, 90], auto-immune diseases [70, 109,
144], cancers [27, 160], fibrotic diseases [11] have been reported. In this context,
this book chapter deals with the expression, function, and therapeutic effects of sHsp
in inflammatory diseases.

1.1 Hsp27

Hsp27 is the most abundant and extensively studied protein in sHsp family. Several
studies reported the secretion of Hsp27 into the blood and cerebrospinal fluid under
pathological conditions. Increased intracellular Hsp27 and its secretion into plasma
and interstitial fluid (tumor microenvironment) has been reported in breast cancer
patients [9]. It is found that secreted Hsp27 mediates the immune escape and tumor
progression. Hsp27 induces the differentiation of monocytes to macrophages by
increasing the levels of immunosuppressive and proangiogenic factors such as
interleukin-6 (IL-6), IL-10, tumor necrosis factor α (TNF-α), IL1β, IL-8, MCP1,
VEGF-A, and prostaglandin E2. It has been shown that Hsp27 differentiated mac-
rophages induce tolerance in T-cells and also make macrophages more
proangiogenic suggesting the role for Hsp27 in tumor progression [9]. Furthermore,
Hsp27 is elevated in many cancers including hepatocellular carcinoma [38], pancre-
atic cancer [99], colon cancer [143], prostate cancer [154], and ovarian cancer
[136]. It has been shown that Hsp27 induces IL-6 mediated epithelial to mesenchy-
mal transition (EMT) in prostate cancer cells through STAT3/Twist signaling
in vitro and in vivo [131]. These studies indicate that Hsp27 has a deleterious role
in cancer and promotes tumor progression. Targeting the secretion of Hsp27 paves a
way for therapeutic approach in developing the strategies in cancer. In addition to
cancer, Hsp27 is also implicated in progression of fibrotic diseases. Fibrosis is an
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abnormal wound healing process where injury to tissue epithelial cells results in
recruitment of immune cells such as macrophages and lymphocytes. These macro-
phages secrete multiple pro-inflammatory mediators such as TGF-β1 that promote
the release of pro-fibrotic mediators. The recruitment and differentiation of
myofibroblasts/fibroblasts by pro-fibrotic mediators cause the injury to heal and
myofibroblasts undergo apoptosis. Nevertheless, chronic injury to tissue causes
constant activation of myofibroblasts and inhibition of apoptosis that resulting in
excessive deposition of extracellular matrix proteins like collagen. The increased
expression of Hsp27 is found in cells around the fibrotic foci in pulmonary fibrosis
patients [74]. It has been shown that the Hsp27 is upregulated in kidney fibrosis and
found protective against fibrosis [153]. The same group found the decreased levels
of α-SMA, Collagen-III, and phospho-p38MAPK in Hsp27 overexpressed mice
after induction of kidney fibrosis. Adding to this, another group reported the
overexpression of Hsp27 in fibroblastic foci in pulmonary and pleural fibrosis. In
their study, Hsp27 stabilized the important transcription factor snail and prevented
its degradation, thereby inducing the fibrosis through activation of EMT
[157]. Intriguingly, Hsp27 antisense oligonucleotide (OGX-427) used in cancer
therapy rescued the rats from TGFβ1 induced pleural fibrosis. Further, the repression
of Hsp27 using OGX-427 stalled the migration of pleural myofibroblasts [157]. So,
it is imperative to study the tissue-specific effects of Hsp27 in the fibrosis due to its
contrasting effects. For instance, inhibition of Hsp27 protects the mice from pulmo-
nary fibrosis while overexpression of Hsp27 protects from kidney fibrosis. Further-
more, Hsp27 and Noxa complex reduces the allergen-induced inflammation by
delaying the degradation of ubiquitinylated Iκ-B in airway epithelial cells [167]. Ele-
vated levels of plasma Hsp27 has been reported in coal workers [155], young
smokers [63], and chronic obstructive pulmonary disease (COPD) patients [46]
revealing the potential of Hsp27 to develop as a biomarker for COPD. Recently,
several studies reported the implication of Hsp27 in chronic inflammatory diseases
such as diabetes, obesity and their complications. It has been reported that intracel-
lular and extracellular Hsp27 is elevated in Streptozotocin (STZ)-induced diabetes in
experimental animal models and in human patients [43, 89, 113, 117], and insulin
resistance [20, 129]. In one study Hsp27 mRNA levels were increased while protein
levels decreased in retina of STZ-induced diabetic rats [113]. Losicweiz et al. also
reported the decreased levels of Hsp25 protein in the retina of STZ-induced diabetic
mice [89]. Hyperglycemia promotes the insolubilization of Hsp27 by inducing the
aggregation of Hsp27 in retina [113]. Intriguingly, pro-inflammatory cytokines
decreased the expression of Hsp27 in human retinal endothelial cells (HREC)
while hyperglycemia promoted the cytokine-induced downregulation of Hsp27
and induced the apoptosis of HREC by activating indoleamine 2,3-dioxygenase
(IDO), ROS, inducible-nitric oxide synthase-2 (iNOS) and subsequently nitric
oxide and peroxynitrite [87]. Adding to this, hyperglycemia promotes the inflam-
mation by activating the pro-inflammatory mediators in the retina. All these studies
indicate that inflammation trigger the development of diabetic retinopathy by
decreasing the Hsp27 levels. Recent studies from our lab reported the elevated
circulatory Hsp27 levels in diabetic nephropathy and found that Hsp27 can be
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developed as a biomarker for diabetic nephropathy [62]. In addition to increasing in
extracellular Hsp27, intracellular Hsp27 and its phosphorylated forms were also
increased in kidney of diabetic rats and podocytes exposed to high glucose [10]. The
increased levels of Hsp27 also reported in dorsal root ganglia of diabetic rats and in
circulation from diabetic neuropathy patients and it has been proposed the develop-
ment of Hsp27 as a biomarker for diabetic neuropathy [43]. Another study reported
the elevated levels of Hsp27 antigen and its antibodies in serum of insulin-resistant
subjects [20]. Of note, it is interesting to mention that Hsp27 provides cytoprotection
against lipopolysaccharide (LPS)-induced inflammation. Hsp27 ameliorates the
LPS-induced acute kidney injury in renal tubular epithelial cells by modulating
NF-κB and JNK pathways, and programmed cell death [85]. In contrast, another
study found that LPS pretreatment protects the renal ischemia/reperfusion injury via
increasing the levels of Hsp27 by decreasing inflammation, oxidative stress, and
apoptosis [50]. Similarly, overexpression of Hsp27 in rat liver aggravated the
ischemia/reperfusion injury by decreasing T regulatory cells, antioxidant mediators,
and increasing the pro-inflammatory mediators [163]. However, the differential
effects of Hsp27 might be attributed to the duration of pathology (early and late
stages) and tissue dependent manner in the context of ischemia/reperfusion injury.
The majority of the studies demonstrated that anti-inflammatory effect of Hsp27
against LPS-induced inflammation is mediated through modulating the p38MAPK
and NF-κB. In support to this, one study revealed that Hsp27 ameliorated the
LPS-induced inflammation by regulating the NF-κB through the p38MAPK-MK2-
pHsp27 signaling pathway via modulating the CREB binding protein (CBP) in
THP-1 human monocyte derived macrophage cells [17]. It has been found that
pHsp27 reduce ROS accumulation and inhibit the LPS-induced increase in CBP
[17]. Intriguingly, one study has found that overexpression of Hsp27 decreased the
pro-inflammatory mediators including IL-1β, IL-6, TNF-α and repress the activation
of toll-like receptor-4 (TLR4) after LPS stimulation in THP-1 macrophages.
Besides, overexpression of Hsp27 promoted the TLR4 endocytosis, ubiquitination
and degradation through phosphorylation of Hsp27 [86]. The LPS stimulation
phosphorylated the Hsp27 and pHsp27 can only be able to interact with TLR4 and
suppress the activity of TLR4 through ubiquitination. These studies reveal that
pHsp27 is a critical regulator of NF-κB via modulation of TLR4, p38MAPK,
MK2 in LPS-induced inflammation. Interestingly, Hsp27 is a major player in
differential regulation of IL-1β secretion by modulating ARE-mediated mRNA
decay, which is a major component in chronic inflammatory diseases [47]. Sur
et al. found that knockdown of Hsp27 in keratinocytes results in increased produc-
tion of prostaglandin E2 (PGE2) and pro-inflammatory cytokine IL-8, increased
NF-κB activity and degradation of IκBα after stimulation with TNF-α indicating the
beneficial effects of Hsp27 in regulating inflammatory responses in the skin
[137]. Mouse embryonic fibroblasts from Hsp27 deficient mice show increased
levels of proinflammatory cytokine IL-6, reduced proliferation, increased expression
of p27 and p21, impaired wound healing, and increased chemokine (C-X-C motif)
ligand 1 driven infiltration of neutrophils to the site of wound indicating that Hsp27
is instrumental for wound healing [31]. Interestingly, Hsp27 is involved in dextran
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sodium sulfate (DSS)-induced inflammation in inflammatory bowel disease (IBD).
Hsp27 is one of the players along with the ROS, IKKβ in mediation of DSS-induced
activation of NF-κB, IκB, and IL-8 [16]. Hsp27 mediates the migration of colonic
myofibroblasts through p38MAPK along with Cyclooxygenase in TNFα treated
human colonic MFB cell line 18Co [123]. These studies confirm that Hsp27 is a
key player in mediation of inflammation in a group of IBD. The role of Hsp27 in
cardiovascular diseases is established after it was found in the serum samples of
several cardiovascular diseases including atherosclerosis [91], reperfusion after
ischemic clamping during heart bypass surgery [66], and acute coronary syndrome
[102]. The extracellular Hsp27 plays a significant role in immune signaling by
interacting with cell surface receptors including TLRs, scavenger receptor-A
(SR-A) and regulate the cytokine production, cell proliferation, and cell migration.
The treatment of THP-1 macrophages with recombinant Hsp27 resulted in nuclear
translocation of NF-κB, increased activity of NF-κB, and increased degradation of
IκB. In addition, treatment of THP-1 macrophages with recombinant Hsp27
increased the expression of both pro-inflammatory and anti-inflammatory mediators
including TNF-α, IL-1β, IL-10, and GM-CSF [124] suggesting that Hsp27 is a
critical regulator in maintaining the balance between pro-inflammatory and anti-
inflammatory agents. Another interesting study demonstrated the elevated levels of
Hsp27 in human and mouse coronary sinus blood after global ischemia and that
extracellular Hsp27 increases the cardiac inflammatory response and injury by
increasing the NF-κB activity and IL-6 levels after ischemia/reperfusion in mouse
hearts [66]. Furthermore, treatment of human coronary vascular endothelial cells
with recombinant Hsp27 increased the levels of ICAM-1 in cells and IL-6, IL-8,
TNF-α and MCP-1 in the culture medium. However, the receptors and signaling
pathways involved in the stimulation of inflammation by Hsp27 remains elusive. In
continuation, the researchers found that TLR2 and TLR4 are the major receptors that
intervene the pro-inflammatory effect by extracellular Hsp27 via activation of
NF-κB [66]. In contrast to this, extracellular Hsp27 activated the NF-κB followed
by VEGF-mediated migration and angiogenesis by interacting with TLR3 receptor
[142]. Hsp27 along with TLR3 internalized to the endosomal compartment in short
span to activate the NF-κB. In another study, treatment of dendritic cells with Hsp27
increased the secretion of wide range of cytokines including TNF-α, IL-6, IL-1β,
IL-12p40 and, IL-12p70 but not IL-23p19 and mediates the DNFB contact hyper-
sensitivity [166]. In support to the TLR4 mediated inflammation by Hsp27, bone
marrow-derived dendritic cells (BMDC) from TLR4 deficient C3H/HeJ mice did not
augment the cytokine production when compared to BMDC from C3H/HeN mice,
having normal TLR4 signaling. Further, levels of IL-6, IL-1β, and TNF-α are lower
in BMDC from TLR4 deficient mice compared to BMDC from C3H/HeN mice upon
treatment with Hsp27 confirming the major role of TLR4 mediated inflammation by
Hsp27 [166]. One study found that Hsp27 shows a protective effect in atheroscle-
rosis by competitively inhibiting the acetylated LDL binding to SR-A [110]. The
treatment of human U937 macrophages with estrogen and acetylated LDL stimulates
the secretion of Hsp27 into culture medium and thereby secreted Hsp27 binds to the
SR-A and inhibits the lipid uptake. The addition of Hsp27 to macrophage culture
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media decreased the acetylated LDL-induced proinflammatory cytokine IL-1β and
increased the secretion of anti-inflammatory cytokine IL-10 [110]. Overexpression
of Hsp27 protects the mice from atherosclerosis by reducing the atherosclerotic
lesion area [32]. It has been shown that Hsp27 is released from THP-1 macrophages
into the culture medium via extracellular vesicles and into plasma via exosomes
[130]. Furthermore, Hsp27 has been detected in exosomal membrane by transmis-
sion electron microscope. It has been shown that Hsp27 laden exosomes exert anti-
inflammatory activity by activating NF-κB and generate the IL-10 in THP-1 and
HEK-293 cells [130]. Taken together, all the reported data shows that Hsp27 has
differential effects. For instance, it shows protective effect against inflammation, and
diabetes while the deleterious effect in fibrosis, cancer, and inflammation. For
instance, few studies reported the anti-inflammatory effects while others
pro-inflammatory effects. The differential effects might be due to many factors
including duration of the disease, type of cell line/animal model, and treatment
with exogenous/endogenous Hsp27. These effects should be carefully monitored
in clinical trials from the patient point of view.

2 Alpha-Crystallin (αAC and αBC)

The expression of αAC is abundantly found in lens and retina and absent in other
tissues. It occurs in 3:1 M ratio with αBC in lens. It is involved in maintenance of
transparency of the lens and prevents the aggregation of substrate proteins including
β and γ crystallins. Mutations in cryAA gene results in development of several types
of cataracts in animals and humans. It has been shown that αAC is phosphorylated
on S122, and S177 positions. The role of αAC in inflammatory diseases is least
studied compared to Hsp27 and αBC. αAC has been implicated in inflammatory
diseases including diabetic retinopathy [68, 72, 89, 113], sympathetic ophthalmia
[69] and experimental autoimmune uveitis (EAU) [107, 108, 126]. Studies from our
laboratory as well as others found several folds upregulation of αAC in STZ-induced
diabetic animal models and corroborated with the findings from human diabetic
patients both at mRNA and protein level [68, 89, 113]. Hyperglycemia impairs the
chaperone activity of αAC by increasing the insolubilization and impeding the
interaction with apoptotic mediators. It has also been found that expression of
αAC is upregulated in the retina in early EAU and protects the photoreceptor cells
from mitochondria dependent oxidative stress-induced apoptosis [107] in associa-
tion with TLR4 [126]. It has been shown that upregulation of αAC is not found in
TLR4�/�, iNOS�/�, TNF-α�/�, MyD88�/� mice with EAU demonstrating that
TLR4, iNOS, TNF-α, and MyD88 essential for upregulation of αAC. Transfection
of recombinant adenovirus expressing αAC reduced the pericyte apoptosis, and
vascular leakage in experimental diabetic retinopathy mice revealing the protective
effects of αAC [72]. αBC is an abundant protein expressed in lens, retina, heart,
skeletal muscle, brain, kidney, and liver. It occurs in one portion with three portions
of αAC (3:1) in lens. It is susceptible to extensive post-translational modifications
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(glycation, and phosphorylation) in pathological conditions including diabetes. It
has been shown that αBC is phosphorylated on serine residues S19, S45 and S59.
MAPKAPK-2 is known to phosphorylate S59 while p44/42MAP is known to
phosphorylate S45. However, the kinase responsible for phosphorylation of S19
still remains elusive. The role of αBC is implicated in several inflammatory diseases
including brain stroke, EAE, pulmonary fibrosis, COPD, cancer, diabetes and
associated complications, obesity, optic neuropathy, spinal cord injury, experimental
pneumococcal meningitis, cardiac ischemia/reperfusion and IBD. The elevated
levels of either intracellular or extracellular αBC has been found in inflammatory
diseases and shown both beneficial and deleterious effects. It has been found that
αBC levels in the blood are increased in renal cell carcinoma [55], obesity [84],
multiple sclerosis [25, 120, 146], and brain stroke [3] while its tissue levels are
elevated in diabetes and its complications [113, 114, 116], pulmonary fibrosis [11–
13], EAE [120], autoimmune optic neuritis [135], and obesity [84]. Auto-antibodies
for αBC has been found in multiple sclerosis [148], Chronic obstructive pulmonary
disease (COPD) [30], Guillain-Barré syndrome [25, 52], and neuro-Bechet’s disease
[25]. In the last two decades, remarkable work has been done on the functional role
of αBC in multiple sclerosis, which is an autoimmune demyelinating disease. It has
been shown that the αBC is increased in blood [120], cerebrospinal fluid (CSF)
[134], white matter of brain, astrocytes in spinal cord lesions [42], exosomes
secreted from astrocytes [44] in MS patients, EAE mice and/or in vitro cell lines.
Tremendous efforts have been made to understand the role of αBC in MS patho-
genesis. It has been proposed that αBC serves as a candidate autoantigen to human T
cells since it’s expression is increased in the active lesions in MS patients [146, 148]
and its presentation to T cells is an early event after demyelination [6]. In lieu,
proinflammatory CD4+ T-cells against αBC from human peripheral blood are
reported in MS patients [122, 147]. Later, it has been proposed that EAE triggered
by αBC specific T-cells depend on post viral infection in brain. However, the
conception of αBC binding to antibody as an antigen remains puzzled due to other
studies. Rothbard et al. proposed that αBC binds to the antibodies as a molecular
chaperone with high affinity at multiple sites instead of being identified as an antigen
[119, 120]. It has been shown that ablation of αBC exacerbates the EAE with
increased levels of Th1 cytokines (IFNγ, TNF-α, IL-2, IL-12p40), Th17 cytokines
(IL-17), severe central nervous system (CNS) inflammation compared to wild type
mice [100]. In support to this, intravenous administration of recombinant αBC
ameliorated the clinical disease scores, reduced the proliferation and decreased the
secretion of IFNγ, TNF-α, IL-2, IL-12p40, and IL-17 in EAE mice model. Adding to
this, increased levels of plasma αBC have been reported to be elevated after stroke in
human patients and after experimental stroke in mice. It has been shown that
intraperitoneal administration of αBC 12 h after experimental stroke reduced the
lesion size, proinflammatory cytokines and increased the anti-inflammatory cyto-
kines [3]. In another study, daily intravitreous or intravenous administration of αBC
reduced astrocyte and microglial activation in anterior ischemic optic neuropathy
mice model [101]. Interestingly, short term treatment for 3 days did not improve
visually evoked potential as compared to that of the long-term treatment (every other

250 V. S. Reddy et al.



day for 3 days) and also improved the survival of oligodendrocytes [101]. Intraper-
itoneal injection of 50 μg of αBC every other day for 40 days improved the left
ventricular ejection fraction in myocardial ischemia-reperfusion mice model reveal-
ing the therapeutic effect of αBC in improving the cardiac function after ischemia-
reperfusion [151]. αBC is able to bind and precipitate approximately 70 proteins
from plasma of rheumatoid arthritis, amyloidosis, MS, and mice experimental
allergic encephalomyelitis. The binding of these proteins is temperature-dependent
and found to be members of acute-phase proteins/coagulation/complement cascades
[80]. In another study, intravenous administration of αBC ameliorated the spinal
cord injury by reducing recruitment of inflammatory macrophages, decreasing the
secondary tissue damage, and increasing the locomotor skills in mice [73]. The
injected αBC is able to enter the site of inflammation in spinal cord injury and
showed anti-inflammatory activity. It has been reported that the intravenously
injected αBC entered into the white matter at the site of inflammation and into the
grey and white matter in the surrounding areas and it has been taken up by the
oligodendrocytes (30.7%), neurons (45%), astrocytes (38.8%) but did not enter into
granulocytes and microglial cells [73]. However, the underlying mechanism by
which αBC induces the anti-inflammatory activity remain elusive despite few studies
reported the receptors, co-receptors, and players of signaling pathways. Previous
studies described that most of the large Hsp induce innate immune response via
TLR-mediated signaling. In lieu, Van noort and co-workers have shown that TLR1/2
receptors along with CD14 co-receptor are minimally required for αBC-mediated
cellular activation [149]. However, only macrophages and macrophage like cells
express these receptors. In addition to TLR1/2 and CD14 receptors, the macrophage
scavenger receptor A (MCRA), and the macrophage scavenger receptor with col-
lagenous structure (MARCO) are also important for αBC-mediated cellular activa-
tion [149]. Another study has shown that astrocytic dopamine D2 receptors (DRD2)
suppress the neuroinflammation through αBC in astrocytes [127]. The ablation of
DRD2 augmented the inflammation response in several regions of CNS, decreased
the αBC, increased the susceptibility of dopaminergic neurons to MPTP (inducer of
Parkinson disease) neurotoxin and activated the astrocytes. For the first time,
Masilmoni et al. have shown the protective effects of α-crystallin in silver nitrate-
induced acute inflammation in mice [92]. In addition to this, it has been shown that
αBC acts as anti-inflammatory agent by suppressing the activation of NF-κB, p38
MAPK and reduced the degradation of IκB. The intraperitoneal administration of
α-crystallin (50 μg/100 g body weight) restored the antioxidant defense machinery
including glutathione, glutathione peroxidase, superoxide dismutase, and catalase,
suppressed the rise in lipid peroxidation in silver nitrate-induced inflammation in
mice [92]. In addition to restoring the antioxidant defense machinery, studies from
the same lab found that α-crystallin administration provides neuroprotection by
reducing the inflammation-induced cytokines such as TNF-α, and IL-1α, release of
nitric oxide, neurotransmitters dopamine, norepinephrine, and 5-hydroxytryptamine
in inflammation-induced mice [93]. Adding to this, same group further found
α-crystallin pretreatment reduced the increase in acetylcholine esterase activity,
decreased the surge in expression of NF-κB, GFAP (marker for reactive astrogliosis)
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in inflammation-induced primary astrocytes and experimental animals [93]. It has
been shown that administration of αBC ameliorated the optic nerve crush injury by
inhibiting the retinal microglia, decreasing the expression of inducible nitric oxide
synthase, and TNF-α [159]. As earlier discussed, phosphorylation of αBC plays
pivotal role in development of inflammatory diseases including autoimmune demy-
elination. It is interesting to mention the activation of ERK, p38MAPK signaling
molecules, phosphorylation of αBC on ser59 is increased in astrocytes of cuprizone-
induced lesions, and active regions of demyelinating MS tissue [78]. The phosphor-
ylation of αBC enables the reactive astrocytes in demyelinating disease and also
exerts differential binding of proteins and subsequently regulates the intracellular
signaling. Of note, αBC is also instrumental in infection-induced inflammation. In
support to this, αBC ameliorated the inner ear damage and improved the hearing
capacity in experimental pneumococcal meningitis in infant rat model where
increased infiltration of neutrophil and leukocyte in perilymphatic spaces of inner
ear, increased secretion of proinflammatory cytokines (IL-1β, IL-6, IL-8 and TNF-α)
in CSF are features of the infection [37]. Intracisternal injection of αBC diminished
the proinflammatory cytokines and improved the hearing capacity. A series of
studies reported the secretion of αBC via exosomes rather than classical secretory
pathway [14, 39]. It has been shown that secretion of αBC via exosomes plays vital
role in suppression of neuroinflammation. For instance, αBC levels are increased in
exosomes secreted from astrocytes after treatment with LPS. Moreover, treatment of
αBC diminished the expression of proinflammatory cytokines in U251 cells after
stimulation with LPS revealing that αBC may act in an autocrine manner [44]. Fur-
ther, it has been shown that αBC may act in a paracrine manner in suppressing the
inflammation in microglial cells since they did not express αBC. It has been shown
that αBC acts as a pro-fibrotic factor in fibrotic diseases and shows deleterious
effects [11–13]. It is upregulated in fibrotic foci, hyperplastic alveolar epithelial
cells in lungs from pulmonary fibrotic patients, and in fibrosis-induced mouse
models [13], after hepatic stellate cell activation in liver fibrosis [83, 145]. It has
been shown that αBC forms complex with 14–3-3ζ protein thereby protects it from
proteasomal degradation. This complex activates a series of signaling molecules and
transcription factors including ERK, and Snail (inducer of EMT) in hepatic carci-
noma [58]. It has been shown that αBC favors fibrosis by promoting TGFβ pathway
via enhancing the nuclear localization of Smad proteins. The ablation of αBC
reduced the TGFβ activation by abrogating the localization of Smad4, thereby
triggered the fibrosis [12, 13]. Similarly, αBC regulates choroidal
neovascularization-induced sub-retinal fibrosis by modulating EMT through TGFβ
and Smad4 [59]. Our previous work suggested an important role for αBC in
STZ-induced diabetes and its complications. We have shown the increased expres-
sion of αBC in retina [113], heart [114], skeletal muscle [116], and lens [115] of
STZ-induced diabetic rats. Multiple other studies have also shown the increased
expression of αBC in experimental diabetic animal models [53, 89] and in diabetic
patients [35]. Hyperglycemia induces the aggregation of αBC by enhancing the
insolubilization. Moreover, we have reported that hyperglycemia increases cell death
by disrupting the interaction between apoptotic mediator bax. Furthermore, it has
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been shown that αBC levels are increased in serum, adipose tissue of obese patients
and in primary human adipocytes [84]. Of note, αBC shows the deleterious effect in
cancer by enhancing the survival of the cells. It has been shown that αBC is
overexpressed in several cancers including retinoblastomas [105], neuroectodermal
tumors [60], prostate cancer [138], renal cell carcinoma [54, 55], breast cancer [133],
and brain tumors [2]. αBC plays an important role in IBD by suppressing the
mucosal inflammation and maintaining the barrier integrity. It has been shown that
αBC expression is decreased in the inflamed colon of IBD patients and negatively
correlated with the inflammation. The overexpression of αBC in HT29 and Caco-2
cells diminished the proinflammatory cytokines TNF-α, IL-6, IL-1β, and IL-8 in
response to TNF-α-induced inflammation. Adding to this, treatment of recombinant
αBC fused to cell penetration peptide TAT to HT29, Caco-2 cells (treated with
TNF-α) and DSS-induced colitis mice model decreased the inflammatory response
by decreasing the TNF-α, IL-6, IL-1β, and IL-8 via inhibiting the IKKβ activity
[161, 168]. Furthermore, it has been shown that increased expression of αBC pro-
motes the migration and metastasis of gastric cancer via NF-κB-induced EMT
[28]. Very recently, it has been shown that tumor-associated macrophages
(M2 macrophages) promote non-small cell lung carcinoma through EMT by increas-
ing the expression of αBC mediated by ERK1/2-slug pathway [45]. The findings on
the role of αBC in cancer suggest that it contributes to the progression of cancer cells
by promoting EMT. These steps open avenues for developing therapeutic strategies
(Tables 2 and 3).

2.1 Hsp20

The role of Hsp20 is implicated in inflammatory diseases including diabetes
[113, 114], cancer [97] and asthma [8]. We and others reported the decreased
expression of Hsp20 in diabetic retina [113], and heart [114, 156]. It has been
shown that lower levels of Hsp20 in exosomes secreted into the circulation in
STZ-induced diabetes. Intriguingly, mice overexpressing Hsp20 exhibited increased
secretion of exosomes containing Hsp20, SOD1, pAKT, survivin and alleviated
hyperglycemia-induced cardiac dysfunction, fibrosis, cell death revealing that
exosomal secretion of Hsp20 offers protection from diabetes [156]. Similarly,
increased generation of exosomes in Hsp20 overexpressing mice attenuated the
myocardial infarction by activating Akt, reducing proinflammatory cytokines such
as TNF-α, IL-1β [164]. Interestingly, abrogation of Hsp20 improved glucose metab-
olism including insulin sensitivity despite of gain in body weight and fat mass.
Intriguingly, ablation of Hsp20 ameliorated the meta-inflammation (chemokines and
proinflammatory cytokines), insulin resistance, and liver steatosis associated with
increased obesity in mice [104]. It has been shown that Hsp20 plays an instrumental
role in cancer including hepatocellular carcinoma (HCC). The overexpression of
Hsp20 in HCC-derived HuH7 cells suppressed the TNF-α-induced NF-κB activation
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and IKKα revealing that increased expression of Hsp20 in cancer cells may suppress
the progression of HCC [97].

2.2 Hsp22

The implication of Hsp22 in inflammatory diseases is least studied. We have shown
the increased expression of Hsp22 in the retina of STZ-induced diabetic rats
[113]. Yu et al. has shown the increased expression of Hsp22 in high fat diet and
STZ-induced type-2 diabetes. Moreover, it has been shown that Hsp22 protects the
vascular endothelium from high glucose-induced insult by attenuating the mitochon-
drial ROS generation [165]. Interestingly, it has been shown that Hsp22 is increased
in synovial fluid from rheumatoid arthritis patients. Hsp22 is also able to activate
monocyte-derived dendritic cells through TLR4 revealing that Hsp22 plays a pivotal
role in the inflammatory process during rheumatoid arthritis [118].

2.3 Role of sHsp Derived Peptides in Inflammatory Diseases

Sharma and co-workers first identified the residues 73–92 in sHsp possessing
chaperone activity in vitro and termed it as mini chaperone peptides/mini peptides/
mini chaperones [15, 128]. Later, it has been shown that mini chaperone peptides are
able to show protective and therapeutic effects equivalent to that of full length
protein. Kurnellas and his coworkers have shown that residues 73–92 of sHsp are
able to show therapeutic effect in EAE mice. Intraperitoneal administration of 1 μg
of peptides of Hsp27, αAC, and αBC reduced the paralytic symptoms in EAE mice
and also reduced the production of inflammatory cytokines IL-2, IL-6, and IL-17 in
splenocytes [80]. Peptide treatment also reduced the inflammatory foci in meninges
and parenchyma in the CNS of EAE mice. Peptides reduced the disease symptoms
by suppressing the immune system and interestingly, cessation of administration of
these peptides resulted in the recurrence of the disease revealing that peptides act as a
biological inhibitor. The residues 73–92 in sHsp are important for amyloid formation
and thus explain how a short peptide shows therapeutic activity equivalent to full
length protein. In support to this, Tanaka and his colleagues reported that residues
73–92 from αAC show chaperone activity due to their ability to form amyloid fibrils
[140]. Furthermore, it has been shown that 1 μg of amyloidogenic hexameric
peptides of αBC (residues from 76 to 81, and 89 to 94) ameliorated the paralytic
symptoms in EAE mice and reduced the levels of IL-6 [81]. In addition, it has been
shown that the therapeutic activity of amyloidogenic peptides of sHsp correlated
with their chaperone activity. They bind to α7 nicotinic acetyl choline receptor on B
lymphocytes and peritoneal macrophages, changing the macrophages to an immune
suppressive phenotype and promote the migration of macrophages and B lympho-
cytes from the peritoneum to secondary lymph organs [121]. Another interesting
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study has shown that, phosphopeptide (YARAAARQARAWLRRAS(PO3)
APLPGLK) mimetic of Hsp20 reduced the airway smooth muscle contraction via
regulation of actin cytoskeleton downstream of β2-adrenergic receptor in humans
and porcine [8].

3 Conclusions

sHsp are a group of proteins that share α-crystallin domain and respond to multiple
external stimuli. They show chaperone-like function and prevent aggregation of
denatured proteins. Intracellular and extracellular levels of sHsp are elevated in
several inflammatory diseases including EAE, renal and cardiac ischemia, cancer,
fibrosis, diabetes and its complications and so on. The elevated levels of sHsp
diminish the inflammation by reducing proinflammatory cytokines and increasing
the anti-inflammatory cytokines. However, the receptors involved in the interaction
with sHsp, their binding partners and activation of downstream signaling cascade in
mediating the anti-inflammatory action is not elucidated even though TLR1/2/4, α7
nicotinic acetylcholine receptor, MCRA, and MACRO have been proposed during
the interplay. Therefore, in-depth studies are required to address the specific recep-
tors involved in the amelioration of the inflammation. It has been shown that sHsp
trigger innate immune response in alleviating the inflammation and gives the scope
to elucidate if there is a trigger of adaptive response. It is also interesting to elucidate
the differential response in the roles of intracellular and extracellular sHsp in
reducing the inflammation. Another exciting area is to study the role of exosomes
packed with sHsp in alleviation of inflammation. In addition, the secretion of sHsp
laden exosomes in inflammatory diseases could be studied. The autocrine and
paracrine roles of sHsp laden exosomes could be studied in inflammatory diseases.
Furthermore, the therapeutic roles of exosomes laden with sHsp in the inflammatory
diseases needs to be appropriately evaluated. In addition, liposomal mediated car-
riers could be used for the delivery of sHsp. For efficient delivery strategies, carrier
molecule approach including microparticles or nanoparticles could be employed. For
instance, poly (lactic-co-glycolic acid) (PLGA) nanoparticles have been efficiently
employed for delivery of αBC in cigarette smoke-induced COPD mice. The
intratracheal administration αBC laden PLGA microparticles were selectively
taken up by alveolar macrophages and suppressed the infiltration of neutrophils
and lymphocytes in the lungs. Additionally, αBC laden PLGA microparticles are
100-fold more efficient than the free soluble protein in activating macrophages
without altering their immune regulatory behavior. Therefore, carrier molecules
such as PLGA, polycaprolactone micro or nanoparticles, cell penetration peptides
like TAT, gC peptides, fusion peptides, protein polymers could be employed for
efficient delivery of sHsp. The therapeutic roles of sHsp have been successfully
utilized in cell lines and experimental animal models, therefore, these studies can be
extended to human clinical trials. For instance, Van noort et al. conducted a Phase IIa
randomized clinical trial using 7.5, 12.5 or 17.5 mg of αBC in relapsing-remitting
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MS for 48 weeks [150]. These doses were found to be safe and well tolerated in
patients and repeated intravenous injections of low doses of αBC significantly
reduced the lesion size indicating the therapeutic role of sHsp for MS patients.
Similarly, other sHsp and their peptides could be employed in clinical trials by
taking a large sample size and required duration in inflammatory disease patients.
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Overview of Multifaceted Role
and Significance of Heat Shock Proteins
During Inflammation, Apoptosis and Other
Diseases

Boopathi Balasubramaniam and Krishnaswamy Balamurugan

Abstract

Introduction Almost all cells are frequently exposed to various stimuli in their
environment which causes a wide range of stresses. Due to the elevated levels of
stresses, cells often respond back by producing different types of proteins that
protect the cells to remain in a healthy condition which phenomenon is called
cellular homeostasis. The important family of proteins which play cytoprotective
activities under pathological conditions are Hsp which acts through the initiation of
repair mechanism, protein folding, degradation of irreversible proteins and refolding
of misfolded proteins. The foremost objective of this chapter is to outline the
significance of Hsp during inflammatory and other disease.

Methods Journals and data bases (PubMed, Scopus and Google Scholar) were
surveyed with the keywords “Hsp and its functions”, “Hsp and Inflammation” and
“Hsp and Apoptosis”. Pertinent works were chosen for discussion.

Results Hsp are known to have multifaceted functions in various instances includ-
ing maintaining the homeostasis during pathogenic conditions and disease progres-
sion. In connection to this, a number of HIDs and other diseases such as cancer are
well known to exhibit elevated ROS levels followed by excessive apoptosis. Hsp
alters the inflammation modules through inhibition of cytokines, pro-inflammatory
factors, by which playing the significant functions in the HIDs and its pathogenesis.

Conclusions In this chapter, we summarized the importance and characteristics of
Hsp especially in inflammation which is expected to help future treatment of HIDs
and other related diseases.
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Abbreviations

APC antigen presenting cell(s)
ATP adenosine triphosphate
COX cyclooxygenase
DC dendritic cells
HID human inflammatory disease(s)
HSF heat shock factor(s)
Hsp heat shock protein(s)
IBD inflammatory bowel disease
IL interleukin(s)
MHC I major histocompatibility complex class I
MS multiple sclerosis
NF-κ Bnuclear factor kappa-light-chain-enhancer of activated B cells
NK natural killer cells
NOD non-obese diabetic mice
PGE2 Prostaglandin E2
PTM post translational modifications
RNS reactive nitrogen species
ROS reactive oxygen species
RU rheumatoid arthritis
SOD superoxide dismutase
TLR toll-like receptor(s)
TNF tumor necrosis factor(s)
Tregs regulatory T cells

1 Introduction

Hsp of eukaryotes are evolutionarily conserved macromolecules present in almost all
the major cellular organelles. Indeed, Hsp are constitutively expressed in all types of
living organisms starting from prokaryote to eukaryote [21]. The nomenclature of
Hsp originated from the examination of their deliberate stimulation generally trig-
gered by thermal stress [23]. Hsp comprise about a high proportion (5–10%) of total
cellular proteins under normal environmental conditions, and their concentration/
abundance may raise several folds under stressed conditions when the aggregates or
misfolded proteins remain. Although Hsp are constitutively synthesized, most of
them act as molecular chaperones that are normally over-expressed in response to
external stimuli only [41]. Majorly, the stress factors include heat, oxidative stress,
nutrient deficiency, viral infections, acute or chronic inflammatory diseases,
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ischemia, heavy metals, bacterial infections and exercise [3, 16]. These types of
exposures enable the cells to respond quickly to bring back the normal conditions.
Moreover, lack of cellular protection/cytoprotection against degradation of
misfolded proteins and protein denaturation may results in protein aggregation and
diseases. That is where the Hsp play a critical role to maintain the cellular homeo-
stasis during stressed conditions.

Hsp are part of the immune system against both external and internal factors
which are mainly categorized into 02 groups (High molecular weight Hsp and Low
molecular Hsp) according to their molecular weight, amino acid composition, as
well as their specific cellular functions [10, 22]. The high molecular weight Hsp
(typically ranges from 60 to 110 kDa) are found to be ATP-dependent and their key
cellular function usually includes folding the native proteins, transportation, organi-
zation and degradation of unstructured/disordered/unfolded proteins. Low molecular
weight Hsp (generally ranges from 15 to 43 kDa) are ATP-independent chaperones
molecules as well and are reported to be involved in development of respiratory
organs such as cardiac muscles, embryonic developmental processes, exercise-
induced stress, as biomarkers for tumor formation and also protein folding. In
spite of their involvement in multiple molecular and cellular functions including
pathophysiological conditions, they attain more attention to explore their mode of
action in deeper. Therefore, this chapter summarizes the roles of Hsp under different
disease conditions with special attention to inflammatory diseases in detail.

1.1 Hsp and Immune System

Hsp are reported to be involved in adaptive and innate immunity during various
stressed conditions [29, 34]. They can significantly stimulate NK cells, macrophages
and DCs. As per the literature, both recombinant and autologous Hsp trigger the
immunomodulatory functions and T lymphocyte proliferation during stressed con-
ditions [38, 46]. Hsp are found to enhance the efficiency of cross-presentation of
extracellular and intracellular antigens to APCs in the MHC I. In addition, CD91, a
Hsp receptor found in the APCs is required in this immunologic process and
enhances the T-cell mediated immune responses in coordination with T helper
cells [18]. In contrast, Hsp typically induce the anti- or pro-inflammatory cytokines
secretion thereby they involve in the immune response against various stimuli.
Typically, extracellular Hsp appear to contain cytokine-related properties needed
for immune responses through the molecular association with few receptors such as
Pattern Recognition Receptors (PRR) including CD14 and TLRs [42, 47] and thus
influences the release of various cytokines such as TNF-α, IL-1β, IL-12, IL-6, etc.
These are some of the known function of Hsp in connection to immunity. However,
their underlying mechanisms are yet to be explored in detail.
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1.2 Link Between Hsp and NF-κB Pathway in Regulating
the Inflammatory Diseases

Inflammatory disease is collectively described as a group of apparently discrete
conditions with the involvement of various immune cells and inflammatory path-
ways which may end up with various organ damages [9, 44]. Even though each
disease has its unique characteristic pathophysiology and epidemiology, the differ-
entially regulated inflammatory reaction is considered to be crucial to the disease
pathogenesis and progression. In addition to conventional inflammatory mediators
and responses, other diseases were also shown to involve in inflammatory responses
as well. Those diseases are diabetes, RA, IBD, MS, etc. Despite many types of Hsp
have been associated with immunity-mediated and inflammatory diseases during the
past few decades [15, 39], the underlying mechanisms and the roles of large Hsp in
disease progression and pathogenesis remain unclear.

During thewhole inflammatory response (including its initial phase), there is a slight
coordinated expression of nuclear transcription factors triggered from the NF-κB
(Fig. 1). At the commencement of an inflammatory response during stressed

Fig. 1 Role of Hsp in inflammatory diseases and immune system. The image represents the
importance of Hsp during stress condition. During exposure to external stimuli such as injury,
bacterial infection, thermal stress, etc., Hsp regulates variety of functions including protein trans-
location, antigen processing, antigen presentation, etc. The immunity triggered due to external
stimuli activates certain immune regulatory proteins and leads to the activation of inflammation
through NF-κB pathway which is depicted in this image
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conditions, the control of NF-κB transcription factors, inducible enzymes (such as
COX-2) oblige the synthesis of PGE2, which further triggers fever. As a result of
elevation in the temperature, the highly conserved heat shock response initiates the
activation of transcriptional factors such as HSF1 [27]. By being a molecular chaper-
one, these HSF and Hsp work together to reduce the protein aggregates and protein
denaturation to attain the cellular homeostasis. During that condition, a well character-
ized iHsp70 (inducer Hsp70) was found to be associated with the complex formed by
NF-κB pathway with its inhibitor (IκB) to inhibit the NF-κB translocation to nucleus
[6]. Overall, the Hsp and their involvement in inflammatory diseases are generally
mediated by NF-κB pathway which could be considered as the primary target to treat
the inflammatory diseases.Moreover, the identification of other associated playersmay
deliver the basic understanding of underlying mechanisms in much deeper.

1.3 Relationship Between Hsp and Apoptosis, Oxidative
Stress and Inflammatory Diseases

Biological systems utilize a number of antioxidants (such as, reduced glutathione,
catalase, etc.) to neutralize the negative effects of free radicals, in addition to prevent
the ROS-mediated cellular and functional damages. However, in respect to
non-cellular responses/external stimuli such as exercise, air pollutants, radiation,
ozone, cigarette and cellular responses such as inflammatory reactions and phago-
cytosis, the host cells tend to generate excess ROS and RNS which interferes with
the oxidant/antioxidant levels leading to fluctuation in cellular homeostasis
[17, 24]. Conversely, inflammation response is said to be the component of first
line defense mechanism of the innate immunity complex when there is a cellular
damage triggered by xenobiotics of infectious agents [33]. Beginning of the stimuli/
stress has been shown to accumulate several inflammatory responsive cells, such as
macrophages, chemokines, and cytokines at the impaired site of stressed cells, which
are generally mediated through TLRs activation. In contrast, interlink between
oxidative stress and apoptosis with Hsp occur mostly due to the induction upon
endogenous/exogenous stimuli. Therefore, the coordinated and induced HSP are
highly expressed in the inflamed area, probably to refold the misfolded, denatured
proteins/peptides, so that the oxidative stress condition can be reverted [32]. In
addition, inhibition of the Hsp expression levels lead to severe inflammation cases
and apoptosis by inducing the oxidative levels to many folds. Hence, the importance
of Hsp is not only limited to inflammatory and other diseases; rather they have an
association with other physiological condition such as oxidative stress, etc. to
improve the condition.
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1.4 Hsp in Autoimmune Diseases

Hsp are found to be a part of the autoimmune reactions also, which leads to the
molecular imitation along with the origin relationship between endogenous and
exogenous stressor molecules. For instance, Hsp of the invading pathogenic bacteria
(molecular imitation) can also generate an immune response in the host system,
which may result in the autoimmune reactions. A classic example is RA disease, a
well-known autoimmune systemic disease that affects the connective tissues
[36]. The development of heat shock response is considered as an earlier occurrence
in pathogenesis and progression of the RA disease. In fact, the presence of many
anti-Hsp antibodies and the presence of Hsp in the extracellular space were observed
in patients affected with RA disease ([26]). Furthermore, immunization with recom-
binant HspD (Hsp60) in rats was found to protect them against the RA [7, 43]. Pri-
marily, regulatory T cells recognised the HspD epitopes in a highly conserved
manner and remarkably, transfer of these cells to the other animal with RA
prohibited the disease onset [8, 20]. Additionally, both HspD and HspA (Hsp70)
possess immunomodulatory effects by which they enhance the anti-inflammatory
Tregs when used to treat arthritis. These reports suggest that the Hsp have a strong
relationship with autoimmune diseases also. Exploring the involvement of other Hsp
during autoimmune diseases may end up with the identification of precise drug
targets.

1.5 Role of Hsp in Other Diseases

Hsp play an important role in Ischaemia/reperfusion-induced acute kidney injury
which was characterized in mice model. Particularly, HspA was found to possess
renoprotective effect, which may be partly mediated by the immunomodulatory
effect exerted by Tregs. Also, Hsp play a critical role in atherosclerosis, which is
defined to be a chronic inflammatory disease affects the arteries. During the inflam-
matory condition, Hsp released from damaged cells are considered to be the impor-
tant autoantigens for the development of atherosclerotic plaques [11]. A classic
example for the involvement of Hsp in diabetes (especially in Type 1 diabetes) is
Hsp60 (an autoantigen) which was disclosed using NOD model [35]. There are
many unexplored roles of Hsp in other diseases remain which could be studied well
in near future.

1.6 Hsp and Future Perspectives

As discussed in this chapter, regulation of immune responses, inflammatory
responses, endogenous generation of ROS and apoptosis by Hsp perhaps assist in

276 B. Balasubramaniam and K. Balamurugan



the management and treatment of inflammatory diseases. Hsp appear to be also play
vital roles in the pathogenesis of inflammatory diseases and cancer due to their
modulating properties in the inflammation cascades that possibly lead to the endog-
enous elevation of ROS levels and apoptosis [14, 25, 43]. These properties may be
due to refolding of misfolded proteins, or through inhibition of anti- or
pro-inflammatory cytokines during pathological conditions. Interestingly, HSF-1
was also upregulated during infection. HSF-1 enhances the protective Hsp resulting
in inhibition of inflammatory reactions and substantial cellular damage via apopto-
sis. The elevated levels of ROS, possibly through inhibition of anti- or
pro-inflammatory factors prevents the progression of acute and chronic inflamma-
tion, cancer and other diseases. Therefore, the Hsp are considered to be the natural
enhancer which contains multiple roles during pathogenesis and autoimmune dis-
eases. In this context, the therapeutic applications of active principles exploring Hsp
may pave the way to treat variety of diseases with high potential are noticeably the
hot topic in the recent years. Even though, Hsp and their crucial roles during diseases
are known, the underlying mechanisms (PTMs, involvement of small molecules in
regulating the Hsp, transcription factors, etc.,) are not fully studied. Therefore, Hsp
and their associated factors can be studied in detail using various eukaryotic model
systems such as Mus musculus [13], Drosophila melanogaster [5], Caenorhabditis
elegans [1, 2, 4, 12, 19, 28, 30, 31, 37, 40, 45], etc., by exploring their importance
during various stressed conditions.

2 Conclusions

The need for new therapeutics that will have minimal side effects for the better
treatment of inflammatory diseases and cancer remains unclear. Recently, Hsp have
attained a greater attention because of their undisputed roles in a number of infec-
tions and human diseases, including inflammatory disease, cancer, etc. Still, their
mode of action in some of the inflammatory diseases is still unclear and yet to be
identified, characterized and validated. In addition, the molecular insights about the
mode of action (such as underlying PTMs, interacting partners, interacting metab-
olites and other molecules) could be explored well using suitable model systems. As
discussed in this chapter, we suggest that targeting the Hsp in human inflammatory
diseases and other diseases such as neurodegenerative diseases, cancer, etc., may end
up with the identification of potential drug targets.
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Heat Shock Proteins as Target Autoantigens
in Autoimmune Rheumatic Diseases

Georgios Efthymiou, Lazaros I. Sakkas, and Dimitrios P. Bogdanos

Abstract

Introduction Accumulative data emerged over the years on adaptive immune
responses specific for heat shock proteins (Hsp) in murine and human studies
assessing their role in immune-mediated inflammation. In here, we aim to highlight
key findings of studies assessing heat shock protein (Hsp)-specific autoreactive
responses in patients with autoimmune rheumatic diseases, focusing mainly on
B-cell responses.

Methods Current literature was reviewed reporting of the prevalence of human
Hsp-targeted autoantibody responses in systemic lupus erythematosus, rheumatoid
arthritis, systemic sclerosis and Behçet’s disease, as prototypic rheumatic diseases
and assesses the diagnostic and clinical significance of these autoantibodies, as well
as their pathogenic relevance in relation to the development of those diseases and
their progression.

Results Most human Hsp are autoantigens. Anti-human hsp responses are noted in
various patients with autoimmune rheumatic diseases, their prevalence varying
amongst diseases and between studies. The titers of anti-Hsp antibodies vary
amongst patients. It remains unclear whether autoantibody seropositivity or its
concentration is of clinical importance. Also the triggering events responsible for
their development are largely unexplored.

Conclusions Autoantibodies targeting hsp are present in patients with rheumatic
diseases, but their diagnostic, clinical and pathogenic relevance is still undetermined.
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Abbreviations

ACPA anti-citrullinated peptide antibodies
AECA anti-endothelial cell antibodies
aPL anti-phospholipid
autoabs autoantibodies
BD Behçet’s disease
BiP immunoglobulin heavy-chain-binding protein
CCP cyclic citrullinated peptide
Hsp heat shock protein(s)
IL interleukin
ILD interstitial lung disease
PAH pulmonary arterial hypertension
RA rheumatoid arthritis
SjS Sjogren’s syndrome
SLE Systemic lupus erythematosus
SSc systemic sclerosis
TNF-α tumor necrosis factor α

1 Introduction

The human heat shock proteins (Hsp) are a group of proteins that play a pivotal role
in folding of nascent and denatured cell proteins, assembly of polymeric complexes,
transport and sorting of proteins into accurate cellular compartments and protection
against stress and cell death [36, 59, 97]. Normally, they are constitutively expressed
at low levels inside the cytosol, the endoplasmic reticulum or the mitochondria of
eukaryotic cells [12, 36, 89] and are phylogenetically and functionally conserved
across species [18, 32, 38, 42]. Under environmental stress conditions [3, 9, 68, 89],
including heat shock, toxic chemicals, ultraviolet, as well as cell injury, hypoxia,
inflammation and infections, Hsp participate in correct protein folding. In these
cases, Hsp can be translocated in the nucleus, on the cell surface or in extracellular
fluids [1, 2, 6, 44, 80].

In immunological terms, Hsp are highly immunogenic and antigen-specific T and
B cells responses directed against Hsp have been reported in various inflammatory
and autoimmune diseases. The exact mechanism by which Hsp become targets of
autoreactive B and T cell responses, remains elusive [91], though mechanisms such
as molecular mimicry between bacterial and human Hsp has been considered the
most likely one to explain the induction of human Hsp-specific B and T cell
responses and the development of human Hsp autoantibodies (autoabs).
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1.1 Human Hsp Autoantibodies in Systemic Lupus
Erythematosus

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease of the
connective tissue that can affect almost all organ systems, characterized by the
presence of a plethora of autoabs that mainly target nuclear antigens [46].

1.1.1 Hsp60

In patients with SLE, studies reporting on the frequency of anti-human Hsp60
antibodies have produced inconsistent results (Table 1). A single study reported a
higher frequency of human Hsp60 autoabs in SLE patients compared to healthy
controls [40]. However, other studies reported no difference [21, 41] or even lower
frequency of human Hsp60 autoabs in SLE compared to controls [22, 93]. A great
variation of reported frequencies are noted ranging from 4.2% to 76%. These
differences can be attributed mainly to differences in methodological approaches,
including the assay used for antibody testing, the antigenic source and the cut off
levels used for autoab seropositivity. Regarding anti-human Hsp60 antibodies serum
levels, most studies present higher titres in SLE compared to healthy controls
[37, 40, 55, 98, 99], although other reports fail to identify statistically significant
differences [21, 33, 38]. Of interest, higher titres of human Hsp60 autoabs were
detected in neuropsychiatric SLE patients compared to healthy and disease controls,
suggesting that these autoabs or T cells specific for human Hsp60 may be involved in
the development of this form of SLE [50, 51].

A potential role for anti-human Hsp60 antibodies was suggested in the patho-
genesis of vascular manifestations of SLE. This autoimmune rheumatic disease
carries an increased cardiovascular risk, including early or accelerated atherosclero-
sis [101]. Vascular involvement in autoimmune rheumatic diseases, including SLE,
has been linked to the presence of anti-endothelial cell antibodies (AECA)
[63, 73]. Dieude et al. using flow cytometry were able to detect AECA in the sera
of SLE patients targeting Hsp60 localized on the surface of cultured endothelial cells
[21]. The binding of SLE-affinity purified IgG anti-Hsp60 autoabs, but not that of
control IgG antibodies, induced apoptosis of the epithelial cells. It is not clear,
though, whether this pro-apoptotic feature ability is only induced by anti-human
Hsp60 autoabs from SLE patients or also from those of IgG human anti-Hsp60 found
in healthy individuals. In addition, high levels of anti-Hsp60 autoabs correlated with
lupus anticoagulant levels and were associated with episodes of arterial, but not
venous, thrombosis [21, 22]. Based on these findings, the authors suggested a
“double-hit” model for vascular events in SLE patients in the presence of anti-
human Hsp60 and anti-phospholipid (aPL) autoabs [22]. According to this model,
the first hit is represented by the binding of anti-Hsp60 autoabs on Hsp60 molecules
on the surface of endothelial cells. The expression of Hsp60 on the surface is
upregulated following shear damage, an event more frequently noted in arterial
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than venous vascular walls. This could explain why anti-Hsp60 autoabs are associ-
ated with an increased risk of arterial and not venous vascular events. The anti-
Hsp60 autoab-mediated apoptosis facilitates the exposure of membrane phospho-
lipids and glycoproteins, rendering them as targets of aPL autoabs. This represents
the second hit, which ultimately initiates a thrombosis cascade [22].

The complex group of AECA purified form SLE patients sera were later con-
firmed to contain antibodies that bound to Hsp60 on the surface of endothelial cells
under stress and that their binding was sufficient to trigger apoptosis [40]. However,
preincubation with Hsp60 did not completely abolish apoptosis, indicating that
AECA contain more than one autoabs with apoptosis-inducing capacity [40]. The
presence of human Hsp60 autoabs and their ability to promote endothelial dysfunc-
tion and impairment of microcirculation has also been implicated in the development
of neuropsychiatric SLE [50, 51]. However, the role of human Hsp60 autoabs in
inducing apoptosis was seriously questioned when SLE patients were found to be
positive for vasculopathy-mediating AECA but lacked Hsp60 autoabs. This further
supports that autoabs targeting autoantigens others than Hsp60 are also responsible
for inducing endothelial cell apoptosis [93].

1.1.2 Hsp70

Anti-human Hsp70 antibody prevalence in SLE patients is higher compared to
healthy and disease controls [41, 64] and their titres are more elevated compared
to healthy controls [55] (Table 1). One study did not find any difference in their
prevalence between SLE and controls [52]. Their presence ranged from 7.5% to
38.2%.

1.1.3 Hsp90

Inconsistencies amongst studies do really exist related to anti-human Hsp90 anti-
body detection rates in SLE and control cohorts (Table 1). These autoabs have been
reported to be more frequent, less frequent or at the same frequency in SLE and
healthy or disease controls, including rheumatoid arthritis (RA), systemic sclerosis
(SSc) and Sjogren’s syndrome (SjS) [16, 41, 65], with their prevalence ranging from
0% to 46.7%.

With regard to their clinical significance, a study reported that both IgG and IgM
Hsp90 autoabs inversely correlated with complement C3 levels, but did not correlate
with anti-DNA autoabs [16]. A potential role for anti-human Hsp90 autoabs in lupus
nephritis was suggested when IgM anti-human Hsp90 autoabs were detected in
elevated titres in SLE patients with active renal disease [16]. The presence of
high-titre IgG anti-human Hsp90 autoabs in the sera of active lupus nephritis patients
was also reported [48]. In that study, Hsp90 autoabs were associated to Hsp90
molecules deposited in the glomeruli of SLE patients, as detected by staining of
renal biopsies. Such immune-complexes deposition was not observed in non-SLE
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renal biopsies. In addition, human Hsp90 autoabs isolated from lupus nephritis
patients displayed differential binding capacities compared to human Hsp90 autoabs
of the natural repertoire of healthy individuals and could not be regulated by
idiotypic interactions [48].

The role of Hsp90 autoabs in the pathogenesis of SLE was supported by exper-
iments in an animal lupus model Mrl/lpr [27]. Anti-Hsp90 abs were detected in
Mrl/lpr mice but not in BALB/c mice. Their generation was associated with the onset
of the disease, occurring at a similar time or even earlier than the generation of
double stranded DNA autoabs. In addition, their generation was attributed to high
levels of Hsp90, which are observed in Mrl/lpr mice and in SLE patients [84].

Another potential mechanism of anti-human Hsp90 driven SLE pathogenesis is
that attributed to the functional inhibition of Hsp90. Hsp90 inhibition has been
shown to dysregulate the expression of several transposable elements in monocytes
and lymphocytes from SLE patients [47]. Since these DNA elements have the
capacity to stimulate type I interferons [61], a group of cytokines known to be
involved in SLE pathogenesis [67], Kelly et al. suggested a link between Hsp90
inhibition mediated by the respective autoabs and SLE development [47]. Conse-
quently, it would be of interest to determine whether neutralizing Hsp90 autoabs
exert an effect on interferon production.

1.1.4 Calreticulin

Calreticulin, a high-affinity calcium binding protein of the endoplasmic reticulum
that facilitates the loading of peptides onto major histocompatibility complex (MHC)
class I molecules and the folding of glycoproteins [56], has also been identified as a
potential autoantigen in SLE [74].

The prevalence of anti-calreticulin autoabs in SLE patients with active disease
was higher compared to healthy controls, as detected by immunoabsorption [26, 75],
but comparable between SLE patients with inactive disease and healthy controls [26]
(Table 1). Of interest, none of these studies reporting on this topic used full-length
human calreticulin as substrate. This is a point to be taken into account since
Jorgensen et al. used the full-length human calreticulin in immunoblotting experi-
ments and demonstrated that under high stringency conditions SLE sera were totally
unreactive against calreticulin, suggesting that either anti-calreticulin autoabs are of
low affinity or SLE patients sera contained abs against unspecific targets [43]. How-
ever, early experiments, where pre-absorption of SLE sera with human calreticulin
could abolish reactivity against calreticulin, had already provided evidence in
support of the thesis that SLE patients contain anti-human calreticulin abs and that
these antibodies are not a result of non-specific interactions [8, 53].

The magnitude of IgG anti-calreticulin autoabs was elevated in SLE patients
compared to healthy and disease controls [8, 53, 79], while IgM anti-calreticulin
autoab levels were comparable between SLE patients and healthy controls [79]. Of
pathogenic significance, linear epitope mapping studies showed that multiple,
non-contiguous sequence regions of calreticulin are antigenic to sera from SLE
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patients with active and inactive disease status [26]. Most of these antigenic regions
were part of the N-terminal portion and some of them were cryptic neoepitopes,
normally hidden in the correctly folded calreticulin [26, 53].

1.2 Human Hsp Autoantibodies in Rheumatoid Arthritis

RA is a chronic, autoimmune disease characterized by inflammatory, destructive
polyarthritis that may also affect extra-articular organs and tissues [14, 62]. The
presence of anti-citrullinated peptide antibodies (ACPAs) is a disease-specific
feature [78].

1.2.1 Hsp60

The majority of studies on the frequency of IgM and IgG anti-human Hsp60 autoabs
in RA did not report significant differences when compared to healthy controls
(Table 2), their presence ranging from 5% to 27%, as detected by either immuno-
blotting or immunoabsorption methods [40, 41, 71, 92]. However, the frequency of
IgG Hsp60 autoabs was significantly increased in a group of 110 RA patients, being
present in 25% of the patients compared to none of the healthy controls [31]. An
earlier study reported a much higher frequency (73%) compared to just 25%
prevalence in healthy controls [30]. Regarding the titres of anti-human Hsp60
autoabs, elevated titres in RA were reported by several studies [33, 37, 55, 60, 98,
99], although several others reported comparable or even lower levels in RA patients
compared to healthy controls [21, 38, 40, 58].

Of clinical interest, the levels of anti-citrullinated Hsp60 abs were increased in
RA patients compared to healthy controls and positively associated with joint
damage [58]. Also, the levels of human Hsp60 autoabs significantly correlated
with the levels of the rheumatoid factor [92] and interleukin 4 (IL-4) in sera of RA
patients [60], but did not correlate with disease activity or the levels of IL-2, IL-6 or
IL-10 [37, 60].

The clinical significance of human Hsp60 autoabs for cardiovascular disease in
RA has been investigated, based on findings supporting that humoral immune
responses against human Hsp60 have been linked with cardiovascular disease
[104] and implicated in the development of atherosclerosis [49, 96]. Anti-human
Hsp60 autoabs were detected at comparable frequencies in RA patients with and
without cardiovascular disease, as well as in disease and healthy controls [92]. In
addition, Hsp60 autoab positivity and levels were not related to carotid arterial cell
wall thickness [71], a marker of atherosclerosis that is measured by ultrasonography.
Hence, anti-human Hsp60 autoabs have not been considered as a marker of cardio-
vascular events in RA.

The pathogenic potential of anti-citrullinated Hsp60 autoabs in RA is supported
by two studies demonstrating that ACPAs isolated from RA patients could bind to
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citrullinated Hsp60 localized on the surface of human mature osteoblasts in vitro
using mass spectrometry [31, 58]. Furthermore, ACPAs mediated osteoblast apo-
ptosis via binding to cell surface-expressed citrullinated Hsp60 through Toll-like
receptor 4 (TLR4) signaling and stimulate IL-6 and IL-8 gene expression [58]. Both
interleukins promote osteoclast proliferation and contribute to bone erosion in RA
[70]. As mentioned earlier, serum levels of anti-citrullinated Hsp60 autoabs were
elevated in RA and correlated with joint damage, supporting an involvement of these
autoabs in the pathogenesis of RA [58]. The homologue mycobacterial Hsp65 has
been detected in the synovial membrane of arthritic joints both in RA and in animal
models of arthritis [19, 45] and B cells specific for bacterial Hsp65 were locally
produced and expanded within the affected joints of RA patients [76]. However,
Hsp60 autoab levels were decreased in synovial fluid compared to sera in RA
patients, arguing against local production of antibodies in arthritic joints [37].

A study investigating molecular mimicry between bacterial and endogenous
Hsp60 reported the presence of cross-reactive responses [98]. Of pathogenic rele-
vance, pre-absorption of RA sera with Escherichia coliGroEL abolishes reactivity to
human Hsp60 [37]. Moreover, as cited above, the levels of human Hsp60 autoabs in
the sera of RA patients was increased compared to the levels in the synovial fluids.

1.2.2 Hsp70

The frequency of human Hsp70 autoabs in sera from RA patients ranges from 0% to
21.7% (Table 2) and does not differ from that found in healthy controls [41, 64]. In
contrast, the levels of Hsp70 autoabs were found elevated in RA patients compared
to healthy controls [55, 60]. In addition, the levels of anti-Hsp70 antibodies inversely
correlated with tumor necrosis factor α (TNF-α) levels, but not with disease activity,
IL-2, IL-6 or IL-10 levels [60].

1.2.3 Hsp90

The prevalence of IgM and IgG anti-human Hsp90 autoabs in the sera of RA patients
did not exceed 10% and did not differ from that of healthy controls [16, 41, 65]
(Table 2). A study by Harlow et al. reported a high prevalence of 47.6% of IgG anti-
Hsp90 autoabs in RA patients compared to healthy controls, where these autoabs
were totally absent [35]. The magnitude of IgM, IgG and IgA human Hsp90 autoab
titres were elevated in the sera of RA patients compared to healthy controls [60].

With regard to clinical significance, when the frequencies of autoabs against
citrullinated or native recombinant human Hsp90 subunits α and β were determined
by immunoabsorption in the sera of RA patients with and without interstitial lung
disease (ILD), the frequencies were significantly higher in patients with ILD [34]. In
these patients, anti-citrullinated Hsp90 autoab positivity associated with increased
rheumatoid factor titres and anti-cyclic citrullinated peptide (anti-CCP) autoabs,
while no associations were detected with disease activity or ILD severity
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[34]. Despite a modest sensitivity of 30%, anti-citrullinated Hsp90 autoabs were
highly specific for RA patients with ILD compared to RA patients without ILD,
disease and healthy controls, indicating the significance of these autoabs as markers
of co-current pulmonary manifestations in RA [34]. A positive correlation of anti-
Hsp90 autoab levels with rheumatoid factor and interferon γ levels in the sera of RA
patients, but not IL-2, IL-6 or IL-10 levels, has also been reported [60].

Of particular interest, the frequency of both IgM and IgG anti-citrullinated Hsp90
autoabs was significantly higher in the bronchoalveolar lavage fluid of RA patients
compared to healthy controls, indicating an RA-specific, localized generation and
action of these autoabs within the pulmonary mesenchyme [35]. These autoabs
recognized conformational epitopes on the Hsp90 molecule, or cryptic linear epi-
topes, based on the finding that more than half of the seropositive RA patients
recognized either the full length citrullinated Hsp90 protein or citrullinated Hsp90-
derived peptides, but not both [35]. Using a proteomic and epitope-matching
approach, Travers et al. supported the cryptic nature of Hsp90 epitopes by demon-
strating that citrullination of Hsp90 in multiple arginine residues could induce the
unfolding of this protein, thereby revealing cryptic, highly immunogenic epitopes
[90]. The exposure of these pivotal immunogenic sites could potentially lead to the
breakdown of B cell tolerance towards citrullinated Hsp90 and participate in the
autoimmune pathogenesis of RA.

1.2.4 Calreticulin

The prevalence of anti-calreticulin autoabs in the sera of RA patients was moderate
(Table 2), ranging from 0% to 25%, and was comparable to healthy controls [15, 31,
75]. The same applied to the levels of anti-calreticulin autoabs [15]. In contrast, the
levels of anti-citrullinated calreticulin autoabs were elevated in RA patients com-
pared to healthy controls [15].

Also, anti-citrullinated calreticulin autoabs were detected by immunoabsorption
in 35–37% of RA patients or patients with bronchectasias alone, but this frequency
increased to 58% in RA patients with bronchectasias, indicating that the citrullinated
calreticulin could possibly be involved in pathogenic processes in this particular
patient cohort [15]. One third of RA patients with bronchectasias were negative for
both rheumatoid factor and ACPA antibodies and had higher disease activity scores
compared to triple positive patients, clearly suggesting a diagnostic and clinical
relevance of these autoabs [15]. In addition, three out of four patients with
bronchectasias that were positive for anti-citrullinated calreticulin autoabs later
developed RA, also suggesting their prognostic pathogenic role for these autoabs
in RA [15].
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1.2.5 BiP

Immunoglobulin heavy-chain-binding protein (BiP) or 78 kDa glucose-related pro-
tein (Grp78) is a heat shock protein of the endoplasmic reticulum, acting as an
intracellular chaperone, correctly folding and assembly of nascent polypeptides,
unfolded or denatured proteins [69]. BiP has been identified as an autoantigen in
RA [17]. By immunoblotting using BiP purified from HeLa cells, Blass et al.
reported high sensitivity (63%) and specificity (96%) of human BiP autoabs in the
sera of 400 RA patients [6] (Table 2). However, two concomitant studies were not
able to reproduce these findings and reported comparable frequencies of BiP autoabs
in RA patients and healthy controls [31, 100]. With regards to the magnitude of BiP
autoabs, several studies reported significantly elevated levels in RA patients com-
pared to healthy controls [7, 81, 82, 95], while only one study found comparable
levels between RA patients and controls [100].

The levels of human BiP autoab titres were stable over time and positively
correlated with the levels of autoabs against other Hsp, namely calnexin and
Grp94, but no correlation was found with rheumatoid factor levels, disease activity
or human leukocyte antigen (HLA)-susceptibility alleles [95]. The data on the
correlation of BiP autoab levels with anti-CCP levels are ambiguous, with one
study reporting a positive correlation [100] and another no correlation [95].

Autoabs against two post-translational modifications on the BiP molecule,
citrullination and carbamylation, have shown diagnostic and clinical significance.
Anti-citrullinated BiP autoab levels were significantly elevated in RA patients
compared to SLE patients and healthy controls and were associated with anti-CCP
positivity [81]. Similarly, anti-carbamylated BiP autoab levels were also increased in
RA patients compared to healthy controls [100].

Of pathogenic relevance, the binding of BiP autoabs to BiP localized on the
surface of RA patients-derived macrophages elicited a pro-inflammatory TNF-α
production and nuclear factor κB (NF-κB) activation [57]. BiP can be over-
expressed in synovial tissue of RA patients under stress conditions, localized both
in the nucleus and on the cell membrane, and ACPA isolated from RA patients can
bind to it [6]. Also, both anti-BiP and anti-citrullinated levels positively correlated
with the levels of anti-mycobacterial Hsp70 ab levels, suggesting humoral cross-
reactivity and potential involvement of molecular mimicry [82]. Based on the
aforementioned data and on the fact that administration of BiP can prevent the
development of experimental arthritis as well as that BiP autoabs are detected at
early stages of experimental arthritis [17], anti-BiP and/or citrullinated BiP autoabs,
either cross-reactive or generated locally at arthritic joints, may have a prominent
role in the pathogenesis of RA.
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1.3 Human Hsp Autoantibodies in Systemic Sclerosis

SSc is a complex connective tissues disease characterized by extensive fibrosis of
skin and of internal organs, microvasculopathy and the production of a variety of
disease-specific and disease-related autoabs [77].

1.3.1 Hsp60

The presence of human Hsp60 autoabs (Table 3), as detected both by immunoblot-
ting and by immunoabsorption, has been reported infrequent in sera of SSc patients
[40, 41] Their levels were elevated [37, 38, 55] or comparable to healthy controls
[21, 40], although the three studies reporting higher magnitude in SSc patients either
showed a trend for statistical difference or were performed in small disease cohorts.
Their levels did not show any correlation with disease activity [37]. However,
elevated levels of anti-human Hsp60 autoabs were detected in undifferentiated
connective tissue disease (UCTD) [38], a systemic disorder with clinical character-
istics from various autoimmune rheumatic diseases of the connective tissue, includ-
ing SSc [66]. It becomes apparent that anti-human Hsp60 should be further
investigated to determine their significance.

1.3.2 Hsp70

Two studies have investigated the frequency of IgG and IgM anti-human Hsp70
autoabs in SSc patients (Table 3), with one showing a prevalence of 41% [28] and
the other reporting much lower prevalence (IgM: 0%; IgG: 6.3%) that was compa-
rable to healthy controls [41]. The levels of Hsp70 autoabs appeared to be elevated in
SSc patients compared to healthy controls, but the significance was not explicitly
stated [28]. Therefore, a potential role for anti-Hsp70 autoabs in SSc cannot be
excluded.

Of interest, a recent study has proposed the involvement of autoabs against
human Hsp70 in the pathogenesis of pulmonary arterial hypertension (PAH) in
SSc, after detecting Hsp70 as a target of anti-fibroblast-specific autoabs [87]. Anti-
fibroblast autoabs have been detected in 30% of SSc patients with PAH [85]. These
autoabs have the capacity to induce the activation of fibroblasts [103], to promote a
pro-inflammatory and pro-adhesive state acquisition, the production of collagen type
I and the conversion of human fibroblasts to myofibroblasts [13], as well as to
stimulate the generation of reactive oxygen species [4].
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1.3.3 Hsp90

With regard to autoabs against human Hsp90 in SSc (Table 3), three studies have
reported zero or low frequency and low levels in the sera of patients [16, 41,
65]. Therefore, Hsp90 autoabs do not seem to have a role in SSc.

1.3.4 Hsp47

Heat shock protein 47 (Hsp47) is a molecular chaperone localized in the endoplas-
mic reticulum. Hsp47 is expressed by collagen-expressing cells, such as fibroblasts,
and is indispensable for the synthesis, assembly and secretion of collagen [86]. IgG
anti-Hsp47 autoabs were detected by immunoabsorption in 26% of SSc patients and
their levels were significantly elevated in SSc patients compared to disease and
healthy controls [29] (Table 3). Their frequency and levels were similar between
limited cutaneous (lcSSc) and diffuse cutaneous (dcSSc) SSc patients. IgM anti-
Hsp47 autoabs were not detected in SSc patients. Anti-Hsp47 positivity was not
associated with clinical features of the disease nor with the presence of SSc-related
autoabs. However, Hsp47 autoab positive patients had a significantly shorter disease
duration compared to autoab negative patients, suggesting that Hsp47 autoabs are
present only at the early phase of SSc [29]. Anti-Hsp47 abs were also detected in a
murine model of SSc [29]. An important limitation of this study was that rat and not
human Hsp47 was used as a substrate for detecting anti-Hsp47 in the
immunoabsorption experiments, even though the homology between the two homo-
logues surpasses 95% by basic local alignment search tool (BLAST). Considering
these findings, it would be interesting to explore whether the induction of Hsp47
autoabs is associated with fibrosis, as observed in SSc by excessive collagen
deposition, by interfering with the function of Hsp47 and collagen homeostasis.

1.4 Human Hsp Autoantibodies in Sjogren’s Syndrome

SjS is an autoimmune disease characterized by inflammation of exocrine glands,
mainly salivary and lacrimal glands that leads to their destruction [88].

1.4.1 Hsp60

Two independent studies did not detect a significant difference in the prevalence of
IgM and IgG anti-human Hsp60 autoabs in the sera of SjS patients compared to
healthy controls (Table 4), ranging from 4% to 20% [40, 41]. Data on the magnitude
of anti-Hsp60 autoabs did not reach a consensus, with three reporting elevated levels
compared to healthy controls [37, 55, 99], two reporting comparable levels [40, 98]
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and one study demonstrating significantly decreased levels in SjS patients
[83]. Also, their levels did not correlate with disease activity [37].

1.4.2 Hsp70

Jarjour et al. reported that human IgM or IgG Hsp70 autoabs in SjS are present in 8%
and that their prevalence is comparable to that noted in healthy controls [41]
(Table 4).

1.4.3 Hsp90

Similarly, the frequency of IgM or IgG anti-human Hsp90 autoabs in SjS did not
exceed 12% and was similar to healthy controls, while their titres were lower than
disease controls [16, 41] (Table 4).

1.5 Human Hsp Autoantibodies in Behçet’s Disease

Adamantiades-Behçet’s disease (BD) is a systemic, inflammatory disorder charac-
terized by recurrent and acute inflammation manifested as oral apthous ulcers,
genital ulcers, uveitis, acne-like skin lesions, and vasculitis [102].

1.5.1 Hsp60

IgG human Hsp60 autoabs are present in 22% of DB patients by immunoabsorption
and 44% by immunoblotting (Table 5), their prevalence being higher compared to
healthy controls [40]. The levels of IgG or IgA Hsp60 autoabs were increased in BD
patients compared to healthy controls [23, 40, 55], although one study did not find
any difference [37]. Direskeneli et al. demonstrated that both IgG and IgA autoabs
targeting a peptide corresponding to aa 136–150 human Hsp60 were increased
during relapses of ocular manifestations of BD compared to those in remission and
that their levels were not affected by treatment [23]. Of interest, the aforementioned
B cell epitope overlaps with the T cell epitope on the Hsp60 molecule [72]. However,
the correlation between Hsp60 autoab levels and disease activity were not validated
in another study [37]. Higher levels of these autoabs were detected in resting saliva
of BD patients with moderate disease compared to patients with mild or severe
disease and higher levels were associated with stomatitis for more than 2 weeks and
with gingival inflammation [24].
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1.5.2 Hsp70

Data on the prevalence of anti-human Hsp70 autoabs in BD patients are still lacking
(Table 5). The serum levels of these autoabs were significantly increased in BD
patients compared to healthy controls [5, 20]. Hsp70 autoab levels did not correlate
with Hsp70 levels in the sera of BD patients, in contrast to healthy controls, and were
not linked with age, disease duration, disease activity or treatment [5].

1.5.3 αΒ-Crystallin

αΒ-crystallin is a small Hsp with anti-apoptotic and thermoprotecting functions,
localized in the cytoplasm, but under stress conditions, the protein accumulates and
can also be found in the nucleus [54]. Increased αΒ-crystallin has been associated
with neurological diseases, including Alzheimer’s disease [25, 39]. With regard to
BD (Table 5), IgM and IgG anti-αΒ-crystallin autoabs were detected in higher titres
both in the sera and in the cerebrospinal fluid of BD patients with neurological
involvement compared to patients with inflammatory and non-inflammatory dis-
eases of the central nervous system [10]. Although the authors of this study detected
antibodies against αΒ-crystallin with an immunoabsorption method using bovine
αΒ-crystallin, this is highly homologous with the human αΒ-crystallin, with four
amino acid sequence difference.

1.5.4 Hsp27

Hsp27 is a small protein chaperone with anti-oxidant and anti-apoptotic functions,
that also facilitates the refolding of denatured proteins [94]. Human Hsp27 autoabs
were detected in 57% BD patients compared to 0% in healthy controls and their titres
were higher compared to disease controls [11] (Table 5). By proteomic methods,
Hsp27 was identified as a vascular endothelial autoantigen in patients with BD, but
also in other autoimmune rheumatic diseases, including RA, SjS and SLE. Anti-
Hsp27 autoabs may reduce the beneficial action of Hsp27 to endothelial cells,
thereby promoting their dysfunction and, subsequent inflammatory autoimmune
response.

2 Conclusions

Practically, all human Hsp are antigens of self-targeted immune responses. These
autoimmune responses are noted in various patients with autoimmune rheumatic
diseases, their prevalence ranging from one disease to another and amongst studies.
The titers of anti-Hsp antibodies differ amongst patients but it is not clear whether
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the magnitude of the autoabs or indeed their presence holds true clinical significance.
The exact mechanisms by which these human Hsp become targets of antibody
responses is less well-defined but the most studied is that assessing the role of
molecular mimicry between bacterial and human Hsp. Larger, multi-centre studies
investigating the diagnostic and clinical significance of these autoabs in pre-clinical
or early disease states must be done. For the Hsp that substantiate a clinically
meaningful role more studies on their pathogenic role in the induction of autoim-
munity must be performed.
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DNAJA3, a Co-chaperone in Development
and Tumorigenesis

Wan-Huai Teo, Yu-Ning Fann, and Jeng-Fan Lo

Abstract

Introduction: DNAJA3, also known as Tid1 (Tumorous imaginal disc 1), is a
mammalian mitochondrial DNAJ/HSP40 co-chaperone protein. DNAJA3 is pre-
dominantly localized in mitochondrial matrix which enables them to interact with
mitochondrial HSP70 or other client proteins. This chapter summarizes the physio-
logical and biochemical functions of DNAJA3 in tumorigenesis, development and
mitochondrial homeostasis, and its underlying molecular mechanisms.

Methods: All literatures were systematically searched through EndNote and web
search engines. The reported discoveries and our findings were specifically catego-
rized into multiple roles of DNAJA3.

Results: DNAJA3 has been identified as tumor suppressor. Overexpression of
DNAJA3 not only inhibits cancer cells proliferation but also induces cells death.
In opposite, downregulation of DNAJA3 enhances malignant properties such as cell
migration and invasion in vitro, and tumor growth in vivo. Acting as a tumor
suppressor, DNAJA3 can interfere with the matrix metalloproteinase to repress the
cancer metastasis. Additionally, DNAJA3 is involved in early embryogenesis,
thymocyte development, muscular development and mitochondrial biogenesis in
normal physiological condition. Mechanistically, DNAJA3 interacts with DNAK/
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HSP70 to prevent aggregation of mitochondrial complex I and to contribute mtDNA
maintenance.

Conclusions: Most of DNAJA3 client proteins are related to cancer. Therefore, it is
of the importance of DNAJA3 to orchestrate its function in tumorigenesis. DNAJA3
also important in development and mitochondrial homeostasis.

Keywords DNAJA3 · HSP40 · HSP70 · Mitochondrial homeostasis · T cells
development · Tid1 · Tumor suppressor

Abbreviations

APC Adenomatous polyposis coli
CRC Colorectal cancer
Cyt Cytoplasmic
DCM Dilated cardiomyopathy
EBV Epstein-Barr virus
EGFR Epidermal growth factor receptor
EOPD Early onset Parkinson’s
ER Endoplasmic reticulum
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
hERG Human ether-a-go-go-related gene
HGF Hepatocyte growth factor
HNSCC Head and neck squamous cell carcinoma
HSP Heat shock protein
HSV Herpes simplex virus type 1
HTLV-1 Human T cell leukemia virus type 1
MEF Mouse embryonic fibroblast
Mem Membrane
MetR c-Met receptor tyrosine kinase
Mito Mitochondria
NSCLC Non-small cell lung carcinoma
Opa1 Optic atrophy 1
RCC-CICs Renal cell carcinoma cancer- initiating cells
Tid1 Tumorous imaginal disc 1
TNFα Tumor necrosis factor-alpha
VHL Von Hippel-Lindau protein
YY1 Yin Yang 1
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1 Introduction

Heat shock proteins (HSP) are also known as molecular chaperones. They play an
important role as safeguard in cells. Most of them protect cells from pathological,
environmental and pharmacological stress factors. The major role of HSP is to
ensure the correct conformation of nascent peptides during proteins synthesis or
upon cellular stress. Further, they help to prevent aggregation of misfolded proteins,
and to eliminate them if unrepairable. HSP are classified according to their molecular
weight such as HSP70, HSP90, HSP60 HSP40, HSP27 and HSP110. Of the HSP,
HSP40, as known as DNAJ protein, contains the largest family members of HSP. It
has approximately 49 members which are decoded from DNAJ genes (Kampinga
et al. 2009). The DNAJ family is classified into three subclasses: DNAJA, DNAJB
and DNAJC based on their similarity to E. coli DNAJ proteins. The J domains of
HSP40 are highly conserved and through which the HSP40 functions as a
co-chaperone to interact with the DNAK/HSP70. HSP40s modulate proteins syn-
thesis, folding and membrane translocation through stimulating the ATPase activity
of HSP70, then stabilize their interaction with other substrate proteins (Bascos et al.
2017). In addition to regulate proteins synthesis, HSP40 proteins also have been
found to regulate other cellular signaling, and to participate in cancer development
and progression. In this chapter, we discuss the physiological and pathological roles
of HSP40 members especially focusing on DNAJA3, a mitochondrial DNAJ protein.

1.1 HSP40/DNAJs: An Overview

HSP40/DNAJs are the co-chaperones of HSP70. They are a huge family and could
be classified into three subclasses, DNAJA (Type I), DNAJB (Type II) and DNAJC
(Type III). The classification of three subclasses are based on the presence or absence
of glycine/phenylalanine-rich region (G/F), cysteine-repeat domain, and C-terminal
domain (Cheetham and Caplan 1998; Kampinga and Craig 2010). DNAJA proteins
are able to work without the interaction with HSP70 for preventing proteins aggre-
gation and proteins binding. DNAJB members depend on the interaction with
HSP70 to prevent protein degradation but not the polypeptide binding (Fan et al.
2004). DNAJC members are completely dependent on interacting with HSP70 to
exert their function as co-chaperones (Fan et al. 2003; Fan et al. 2004). HSP40/
DNAJs members interact with HSP70 through the binding of J domains and
stimulation of ATPase activity (Mayer and Bukau 2005; Qiu et al. 2006). HSP40/
DNAJs proteins are dispersed within different compartments such as nuclei (N),
endoplasmic reticulum (ER), mitochondria (Mito), cytoplasmic (Cyt) and cell mem-
brane (Mem). Although the members of HSP40 are diverse, most of their roles have
not been thoroughly understood. Table 1 summarized the subcellular locations and
the major roles of HSP40 members.
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1.1.1 DNAJA1

HSP40 members are found to involve in cancer development. However, they might
play dual roles, pro-oncogenic or anti-cancerous. DNAJA1 (HDJ-2) is found to
promote colorectal cancer (CRC) cell proliferation in vitro, and tumor growth and
metastasis in vivo. The HSP inhibitor, KNK437, represses the E2F transcription
factor 1 (E2F1) activity activated by DNAJA1 to arrest the cell cycle. KNK437
significantly suppresses the tumor growth of DNAJA1 expressing cancer cells (Yang
et al. 2019). Meshalkina, et al. show that up-regulation of DNAJA1 in C6 cells leads
to aggressive tumorigenesis whereas knockdown of DNAJA1 inhibits the in vivo

Table 1 Summary of human DNAJ family members

Family Gene
Chromosome
Location

Cellular
Location Function References

HSP40/
DnaJA

DNAJA1
(HDJ-2)

9p13-p12 N/ Cyt Inhibiting tumor growth of
C6 glioblastoma cells

Meshalkina
et al. (2016)

DNAJA3
(Tid1)

16p13.3 Cyt/
Mito

Required for early embry-
onic development and T
cells early development;
Suppression on HBV rep-
lication in human hepa-
toma cells

Lo et al.
2004; Lo
et al. (2005),
Sohn et al.
(2006)

DNAJA4 15q25.1 Cyt Interacting with SERB and
enhancing cholesterol
synthesis

Robichon
et al. (2006)

DNAJB1 19p13.12 N/Cyt Interacting with PDCD5
and inhibiting p53 medi-
ated apoptosis in cancer
cells

Cui et al.
(2015)

HSP40/
DnaJB

DNAJB4
(HLJ1)

1p31.1 Mem/
Cyt

YY1 regulating DNAJB4
expression and inhibiting
cancer cells invasion.

Wang et al.
(2005)

DNAJB6 11q24.3 N/Cyt Suppressing tumorigenic-
ity and metastasis of breast
cancer cells.

Mitra et al.
(2008)

DNAJB8 3q21.3 N/ Cyt Maintenance of RCC CICs Nishizawa
et al. (2012)

DNAJB9
(MDG1)

7q31 ER Inhibiting pro-apoptotic
function of p53

Lee et al.
(2015a, b)

HSP40/
DnaJC

DNAJC6 1p31.3 Cyt Association with juvenile
parkinsonism

Köroğlu
et al. (2013)

DNAJC15
(MCJ)

13q14.1 Cyt Interacting with mitochon-
drial complex I of the ETC
and functioning as a nega-
tive regulator of respiratory
chain

Hatle et al.
(2013)

DNAJC25 9q31.3 Mem Suppression on HCC Liu et al.
(2012)
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tumor growth. In opposite, the invasiveness of C6 spheroid is enhanced along with
the knockdown of DNAJA1 co-chaperone (Meshalkina et al. 2016). Strikingly,
DNAJA1 could function as a double-edged sword in cancer development.

1.1.2 DNAJA3

DNAJA3, also known as Tid1, has been found to interact with various proteins,
including the several key regulators of cellular signaling such as adenomatous
polyposis coli (APC), Von Hippel-Lindau protein (VHL), p53, epidermal growth
factor receptor (EGFR), Galectin 7 and etc. (Bae et al. 2005; Kurzik-Dumke and
Czaja 2007; Chen et al. 2009, 2018; Qian et al. 2010; Trinh et al. 2010), in addition
to the other heat shock proteins (Cheng et al. 2001; Sarkar et al. 2001; Lu et al. 2006;
Kurzik-Dumke and Czaja 2007). DNAJA3 also interacts with viral proteins such as
Hepatitis B virus core protein (HBV) /HBX, Epstein-Barr virus (EBV)-encoded
BARF1 protein and Herpes simplex virus type 1 (HSV) /UL9 protein, Human T cell
leukemia virus type 1 (HTLV-1) Tax protein and Human papilloma virus-16
(HPV-16) E7 oncoprotein (Schilling et al. 1998; Cheng et al. 2001; Eom and
Lehman 2002; Sohn et al. 2006; Wang et al. 2006) (Fig. 1). DNAJA3 can act as a
tumor suppressor since overexpression of Tid1 inhibits the cell proliferation, migra-
tion and invasion in vitro, and also suppresses the tumor growth and recurrences in
head and neck squamous cell carcinoma (HNSCC) in vivo (Chen et al. 2009; Chen
et al. 2018). Additonally, suppress of DNAJA3 protein enhances cells growth and
decreases apoptosis in osteosarcoma cancer cells (Edwards and Munger 2004).
Taken togather, these data support the tumor-suppressive role of DNAJA3. Apart
of these, DNAJA3 also plays an important role in early embryogenesis and T cells
development (Lo et al. 2004; Lo et al. 2005). The Tid�/� mouse embryos fail to
develop and die between E4.5 and E7.5 (Lo et al. 2005). The lck-Tid1 f/f mice, with
Tid1 gene deletion specifically in early T cells, are found to develop thymic atrophy
with a significant reduction in thymocytes (Lo et al. 2004).

1.1.3 DNAJA4

DNAJA4 is one of the members of the DNAJA family with a molecular weight
around 40 kDa. In addition to its conventional functions through interacting with
HSP70 (Hafizur et al. 2004), DNAJA4 is found to be involved in cholesterol
biosynthesis (Robichon et al. 2006) and human ether-a-go-go-related gene (hERG)
potassium channel quality control (Ahrendt and Braun 2010). There is a study
reveals that DNAJA4 can interact with NS2 protein of the classical swine fever
virus, and regulates the viral replication and pathogenesis (Kang et al. 2012). This
implies a possible mechanistic interaction between DNAJA4 and viral proteins.
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1.1.4 DNAJB1

HSP70-DNAJB1 chaperones interaction is found to prevent the nitric oxide-induced
apoptosis in COS-7 cells and macrophages (Gotoh et al. 2001, 2004). In addition, the
interaction between DNAJB1and PDCD5 inhibits p53-mediated apoptosis, and
knockdown of DNAJB1 suppresses proliferation of cancer cells in vitro (Cui et al.
2015).

1.1.5 DNAJB4

DNAJB4 (HLJ1) can function as a tumor suppressor by inhibiting cell proliferation,
invasion and tumorigenesis, and the expression of DNAJB4 is negatively correlated
with clinical prognosis in non-small cell lung carcinoma (NSCLC) patients.

Fig. 1 Functional roles of DNAJA3 and its interacting proteins
DNAJA3 is found to interact with diverse partners, including viral proteins, heat shock proteins, and
key regulators involved in tumorigenesis, mitostasis, cell fate and cell development
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Additionally, elevation of DNAJB4 in NSCLC cells causes cell cycle arrest through
activating the STAT1/p21 axis (Tsai et al. 2006). Further, through the activation of
transcription factor Yin Yang 1 (YY1), DNAJB4 is up-regulated to inhibit tumor
invasion (Wang et al. 2005). DNAJB4 is also found to be a substrate for caspase-3,
via upregulation of HLJ1, it enhances UV-induced apoptosis in NSCLC cells (Lin
et al. 2010).

1.1.6 DNAJB6

DNAJB6 proteins consist of two isoforms, isoform DNAJB6a has 326 amino acids,
whereas DNAJB6b isoform is shorter and has 242 amino acids. The isoform b lacks
the carboxyl terminal but contains an additional 10 amino acids (KEQLLRLDNK)
(Edo De Bock et al. 2010). DNAJB6a suppresses tumorigenesis and metastasis of
breast cancer cells and its protein level is significantly lower in the aggressive breast
cancer cells. It has been demonstrated that overexpression of DNAJB6a in breast
cancer cells inhibits the cell migration and invasion in vitro. Additionally, DNAJB6a
overexpression reduces orthotopic tumor growth in xenograft mice in vivo.
DNAJB6a overexpression, again, down regulates the malignant activity and reverse
the mesenchymal phenotype in breast cancer cells (Mitra et al. 2008; Mitra et al.
2010). Clinically, nuclear localization of DNAJB6 is associated with prognosis of
esophageal cancer patients. Patients with low expression of DNAJB6 in nuclear have
high risk of death (Yu et al. 2015).

1.1.7 DNAJB8

DNAJB8 seems to maintain the renal cell carcinoma cancer-initiating cells
(RCC-CICs) properties. Overexpression of DNAJB8 increases the RCC-CICs sub-
population cells and promotes the tumorigenesis (Nishizawa et al. 2012).

1.1.8 DNAJB9

DNAJB9, also known as MDG1 is located in the ER. The external perturbation such
as treatment with stress inducers (tunicamycin, thapsigargin, heat, methanol, ethanol
and sodium chloride) can induce DNAJB9 expression (Pröls et al. 2001; Shen et al.
2002; Berger et al. 2003). It has been reported that DNAJB9 can inhibit
tunicamycin-induced cell death in SK-N-SH cells (Kurisu et al. 2003). Further,
J-domain of DNAJB9 interacts with p53 to inhibit the pro-apoptotic function of
p53 (Lee et al. 2015a, b).
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1.1.9 DNAJC6

Juvenile parkinsonism, known as early onset Parkinson’s (EOPD) disease, is a rare
disease with syndrome onset prior to age 21 years. DNAJC6 mutations are found in
EOPD patients from several countries including Arab, Turkey, Dutch and Brazil
(Edvardson et al. 2012; Köroğlu et al. 2013; Elsayed et al. 2016; Olgiati et al. 2016).
DNAJC6 encodes the HSP40 Auxilin, a protein selectively expressed in neurons.
DNAJC6 mutations reduce the expression of Auxilin (Eisenberg and Greene 2007;
Park et al. 2015), and might impair the synaptic vesicle recycling, subsequently, to
lead to the EOPD (Edvardson et al. 2012).

1.1.10 DNAJC15

DNAJC15 (MCJ,) is a 16 kDa HSP40/Type III family protein, and its’ CpG island at
the first exon is found to be methylated. Upon methylation, low protein level of
DNAJC15 is expressed and would lead to chemo-resistan phenotype by modulating
the permeability of mitochondria and controling the influx of anti-cancer drugs
(Shridhar et al. 2001; Strathdee et al. 2004; Sinha and D’silva 2014). Additionally,
DNAJC15 negatively modulates the respiratory chain activity by interacting with
complex I (Hatle et al. 2013).

1.1.11 DNAJC25

DNAJC25 is identified as tumor suppressor, and it is localized in the cytoplasm.
In hepatocellular carcinoma (HCC), the expression of DNAJC25 is significantly
downregulated in cancer tissues compared to adjacent normal tissues.
Overexpression of DNAJC25 not only inhibits the growth of cancer cells colony
but also increases the cell apoptosis (Liu et al. 2012).

HSP40 members have distinct roles in regulating the cellular signaling and
physiological functions. They are associated with various diseases including cancer
initiation, cancer progress and physiological processes. In the followings, we would
like to discuss more about DNAJA3 on its functional roles in different clinical
pathophysiology.

1.1.12 DNAJA3 (Tid1)

DNAJA3 is first identified by a yeast-two hybrid screening where DNAJA3 is found
to form a complex with the human papillomavirus E7 oncoprotein. DNAJA3/Tid1 is
the mammalian homolog to the Drosophila tumor suppressor protein Tid56.
DNAJA3 contains a conserve J-domain which is the characteristic of the DNAJ
family proteins. It interacts with HSP70 family numbers via stimulation of the
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ATPase activity (Schilling et al. 1998). Human DNAJA3 gene is located at chromo-
some 16p13.3 with a size about 34 kb. DNAJA3 gene is composed of 12 exons and
separated by 11 introns (Yin and Rozakis-Adcock 2001).DNAJA3 gene encodes two
alternative splice forms, Tid1-L and Tid1-S, which respectively responsible in
encoding two cytosolic (hTid50 and hTid48) and the other two mitochondrial
(hTid43 and hTid40) proteins. Tid1-L fully incorporates all exons and Tid1-S
decoded from an in-frame deletion of 50 amino acids which correspond precisely
to exon 5 (Yin and Rozakis-Adcock 2001; Kurzik-Dumke and Czaja 2007). Tid1-L
is found to have a greater cytosolic stability whereas Tid1-S is predominantly
expressed in mitochondrial (Lu et al. 2006). Tid1 has various interact partners.
Previous studies have shown that Tid1 interacts with HSP client partners including
heat shock proteins, viral proteins and various regulators of cell signaling and growth
factors. Here, we further describe the functional roles of Tid1 in different pathologies
and physiology aspect, mainly in cells development, the impact of tumorigenesis and
mitochondrial homeostasis. The identified functions of Tid1 and its interacting
proteins are summarized in Table 2.

Table 2 Summary of DNAJA3 / Tid1 functions

Function
Interacting
protein Roles References

Development HSP70 Development of early embryonic cells and
sustains of cells survival.

Lo et al. (2004)

bcl-2 Development early thymocytes Lo et al. (2005)

Mortalin Neuronal development Patra et al.
(2019)

Tumorigenesis Jak2 Modulates IFN-gamma-mediated transcrip-
tional activity

Sarkar et al.
(2001)

ErbB-2 Suppresses and attenuates the expression level
of ErbB-2

Kim et al.
(2004), Jan
et al. (2011)

MetR Expression of Tid1-S isoform enhanced cell
migration

Copeland et al.
(2011)

STAT5 Prevents the expression and transcriptional
activation of the oncogenic STAT5b

Dhennin-
Duthille et al.
(2011)

AKT Attenuates EGFR-dependent signaling; regu-
late the localization of EGFR in lung cancer

Chen et al.
(2009)

APC Suppresses the pro-apoptotic function of APC Qian et al.
(2010)

Galectin 7 Interacts with Galectin 7 and suppresses
Galectin-7-induced tumorigenesis and metas-
tasis HNSCC

Chen et al.
(2018)

Mitochondrial
biogenesis

HSP70 Prevent complex I aggregation Ng et al. (2014)

Opa1L Leading cristae opening, decreased OXPHOS,
and triggering of mitochondrial fragmentation

Lee et al.
(2015a, b)
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Development

HSP can be transcriptionally regulated by various physiological processes which are
not typically associated with cell stress but include the cell cycle, cell proliferation
and cell differentiation (Milarski and Morimoto 1986; Hang et al. 1995; Truman
et al. 2012). These observations suggest that HSP may also have critical functions
during cell growth or development. DNAJA3/Tid1 is found to participate in the early
embryonic development. Initially, Tid1 conventional mutant mice have been gener-
ated and by mating Tid1 flox/+ mice with transgenic FVB/N-TgN (ACTB-Cre) mice
(Jackson Laboratories) to generate Tid1+/� heterogenous mice. Subsequently, the
interbreeding of the Tid1+/� mice would generate the Tid�/� embryos without Tid1
expression. The Tid�/� embryos cannot be detected as early as embryonic day 7.5
(E7.5). This suggests that Tid1 is essential for early embryonic development. In
addition, the interaction of J-domain with HSP70 is important to maintain the
survival of mouse embryonic fibroblast (MEF) cells (Lo et al. 2004).

Interestingly, Tid1 also plays a crucial role in T cells development. Tid1 is
required for the T-cell transition from double-negative (DN: CD4�/CD8�) 3 to
double-positive (DP: CD4+/CD8+) stages. Thymocyte-specific Tid1-deficient mice
(Lck-Tid1 f/f) is generated and indicates a dramatic reduction of double-positive and
single-positive thymocytes in the Lck-Tid1 f/f thymus. Tid1 deletion in early T cell
development not only inhibits cell proliferation but also induces DN4 cells death.
Furthermore, overexpression of bcl-2 transgene is able to restore the T lymphocyte
proliferation and differentiation in Tid1 knockout mice. Together, Tid1 coupled up
with bcl-2 regulation is important in early thymocyte development and sustains the
cell survival (Lo et al. 2005).

Mortalin is found to modulate its biochemical function through the interaction
with the J-domain of Tid1. Indeed, both isoforms, Tid1-L and Tid1-S, can interact
with mortalin to mediate protein refolding (Goswami et al. 2010). Patra et al. have
reported that patients suffering of ataxia and developmental delay are detected with
homozygous variant c.452G > C (p.(Arg151Thr)) in Tid1 genome. This variant
obstructs its translocation into mitochondrial and impairs the chaperone activity,
subsequently, affects the neuron development (Patra et al. 2019).

Tumorigenesis

The pathological functions of Tid1 have been characterized in several cancer types,
including CRC, breast cancer, lung cancer, ovarian cancer and HNSCC (Kurzik-
Dumke and Czaja 2007; Traicoff et al. 2007; Chen et al. 2009, 2018; Jan et al. 2011;
Wang et al. 2017). Traicoff et al. have reported that the expression of Tid1 and the
Patched proteins is positively correlated in CRC tissues. Further, the Tid1 expression
profile is also relatively correlated with CRC progression (Traicoff et al. 2007).
Additionally, this Tid1 expression pattern is also associated with the loss of APC and
elevation of HSP70. Moreover, the APC deficiency is independent with β-catenin
degradation (Kurzik-Dumke and Czaja 2007). Interestingly, the two isoforms of
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Tid1, Tid1-L and Tid1-S, display opposite biological activities. Tid1-L seems to
promote apoptosis but Tid1-S suppresses it. Tid1-L enhances the cell apoptosis
along with the treatment of mitomycin c (DNA-damaging agent) or tumor necrosis
factor-alpha (TNFα). In addition, overexpression of Tid1-S mutant also increases the
apoptotic effect. Together, Tid1-L suppresses the cell apoptosis (Syken et al. 1999).
Furthermore, Tid1-S inhibits cell apoptosis through antagonizing the apoptotic
function of the N-terminal region of APC protein (Qian et al. 2010).

Overexpression of Tid1-L is shown to inhibit cell growth and to cause cell death
in U2OS cells in a J-domain dependent manner. Additionally, Tid1-L suppresses the
NF-κB signaling via stabilizing the IκB to repress the IκK activity (Cheng et al.
2005). Empirically, the interaction between Tid1-L and ErbB-2 is identified by yeast
two-hybrid assay. Further, overexpression of Tid1 inhibits cell proliferation and
induces cell death only in ErbB-2 high expression breast carcinoma cell lines.
Additionally, Tid1 promotes ErbB-2 ubiqutination and consequent proteasome
mediated degradation to trigger programed cell death by inhibiting the MAPK
pathway (Kim et al. 2004). Kim et al. further demonstrate that ectopically expressing
of both mutant Tid1 isoforms enhances in vitro cell migration and in vivo metastasis
of breast cancer cell line MB-MDA-231, along with the elevation of IL-8 expression.
Conversely, overexpression of wild type Tid1 inhibits the IL-8 induced tumor cell
growth, cell invasion and metastasis (Kim et al. 2005).

In RCC, it has been shown that Tid1 can interact with c-Met receptor tyrosine
kinase (MetR), with a preferential binding between MetR and Tid1-S isoform.
Overexpression of Tid1-S not only induces hepatocyte growth factor (HGF)-
mediated MetR auto-phosphorylation but also enhances cell migration. In opposite,
Tid1-L isoform inhibits the MetR activation (Copeland et al. 2011). Tid1 has also
been shown specifically bind to STAT5b but not STAT5a in hematopoietic cells.
Tid1 negatively regulates the expression of the oncogenic STAT5b and STAT5b
downstream transcriptional activation. The inhibition of STAT5b mediated by Tid1
results in suppression of hematopoietic cells transformation (Dhennin-Duthille et al.
2011).

In HNSCC, we have reported that the prognosis of HNSCC patients is correlated
with the expression of Tid1. Clinically, the patients with higher expression of Tid1
have better overall survival. Additionally, we demonstrate that overexpression of
Tid1 in HNSCC cells enables the inhibition of in vitro cell proliferation, migration,
invasion, anchorage-independent growth, and in vivo xenotransplantation tumorige-
nicity. Molecularly, Tid1 interacts with EGFR. Further, overexpression of Tid1 in
HNSCC cells not only promotes EGFR degradation but also attenuates the EGFR
activity by blocking the AKT activation. Nevertheless, the ectopic expression of
downstream constitutive activated AKT rescues cell apoptosis with Tid1
overexpressing in HNSCC cells (Chen et al. 2009).

Most recently, we report that Tid1 represses the oncogenic effect of Galectin-7
and consequently inhibits the metastasis of HNSCC. We first identify the interaction
between Tid1 and Galectin-7 by affinity chromatography plus mass spectrometry
analysis with overexpressing of HA-tagged-Tid1-L-wt or Tid1-L-mut, respectively,
in 293 T cells. Clinically, we observe that elevated expression of Galectin-7 predicts
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a worse survival of HNSCC patients. We also discover the negative association
between the expression of Tid1 and Galectin-7 protein in HNSCC patients. In
HNSCC cell lines, the expression of Galectin-7 protein is upregulated in a metastatic
HNSCC cells, whereas the expression of Tid1 protein is down regulated. Interest-
ingly, we also discover that Tid1 interacts with Galectin-7 through its N-linked
glycosylation. The interaction between Tid1 and Galectin-7 enhances degradation of
ubiquitinated Galectin-7. Our in vitro and in vivo findings consistently indicate that
Tid1 diminishes Galectin-7-mediated tumorigenesis and metastasis. And this meta-
static activity is through the Galectin-7/TCF3/MMP9 axis (Chen et al. 2018).
Together, we provide a potential treatment in HNSCC progression by
overexpressing of Tid1-L and/or targeting the oncogenic Galectin-7 (Fig. 2).

Mitochondrial Homeostasis; Mitostasis

Chaperones are crucial to assure mitochondrial homeostasis (mitostasis). Mitostasis
is a specialized form of homeostasis in mitochondrial, which is to maintain the
number and quality of mitochondrial over time in cells (Castro et al. 2018). In fact,
co-chaperones also play a key role in maintaining mitostasis. It is reported that the

Fig. 2 Tid1 suppressing G7-TCF3-MMP9 axis and inhibiting tumorigenesis and metastasis
The schematic demonstrating the negative regulation of Galectin-7 mediated by glycosylated Tid1
in HNSCC
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interaction between HSP70 and Tid1 helps to prevent complex I aggregation. It also
participates in the mtDNA maintenance (Ng et al. 2014). Lee et al. have showed that
mitochondrial fragmentation is due to the deregulation of Tid1 and it is Drp1
dependent. Therefore, Tid1 may play important role together with HSP70 in mod-
ulating mitochondrial morphology. Lee et al. demonstrate that expressing the mutant
Tid1 with the loss-of-function DNAJ domain abrogates the molecular balance
between Tid1 and HSP70 which is crucial for their chaperones activity and
maintaining mitochondrial morphology. Moreover, overexpression or knockdown
of Tid1 causes accumulation of optic atrophy 1 (Opa1) in fragmented mitochondria,
subsequently, to impair the cristae development, OXPHOS, and ATP production
(Lee et al. 2015a, b).

Tid1 can play a critical role in mitochondrial mitostasis through the chaperone
activity on DNA polymerase γ (Polga). In mice with Tid1 knockout specifically in
cardiomyocytes, they develop dilated cardiomyopathy (DCM) and die before
10 weeks of age. Furthermore, the decreasing copy number of mtDNA and the
respiratory chain defect are also observed in cardiomyocytes with Tid1 deletion
(Hayashi et al. 2006).

Recently, we report that up-regulation of Tid1 protein is observed in differenti-
ated myoblast cells (C2C12). Tid1 knockdown impairs the differentiation ability of
C2C12 myoblasts by reducing mitochondrial activity and intracellular ATP
amounts, consequently, it results in energy imbalance and promotion of cells
apoptosis. We have also established transgenic mice with skeletal muscle specific
(HSA-Cre) Tid1 deletion to characterize the physiological function of Tid1 during
skeletal muscle development. The HSA-Tid1 f/f mice are severe muscular dystrophy
and with reduced motor activity. Additionally, activity of ATP sensor (p-AMPK)
and mitochondrial biogenesis protein (PGC-1α) is compromised in HSA-Tid1 f/f

mice. Taken together, the deficiency of Tid1 in skeletal muscle not only reduces
the ATP production but also diminishes the mitochondrial activity (Cheng et al.
2016). However, the detailed molecular mechanism regulated by co-chaperone,
Tid1, through which to mediate the muscular dystrophy remaining to be
investigated.

2 Conclusions

Overall, this review has covered the important physiological functions of most the
DNAJ family proteins. Of note, co-chaperon DNAJA3 (Tid1) certainly has partic-
ipated in various cell regulation including cell development, tumorigenesis,
mitostasis, viral replication and immune modulation. However, we mainly discuss
about the physiological function of Tid1 in cell development, tumorigenesis and
mitostasis. There is no doubt that J domain is critical for DNAJA3 function, it
enables DNAJA3 to interact with HSP70. We have also found that most of
DNAJA3 substrates are related to carcinogenesis. Hence, the participation of
DNAJA3 in tumorigenesis and metastasis inhibition is intuitive. Nevertheless,
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DNAJA3 is also important in maintaining the mitochondrial integrity. Drugs devel-
opment on targeting DNAJA3 should benefit future cancer treatment.
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Therapeutic Potential of Heat Shock
Proteins in Human Inflammation/
Autoimmune Skin Diseases: Future
Directions

Paul Chukwudi Ikwegbue, Neerish Revaprasadu, and Abidemi Paul Kappo

Abstract

Introduction Despite being a major physical protective barrier, the human skin is
also a major source of several immune cells that participate in innate and adaptive
immune responses therefore, it is described as “first line of immune defence”. The
involvement of heat shock proteins (HSP) in skin immune responses has been
demonstrated by their expression in response to skin stressors such as UV irradiation,
heat, environmental, microbial invasion and in several inflammatory-autoimmune skin
disorders, which ultimately present them as potential therapeutic targets. The loss of
immunological tolerance to the critical self-antigens which leads to dysregulation of
immune responses and amplified inflammatory reactions are the major characteristic
features underlying most inflammatory-autoimmune diseases. In spite of the recent
successes recorded with novel immunosuppressive biological therapies and the use of
atopic medications in the treatment of inflammatory/autoimmune skin diseases, their
use remains a burden because they neither provide permanent solution to the interac-
tion between pathogenic and protective immune responses nor offer permanent state
of medicine-free disease remission. Our aim is to better understand the key players in
the pathophysiology of various inflammatory-autoimmune skin disorders, which
would have significant impact towards improved therapy.

Methods We reviewed all the relevant literatures on the therapeutic potential of
heat shock proteins in human inflammation/autoimmune skin diseases.
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Result Several studies have reported the therapeutic potential of HSP in inflamma-
tory/autoimmune skin diseases owing to their ability to induce the regulation of
regulatory T-cells, which play critical role in induction and dysregulation of immune
response leading to the progression of several inflammatory/autoimmune diseases.

Conclusions Despite the progress made in determining the key players in patho-
physiology of various inflammatory/autoimmune skin disorders, therapeutic treat-
ment remain burdensome as most of these treatments are restricted to conventional
immunosuppressive methods. These therapies however, do not provide permanent
solution to the interaction between pathogenic and protective immune responses.
With HSP being one of the key regulators of immune response to autoimmune
inflammatory diseases, targeting HSP or HSP inhibitors in these diseases could
provide a novel therapeutic approach in the treatment of autoimmune/inflammatory
diseases.

Keywords Atopic dermatitis · Autoimmune diseases · Bullous pemphigoid · Heat
shock proteins (HSP) · Inflammation · Psoriasis · Skin

Abbreviations

AD Atopic dermatitis
BP Bullous Pemphigoid
DCs dendritic cells
HSP heat shock proteins
IFN-γ interferon-γ
IgE immunoglobulin E
IL interleukins
LPS lipopolysaccharides
MMPs matrix metalloproteinases
PBMC peripheral blood mononuclear cell
ROS reactive oxygen species
SALT skin-associated lymphoid tissue
Th1 T helper 1
TLRs toll-like receptors
TNF-α tumor necrosis factor-α
Treg regulatory T cells

1 Introduction

The skin is the largest external organ that provides both physical and microbial
protection to the human body. It is composed of two main layers: epidermis and
dermis [1]. The epidermis, being the outermost layer of the skin creates a waterproof
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barrier and plays an important role in the skin tone. This layer is composed of
keratinized, stratified-squamous epithelium, closely packed with 95% of cells called
keratinocytes, which produces keratin: a fibrous structural protein with an important
role in hardness and water-resistance properties of the skin [2]. The dermis on the
other hand, is considered the core integumentary system of the skin, and a layer lying
beneath the epidermis, consisting of blood vessels, nerves, sweat glands, hair
follicles, as well as tough connective tissues such as collagen and elastin fibres
which provide structural support to the human skin [3]. Apart from protecting
against physical barriers and external injuries (such as UV radiation, environmental
stresses and microbial invasion), the skin like other parts of body is actively involved
in immune responses and dynamic cellular interactions in order to maintain and
regulate several key processes such as wound healing, angiogenesis, disease pre-
vention and inflammation [4]. In addition, it has been hypotheiszed that the skin is
the first line of immune defence and functions in immune surveillance. This is
supported by the skin immunity and skin-associated lymphoid tissue (SALT) con-
cept, which reveals the skin houses several types of immune cells (such as T and B
cells, dendritic cells, mast cells, langerhan’s cells) that participate in both innate and
adaptive immune responses [5].

Inflammation of the skin is described as an irritation of the skin from internal or
external causes characterized by pain, itching, redness and dryness. Inflammation
works to detect and neutralize invading pathogens including cancer cells and
infectious agents that stimulate or triggers an immune response, hence playing a
prominent role in the maintenance of the overall body health, as well as regulation of
skin homeostasis. Additionally, when short-lived, inflammatory responses are said
to be beneficial to the human body because it helps clear invading pathogens and
initiates the process of healing and repair. However, long term inflammation has
been associated with several inflammatory diseases of the skin including psoriasis,
dermatitis and bullous pemphigoid [6].

As a result of constant exposure of the skin to microbial pathogens and other
stressful stimuli (such as UV irradiation, cold, allergens, heat and reactive oxygen
species), the skin frequently produces larger number of heat shock proteins (HSP),
which enables its response to these stressors. These proteins are broadly classified
into various groups according to their molecular weight, function, cellular location
and sequence homology. They include ATP-dependent HSP (Hsp110, Hsp100,
Hsp90, Hsp70, Hsp60/65 and Hsp40) and ATP-independent HSP (small heat
shock proteins-Hsp27 to Hsp10) [7]. The expression and synthesis of heat shock
proteins or otherwise known as stress proteins is a universal phenomena taking place
in all living cells studied including humans [8]. The study and identification of heat-
inducible proteins date back to the early days of Ritossa in 1962, when he observed
the dramatic increase in the expression of HSP in the salivary gland of the fruit fly
Drosophila melanogaster in response to elevated temperature [9, 10]. Following the
discovery of HSP, it was thought their functions were restricted to inducible signals
such as heat, viral and bacterial infections, exercise, heavy metals, ischemia, gravity,
oxidative stress, nutrient deficiency, inflammatory diseases and cancer [11]. Subse-
quent studies have however demonstrated that some of these proteins are
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constitutively expressed in different cellular compartments to perform various cel-
lular functions ranging from protein folding, degradation of misfolded peptides,
transportation of organelles across cellular membrane to signal transduction, hence
giving them the less complimentary name of “molecular chaperones”
[12, 13]. Although their expression pattern varies, it is noteworthy to state that
these proteins do not work in isolation but are dependent on co-chaperoning
activities or oligomerization to execute their biological functions [14].

Since discovery till date, it is not surprising that HSP have been the subject of
huge strides in biological research, owing to their ever-present, abundant expression
and diverse effects in the pathology of many diseases, especially human inflamma-
tory diseases and cancer [15]. The roles of HSP in human skin inflammatory
diseases, most especially psoriasis, atopic dermatitis, bullous pemphigoid and in
other skin diseases, has been well documented. In fact, HSP has been reported to
form part of the immune response capable of modulating inflammatory cascades
through the inhibition of pro-inflammation mediators, hence encouraging its crucial
role in the pathophysiology of several skin inflammatory disorders. Primarily, HSP
are intracellular proteins involved in protein folding, refolding, degradation and
translocation of organelles, however, their ubiquitous nature in the pathogenesis of
several human diseases have escalated their therapeutic applications, Thus, herein
the therapeutic potential of heat shock proteins in the following skin inflammatory
diseases: psoriasis, atopic dermatitis and bullous pemphigoid is discussed.

1.1 Roles of HSP in Skin Inflammatory Diseases

Unresolved inflammatory reactions have been linked to various clinical manifesta-
tions, immunopathology and pathogenesis of several human inflammatory diseases.
As a result, many studies have been oriented towards understanding and resolving
the mechanisms of inflammatory reactions. These mechanisms include: apoptosis of
inflammatory leukocytes, production of lipid mediators, macrophage repolarization
and production of specific cytokines. In addition, proper regulation of these mech-
anisms are very important in controlling and managing inflammatory diseases, hence
any powerful immune-modulator that regulates propagation of these mechanisms
can be seriously considered as potential therapy in human inflammatory diseases.
The roles of HSP in modulating immune cascades leading to inflammatory reactions
via inhibition of pro-inflammatory cytokines or mediators has been elucidated
[11, 16]. For instance, most chronic inflammatory diseases are autoimmune diseases
caused by the dysregulation and inappropriate stimulation of the immune system
leading to a loss of tolerance to self-antigens, which degenerates into the immune
system attacking its own cells.
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1.2 Atopic Dermatitis

Atopic dermatitis (AD) is a common, chronic inflammatory skin disease character-
ized by intense itching or highly pruritic and inflammatory eczematous lesions that
often leads to substantial sleep disturbance, as well as skin trauma, with significant
impact on the quality of life of the affected persons and care givers [17]. Recently,
AD has become one of the most common chronic skin disorders that affects nearly
5% of the population in developed countries and an increase in the life-time
prevalence of AD has been reported in the last 30 years. In fact, it is estimated that
about 10–20% of children and 1–2% of adults suffers from this skin illness in the
Western countries [18]. Furthermore, it is noteworthy to mention that children with
AD are very susceptible to developing asthma, food allergies (eggs and peanut) and
allergic rhinitis, the latter is more likely to cause severe form of the disease [19, 20].

Although the pathogenesis of AD is still unclear, it has been reported that the
complex interactions between subvert skin barrier function, infectious agents, envi-
ronmental factors and immune dysregulations contribute immensely to the pathol-
ogy of AD [21]. A genetic defect in the gene that codes for filaggrin, a filament
aggregating protein known to bind keratin fibres in epithelial cells has been associ-
ated with the disruption of the epidermal layer, which is a hallmark of AD patho-
genesis and its clinical manifestation [22]. Filaggrin protein is a protective barrier
that plays an important role in structural organization, as well as in the maintenance
of skin homeostatic balance in general [23]. A disrupted filaggrin layer allows for the
entering of allergens and microbes into the dermis, thus provoking systemic allergic
responses such as immunoglobulin E (IgE) reaction, leading to a direct interaction
between antigens (specifically Staphylococcus aureus, which is predominantly
present in nearly 90% of AD patients) from the external environment and the dermis’
immune cells (such as Th2 & Th1 cells, chemokines and cytokines), which inten-
sifies scratching, itching and inflammation: the characteristic features of AD [21, 24,
25]. In addition, AD can emanate as a result of imbalance or interaction disturbance
between Th2 and regulatory T cells leading to disruption of epidermal cells and
complex interaction of skin immune cells, perpetuating the itchy-scratch cycle as
proposed by Hägermark and Wahlgren [26], which result in the loss of skin barrier
integrity causing dryness of the skin [27] as shown in Fig. 1.

Interestingly, AD skin diseased are prone to similar stressful signals such as
infection, UV irradiation, mechanical injuries, miscellaneous topic medications and
environmental stimuli, which also enhances the induction of HSP expression, of
which their cytoprotective functions in inflammatory diseases are well documented
([28]). More so, the heat shock protein family HSP60 in particular has been reported
to act as bystander antigen due to its wide expression in the inflammation sites and
recognition by immune-competent T cells. Evidence from skin lesions of patients
suffering from Behcet’s disease, atherosclerosis, juvenile idiopathic arthritis and
diabetes mellitus, present Hsp60 as a potential candidate in the management of
various inflammatory diseases ([29, 30]). In almost all the AD skin lesions studied,
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infiltrating cells and keratinocytes expresses various heat shock proteins (Hsp65 and
Hsp72/73) and the intensity of their expression seems to correlate with the severity
of the disease lesions [28]. Taken together, these findings suggest roles for HSP in
the pathogenesis of AD, although the exact mechanisms that mediate this relation-
ship in AD skin lesions are poorly understood. However, based on the existing
evidence of enhanced expression of HSP27 in response to environmental stress
factors in AD patients [31] and considering the roles of HSP in the healing and
repairing processes in general, it is safe to speculate that over-expression of these
proteins in the skin of AD patients promotes the repairing processes through
inflammatory and innate immune responses.

Fig. 1 The skin of atopic dermatitis patients (ranging from acute atopic dermatitis in its weeping,
blistering form; eczema herpeticum in a young girl; close-up photograph of the skin demonstrating
dramatic xerosis to subacute atopic dermatitis in its dry, scaly, papular form; leg of an infant with
atopic dermatitis demonstrating xerosis). Diagram taken from Berke et al. [24]
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1.3 Psoriasis

Psoriasis is a common, multifactorial, chronic, autoimmune inflammatory skin
disorder that can be triggered by a complex interaction between environmental
factors (e.g. stress, physical trauma, cigarette smoking and infection), immunology
and genetic factors, which sometimes lead to disfiguring features in affected indi-
viduals [32]. Generally, psoriasis affects approximately 1–3% of the world’s popu-
lation, and is caused by different contributing factors, although these factors vary
from individual to individual [33, 34]. While the actual cause of psoriasis is not fully
understood, it believed that dyregulation of auto-immune T cells network, which
include various cytokines (IL-17, IL-12, IL-22) resulting in abnormal proliferation
and differentiation of keratinocytes leads to the “cellular immune confusion” with
the immune system attacking its own cells. Consequently, the process of production
and regulation of immune cells in the keratinocytes switches to overdrive, speeding
up the abnormal production and regulation of the immune cells in that area of the
skin [35]. This process, together with colonizing cells (in-flowing leucocytes-neu-
trophils) and several inflammatory cytokines secreted by the activated keratinocytes
leads to the formation of psoriatic/scaly plaques characterised by pustular lesions
[36, 37] as shown in Fig. 2; warmth and redness, which are the hallmarks of
inflammatory response. There are several types of psoriasis, which include: inverse,
guttate, erythrodermic and plague, with latter being the most severe and common
form of psoriasis. The re-occurring, blistering red/pink spots, stigma and disfiguring
nature of psoriatic infections often poses serious social, psychological and financial
challenges on the infected individual [38, 39].

Recently, growing knowledge of the role of innate and adaptive immunity in
several inflammatory diseases including psoriasis exist. The roles of HSP in modu-
lating immune response such as Th-1-type cytokine and Toll-like receptors (TLRs)
as well as in psoriatic plaque have been well documented. These TLRs play crucial
roles in mediating innate immune responses through the induction of
proinflammatory cytokines production via the NF-kB mediated transduction path-
ways, as well as in recognizing numerous microbial-derived molecules [40, 41]. Fur-
thermore, studies have shown that HSP are greatly expressed in psoriatic skin lesions
and could have a huge role in the pathogenesis of psoriatic plaque ([42, 43, 44]).
Although their exact function in psoriatic skin is not well known, it is believed that
HSP could engage with innate immunity through the activation of IL-12, thereby
contributing to Th1 cell that mediates the transition from symptomless to psoriatic
skin lesion [45]. Similarly, in keratinocytes, binding of Hsp90 to CD91 receptor and
activation of dendritic cells (DCs) results in antigen presentation, migration and
production of proinflammatory cytokines. Considering the crucial role of activated
DCs in the initiation of the psoriatic skin lesions, the secretion of Hsp90 by the
stressed keratinocytes could play a prominent role in the mediation and pathogenesis
of psoriasis [43]. Additionally, the chaperoning activities of Hsp90 promotes IL-17
signal, which induces proinflammatory cytokines such as tumor necrosis factor-α
(TNF-α), contributing to the amplified loop of psoriatic lesion. A recent finding
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suggest Hsp90 involvement in the inflammation of the psoriatic lesion could provide
a link between innate immune activation, keratinocytes stress and perpetuation of
psoriatic inflammation therefore, inhibiting Hsp90 activities could be a promising
therapeutic target towards improved psoriasis therapy [43]. Nevertheless, a result
from topical treatment of alfalfa-derived Hsp70 (aHsp70) on mice psoriatic skin
lesion suggests that its expression might decrease psoriasis pathogenesis through
modulation of T cell activation, since psoriasis is an immune-related disease char-
acterized by proliferation of keratinocytes, although exact mechanism needs to be
elucidated in future studies [37].

1.4 Bullous Pemphigoid

Bullous Pemphigoid (BP) is the most common autoimmune and inflammatory skin
disorder characterized by subepidermal blistering due to the disruption of dermal-
epidermal junction by the binding of autoantibodies against the hemidesmosomal

Fig. 2 The psoriatic skin plaque (ranging from single plaque of psoriasis, well demarcated and
heavily scaled, chronic plaque psoriasis to inverse psoriasis). Diagram taken from Griffiths and
Barker [38]
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component of BP180 and BP230. Bullous Pemphigoid is an acquired autoimmune
condition that mostly affects elderly people over the age of 60 years, even though the
rare incidence at infancy and early childhood development has been reported.
Additionally, BP occur evenly in men and in women, though the clinical manifes-
tation and severity of the disease differ from person to person and individuals
over the age of 80 years are at high risk of developing the severe of form of the
disease.

Although what triggers the immune malfunction that leads to the development
and pathogenesis of BP is not clearly understood. However, it is believed to arise
from binding of the autoantibodies to hemidesmosomal component of BP180 and
BP230 proteins, resulting in the activation of component complements at basement
membrane zone (BMZ) or dermal-epidermal junction [46]. This binding results in
the degranulation of mast cells and releasing of proinflammatory cytokines from
keratinocytes together with immigrating eosinophils, macrophages and neutrophils
into the skin. Additionally, the subsequent release of reactive oxygen species (ROS)
and proteinases from the surrounding infiltrating inflammatory cells, enhances the
separation of epidermis from dermis and the formation of blisters-filled fluid
characterised by tense itchy-blisters and erosion, urticarial and pruritic plaques
[47, 48] as seen in Fig. 3. Other factors such as drugs (some medications), bacterial
or viral infections, physical and mechanical traumas, as well as other autoimmune/
inflammatory diseases such as rheumatoid arthritis, thyroid disorders, malignancies
and diabetes mellitus have been reported to associate with triggering BP in some
patients [49].

BP are predominantly malfunctions of autoantibodies or immune cells,
dysregulation of inflammatory responses and stress, as such, any immunodulating
and form of stress inducible molecules capable of eliciting these responses could
play a role in the pathogenesis of BP. The roles of heat shock proteins in many

Fig. 3 The skin of Bullous
Pemphigoid patient
(showing large, tense bullae,
and erythematous patches at
dermal-epidermal junction
filled with infiltrating
inflammatory cells).
Diagram taken from Fang
et al. [46]
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chronic inflammation as well as in autoimmune diseases such rheumatoid arthritis,
systematic lupus, psoriasis and BP, have been widely reported [28]. For instance, the
high expression of Hsp90 in blistering lesions of BP patients has been documented,
although its serum level expression did not correlate with autoantibodies against the
BP180 NC16A enzyme complex [50]. It was hypothesised that anti-BP180 NC16A
autoantibodies could induce intracellular expression of Hsp90 via the generation of
ROS and cytokines proinflammatory mediators, which induces inflammatory
response [49]. More so, studies have shown that the overexpression of Hsp90 in
BP patients has been observed in both bullous skin lesion and serum treated with
human keratinocytes (HaCaT), suggesting that Hsp90 could be an effective treat-
ment target in an experimental epidermolysis bullosa acquisita-mouse model
[51, 52]. Taken together, these findings are indications of the crucial role that heat
shock proteins could play in the pathogenesis of BP, even though the exact mech-
anism of action is unclear at the moment and thus requires future studies.

1.5 Therapeutic Potential of Heat Shock Proteins in Human
Inflammatory/Autoimmune Skin Diseases

Unresolved inflammation response and loss of tolerance to self-antigens caused by
dysregulation and inappropriate stimulation of the immune system leading to an
attack by its own cells are the hallmark of inflammatory and autoimmune diseases
initiation. Although the actual causes of autoimmune dysregulation and its progres-
sion to chronic inflammation are still not fully understood. However, it has been
reported that genetic mutation, lifestyle, environmental factors, persistence viral or
bacterial infections, are the major contributing factors that cause these diseases
[53]. In addition, these stress factors that mediate chronic inflammation or autoim-
mune diseases, also activate the synthesis of heat shock proteins. The roles of HSP in
proinflammatory cytokines and signalling pathways that promote inflammatory or
autoimmune diseases have been exploited and are still an ongoing area of research.
In fact, overexpression of Hsp60 has been reported to induce the secretion of several
cytokines (IL-6, IL-12 and IL-15), as well as increased expression of nitric oxide and
TNF-α via CD14 and p38MAPK signalling pathway in human monocytes [54]. Fur-
thermore, an enhanced expression of Hsp60 in mammalian cell lines proved it could
be a key for T cell and antibody responses in both chronic inflammatory diseases and
atherosclerosis [55, 56]. In addition, considering that Hsp70 can mediate the induc-
tion of TNF-α, IL-1 and IL-6 via CD14-dependent pathway ultimately suggest a
direct role of HSP in inflammatory propagation [57].

The concept of heat shock proteins in therapeutics initially arose from a study on
cross-reactive immunity to human Hsp60, which revealed that T cells cross-
reactivity with HSP60 could induce diabetes in mice. Subsequent study then found
that the administration of Mycobacterium tuberculosis Hsp65 in mice could either
induce or repress diabetes [58]. In addition, the findings that recombinant Hsp10 can
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inhibit the inflammatory changes induced by lipopolysaccharides (LPS) in mice and
in macrophages prompted the attempt to commercialize Hsp10 as a therapeutic
target and small-scale clinical trials for XToll, a modified form of Hsp10 [59, 60].

For instance, in patients with psoriasis plaque, short-term treatment with Hsp10
[recombinant chaperonin 10 (Cpn10)] led to a rapid reduction of the disease param-
eters. Probably, this was achieved through the modification of activity in chronic
inflammatory and decrease in the release of inflammatory cytokines such as IL-1 and
TNF-α, which play key roles in mediating inflammatory response and immune
response in general [60, 61]. This finding suggests that Cpn10 may regulate a
wide array of inflammatory responses in skin inflammatory diseases and may
provide a range of therapeutic approaches in these diseases.

Furthermore, studies have shown overexpression of Hsp60 in peripheral blood
mononuclear cell (PBMC) of children with AD skin lesion compare to that of
non-lesional skin. The expression of Hsp60-reactive T cells in these children corre-
lates with up-regulation of pro-inflammatory cytokine IFNγ and dowregulation of
anti-inflammatory cytokine IL-10 [30]. This study together with the finding that
demonstrates the expression of Hsp60 at site of inflammation and that Hsp60 can
modulate the regulation of cytokines and Th1 phenotype in the skin lesion of dogs
with atopic dermatitis [62], suggests the immunomodulating activities of Hsp60, as
well as its contribution to the local inflammatory response in AD patients. Based on
these findings, it is safe to speculate that Hsp60-reactive T cells plays a role in the
pathogenesis of AD and future studies oriented towards investigating the
immunomodulating properties and inflammatory response of Hsp60 in AD, could
provide a novel therapeutic target in the management of the disease. Additionally,
the expression of Hsp27 in the skin of AD and its correlation with environmental
stress in human keratinocytes and in exercised skin, could be indicative of its
cytoprotective role and biological defence responses to the disruption of skin barriers
(filaggrin) in AD [31].

More so, the implication of Hsp90 in inflammation-associated immunological
processes has been demonstrated by its essential role in various transcription factors
and signalling molecules, which participate in cellular inflammation cascades such
as induction of several pro-inflammatory cytokines, participation in auto-antigen
presentation, as well as interaction with auto-antigenic proteins by acting as a potent
promoter of the immune network outside of the cells [63]. The report that basement
membrane-degrading matrix metalloproteinases (MMPs) released from surrounding
cells also participates in blister formation and tissue injury in autoimmune bullous
diseases rather than their initial role in tumour cellular invasion [64, 65], makes it an
interesting aspect that inhibitors of Hsp90 could present therapeutic target in auto-
immune diseases like BP. In fact, the growing pharmacological evidence of Hsp90
inhibitors in bullous autoimmune-inflammatory disorders has gained momentum as
demonstrated by ameliorating effects of Hsp90 blockers in preclinical rodent exper-
iments in other autoimmune inflammatory disorders such as systemic lupus
erythematosus, encephalomyelitis and rheumatoid arthritis [66–68]. Although, it is
largely unknown whether extracellular and intracellular dyregulation of Hsp90 in BP
patients is primarily due to the pathogenesis or secondary changes induced by
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inflammation. However, for the fact that this chaperone is involved in many intra-
cellular signalling which directly associated with production of inflammatory cyto-
kines such as IL-6 and IL-8 (these cytokines play a major transcriptional factor role
in the pathogenesis of BP) and this role in keratinocytes is believed to be of one the
earliest stage of BP pathophysiology leading to the formation of blisters, thus
suggests it may play a crucial role in the pathophysiology of BP [68–70]. Based
on the aforementioned studies that highlight the important roles of HSP in modu-
lating regulatory T cells (Tregs), which is critical in mediating inflammatory/auto-
immune diseases, it can be hypothesized that studies targeting HSP or/and their
inhibitors in inflammatory/autoimmune skin disorders could provide a good thera-
peutic approach in the treatment and management of these diseases as proposed in
the model shown in Fig. 4.

Fig. 4 Model proposing the disruption of skin epidermal layer, initiation, progression and patho-
genesis of inflammatory/autoimmune diseases. (1) The stressors such UV irradiation, environmen-
tal factors, microbial invasion and other mechanical injuries that damages skin epidermal cells
leading to cellular skin stress; (2) disruption of stratum corneum and environmental stressors such
heat, UV radiation and microbial invasion induces expression of heat shock protein (Hsp90, Hsp70,
Hsp60 and Hsp27); (3) these stressors causes skin injury/disruption of filaggrin protein; (4) micro-
bial invasion and mechanical injuries to the skin provokes inflammatory response which aimed at
clearing the invading pathogen and initiating cellular repair; (5) disruption of skin layers also induce
the synthesis of cytoprotective heat shock proteins as well as inflammatory reaction which form part
of immune response in general; (6) up-regulation of T cells (Tregs) which play critical roles in the
initiation and progression of autoimmune diseases; (7) the interaction between immune response
together with regulatory T cells can sometimes lead to “immune confusion” of immune system
attacking its own cells which degenerates to autoimmune diseases; (8) pathogenesis of autoimmune
diseases; (9) up-regulation and involvement of heat shock proteins in the pathogenesis and clinical
manifestation of autoimmune disorders
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2 Conclusions

Despite the progress made in determining the key players in pathophysiology of
various inflammatory/autoimmune skin disorders, their therapeutic treatment
remains a burden as most of these treatments are restricted to conventional immu-
nosuppressive methods such as corticosteroid, atopic medications and more
advanced biological methods that focus on supressing chronic inflammation.
These therapies however, do not provide permanent solution to the interaction
between pathogenic and protective immune responses and in most cases, patients
are subjected to severe side effects. Therefore, there is a need for researchers to
develop safe therapies with high efficacy to carefully balance this interaction in the
complex environment. HSP are one of the key regulators of immune response to
autoimmune inflammatory diseases and have been considered as potential therapeu-
tic targets in the treatment of these diseases due to their ability to induce the
production of immune regulatory T (Treg) cells, which plays critical role in the
clinical manifestation of autoimmune-inflammatory disorders. Thus, targeting HSP
or HSP inhibitors in these diseases could provide a novel therapeutic approach in the
treatment of autoimmune-inflammatory skin disorders.
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Role of HSP in the Pathogenesis
of Age-Related Inflammatory Diseases

Asmaa F. Khafaga, Ahmed E. Noreldin, and Islam M. Saadeldin

Abstract

Introduction Heat shock proteins (HSP) are pivotal players in the normal cellular
physiological processes and possess regulatory functions in pathogenesis of
age-related disorders. HSP as chaperons are participating in protein folding, proper
protein conformation, and prevention of undesired protein aggregation. In here, we
provide the essential roles of HSP in inflammation with special focus on the ageing-
related inflammatory diseases such as Alzheimer’s disease, Parkinson’s disease,
diabetes, rheumatoid arthritis, and atherosclerosis.

Methods A literature based collection of articles in the available search engines
(PubMed and Google Scholar).

Results We show the interrelation of HSP and inflammation-related ageing disor-
ders such as Alzheimer’s disease, Parkinson’s disease, diabetes, rheumatoid arthritis,
and atherosclerosis.

Conclusions Understanding the critical roles of HPS would help in designing and
manufacturing therapeutics for ameliorating the symptoms associated with
age-related diseases.
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Abbreviations

AD Alzheimer’s disease
ALS amyotrophic lateral sclerosis
Aβ amyloid β peptides
CRP C-reactive protein
HSF heat shock factor
HSP heat shock proteins
IL interleukins
PD Parkinson’s disease
RA Rheumatoid arthritis
ROS reactive oxygen species
SOD superoxide dismutase
TGFβ transforming growth factor-β
TNF tumor necrosis factor

1 Introduction

In 1962, Ritossa has been discovered Heat chock proteins (HSP). They are a family
of highly conserved ubiquitous proteins. This family composed of group of different
molecular weight proteins including HSP10, Hsp27, HSP40, Hsp60, Hsp70, Hsp90
and Hsp110 [25]. However, Hsp70 and 90 are the two major types that have the
potential to bind to the unfolded protein helping them to folded and synthesized
properly [25, 120]. Some types of this protein could express substantially, while the
most of them expressed under stress conditions [166]. A variety of environmental or
physiologic stress could lead to production and activation of HSP such as inflam-
mation, hypoxia, chemotherapy, infections, as well as thermal injury [1, 86, 157–
161]. In living systems, HSP have essential activities including polypeptides folding,
proteins transportation, and formation of multiprotein complexes [62]. Moreover,
they can prevent apoptosis, cleared aggregated proteins, and ameliorates the cyto-
toxic impact of toxic proteins.

During aging, declined HSP expression was reported in several tissues particu-
larly muscle, liver, neurons, and vascular system [100, 133], with resultant protein
aggregation, a commonly noted feature in neurodegenerative disorders [57, 64]. On
the other hand, it is now well documented that, aging is related to presence of high
concentration of pro-inflammatory cytokines such as interleukins (IL), IFNα, IFNβ,
C-reactive protein (CRP), tumor necrosis factor (TNF), and transforming growth
factor-β (TGFβ) [49, 55]. This inflammatory response becomes evolutionarily ben-
efit during adulthood. However, during aging, it becomes detrimental due to inactive
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natural selection [53]. Inflamm-ageing is a chronic inflammatory response associated
to the physiologic aging. It is the primary risk factor for the common age-related
pathologies including malignancy, dementia, and cardiovascular disorders. More-
over, it may be considered as generalized health indicator for mobility disability,
impairment of daily activities, and premature death [105, 156, 162].

Recently, HSP proteins were reported for their anti-inflammatory and
antiapoptotic effect. Therefore, they have the potential to modulate and reduce the
responses against various inflammatory cytokines. Consequently, understanding for
the essential role of HSP in pathogenesis of age-related chronic inflammatory
diseases may be a promising target to block the establishment of those diseases
[44]. The aim of the present work is to update knowledge concerning the key role of
HSP in pathogenesis of age-related inflammatory diseases including neurodegener-
ative disorders (such as Alzheimer’s disease and Parkinson’s disease), vascular
disorders (such as Atherosclerosis), diabetes, rheumatoid arthritis, and neoplastic
changes.

1.1 History and Types of HSP

HSP are a collection of common and highly preserved proteins. According to their
size, HSP have been categorized into two groups: small molecular weight HSP and
high molecular weight HSP. The first group contains four families: Hsp60, Hsp70,
Hsp90, and Hsp110. Some of these proteins have continuous expression whereas
stressful conditions induce the expression of the others [166]. High molecular weight
HSP are ATP-dependent chaperones and need cochaperones to modify their confor-
mation and ATP binding. On the other hand, small molecular weight HSP are ATP
independent chaperones. HSP are stimulated by many environmental and physio-
logical factors, such as inflammation, hypoxia, temperature stress, anticancer che-
motherapy, or infections [86].

1.2 Role of HSP in the Inflammatory Mechanism

The best biological stimulant to induce the innate immunity response is the invasion
of a foreign molecule. Innate immune recognition receptors decide to respond or
ignore that stimulus by activation of PAMP (pathogen-associated molecular pat-
terns) molecules, i.e. factors linked with groups of pathogens (for example bacterial
CpG DNA, lipopolysaccharides, etc.). Other pathway for the induction of innate
immunity is ‘danger theory’ [119]. By this hypothesis, the innate immunity can be
induced by endogenous substances produced by the stressed or damaged tissue.
Based on this theory, stressed cells can transfer stress to other cells. The stress
signals produced by cells can be the HSP stimulated in response to the damage, so
they are possible candidates for signaling cellular stress or tissue damage. Some of
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HSP such as Hsp70 and Hsp60 have been detected to be capable of signaling by
TLR-4, TLR-2, and CD14 [8, 187]. Now, it is well established that Hsp70 is in
charge of the stimulation of monocytes, macrophages, natural killer cells, dendritic
cells, hepatocytes, etc. [26, 42, 58, 174]. Furthermore, extracellular HSP have been
detected to work as powerful immunosuppressive or immunostimulatory molecules
according to the various circumstances [124].

In addition to Hsp70, other HSP have been detected in the extracellular matrix,
such as Hsp27 [108], Grp78/BIP [45, 99], Hsp90 [184], and Hsp60 [124]. The
biological relation of these factors has been enhanced by the presence of Hsp70 in
the serum of patients having myocardial infarction [47], chronic inflammation [135],
coronary artery disease [212, 216], lung injury [59], infections [135], ischemia/
reperfusion events [75], cancer [12], diabetes [137], hypertension during pregnancy
[128], etc. HSP can also be detected at lower levels in the serum of healthy
individuals [145]. Interestingly, the existence of Hsp70 in plasma is linked to
enhanced survival of sever ill patients [217]. Other extracellular HSP such as
Hsp90 [170], Hsp60 [211], and Hsp27 [108] have also been correlated with many
diseases like coronary heart disease, pancreatic carcinoma, systemic lupus
erythematosus or cancer metastasis.

Cytoprotection is the main role of HSP. Some investigations have revealed the
number of cells surviving elevated when the temperature increased till 43 �C. This
thermotolerance was attributed to the increased formation of HSP [104]. Some
reports suggested the role of HSP in the suppression of stress-activated kinases.
[56] revealed that preheating the human leukemic cells resulted in decreased cell
death after heat shock, which was correlated with p38 activation and suppression of
JNK. This influence might be made by HSP. This overexpression suppressed the
stress kinase-activating influences of ultraviolet irradiation, H2O2 and heat. Park
et al. indicated that Hsp72 inhibits the JNK signaling pathway by prohibition of JNK
phosphorylation by its upstream kinase SEK1 [140]. Moreover, Hsp70 has been
involved in the suppression of IKKγ and following synthesis of IKK complexes
[163]. As for the impact of NfkB in inflammation, the suppression of its kinase, IKK,
has specific therapeutic importance for inflammation. Furthermore, overexpression
of Hsp70 prevents sepsis-induced lung injury in rats through suppression of the IKK
complex [193].

1.3 Role of HSP in Aging-Related Diseases

The aggregation of oxidized proteins is an essential feature of the major neurological
diseases, and many investigations have revealed that elevating HSP levels can have
useful influences [101]. HSP have been detected to decrease the symptoms of
Alzheimer’s disease, a disease caused by the aggregation of β-amyloid in neurons
[148]. The aggregation of β-amyloid was decreased after the over-expression of HSP
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in primary neurons and neural blastoma cells [189]. In an in vitro study, Hsp70 was
revealed to help in the digestion of amyloid plaques by enhancing microglia [90].

In Parkinson’s disease, cytoplasmic protein aggregates (Lewy bodies) containing
numerous proteins such as HSP, α-synuclein, ubiquitin and parkin are present in
neurons [51]. Cells have increased levels of HSPB5 (αB crystalline) were detected to
have a significantly decreased number of Lewy bodies [23]. Although, Amyotrophic
lateral sclerosis (ALS) has no known cause, there is a powerful proof connecting this
neurodegenerative disease with dysfunctional superoxide dismutase (SOD). It has
been detected that Hsp70 interacts with ubiquitin to aim the degradation of dysfunc-
tional SOD by proteasome [186]. Treatment of mice with HSP inducer,
arimoclomol, lowered the progression of ALS [93]. ROS participate in the develop-
ment of multiple sclerosis lesions, and an elevation in HSP expression with the
beginning of multiple sclerosis has been detected [132]. Antioxidant therapies have a
beneficial effect for multiple sclerosis [167], and an elevation in HSP is accompanied
by the decrease of plaques in multiple sclerosis [152].

In addition to having a pivotal role in the treatment of age-related diseases,
modification of HSP levels reveals a healthy lifespan and elevating longevity of
humans. The function of HSR and HSP across species means that several influences
observed in lower organisms could be utilized in humans. Many investigations on
C. elegans have revealed marked elevations in life-span with the increased expres-
sion of HSP [191]. Moreover, enhanced longevity because of caloric restriction
demanded a functional HSR pathway in C. elegans [175]. In Drosophila, HSP
revealed the ability to elevate the lifespan of Drosophila, where overexpression of
HSP22 was detected to enhance protection against stress and expand longevity
[129]. Moreover, Murine models have assisted to reveal the mechanisms behind
elevated life-span. Mouse embryonic fibroblasts were detected to reach replicative
senescence far sooner at elevated levels of oxidative stress [142], and mice lacking
the ubiquitin ligase/co-chaperone CHIP reveal a lowered lifespan with a quickly
ageing phenotype [126]. A comparison between short-lived Mus musculus and long-
lived Peromyscus leucopus, two closely related species of mice, revealed that the
difference in life-span correlated with a variance in oxidative stress tolerance
[37]. Moreover, caloric restriction, which is known to increase maximal life-span
in murine models, was detected to keep levels of Hsp70 and Hsp60, which normally
both decrease during ageing [35].

Exposure of human fibroblasts to frequent heat stress was detected to elevate the
levels of Hsp70, Hsp27, HspA8 and Hsp90 and elevate tolerance to oxidative stress;
however, no elevation in their Hayflick limit was detected [52]. Extracellular
(secreted) HSP, in contrast to intracellular HSP, could have detrimental influences
and be pro-inflammatory. Importantly, plasma levels of Hsp70, when compared to
controls, were inversely correlated with longevity and significantly decreased in
centenarian offspring [178].
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1.4 Role of HSP in Alzheimer’s Disease

Recently, Alzheimer’s disease (AD) has a major effect on the international public
health. AD characterized by the abnormal synthesis of Tau and amyloid-peptides
(Aβ), resulting in the pathological creation of intracellular neurofibrillary tangles
(NFTs) and extracellular senile plaques. Insoluble Aβ with a sequence between
38 and 42 amino acids created senile plaques in brains of AD patients
[178]. According to the amyloid hypothesis, β-amyloid precursor protein (APP)
which is a trans-membrane protein created Aβ peptides. Aβ42 is the main motif in
amyloid plaques and creates the most toxic oligomers. Therefore, the increased
synthesis of Aβ stimulates cell death, finally resulting in dementia [141]. Moreover,
the pathological hyperphosphorylation of protein Tau and its misfolding and accu-
mulation within the cytoplasm resulted in the intra-cellular NFT lesion [63].

The major cause of neuron’s injury in AD is because of stress stimulated by the
misfolding of Tau and Aβ peptides, inducing the synthesis of toxic oligomers and
finally NFTs, the significant of the chaperones in AD has been proofed in the last two
decades [113]. Among molecular chaperones, Heat Shock Proteins (HSP) are major
constituent of the chaperone and Hsp90, Hsp70 and Hsp60 are deemed target of
special superiority in AD [116] and as cancer [32].

Molecular chaperones modify protein activity, organize protein folding and target
misfolded or accumulated proteins for degradation or for refolding. HSP are pivotal
to ease the protein folding process [39]. They share in various mechanisms to guard
the cells against stress-related mechanisms hurtful to the cell [39]. So, as detected in
different neurodegenerative diseases, failure of these cellular mechanisms can lead
to pathogenic lesions. Several data revealed that HSP organize protein misfolding in
many neurodegenerative diseases, such as AD, showing preventative roles and/or
working as pathogenic factors. Stress-induced proteins like chaperones have been
reported to work as preventive molecules for cells of the nervous system [116]. Sev-
eral proofs revealed that oxidative stress is a characteristic of PD and AD
[208]. Abnormal aggregation of Tau and Aβ proteins and mitochondrial dysfunction
can share in making the imbalance between antioxidant and oxidant mechanisms
defining oxidative damage in AD patients [208]. In the brain, oxidative stress can
make destruction that share in neuronal loss [2]. Reactive oxygen species (ROS) can
aggregate inside cells and have negative influences on all biological molecules,
determining, for instance, enzyme inactivation, nucleic acid breakage, lipid perox-
idation and polysaccharide depolymerization. Under these stress circumstances, the
expression of the genes encoding HSP was stimulated [2]. Furthermore, increased
levels of ROS and mitochondrial dysfunction might synthesis a vicious circle
sharing in AD progression and instauration [116].

Recently, several results were acquired from research on anti-cancer agents.
Some compounds of therapeutic impacts were detected but clinical trials are not
granted till now. So, acquisition further information is essential and several ques-
tions should be lighted, such as: (i) mode of action of HSP inhibitors; (ii) AD
biochemical pathways related to HSP; (iii) sensing of client/HSP protein-protein
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interactions at the molecular level; (iv) selection of stress-induced versus constitutive
HSP [138, 151]. In conclusion, HSP targeting might be the fundamental for potential
drugs in the polypharmacological approach and multitargeted drug discovery and
toward a complex disease such as AD. The role of HSP in the pathogenesis of
Alzheimer’s disease is illustrated in Fig. 1.

1.5 Role of HSP in Parkinson’s Disease

Parkinson’s disease (PD) is the second most popular neurodegenerative disorder
influencing 1% of the population over 60 [41]. People having PD suffer from
cardinal motor symptoms comprise muscular rigidity, bradykinesia, gait decay or
rest tremor but often cause nonmotor symptoms, like psychiatric symptoms and
cognitive sickness. Loss of the dopaminergic neurons of the substantia nigra
(SN) pars compacta lead to most of symptoms accompanied by PD result from
[91]. Recently, PD is handled surgically, by deep brain stimulation (DBS) and,
pharmacologically, by supporting dopamine tone (e.g., dopamine replacement with

Fig. 1 Down-regulation of Hsp90 in Alzheimer’s disease induce decline in aggregation and
hyperphosphorylation of Tau protein. In cellular stress and Hsp90 inhibitors, Heat Shock Factor
1 (HSF-1) dissociates from the chaperone and induces the activation of heat shock genes within
nucleus and stress response through production of Hsp90, Hsp70 and Hsp40, restoring protein
homeostasis
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L-dopa) [91]. As the disease advances L-dopa remediation is accompanied by
complications comprising dyskinesia and motor fluctuation. DBS is limited to a
group of patients suffering from L-dopa-induced complications and L-dopa respon-
sive motor symptoms, but without marked psychiatric disturbance or cognitive
sickness. Interestingly, both interventions result in symptomatic cure and do not
slow the progression of PD.

Thus, there is a requirement for a remedy targeting the main sources of the
disease. By the pathological view, PD cause the existence of proteinaceous intracel-
lular aggregates composed primarily of α-synuclein, called Lewy pathology (Lewy
neurites and Lewy bodies). Multiplications and missense mutations of the SNCA
gene, which encodes for α-synuclein, induce the tendency of α-synuclein to self-
accumulate and cause heritable forms of PD and therefore involving α-synuclein
accumulation in the pathogenesis of the disease [147, 172]. While there is suspicion
concerning the specific form of accumulates (“species”) that are neurotoxic, novel
proof supposes that α- synuclein toxicity is granted by soluble oligomeric species
[36, 92, 179]. Due to the pivotal role of α-synuclein accumulation in PD, researchers
study about the nature and modification of the molecular pathways in charge of
directing protein misfolding and folding, decreasing abnormal protein aggregation
and keeping proper protein confirmation, gives a potential path for distinguishing a
disease altering strategy.

Early proof involving molecular chaperones in the pathobiology of PD concluded
from the detection by Auluck et al. [11] that Hsp70 overexpression alleviate
α-synuclein-mediated dopaminergic neurodegeneration in a Drosophila model.
This indicates that Hsp70 can have a neuroprotective role in PD. Posteriorly,
McLean et al. [122] reported that the overexpression of Hsp70 and Hsp40 family
members decreases the synthesis of α-synuclein accumulates in vitro and that Lewy
bodies colocalize with multiple chaperone proteins. Molecular chaperones were
involved in the pathobiology of PD by the detection of mutations within the
promoter region upstream of both inducible and expressed Hsp70 family members
elevate the danger of PD [201]. Moreover, mutations in the HspA9 (mortalin),
Hsp70, were indicated to enhance the progress of PD [43]; on the other hand,
other groups indicate mutations in HspA9 are not a common reason of early-onset
PD as they are also detected in patient controls [54].

The ability of Hsp70 overexpression to improve α-synuclein toxicity has been
well studied in yeast by autonomous groups which have revealed that Hsp70
overexpression can reduce α-synuclein in mediated cell death [50] and decrease
high molecular weight aggregates in rodent models of PD [102, 127]. Hsp70
overexpression was detected to be preventive against cell death caused by the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), mitochondrial complex I
inhibitor, both in vivo [46] and in vitro [149]. α-synuclein aggregation is not
characteristic to the toxin model, but α-synuclein is necessary for MPTP-induced
cell death as revealed by the opposition of α-synuclein null mice to MPTP [40]. On
the other hand, mitochondrial HspA9 may play a pivotal role in the mitochondrial
flaws inspired by the pathological A53T mutant α-synuclein as HspA9 knockdown
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prevents against the mitochondrial fragmentation and elevated tendency to the
complex I inhibitor, rotenone, stimulated by A53T overexpression [111].

The mechanism, Hsp70 decreases α-synuclein toxicity, appears to be dependent
mechanism on both its function in protein degradation and its refolding activity by
the ALP and UPS. Mutations which change the ATPase function of Hsp70 (K71S)
cancel its preventive influence on α-synuclein toxicity, suggesting that Hsp70
folding activity is essential for its preventive function [102]. Importantly, this
mutation has no influence on the ability of Hsp70 to inhibit α-synuclein accumula-
tion [102], indicating that Hsp70 utilizes clear mechanisms to decrease the aggre-
gation and toxicity and of α-synuclein. Moreover, Hsp70 can ease disassemble of
preformed α-synuclein aggregates [134]. Gao et al. [60] revealed that an Hsp70
machine composed of HspH2, DNAJB1, and HspA8 could efficiently disaggregate
created α-synuclein fibrils in vitro.

Many studies have indicated that CMA may play a pivotal role in alleviating
α-synuclein toxicity [204]. Promoted α-synuclein expression in both paraquat and
transgenic models of PD leads to the enhancement of HspA8 and LAMP2A expres-
sion and a larger movement of α-synuclein into the lysosomes [115]. Furthermore,
both HspA8 and LAMP2A have decreased expression in the SN of PD patients [3],
and a novel investigation revealed a link between the α-synuclein aggregation and
loss of LAMP2A in postmortem PD brains [131]. Importantly, the detected reduc-
tion in HspA8 and LAMP2A expression anatomically overlaps with an elevation in
miRNAs able to translationally suppress both HspA8 and LAMP2A [4], and impli-
cate miRNAs in PD-associated chaperone dysregulation. In conclusion, the ability of
Hsp70 and its cochaperones to disaggregate, refold, and aim for destruction of toxic
α-synuclein species indicates that molecular chaperones can have a pivotal role in
the pathobiology of PD. The role of HSP in the pathogenesis of Parkinson disease is
illustrated in Fig. 2.

1.6 Role of HSP in Diabetes

Diabetes is a condition implicated a chronic elevation of blood glucose levels
(hyperglycemia). This disease is classified into 2 types: type 1, which is accompa-
nied by the demolition of pancreatic beta cells leading to scanty insulin production;
and type 2, which embraces a range of disorders that finally result in hyperglycemia
[196]. Both types of diabetes elevate the potential for the development of microvas-
cular disorders, such as neuropathy, retinopathy and nephropathy, and for
macrovascular disorders [10].

It has been mentioned that these HSP chaperones are accompanied by several
clinical disorders, containing diabetes. HSP have been involved in the sources of
type 1 diabetes and in the cure of the obesity and insulin resistance implicated in type
2 diabetes [34]. Reduced expression of Hsp70 and suppression of heat shock factor-1
(HSF-1) have been reported in different tissues of rats with type 1 diabetes. Inhibi-
tion of HSP 70 levels by diabetes is accompanied by elevation in tissue
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inflammation. Moreover, the same authors mentioned that normal Hsp70 and HSF-1
stimulation by endurance exercise has been prevented by diabetes [185].

Many investigations have revealed reduced expression of HSP in patients with
type 1 and 2 diabetes. It appears that the decrease in chaperon activity in diabetic
patients is one of the major causes for beginnings of diabetic problems. So,
researchers are seeking to use various techniques, inclusive pharmaceutical and
chemical compounds, thermotherapy and exercise, to stimulate the expression of
HSP [81]. Former investigations suggest that an elevation in protein stability and a
decrease in protein glycation can markedly reduce the complications of
diabetes [85].

Fig. 2 Proposed role of molecular and small molecule chaperones in proteostasis in
Parkinson disease. At normal state, Hsp90 bind to HSF-1 and block its activity. However, in
presence of Hsp90 inhibitors (such as SNX compounds, geldanamycin, 17-AAG) or proteotoxic
stress, active HSF-1 separated from Hsp90 and translocates to the nucleus where it stimulates the
expression of Hsp70. Members of inducible Hsp70 family induce proteasomal degradation via a
pathway activated by E3 ligases, CHIP, and Parkin. This degradation is prevented by members of
BAG family and enhanced by celastrol and carbenoxolone (small molecule HSF-1 activators). In
Proteotoxic stress, the misfolded proteins directed for degradation via the interactions of autophagy-
lysosome system with various chaperone-mediated autophagy. Chaperone/cochaperone complexes
can play a role in disaggregation of already formed protein aggregates. Also, the pharmacologic
chaperones such as isofagomine and ambroxol can activate glucocerebrosidase (GCase) in the
lysosome to further stimulation for chaperone-mediated autophagy. In the endoplasmic reticulum
and mitochondria, chaperone are regulated by specific members of the Hsp70 family, HspA5 and
HspA9, respectively
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Diabetes is a disorder including elevated glycation, oxidation and inflammation;
therefore, it would have been foretold that levels of HSP could be highly preventive
in persons suffering from diabetes. However, results of investigations in humans and
animals with diabetes detected reduced HSP expression. Therefore, the paradoxi-
cally reduced levels of HSP confirm the destruction caused by diabetes lesions.
Intracellular HSP, through blocking nuclear factor-kB (NF-kB) activation, have anti-
inflammatory influences on cells. Protein kinase C activation by NF-kB is a primary
pathway resulting in diabetes-induced cytokine gene expression. Therefore, reduced
levels of HSP in cases of diabetes will elevate the activity of NF-kB and confirm
inflammation [80].

Type 2 diabetes mellitus is age related; it can lower longevity and fast several
traits accompanied by aging. HSP are factors which have a pivotal role in aging and
longevity [81]. Patients with type 2 diabetes have elevated incidence of neurode-
generative diseases, such as Parkinson and Alzheimer diseases. In Parkinson and
Alzheimer diseases, amyloid precursor aggregation may result in a common loss of
insulin signaling in the pancreatic beta cells and in the brain. Moreover, loss of
insulin signaling results in reduced HSP in beta cells or neurons, which leads to
abnormal protein aggregation and function. It has been mentioned that administra-
tion of Hsp70 and insulin can lower amyloid aggregation in the brain [81].

Bimoclomol is a drug that can elevate the fluidity of membrane and expands the
activity of HSF-1, therefore can elevate the levels of Hsp70. It has been mentioned
that bimoclomol lowers tissue damage, enhances wound healing, ameliorates insulin
sensitivity in animal models of diabetes and decreases diabetes complications
[74]. Lipoic acid administration in patients with neuropathy and type-1 diabetes
was accompanied by normalization of the low level of Hsp72. This Influence was
attributed to clinical amelioration in the neuropathy in these patients. It has been
mentioned that thiazolidinediones, carvedilol and exercise elevate HSP. The anti-
inflammatory action of on the pancreatic beta cells could be linked to the elevation
of Hsp70 levels by this drug. Nitric oxide is a powerful inducer of HSP expression.
Drugs that retrieve the secretion of nitric oxide from blood vessels, such
as angiotensin-converting enzyme inhibitors, beta-adrenergic blockers,
thiazolidinediones and HMG-CoA reductase inhibitors, are correlated to outstanding
results in clinical trials of diabetes. Near-infrared light therapy releases nitric oxide
from endothelium and, thus, treat diabetic neuropathy.

Finally, the oral or intravenous administration of HSP is impractical due to the
intracellular position of HSP. On the other hand, it has been mentioned that liposo-
mal delivery of Hsp72 into renal tubular cells blocks induction of NF-kB tumor
necrosis factor and, so, blocks ischemia-induced apoptosis. It is an important finding
that several drugs or conditions that may elevate HSP levels and also block NF-kB
(i.e. statins [76], exercise [150], pentoxifyllin and carvedilol [79].
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1.7 Role of HSP in Atherosclerosis

Atherosclerosis is an old disease slowly progressing disease that becomes
manifested in the middle age or later, even if it begins in childhood [155]. In past,
atherothrombosis is considered as the first killer of the aging people in the developed
countries; however, dramatic increase in its incidence in the developing countries
was recently reported. Currently, around 39% of death cases reported in the U.K. is
concerning to atherosclerosis, however about 12 million of American citizens
suffered atherosclerosis-related diseases [13]. This disease is characterized by lipids
deposition, especially of low-density lipoproteins (LDLs), on the endothelial layer of
medium- sized and large arteries, together with remodeling of arterial walls and
severe infiltration of immune cells, forming the characteristic plaques called ather-
oma. Although the signs of disease have been discovered in Egyptian mummies
more than 4000 years old [180], the lipid composition of atheroma and the combined
mononuclear infiltration were first described about two centuries ago [121]. How-
ever, the scientists have reached to the inflammatory hallmarks in progress and
pathogenesis of atherosclerosis over the past 30–40 years [73]. Recently, several
researches proved that inflammation is the first steps of atherosclerosis [109]. They
concluded that the expression of adhesion molecule on the endothelial cells, such as
vascular adhesion molecule-1, intercellular adhesion molecule-1, and E-selectin,
beside the activation of macrophages, T lymphocytes, mast cells, and several
cytokines suggesting involvement of inflammatory and immune processes in the
pathogenic progress of atherosclerosis [67, 72].

From another sight of view, the key role played by the immune reactivity in the
pathogenesis of atherosclerosis confirmed the essential contribution of inflammatory
process. Many investigators induced experimental atherosclerosis in rabbits by high
fat diet, and examined the therapeutic activities of immunosuppressive drugs,
authors concluded marked prevention for plaque formation and inflammatory infil-
tration in the aorta; they outlined the relationship between the declined production of
local inflammatory and immune cells and the reduction in cholesterol content in the
arterial walls [68, 190].

Normally, cells subjected to stress stimuli, such as oxidized LDL, heat shock,
infectious, surgical, mechanical stress, or cytokine activation, will respond by
production of increased levels of HSP to protect themselves from stress stimuli
[16]. Accordingly, it was described that HSP could expressed in high levels in
cardiovascular tissues to initiate the inflammatory process, and that they may be
expressed during the progress of atherosclerosis as an autoantigen [143].

In 1990, Berberian et al. reported for the first time the increased expression of
Hsp70 in arteries of human and rabbits. Authors concluded that the distribution of
HSP in arteries was correlated to necrosis, lipid accumulation, and macrophages
infiltration in human atheroma. Interestingly, Hsp70 was found to be concentrated
mainly in the central thickened portions of atheroma around the accumulated lipid
and sites of tissue necrosis [88]. On contrary, some of the most complex plaques
contained foci of smooth muscle cells without obvious relation to necrosis or
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increased expression of HSP [87]; where Hsp70 was produced in arterial wall cells
even in dendritic cells [20]. Authors concluded that HSP production was increased
within the depth of plate, particularly in macrophages and associated to necrotic
tissue.

Consistently, Xu et al. [207] indicated that Hsp70 is overexpressed in the
advanced atherosclerotic lesions. Authors found that Hsp70 ameliorates the NFκB
activation, suggesting its anti-inflammatory potential. In another studies, authors
declared that the levels of Hsp70 in plasma have a direct [203] and inverse [119]
relation to atherosclerosis severity. Additional investigations concluded that admin-
istration of Hsp70 promoted the production of pro-inflammatory (such as IL-6) [9]
and anti-inflammatory (such as Treg) cytokines [194]. Interestingly, Hsp70 could be
considered as a favor factor for progression of atherosclerosis as well as mononu-
clear inflammatory infiltration. This theory confirmed in study designed by Xie et al.
[203]; authors concluded that feeding diet with high-cholesterol level led to
increased levels of Hsp70 in plasma. Additionally, the exogenous supplementation
of Hsp70 promotes production of adhesion molecules within mononuclear cells in
peripheral blood. In contrast, Madrigal-Matute et al. [114] observed that
overexpression of Hsp70 was associated with declined oxidative stress and inflam-
matory response in the walls of arteries; suggesting its protective potential. There-
fore, the promoting and inhibition effect Hsp70 against atherosclerosis are still a
debate matter [18].

On the other hand, several investigations focused on the role of Hsp90 in
atherogenesis. It was observed that the overexpression of Hsp90 is related to
instability of atheroma. As well, the inhibition of Hsp90 led to declined production
of inflammatory cells and oxidative stress due to reduced activation of transcription
factors (such as the activators of transcription and NFκB signal transducers). Inter-
estingly, the suppression of Hsp90 activity could be benefit in promoting the
overexpression of Hsp70, with subsequent inhibition of the proinflammatory
response and atherogenesis [114].

Recently, a growing body of evidence suggested the direct atherogenic potential
for Hsp60; where increased expression of Hsp60 usually precedes the growth of
atherosclerotic plaque [95]. In humans, the increased level of circulating Hsp60 and
anti-Hsp60 are correlated to thickness of carotid artery wall [202], atherosclerotic
lesions [146], and atherosclerosis-associated morbidity and mortality [205]. Further-
more, early atherosclerotic lesion was induced by transfer of Hsp60 reactive T cells
[197]; where specific immunity of T-cell to Hsp60 is induced (Knoflach et al. 2007).
In addition, administration of Hsp60 might induce or suppress atherogenesis, based
on administration route, and the involved co-stimulatory molecules. Administration
of Hsp60 parenterally activate infiltration of Hsp60-specific T cells, with subsequent
secretion for anti-Hsp60 antibodies, pro-inflammatory cytokines, accumulations of
macrophages and lipid, and atheroma formation. However, administration of Hsp60
via oral or nasal route reduced the atherosclerotic lesions, due to induction of Tregs
and anti-inflammatory mediators including interleukin-10 (IL-10) and transforming
growth factor beta (TGF-β) [197]. In human atherosclerosis, Kleindienst and col-
leagues indicated that Hsp60 was identified on smooth muscle cells, mononuclear
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inflammatory cells, and endothelial cells of aorta and carotid artery compared to the
small blood vessels that had no sclerotic lesions. The positive correlation between
the severity of atherosclerosis and the produced Hsp60 was also confirmed by
Hammerer-Lercher et al. [70]. In another investigation, the expressions of Hsp60
and Hsp70 in the aortic tree showed positive correlation with the progress of
atherosclerosis in apoE-deficient mice [95]. The main expression sites for both
HSP were within macrophages, smooth muscle cells, endothelium, and CD3 T
lymphocytes [95].

Interestingly, results from another study revealed that Hsp47 might be also
involved in atherogenesis [198]. Strong expression of Hsp47 was proved locally in
atherosclerotic arteries (particularly in the collagenous areas) but not in normal
artery. HSP47 was expressed mainly in cells produce type I procollagen
[154]. Results from this study suggested the role of Hsp47 in atheroma formation
in human coronary. In addition, authors concluded the upregulation of Hsp47 as a
response to stress; this conclusion might indicate the possible role of Hsp47 in
plaque stability.

Hsp27 is an intracellular chaperone that possesses an important role in stabiliza-
tion of RNA, beside its role in the antioxidant and antiapoptotic responses [14]. In
atherosclerosis, extracellular production of Hsp27 from atheroma was evident; may
be due to cellular damage or as a co-secretion with exosomes or lysosomes. After
secretion, in the extracellular space, Hsp27 able to binds with several receptors on
cell membrane of inflammatory immune cells and endothelial cells, such as CD14,
CD36, CD40, CD91, scavenger receptor A (SR-A), and toll like receptors (TLRs) as
TLR2, TLR3, and TLR4 [19]. Interestingly, data from available research concluded
the ameliorative role played by Hsp27 during atherogenesis. On the same line, the
definition of Hsp27 as an estrogen receptor-associated protein could explain the
ameliorative role played by estrogens during atherogenesis [153]. Consistent with
that, several studies demonstrated that atheroma has low content of Hsp27 [117], and
therefore, low circulating levels of Hsp27 indicates more severe atherosclerotic
lesions [169]. On contrary, overexpression of Hsp27 may protect against atherogen-
esis [38]. The protective potential of Hsp27 against atherosclerotic disease may
attribute to its suppressive activity for NFκB activation [14], involvement in lipid
homeostasis via competing with LDL in binding to SR-A, with subsequent forma-
tion of foam cell [14], and declined the cholesterol content in atheroma the serum
[38]. The role of HSP in the pathogenesis of atherosclerosis is illustrated in Fig. 3.

1.8 Role of HSP in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a widely known chronic inflammatory disease that
particularly affects the aging population. It occurs due to damage of the synovial
membranes of joints via infiltration of mononuclear and/or polynuclear inflamma-
tory cells including macrophages, lymphocytes, and neutrophils [69, 123]. Usually,
during the course of RA, patient developed severe pain due to progressive injury or
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even complete loss of bone and cartilage around the inflamed joint. Generally, the
pathogenesis of this disease is complicated; however, the pathologic events associ-
ated to RA suggesting an autoimmune cause in form of T-cell-mediated chronic
inflammatory response [209].

On the other hand, it has been observed that overexpression of HSP family might
be involved in RA pathogenesis; where increased expression can regulate the
progress of disease [83]. The inflammatory events and other stress factors occur in
synovial membrane are able to increase HSP expression. In RA, the hypoxia and
reperfusion injury of the rheumatoid joint, lead to production of high levels of
reactive oxygen species (ROS) [77]. Subsequently, this increased production of
ROS and the high synovial content of inflammatory mediators (such as tumor
necrosis factor (TNF)- a and interleukin (IL-l) will act as stress factors [199]. Con-
sistently, Schett et al. [165] concluded that, in RA but not osteoarthritic, heat shock
transcription factor 1 (HSFl) was activated and undergo hyper-phosphorylation and
nuclear translocation that could lead to regulation of Hsp70 transcription. In another
investigation, authors used cultured RA SM synovial fibroblasts to study the expres-
sion of Hsp70 in AR, they observed that the proinflammatory mediators including
IL-l0 and TNF-α were able to upregulate expression of Hsp70 in cultured fibroblasts
(Luo et al. 2008). In another research groups, authors declared that several types of
HSP and chaperones were overexpressed in RA such as human Hsp27, Hsp90α,
Hsp60 [168], and Hsp65 [83]. On contrary, Worthington et al. [200] concluded that
human Hsp65 was expressed equally in RA and control non-inflamed synovia.

Fig. 3 The role of HSP in the pathogenesis of atherosclerosis. Overexpression of Hsp27 is
protects against atherogenesis; however, overexpression of Hsp60 help in atherogenesis. In addi-
tion, Hsp90 aggravates atheroma by help plaque rupture
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Moreover, Hsp60 was expressed equally in mitochondria of RA and osteoarthritis,
as assessed by immunohistology [22].

Karlsson-Parra et al. [96] observed that human Hsp65 (huHsp65) was
overexpressed at the cartilage-pannus junction; they concluded that the eroding
front possessed the maximum expression compared to SM itself. Interestingly, the
same authors identified the expression of huHSP65 in rheumatoid nodules; where
rheumatoid nodules are the pathognomonic histologic and clinical feature of
RA. This expression could be attributed to the presence of non-caseated hypoxic
center, where hypoxia act as stress factor lead to increased expression of HSP.

Lewthwaite et al. [106] observed the correlation between huHsp60 circulating in
plasma and the psychosocial and physiologic stress. Consistent with this finding, the
increased levels of circulating huHsp60 was correlated to carotid atherosclerotic
plaque [202]. Generally, in osteoarthritis, HSP are produced mainly from the
chondrocytes [171]. However, in RA patient, they synthesized mainly in synovial
intimal cells [112]. Therefore, it could be concluded that the inflammatory signaling
in this tissue are able to initiate the production of HSP; with subsequent protection
for the host cells.

In another theory, RA may define as autoimmune-inflammatory disease; where
the immune system attacks the synovial fluid-membranes exist in different joints.
Neglect treatment of RA could result in severe inflammatory response [173]. This
inflammation has the potential to attract several immune components such as
immune chemokine, cytokines, and lymphocytes to the infection area [84]. As a
response to RA infection, the synthesis of HSP particularly Hsp70 is increased. It is
now well documented that Hsp70 possess an anti-apoptotic property through inhi-
bition of proinflammatory and proapoptotic factors such as Caspases and JNK (Jun
N-terminal) signaling, cytochrome c release, and apoptosome formation [66]. There-
fore, the overexpression of Hsp70 in synovial membrane during the infection with
rheumatoid arthritis fibroblast-like synoviocyte (RA-FLSs) is not surprisingly.
Herein, Hsp70 acts to control the inflammatory process through blocking of
pro-inflammatory signaling, and to regulate the effect of T-cells [165].

In another study, Kang et al. [94] observed repression of Hsp70 produced in RA
fibroblast-like synoviocytes (FLSs) after treatment with sodium nitroprusside (SNP)
in an in vitro experiment. Authors reported that Hsp70 downregulated cells showed
better survive compared to control cells. It was concluded that downregulation of
Hsp70 protects RA FLSs against apoptosis induced via nitric oxide production
through activation of the Akt signaling pathway. However, the real in vivo function
of Hsp70 in the RA is still not fully clear. By considering these findings, we can
conclude that inhibition of Hsp70 in RA may be used as a therapeutic approach to
control the severe inflammatory response occurs in RA. Additionally, van Roon
et al. [188] noted that T-cells collected from patients suffered RA have the potential
to react with huHsp60 to suppress the activation of the pro-inflammatory mediator
(TNF-α) via induction of Th2 cytokine regulator. However, this regulation is not
reported for Hsp65 isolated from Mycobacterium tuberculosis [144]. Consistently,
several investigators attributed this response of T-cell to self-Hsp70 and Hsp60 to
production of the regulatory mediators (interleukin-4 and interleukin-10), with
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subsequent prevention of arthritic diseases [6, 97, 144]. Taken together, it is may
conclude that huHsp60 and mycobacterial Hsp60 might be considered as promising
potential vaccines against autoimmune inflammatory diseases.

1.9 Role of HSP in Cancer

The progressive loss of physiologic and immunologic potency is a characteristic
feature for the elderly [33]. Growing body of evidences has proved cancer augmen-
tation by aging, which may be due to age- associated immune dysregulation [182],
with subsequent poor prognosis [98]. Interestingly, around 50% of malignancies are
diagnosed in aging patient over than 65 years old [78]. Several investigations
concluded the anti-apoptotic activities of HSP. Therefore, it is not surprising that
the high levels of HSP may have the potential to protect malignant cells against
therapy-induced apoptosis [89]. The apoptotic process may occur in either intrinsic
or extrinsic pathways. Whatever pathway, the final event is induction of caspases
proteases, which is cleaved enzymatically leading to activation of the apoptotic
stimulus [28]. In the intrinsic pathway, apoptosome is formed by mitochondria;
where cytochrome c released from mitochondria to the cytosol, and then interact
with pro-caspase-9 and cytosolic apoptosis protease activating factor-1 (APAF-1)
forming apoptosome. Apoptosome is responsible for initiation of apoptotic cascade
via activation of pro-caspase-3 [177].

Currently, it has been well known that Hsp27 and Hsp70 have the potential to
inhibit the formation of apoptosome, with in turn inhibition of apoptosis. Another
theory for inhibition of apoptosis by Hsp27 is direct binding to APAF-1, which
subsequently led to inhibition of apoptosome formation [61]. Additionally, Hsp90
suppress pro-caspase-9 activation by cytochrome c [139]. On the other hand, the
extrinsic apoptotic pathway work via binding to the respective ligands of death
receptors (TNF receptor 1, TNF receptor superfamily, apoptosis antigen-1), leading
to their activation and formation of death inducing complex at the plasma membrane.
This complex activates the pro-caspase-8, which in turn induce direct or indirect
activation of caspases [21].

In another research group, authors cleared that phosphorylated dimers of Hsp27
can bind to Daxx protein competitively with FAS; lead to subsequent interference
with FAS-mediated apoptotic pathway [31]. Additionally, Bruey et al. [24] investi-
gate the interaction between Hsp27 and cytochrome c. Authors concluded that
Hsp27 can block Caspase activation via its binding to cytochrome c and inhibition
for interaction with procaspase-9 and apoptotic protease activating factor-1 (APAF-
1). In CD133 + colorectal cancer stem cells, activation of Hsp27 inhibits the
cleavage of caspase-3 and -9 in the apoptosis pathway. However, its inhibition
promotes apoptotic cascade in CD133+ cells [110]. Additionally, inhibition of
Hsp27 activation up-regulated the activity of caspase-3 in glioblastoma cells [107].

Moreover, the anti-apoptotic activity of Hsp90 could be discussed by its ability to
bind to the anti-apoptotic protein (such as AKT1) and suppress its activation, which
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in turn enhanced cell surviving [62]. In contrast, several investigators concluded the
pro- apoptotic activities of Hsp60 in in vitro experiment [164]. In addition to the
antiapoptotic and proapoptotic activities of HSP members, some members such as
Hsp27 are essential also in regulation, progression, and metastasis of tumor cells.
Interestingly, blocking of Hsp27 led to decline in matrix metalloproteinase (MMP),
epithelial-to-mesenchymal transition, migration, and metastasis of neoplastic cells
[65]. In addition, in human prostatic malignancy, Hsp27 has the potential to
up-regulates MMP2 activity stimulated by transforming growth factor b (TGF-b),
lead to promoting cell invasion [206]. Additionally, Hsp27 reported to enhance the
neoplastic migration in bladder malignancy [210], and promote metastasis of epi-
thelial ovarian cancer to peritoneum [215].

Thuringer et al. [181] studied effect of Hsp27 on progression and metastasis of
breast cancer. They concluded that Hsp27 has a direct role in enhancement of
angiogenic activity and neoplastic migration via upregulating gene transcription of
vascular endothelial growth factor (VEGF) and activated VEGF receptor type 2. In
another study, [136] found that Hsp27 inhibit p53-induced activation of p21 in
neoplastic cells, with in turn regulation of p53 signaling. Moreover, proliferation
of lung cancer cells could be enhanced by Hsp27-induced activation of activator
protein-1 [214]. However, in gastric adenocarcinoma, cancer progression could be
enhanced by the C-X-C chemokine receptor type 1 (CXCR1); CXCR1 has the
potential to decrease Hsp27 expression, indicating the relationship between cancer
progress, Hsp27, and CXCR1 [82].

It has been reported that Hsp90AA1 is involved in enhancement of invasiveness
and mobility of cancer cells [195], where it is required for the invasion of fibrosar-
coma cells [48]. On these bases, Hsp90AA1 found to enhance the in vitro invasion of
breast cancer and melanoma, with in turn increment of the metastatic activities. Also,
serum Hsp90AA1 increased in breast, liver, pancreas, and lung cancer in correlation
to degree of malignancy [192]. However, inhibition of Hsp90AA1 suppresses the
metastatic invasion in mouse melanoma [176]. This enhancement of HSP against
tumor invasion potential may attribute to their binding to the extracellular receptors
activating ERK1/2 and PI3K-Akt pathways [71]. Additionally, Tsuneki et al. [183]
reported that HspA9 is released from oral squamous carcinoma cells, and then
interact with podoplanin; that is an adhesion molecule responsible for the invasion
potential of tumor. Moreover, HspB6 has a role in angiogenesis, progression, and
migration. For example, overexpression of HspB6 led to increase density of heart
capillaries in mice [213].

In recent years, many researchers studied the extracellular and intracellular
localization of HSP in tumor cells. In normal cells, it is uncommon to localized
Hsp60 on the cell membrane. However, this localization is frequent in malignant
cells [27, 29]. In addition, it was reported that Hsp60 is exist in exosomes released
from malignant cells in human [125]. The extracellular HSP have several functions;
one of them is immune modulation. For instance, TNFα and IL-6 were produced in
mast cells under stimulation of HspA1A via activation of toll-like receptors 2 and
4 (TLR4, TLR2) [130] and interleukin 12 (IL-12) [15]. Additionally, treatment with
HspA1A led to activation of macrophage and production of TNFα [5]. Recently,
in vitro studies were performed on murine leukemia monocytes and hepatocellular

358 A. F. Khafaga et al.



carcinoma cell line, author concluded release of HspA1A, Hsp90AA1, and HSPD1
from exosomes, which enhancing the activity of macrophages, natural killer, and
mononuclear cells [103]. In contrast, Chalmin et al. [30] described the immunosup-
pressive role of HspA1A released from exosome; HspA1A is reported to suppress
tumor immune surveillance via activation of myeloid-derived suppressor cells. In
addition, in colorectal carcinoma, secretion of HspH1 led to differentiation of
macrophage, with in turn anti-inflammatory profile and pro-tumor effect [17]. How-
ever, in primary breast tumor cells, released HspB1 led to monocytes differentiate
into proangiogenic macrophages [7]. The role of HSP in the pathogenesis of cancer
is summarized in Fig. 4.

2 Conclusions

HSP are the cornerstone for repairing damaged proteins resulted exposure of cells to
different stresses including the age-related disorders. Hence, enhancing and modu-
lation of HSP functions would help the human welfare through promoting healthy
lifespan and elevating the longevity of humans.

Fig. 4 Schematic representation for the role of Hsp27 in carcinogenesis. Hsp27 suppressed
apoptosis with subsequent enhancement for tumorigenesis. Unphosphorylated Hsp27 present as
large oligomers and possess chaperonage activities. Phosphorylated Hsp27 switches to smaller
oligomers and lose their chaperonage activities and initiate their pro-oncogenic activities.
Hyperactivation of Hsp27 induces inhibition of apoptosis
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Heat Shock Factor Network in Kidney
Diseases

Kinga Musiał and Danuta Zwolińska

Abstract

Introduction Heat shock response (HSR) pathway is a highly conserved cellular
process. HSF1 is a master transcriptional regulator responsible for expression of
several important heat shock proteins (HSP), which can effectively protect critical
client proteins from misfolding and degradation, thus maintaining intracellular
integrity under stressed conditions. Recent studies have demonstrated the direct
connections between HSR players and tumor cell survival, validating HSR players
as novel molecular targets in anticancer treatment. Small molecule screening has
produced some promising HSR inhibitors for anticancer treatment. In this article, we
will be summarizing the main findings from HSR inhibitors on recent clinical and
preclinical studies.

Methods The authors reviewed all the relevant papers of HSR inhibitors with an
emphasis on human and animal studies.

Results More than 18 unique chemical identities have been discovered with con-
firmed inhibition of HSR pathway. Among them, two natural products and their
derivatives are currently in various phases of clinical studies. Detailed works are
required to define the exact mechanisms of actions (MOA) for these compounds.

Conclusions Many hurdles in clinical application still need to be effectively
addressed, such as undesirable drug toxicity and off target effects; narrow therapeu-
tic window; poor PK/PD profiles, etc. Recent reports on synergistic drug combina-
tion, advanced prodrug design, smart nanoparticle packaging, and RNA aptamer
selection offer promising solutions to overcome these challenges. Future advance-
ments in this fast-growing area can potentially lead to the next-generation cancer
therapeutics.
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Abbreviations

AMPK 50 adenosine monophosphate-activated protein kinase
ATP 50 adenosine triphosphate
ccRCC clear cell renal cell carcinoma
CKD chronic kidney disease
CR+/CR- presence/absence of glomerular amyloid deposition by the Congo

Red staining
CryAB crystallin-αB
FE fractional excretion
GBM glomerular basement membrane
HBA Hsp90-binding agent
HD hemodialysis
HIF1 hypoxia-inducible factor 1
HO heme-oxygenase
HSE heat shock element
HSF heat shock factors
Hsf1 heat shock factor 1
Hsf1-M30 Hsf1 hemizygous mice
HSF-KO Hsf1 functional knockout mice
Hsf1 KD cells Hsf1 knockdown rat proximal tubular cells
Hsf1 NC cells rat proximal tubular negative control cells
HSP heat shock proteins
Hsp25 heat shock protein 25
KIM-1 kidney injury molecule-1
LDH lactate dehydrogenase
M30 Hsf-1 homozygous mice
PGC1α peroxisome proliferator-activated receptor-γ coactivator 1 α
PFP podocyte foot processes
PTM post-translational modifications
RBP-4 retinol binding protein-4
RPTC renal proximal tubular cells
S1R Sigma-1 receptor
TGF-β1 transforming growth factor- β1
TTR+/TTR- presence/absence of TTRV30M glomerular deposition
TTRV30M mice with the presence of mutated transthyretin
VDBP vitamin D binding protein
WT wild-type mice
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1 Introduction

Heat shock transcription factors (HSF) are DNA-binding proteins, regulating gene
expression at the transcriptional level. Their structure remained evolutionary con-
served throughout species. HSF family in humans contains six members: Hsf1, Hsf2,
Hsf4, Hsf5, HsfX and HsfY [3]. When first discovered, HSF were meant to activate,
under thermal stress, genes encoding protein chaperones – heat shock proteins
(HSP). The recognition of heat shock element (HSE) DNA binding site was trig-
gered by harmful conditions, like high temperature, heavy metals or oxidants,
causing protein misfolding. Proteotoxicity resulted in gene activation and chaperone
production, protecting cells from death. Hsf1 is the main player in the group of heat
shock factors and the major regulator of system controlling the quality of proteins
(called proteostasis), thus promoting cell survival. Hsf2 is mainly observed in testes
and seems to regulate tumor activation or suppression. Hsf4 localization concerns
eye lenses, brain, heart, pancreas and muscles. HsfX and HsfY are located on the X
and Y chromosomes, although their role is not fully understood. Hsf1 is the most
abundant representative of the family and the multifunctional player in both health
and disease. It is also the only member of the HSF family, able to regulate HSP
expression. Another intriguing aspect of its function is the multistep activation,
requiring the presence of heat shock proteins, that in turn may inactivate Hsf1.

1.1 HSF Link to Heat Shock Response

The following steps of Hsf1 activity form the sequence of heat shock response:
de-repression and trimerization, translocation to the nucleus, DNA binding and
transcriptional activation and protein stability [6]. Inactive Hsf1 is most probably a
monomer, which turns into an activated form of a homotrimer. This oligomerization
is necessary, but not sufficient for transcriptional activity. The essential trigger is a
chaperone complex, consisting of 3 heat shock proteins – Hsp40, Hsp70 and Hsp90,
bound to Hsf1. This binding prevents Hsf1 from transcriptional activity. However,
when the amount of unfolded/misfolded proteins in the area increases, they com-
petitively bind HSP and release Hsf1. This action makes the activation of HSP and
release of their free forms possible. The feedback reaction to increased concentration
of HSP is the Hsf1 inactivation. Activated Hsf1 migrates from the cytosol into the
nucleus, where transcription may take place.

1.2 HSF Beyond Heat Shock Response

Hsf1 influences multiple events beyond heat shock response and controls the
transcription of genes encoding proteins other than HSP (the so-called non-HSP
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target genes). They are engaged in various processes, including cell cycle, apoptosis,
autophagy, aging or immune function [1]. The multifaceted nature of HSF activity is
also pictured by various ways of its regulation and its dependence on metabolic
conditions. Multi-chaperone complex is not the only tool for Hsf1 regulation. Post-
translational modifications (PTM), like acetylation, phosphorylation and
sumoylation, seem other powerful mechanisms modifying Hsf1 activity. Metabolic
stress is another Hsf1–related process. Nutrient deprivation is a classic example of
metabolic stress, coordinated by AMP kinase. Its activity is focused on ATP
overproduction and reduction of its expenditure, maintaining optimal milieu
for cell survival. Meanwhile, AMPK suppresses Hsf1, making cells more prone
to proteotoxic conditions. Mitochondrial activity is also an energy-consuming and
Hsf1-dependent process. Hsf1 activates the transcription of peroxisome proliferator-
activated receptor-γ coactivator 1 α (PGC1α). In consequence, PGC1α increases
invasiveness of cancer cells, triggering distant metastases, whereas PGC1α dysfunc-
tion is responsible for neurodegenerative diseases or increased deposition of lipids in
white adipose tissue. In reverse, Hsf1 activity seems to be strongly dependent on the
metabolic conditions, like e.g. in the case of acute kidney injury.

1.3 HSF in Kidney Diseases

The role of heat shock factors in kidney diseases is hardly known and available data
come mainly from animal and in vitro studies. However, even such scarcity makes
a promising perspective for future investigation in this area. Among multiple
nephrological subjects, ischemia-reperfusion injury in the kidney seems the best
example of stressful condition, when Hsf1 can show the multifaceted nature of its
activity.

1.3.1 Hsf1 in Renal Ischemia-Reperfusion Injury

Hsf1 dependence on ATP has found its reflection in the phenomenon of ischemic
renal injury, where all players are interdependent in a finely tuned way. Experimental
renal ischemia in rats, caused by 45-min aortic occlusion, reduced cortical ATP,
activated Hsf1 and then induced Hsp70 mRNA [15]. Both Hsf1 activation and
Hsp70 induction turned out “dose-dependent”. Cortical ATP concentration, moni-
tored through NMR in real time, did not influence the heat shock response until kept
above 60% of its control level. The ATP reduction to 35–50% of preocclusion
values, gained after the 90% constriction of the vessel, triggered HSF overactivity,
yet kept Hsp70 mRNA expression at low levels. Only after 15-min total vessel
occlusion, when cellular ATP crossed the 20–25% border of its control concentra-
tion, further activation of Hsf1 and, subsequently, Hsp70 mRNA transcription, took
place. The interesting findings concerned also the following reperfusion phase,
showing sequential connections between HSF and HSP. Hsf1 binding to HSE was
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commenced after 15 min of occlusion, increased after 30 min of reflow, then started
declining by 2 h of reflow. Hsp70 mRNA expression acted similarly, but with a
slight delay: it was first detected at 15 min of reflow, aggravated until 2-h period, and
began to decline by 6 h. These preliminary results have established the borderline
safety value of ATP concentration at the 50% level, suggesting that ATP depletion
below this threshold is a sufficient stimulus to trigger stress response during the
ischemia phase through HSF1 activation. It also became evident that reflow, with
reperfusion injury, accounts for further enhancement of stress response, and is a
major trigger of Hsp70 mRNA accumulation.

When Hsf1 activation, subsequent to ATP depletion, became evident, the ques-
tion arose about the nature of the critical signal, activating stress response directly.
Van Why et al. studied that matter in vitro [16]. They focused on early events
accompanying ATP depletion in renal epithelial cells, like changes in free calcium
and cytoskeletal proteins, leading to disintegration of cell membrane and loss of cell
polarity. It turned out that the degree of Hsf1 activation is adjusted to the severity of
injury and it seems an adaptive reaction, leading first to sublethal and potentially
reversible changes. Most probably, changes in calcium are responsible for Hsf1
translocation from cytoplasm to the nucleus, as well as for the further enhancement
of stress response. Thus, the final list of events leading to HSF activation would start
with the depletion of cellular ATP and subsequent accumulation of abnormal
(denatured and aggregated) proteins, triggering chaperones like Hsp70, that in turn
activate Hsf1. Increase in calcium may play an additional role in cell disruption and
loss of polarity. The whole process seems precisely tuned and the degree of Hsf1
activation strongly depends on the level of energy deprivation.

The following project governed by Eickelberg et al. [2] aimed at distinguishing
between in vivo and in vitro conditions of HSF activation, in confrontation to another
stress-responsive transcription factor – HIF (hypoxia-inducible factor)1. The in vivo
experiment of renal ischemia in rats resulted in rapid activation of both transcription
factors and expression of their target genes –Hsp72 and HO (heme-oxygenase) 1. To
differentiate between two factors and the ways of their activation, the in vitro
experiment was performed on porcine proximal tubule cells. Both Hsf1 and HIF1
were stimulated separately by the oxygen and ATP deprivation. The ATP depletion
was able to activate Hsf1 in vitro, whereas hypoxia had no impact on its function. On
the opposite, HIF1 was activated by oxygen deprivation, yet ATP depletion could
not influence its activity. These results have shown the discrepancy between in vivo
and in vitro conditions of renal ischemia phenomenon. Meanwhile, it became
evident that ischemia-reperfusion injury influences in the same time many regulatory
pathways that may trigger gene transcription through independent mechanisms.
Whether such multiplicity is an insurance for infallibility, is to be elucidated. The
intriguing question is, whether such divergence of activation pathways serves a
certain goal, that is, whether it provides various independent tools for protection
against lethal cell damage.

The logical way to verify whether Hsf1 plays a protective role, was to inhibit it
specifically and examine the functional consequences of Hsf1 decoy. To empower
the strength of the proof, Sreedharan et al. [13] performed the investigation on
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immature cells, which by definition present with increased tolerance to stress. The
study concerned the immature renal tubules of rats at 1, 3 and 10 postnatal days of
life and renal tubules of mature animals. The first observation concerned baseline
levels of Hsf1 expression: these in immature uninjured proximal tubule cells
increased gradually from day 1 through day 3 until day 10 of postnatal life. On the
10th day, they were similar to those in mature animals subjected to 45-min ischemia.
Therefore, immature cells presented with amplified baseline heat shock response,
when compared to mature counterparts. This was, most probably, the mechanism
responsible for increased protection against anoxia.

Another step of the experiment was the Hsf1 inhibition by the means of its
incubation with cyclic oligonucleotide decoy, homologous in sequence to heat
shock element (HSE). The effect of decoy on cellular integrity was verified by the
percentage of lactate dehydrogenase (LDH) released from damaged cells, versus
non-released LDH in the cells. Before injury, baseline release of LDH was compa-
rable in immature and mature tubules (9% vs. 13%). After injury (45 min of anoxia
followed by 1 h of reoxygenation), LDH release increased in both groups, but with
evident discrepancies. Immature tubules tolerated anoxia to a greater extent (23%
LDH release) than mature cells (40%). When decoy treatment was introduced,
immature tubules have undergone damage to greater extent, yet comparable to that
of mature cells (33% vs. 40%). Moreover, the degree of damage was proportional to
the dose of decoy. Thus, in the in vitro conditions, Hsf1 undoubtedly plays a major
role in the resistance of immature tubules to anoxia, although other components are
yet to be established.

HSP expression in the course of Hsf1 induction is one of the main mechanisms by
which the cells are protected against ischemic injury. Thus, the logical consequence
was the experiment verifying the role of Hsf1 as a master regulator of stress response
in vivo. Therefore, the Hsf1 functional knockout mice (HSF-KO) and wild-type
(WT) mice have undergone bilateral ischemic renal injury [14]. Once again, the
results obtained from the in vivo experiments differed from the observations in the
above mentioned in vitro studies.

Baseline expression of Hsp70 and Hsp25, as well as serum creatinine, were
comparable in both strains. Predictably, 45 min of injury and 24 h of reflow have
triggered Hsp70 and Hsp25 overexpression in WT mice, whereas in HSF-KO mice
such response was absent. Thus, Hsf1 regulated the induction of HSP following
ischemia, but was not responsible for the control of constitutive expression of
inducible HSP. However, although ischemia and reflow elevated serum creatinine
concentration in all animals, the values in HSF-KO animals were significantly lower
than in the WT littermates. Moreover, histopathological assessment revealed no
difference in the degree of tubular injury between WT and HSF-KO mice, whereas
the medullary vascular congestion, typical for ischemic renal injury, was seen only
in WT mice. It became evident that, paradoxically, HSF-KO mice were better
protected against ischemia-reperfusion injury than the WT littermates.

In order to reveal the source of this anti-ischemic protection in HSF-KO mice, the
mononuclear cells isolated from the kidneys were analyzed by flow cytometry.
Baseline number of CD4+ and CD8+ T cells did not differ between HSF-KO and
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WT mice. After 45 min of ischemia and 1 h of reflow, the number of cells in WT
mice has doubled, whereas in HSF-KO mice has not changed. However, the latter
strain has presented with the higher amount of Foxp3+ T-regulatory cells, when
compared to WT mice, both before and after ischemia. The suppression of CD25+
Foxp3+ T cells with anti-CD25 in HSF-KO mice worsened the kidney function.
Therefore, immunomodulatory Foxp3+ cells turned out the major systemic pro-
tectors against ischemic injury, blocking the infiltration of pro-inflammatory CD4+
and CD8+ cells. The results of this study helped to understand the duality of the Hsf1
impact on cells through HSP. Inducible HSP, localized in the renal tubules, protected
them against ischemia. In the same time, they facilitated systemic pro-inflammatory
mechanisms in microvasculature and outside the tubules, acting detrimentally.

Another example of tight HSF – HSP relations was the in vitro experiment with
geldanamycin, Hsp90-binding agent (HBA) [4]. The theory behind the experiment
was that HBA releases Hsf1 from multichaperone complex, thus enabling its acti-
vation and stimulation of HSP. Indeed, in human renal adenocarcinoma cells,
pretreatment with HBA triggered upregulation of Hsp90 and Hsp70, protected the
cells from oxidative stress and reduced renal damage during ischemia-reperfusion
injury. However, for the final proof of direct Hsf1 engagement into HSP
upregulation and nephroprotection, cell transfection was needed. Transfection of
the adenocarcinoma cells with Hsf1 (short interfering) siRNA resulted in decreased
cell viability and normalization of formerly increased Hsp70. Thus, the
HBA-mediated expression of HSP turned out Hsf1-dependent.

Hsf1 activation and heat shock response also revealed the discrepancies in the
susceptibility to ischemia/reperfusion injury, related to sex differences. Hosszu et al.
[5] have tested the impact of estrogen receptors on Hsf1 activation and stress
response in human cells, as well as post-ischemic kidney function and damage in
female, male and ovariectomized female Wistar rats. First, human proximal tubular
epithelial cells were treated with 17β-estradiol, in order to verify its potential impact
on Hsf1 activity. Indeed, 17β-estradiol triggered Hsf1 production and translocation
to the nuclei of these cells. There, transcription of heat shock response genes was
activated and Hsp72 produced. Thus, the direct activation of stress response through
Hsf1 was shown. The results of this in vitro study on protective influence of
estrogens on stress response were confirmed by the in vivo results in rats. Post-
ischemic evaluation of serum creatinine showed the lowest concentrations in female
rats, when compared to male and ovariectomized animals. On the opposite, renal
damage was earlier and more pronounced in male rats, which presented with tubular
necrosis, hyalinization and interstitial lesions.

Hsf1 showed similar discrepancy regarding gender – baseline expression levels in
female rats were higher than in males, then increased by 2 and 24 h of reperfusion in
both groups, still being superior in females. Hsp72 showed similar discrepancies
concerning gender and time. The dynamics of Hsp27 changes differed slightly.
Baseline levels in females were the highest, then equalized to those in males by
2 h of reperfusion and became higher again by 24 h reperfusion. Interestingly,
Hosszu et al. [5] have also described another sex-dependent protective mechanism
against ischemia reperfusion injury. This renoprotection was maintained by Sigma-1

HSF in Kidney Diseases 379



receptor (S1R) – a highly conserved chaperone expressed in central nervous system
and peripheral tissues. The authors have identified S1R in human proximal tubular
cells and have shown that treatment with 17β-estradiol activates it by alterations in
localization. Moreover, although baseline S1R expression was comparable in
females and males, 2 h of reperfusion triggered its increase, but only in females.
However, this activation was transient and S1R returned to baseline level by the 24 h
reperfusion. Again, it was shown that ischemic conditions trigger concomitantly
various chaperones, as if the dysfunction of one protective mechanism (Hsf1) could
be compensated by the activity of an additional signaling pathway (S1R).

1.3.2 HSF in Chronic Kidney Disease

Hsf1 proved its utility as a protective factor, triggering stress response and heat
shock protein overactivity, in acute stress conditions. Thus, the logical consequence
was the question whether it can serve as a marker of chronic changes in renal tubules.
However, there are no data on such in vitro experiments or animal studies, testing the
behavior of Hsf1 in chronic kidney disease, and the data from clinical studies are
scarce. Our investigation [9] has shown the early rise of Hsf1 both in serum and urine
of children with chronic kidney disease. The added value of these results came from
the combination of serum and urine concentrations, giving the overall picture of
tubular function through the tool of fractional excretion (FE), defined as a proportion
of serum and urine concentrations of a molecule, with reference to serum and urine
creatinine values. FE revealed the compensatory abilities of renal tubules to adapt to
increased protein load in urine, but also defined the moment when these adaptive
possibilities use out and irreversible damage commences. It became evident that
Hsf1 was a more sensitive marker of chronic stress conditions in renal tubules than
other known indices of kidney injury or dysfunction, like kidney injury molecule
(KIM)-1, retinol binding protein (RBP)-4 or vitamin D binding protein (VDBP). Not
surprisingly, the results have also confirmed the sequence of events concerning the
activation of stress response. In detail, Hsf1 rise preceded the increase of Hsp27
concentration, irrespective of the analyzed notion (serum or urine). Consequently,
FE Hsf1 values have risen above those from the control group already in patients
with CKD stage 2, whereas FE Hsp27 reached that border no sooner than in patients
with CKD stage 4.

1.3.3 HSF on Chronic Hemodialysis

Propensity towards infections, immune dysfunction or impaired wound healing are
characteristic features of chronic kidney disease, aggravating in patients on chronic
hemodialysis (HD). Monocyte/macrophage population plays the main role in this
process. Reuter et al. [11] tested the function of macrophages in rats with renal
insufficiency and in patients on chronic hemodialysis. In rats, the baseline expression
of Hsp72 in sick and healthy animals was comparable. However, when stress factor
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appeared, the induction turned out insufficient. When monocytes from patients on
chronic hemodialysis were triggered by heat stress, the expression of Hsf1 mRNA
and Hsp72 mRNA/protein increased, although the response was weaker than in
healthy controls. These results were the proof for the impaired macrophage stress
response and reduced resistance of cells to apoptotic stress. Surprisingly, this
impairment was rather due to chronic kidney disease, because no difference was
observed after a single HD session.

1.3.4 HSF in Renal Cell Carcinoma

Hsf1 triggers HSP transcription in order to prevent all proteins from misfolding and
improve their survival. Thus, such protective activity covers also proteins essential
for tumorigenesis, like p53. Among HSP stimulated by Hsf1, Hsp90 seems of a
paramount importance because of its impact on the activation of hypoxia inducible
factor-1 (HIF-1). The latter is one of the main players in the oncogenesis related to
clear cell renal cell carcinoma (ccRCC). When the role of Hsf1 and HSP in various
types of cancer was analyzed, the most important question was about their prognos-
tic ability towards tumor progression and cancer-specific mortality. In the case of
ccRCC, the combination of HSP (Hsp27, Hsp60, Hsp70, Hsp90) and Hsf1 was
analyzed in patients with diagnosis of ccRCC, after radical or partial nephrectomies
[17]. Under normal conditions, proximal renal tubules expressed all tested HSP,
whereas Hsf1 prevailed in distal tubules and collecting ducts. Tumor tissues showed
expression of Hsp60, Hsp70 and Hsf1, increasing with the advancement of grades
and stages on histopathological assessment. In detail, Hsp60 and Hsp70
high expression correlated with grade and stage, whereas increased expression of
Hsf1 showed positive correlation with stage. However, only the simultaneous
overexpression of at least 3 parameters from those mentioned above, has proved
its prognostic value for long –term cancer – specific mortality. Hsp60, Hsp70, Hsp90
and Hsf1 proved the prognostic significance in univariate analysis, whereas Hsp60
and Hsp90 remained significant in multivariate analysis. Thus, Hsf1 in combination
with HSP could distinguish the group of patients with high risk of cumulative
cancer-specific mortality.

1.4 HSF Targeted Action on Specific Renal Structures

1.4.1 HSF-Podocyte Interaction

In vitro data have confirmed relations between stress response and HSF/HSP
activity. However, probably due to its ubiquitous expression in tissues, less inves-
tigation has focused on impact of HSF on particular cells/structures/proteins. One of
the examples of such direct interaction was the testing of mouse model of amyloid-
osis. Petrakis et al. [10] studied the connections between expression of various slit
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diaphragm proteins, width of podocyte foot processes (PFP), glomerular basement
membrane (GBM) thickness, the presence of mutated transthyretin (TTRV30M)
and/or amyloid deposition in the kidney, and the degree of renal damage. All above
mentioned parameters were evaluated in conditions of either hemizygocity or
homozygocity for Hsf1, showing significant differences between these two condi-
tions. The severity of changes was graded according to the absence (TTR -) or
presence (TTR +) of TTRV30M glomerular deposition by the use of anti-human
TTR immunostaining, as well as the absence (CR -) or presence (CR +) of glomer-
ular amyloid deposition by the Congo Red staining. The podocyte number was
assessed with WT1 as a specific marker. Additionally, the mean fluorescence
intensity for nephrin and podocin in the glomeruli, as well as their mRNA levels,
were assessed.

In Hsf1 hemizygous (Hsf1-M30) mice, the number of podocytes was higher than
in the homozygous littermates (M30 mice). Besides, all Hsf1-M30 mice were TTR+,
whereas M30 mice were either TTR+ or TTR -. Thus, the combination of Hsf1
hemizygocity and TTR deposition additionally increased the podocyte count.
Regarding nephrin and podocin protein content in the glomeruli, Hsf1-M30 mice
presented with lower fluorescence intensity than M30 mice. Moreover, among Hsf1-
M30 animals, TTR deposition additionally decreased nephrin and podocin levels,
whereas in M30 mice no such effect was observed. Likewise, both GBM thickness
and PFP width, aggravated along with TTR deposition and stayed independent
of amyloid deposition. Interestingly, mRNA levels of both proteins showed no
difference between Hsf1 hemizygous and homozygous mice. Therefore, Hsf1
hemizygocity alone could not modulate nephrin or podocin content at the post-
translational level. However, in the presence of TTRVM30 deposition, it turned out
a sufficient trigger of podocyte dysfunction.

1.4.2 HSF – Renal Tubule Interaction

The direct impact of Hsf1 on renal tubules was analyzed in mice during cisplatin-
induced kidney injury and in cultured renal proximal tubular cells (RPTC) under-
going apoptosis due to cisplatin treatment [7]. In mice, cisplatin induced Hsf1 and a
small heat shock protein crystallin-αB (CryAB) at the 2nd, and at the 3rd day of drug
intake, respectively. Meanwhile, there was no change in the expression of Hsp27 or
Hsp90, whereas Hsp70 presented with marginal induction at the 2nd day, which
decreased the following day. In the in vitro experiment, cisplatin in RPTC was used
for 0, 4, 8, and 24 h. Hsf1 induction was the earliest among all analyzed proteins – it
started after 4 h and continued until 24 h. CryAB rose significantly after 8 h. Hsp70
activation was minimal at that time, whereas Hsp90 did not change. Meanwhile,
cisplatin-induced apoptosis was limited during first 8 h, but concerned 45% of cells
at 24 h.

Cisplatin stimulated also the translocation of Hsf1 from the cytosol into the
nucleus, giving the final proof of its activation. The essential question was whether
the activation of Hsf1 could be of a protective manner. Thus, the Hsf1 knockdown
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cells (with the Hsf1 expression level decreased by 85%) were tested in the cisplatin
milieu. Apoptosis concerned 58% of Hsf1 knockdown cells and 33% of negative
control cells, confirming the protective and anti-apoptotic role of Hsf1. In detail,
Hsf1 knockdown cells sensitized renal tubular cells to apoptosis by the activation of
intrinsic pathways – accumulation of Bax in mitochondria, as well as release of
cytochrome c from mitochondria to the cytosol.

To further delineate the real nature of connection between Hsf1 and CryAB,
Hsf1 knockdown cells were tested for CryAB expression. Not surprisingly, the latter
was decreased. However, in the conditions of CryAB overexpression, gained by
hemagglutinin-CryAB transfection, apoptosis was significantly reduced. Therefore,
Hsf1 anti-apoptotic activity worked, at least in part, through CryAB induction.

In their most recent investigation, Lou et al. have continued the subject of
influence that Hsf1 may have on renal tubular cells, taking into account the role of
transforming growth factor (TGF)-β1-Smad 2/3 signaling pathway [8]. In detail,
Hsf1 knockdown (KD) rat kidney proximal tubular cells (RPTC) and Hsf1 negative
control (NC) cells have undergone a series of assays. First, the impact of Hsf1 on
RPTC was analyzed by testing the migration of cells 6, 12 and 24 h after the creation
of wounds on the dishes, where cells were sieved. The migration rate in Hsf1 KD
cells was higher than in Hsf1 NC cells, at any time point tested. The wound closure
rates, defined as a percentage of healing distance in relation to the width of initial
wound, were: 26% vs. 12% after 6 h, 46% vs. 32% after 12 h, and 97% vs. 87% after
24 h, in KD and NC cells, respectively. When TGF-β1 expression was analyzed in
the selected time points, it turned out weak just after wound formation, but increased
with time, especially at the edge of the wound. Moreover, the TGF-β1 fluorescence
intensity was higher in Hsf1 KD than in Hsf1 NC cells, and was accompanied by the
Smad2/3 phosphorylation – the following step of TGF-β1 signaling pathway. These
results suggested for the first time that Hsf1 inhibits migration of proximal tubular
cells, whereas TGF-β1 promotes it. Moreover, they showed that, most probably,
RPTC suppression by Hsf1 is not direct, but acts through TGF-β1-Smad 2/3
signaling pathway activation.

To confirm the nature of Hsf1 – TGF-β1 relation, the cells were treated with
TGF-β1 inhibitor (SB431542) before the wound formation. Indeed, the migration
rates diminished in both KD and NC cells, and the decrement range was more
evident in the case of Hsf1 KD counterparts (after 0-6 h: by 32% in KD cells and
by 9% in NC cells; after 6-12 h: by 30% in KD cells and by 22% in NC cells).

Furthermore, the transwell assay tested the invasive ability of RPTC to penetrate
the Matrigel Invasion Chamber. As expected, Hsf1 KD cells were more invasive
than Hsf1 NC ones, whereas TGF-β1 inhibitor diminished the invasive ability of
Hsf1 KD cells to greater extent than that of Hsf1 NC cells (by 70% and 52%,
respectively). No doubt, Hsf1 revealed its nature of tubular cell migration inhibitor,
cooperating in this field with TGF-β1. This observation is concordant with the most
recent suggestions of Hsf1 inhibition as a potential mechanism for use in next-
generation anti-cancer therapeutics [12].
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2 Future Prospects

Animal studies and in vitro experiments still predominate in the HSF-related
nephrological area. The clinical context of Hsf1 activity in humans was only
analyzed in patients with chronic kidney disease and renal cell carcinoma. Therefore,
it is high time for studies in the area of clinical nephrology, showing the vast
possibilities of HSF use in everyday practice, for example as an early marker of
ischemic injury or a protective agent against tubular damage.

3 Conclusions

HSF always play in concert with other factors, being the master regulators and
spiritus movens of their further activity. Their cooperation with other transcription
factors, HSP, other chaperones or growth factors, seems finely tuned in time and
adjusted to severity of injury. It is known that HSF act mainly through heat shock
response, but they may well cooperate with other signaling pathways and influence
selected processes through actions of other regulators.

Therefore, Hsf1 is not an individualist, but rather the element of a complex
network acting differently in various conditions, not a “single shot hero”, but a
player waiting for a “second hit” to fully visualize its power in action.
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Binary Role of Heat Shock Proteins
in Cancer Immunotherapy: A Detailed
Perspective

B. V. Sunil Kumar, Priya K. Gopal, Ankita Gurao, and Ramneek Verma

Abstract

Introduction It is a well-accepted fact that Heat Shock Proteins (HSP) have
immuno-stimulatory roles. HSP can act as self-antigens or as either adjuvants or
molecular chaperones in stimulating both the innate and adaptive immune systems.
The role of HSP as cancer vaccines is being tested with successful immunization
comprising gp96, HSP 90, and HSP 70 either bound to synthetic or natural peptides.
These chaperones stimulate the immune system involving antigen-presenting cells
leading to activation of cytotoxic T-lymphocytes and also lead to stimulation of
pro-inflammatory cytokines such as IL-1β, TNF-α, IL-12, and GM-CSF as well as
C-C chemokines such as MCP-1, MIP-1, and RANTES. In this article, the authors
have attempted to encapsulate in brief the alternative role played by HSP in
progression and mitigation of cancer, emphasizing the later one as an attribute of
their immuno-stimulatory role achieved by activation of various immune cells.

Methods The articles emphasizing the HSP’ immuno-stimulatory or immunogenic
roles in cancer were searched in PubMed by filtering last 20 year’s collection and
reviewed systematically.

Results HSP stimulate the immune system when directly used as antigens in cancer
therapy; however, it reports some adverse effects as well. The most successful design
of cancer vaccine has been the use of HSP as efficient immuno-adjuvants in complex
form with antigens specific to the cancer type. They mediate both innate as well as
adaptive immune responses, therefore are comprehensively studied for cancer
immune signaling.
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Conclusions This chapter briefly reviews the recent advancements in our under-
standing of the dual role played by HSP in cancer immunotherapy, as an immuno-
gen, and as an immuno-modulator.

Keywords Adjuvant · Diagnosis · HSP · Immune-modulation · Immunogen ·
Vaccine

Abbreviations

APC antigen presenting cells
ATP/ADP adenosine triphosphate/adenosine diphosphate
CD cluster of differentiation
CMT canine mammary tumor
DAMP damage-associated molecular patterns
GM-CSF granulocyte-macrophage colony stimulating factor
GP96/GRP94 endoplasmin/glucose-regulated protein 94
HIF hypoxia inducible factor
HLA human leukocyte antigen
HSP heat shock protein
IFN interferon
IL-12 interleukin-12
kDa kilo Dalton
LOX lysyl oxidase
MCP-1 monocyte chemoattractant protein 1
MHC major histocompatibilty complex
MIP-1 macrophage inflammatory protein-1
PAMP pathogen-associated molecular patterns
PRR pattern recognition receptor
RA rheumatoid arthritis
RANTES regulated on activation, normal T-cell expressed and secreted
SLE systemic lupus erythematosus
TLR toll like receptors
TME tumor microenvironment
TNF tumor necrosis factor
TSA/TAA tumor specific antigen/tumor associated antigen

1 Introduction

Stress is a detrimental factor in all life forms. Invariably in either of its type- biotic
and abiotic, it disturbs the minuscule balance in a living system leading to disruption
in the homeostasis. Proteins play a whole gamut of localized and global functions in
cell/tissue. Similarly, certain classes of proteins function to restore or repair other
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proteins; this includes the Heat Shock Proteins (HSP), which represent a multigene
protein family.

The HSP are molecular chaperones that are reported to be highly conserved
among living forms for a long span of evolutionary timescale [60, 104]. Apparently,
this class of protein protects cellular proteins from heat stress, and also against some
other abiotic stresses like Ca+2 excess, cold shock, UV radiation, too little or excess
of physical exertion and the defective versions of HSP associated with several
proteinopathies [27, 45, 60, 108]. The HSP, which are generally regarded as highly
conserved in all life forms, are not linked evolutionarily, making them pliable to
diverge into homologs amid various factors such as tissue-specific requirements and
accessing target [104]. In the last few decades, increased exposure to a diverse range
of abiotic stressors such as pollutants, radiations, heavy metals, etc. have undoubt-
edly ventured organisms to accumulate more stress. Therefore, leading to increased
functional load on HSP for chaperoning the proteome; further, the HSP have been
linked for their steady transformations in the course of changing spatiotemporal
environmental conditions [19, 43, 68]. This humungous demand has led to more and
more diversification of heat shock proteins.

The above discussion manifests the primary definition of HSP as any protein
displaying chaperonage activity, and their nomenclature has been done mainly based
on the molecular weights (from 8 to 150 KDa) [46]. The human genome assembly
reveals more than a hundred HSP, belonging to 17 well-described classes [46, 57]
(Table 1, Fig. 1). This vast family includes α-A crystallin, α-B crystallin, Calnexin,
Calreticulin, Gp96, Grp170, Grp78, HSC 70, HSC 74, HSP 110, HSP 27, HSP
40, HSP 47, HSP 60, HSP 70, HSP 90α, and HSP 90β. The fashion these HSP
interact with the target proteins varies; either they interact directly with the surface of
target protein, e.g., HSP70, HSP60, HSP90, and HSP110 or aggregate as complex to
evolve into a tailor-made interaction site for the target, e.g., small HSP. The cascade
of interactions of such chaperones makes the target proteins resistant to further
damages, and contrarily, the former’s elevated levels could also inhibit
apoptosis [14].

Conventionally the heat shock proteins are considered to be prime tools devised
by the living system to restore homeostasis; nevertheless, of late, researchers have
started considering their dual-sided aspects such as immunity and apoptosis, as well
[38, 58]. As for immunity, the flip side of HSP could be to promote autoimmunity,
whereas for apoptosis, they could be associated with indefinite cell division leading
to malignancy. Further, metastasis, followed by malignancy, causes an imbalance in
proteostasis (homeostasis of proteins), where chaperonage activity of HSP is again
called upon [4, 14, 101]. More critically, the HSP’ liabilities have also been
demonstrated for developing resistance to the different cancer therapies and
treatments [2].
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Table 1 Different classes of HSP [46]

S. No Protein name Gene name UniProtKB Length
Domain/
Family

1 Alpha-crystallin A CRYAA P02489 173 Alpha
crystallin/
Hsp20
domain (52–
164)

Heat shock protein beta-4 Synonyms:
CRYA1,
HSPB4

Short name: HspB4

2 Alpha-crystallin B CRYAB P02511 175 Alpha
crystallin/
Hsp20
domain (56–
164)

Alternative name(s): Synonyms:
CRYA2,
HSPB5

Alpha(B)-crystallin, Heat
shock protein beta-5,
Short name: HspB5,
Renal carcinoma antigen,
NY-REN-27, Rosenthal
fiber component

3 Calnexin Name: CANX P27824 592 Calreticulin
family (71–
440)

Alternative name(s):

IP90, Major histocompat-
ibility complex class I
antigen-binding protein
p88, p90

4. Calreticulin Name: CALR P27797 417 Calreticulin
family (23–
257, 259–
332)

Alternative name(s):
CRP55, Calregulin, Endo-
plasmic reticulum resident
protein 60, Short name:
ERp60, HACBP, grp60

Synonyms:
CRTC

5 Gp96 HSP 90B1 P14625 803 HSP90 family
(257–773)Alternative name(s): Synonyms:

GRP94, TRA1Endoplasmin, 94 kDa
glucose-regulated protein,
Short name: GRP-94,
Heat shock protein
90 kDa beta member
1, Tumor rejection anti-
gen 1, gp96 homolog

6 Grp170 Name: HYOU1 Q9Y4L1 999 HSP70 family
(36–632)Alternative name(s): Synonyms:

GRP170,
ORP150

Hypoxia up-regulated
protein 1, 150 kDa
oxygen-regulated protein
(ORP-150), 170 kDa
glucose-regulated protein
(GRP-170)

7 Grp78 Name: HSP A5 P11021 654 HSP70 family
(30–635)Alternative name(s): Synonyms:

GRP781Endoplasmic reticulum
chaperone BiP, 78 kDa

(continued)
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Table 1 (continued)

S. No Protein name Gene name UniProtKB Length
Domain/
Family

glucose-regulated protein
(GRP-78), Binding-
immunoglobulin protein
(BiP1), Heat shock pro-
tein 70 family protein
(HSP70 family protein),
Heat shock protein family
A member, Immunoglob-
ulin heavy chain-binding
protein

8 Hsc70 HSP A8 P11142 646 HSP70 family
(6–612)Alternative name(s): Synonyms:

HSC 70, HSP
73, HSP A10

Heat shock cognate
71 kDa protein Heat
shock 70 kDa protein 8

Lipopolysaccharide-asso-
ciated protein 1 (LAP-1,
LPS-associated protein 1)

9 Hsc74 HSP A9 P38646 679 HSP70 family
(55–652)Stress-70 protein,

mitochondrial
Synonyms:
GRP75, HSP
A9B, mt-HSP
70

Alternative name(s):

75 kDa glucose-regulated
protein (GRP-75)

Heat shock 70 kDa pro-
tein 9

Mortalin (MOT)

Peptide-binding protein
74

(PBP74)

10. HSP1 HSP E1 P61604 102 Cpn 10 family
(9–100)10 kDa heat shock pro-

tein, mitochondrial

Short name:

Hsp10

Alternative name(s):

10 kDa chaperonin

Chaperonin 10

Short name:

CPN10

Early-pregnancy factor

Short name:

EPF

(continued)
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Table 1 (continued)

S. No Protein name Gene name UniProtKB Length
Domain/
Family

11 Hsp110 HSP H1 Q92598 858 HSP70 family
(3–704)Alternative name(s): Synonyms: HSP

105, HSP
110, KIAA0201

Heat shock protein
105 kDa

Antigen NY-CO-25

Heat shock 110 kDa
protein

12 Hsp27 HSPB1 P04792 205 HSP20
domain (88–
183)

Heat shock protein beta-1 Synonyms: HSP
27, HSP 28(HspB1), 28 kDa heat

shock protein, Estrogen-
regulated 24 kDa protein,
Heat shock 27 kDa
protein

(HSP 27), Stress-
responsive protein
27 (SRP27)

13 Hsp40 DNAJB1 P25685 340 DnaJ_C
domain (4–
65; 164–323)

Alternative name(s): Synonyms:
DNA J1, HDJ1,
HSP F1

DnaJ homolog subfamily
B member 1, DnaJ protein
homolog 1, Heat shock
40 kDa protein
1 (HSP40), Heat shock
protein 40, Human DnaJ
protein 1 (hDj-1)

14 Hsp47 SERPINH1 P50454 418 Serpin domain
(48–409)Alternative name(s): Synonyms:

CBP1, CBP2,
HSP
47, SERPINH2

Serpin H1 ORF names:
PIG1447 kDa heat shock protein

Arsenic-transactivated
protein 3 (AsTP3)

Cell proliferation-
inducing gene 14 protein

Collagen-binding protein
(Colligin)

Rheumatoid arthritis-
related antigen RA-A47

15 Hsp60 HSP D1 P10809 573 Cpn60_TCP1
domain (47–
546)

Alternative name(s): Synonyms: HSP
6060 kDa chaperonin

Chaperonin 60 (CPN60),

(continued)
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1.1 HSP Expression in Different Types of Cancers

Till date, more than 100 types of cancers have been characterized in human beings.
The correlation of different HSP’ expression with various types of cancer involves a
complex set of events (Fig. 1) (https://www.cancer.gov/types; [46]). Moreover, the
progression of cancer accumulates at every stage, de-novo molecular milieu, which
further multiplexes the interactome [20]. A cascade of molecular and physiological
events occurs during tumorigenesis, and at every cascade, there are some showstop-
pers or leading receptors/ enzymes/ growth factors with their clientship to one or
more class of HSP (Fig. 1). These HSP prevent oppression of growth signals during
tumorigenesis by their tendency to bring out proteostasis [14]. Similarly, some HSP
viz. the small HSP, HSP 70, and HSP 90 have also been reported to chaperone
mutated P53 [78], channelizing them towards maintaining the lifespan of cancer
cells. It could also be contemplated that HSP have a regulatory affair with telome-
rase. Reports on yeast chaperones have concluded that the hsp82p (the gene
encoding HSP 90) promotes the binding of telomerase with DNA complex [98]
and thereby preventing apoptosis.

Narrowing down the discussion of tumor biology to the next hierarchy, the TME
(tumor microenvironment) has been argued for its essential role in tumor progression
[103]. HSP have also been demonstrated for their essential role in the maintenance of
the tumor microenvironment; otherwise, the tumor growth would be suppressed
[33]. Metastasis involves angiogenesis; HSP90 has been indirectly shown to pro-
mote angiogenesis by chaperoning the factors involved in sensing the hypoxic tumor
niche (HIFs) [44]. Another prospect of HSP involvement in TME is very obvious
that any deviation from the normal physiological state in the cellular environment
demands HSP to come into action and respond to the stress [51].

At the mechanistic level, participation of HSP at different stages is, therefore, a
part and parcel of their chaperonage activity. But when considering all the different
types of cancers characterized in human beings, the entire set of HSP responds
individually in various fashion. In the last two decades (1999 onwards), there has
been 353% increase in the research publications linking HSP with cancer (PubMed
repository) than the earlier two decades (1979–1998), leading to an enormous data
demonstrating HSP expression in various cancer types [86]. Table 2 summarizes
HSP’ expression in various types of cancer.

Table 1 (continued)

S. No Protein name Gene name UniProtKB Length
Domain/
Family

Heat shock protein
60 (HSP-60)

HuCHA60

Mitochondrial matrix
protein P1

P60 lymphocyte protein
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Fig. 1 The interactome complex elucidating interaction of various tumor specific/associated
proteins with 15 representative members from heat shock proteins’ family constructed using
online tool- STRING 11.0 (https://string-db.org/). Sky blue lines ( ) indicate the interactions
derived from curated databases, magenta lines ( ) indicate the interactions that are experimentally
determined, green lines ( ) indicate interactions predicted using gene neighbor-hood method, navy
blue lines ( ) indicate interactions predicted using gene co-occurance, apple green lines ( ) indicate
predicted interactions by text mining, and violet lines ( ) indicate interactions predicted using
protein homology. The proteins studied in STRING interactome are as follows, SCGB2A2-
Mammaglobin-A; SCGB2A1- Mammaglobin-B; CANX- Calnexin; HSPB1- Heat shock protein
beta-1; DNAJB1- DnaJ homolog subfamily B member 1;MMP13- Collagenase 3; TP53- Cellular
tumor antigen p53; ERBB2- Receptor tyrosine-protein kinase erbB-2; HSPA9- Stress-70 protein;
HSP90B1- Endoplasmin; MMP3- Stromelysin-1; HSPH1- Heat shock protein 105; CALR-
Calreticulin; HSPA5–78 kDa glucose-regulated protein; MMP9- Matrix metalloproteinase-9;
HSPA14- Heat shock 70 kDa protein 14; MUC4- Mucin-4; TFAM- Transcription factor A;
HSPA8- Heat shock cognate 71 kDa protein; CRYAB- Alpha-crystallin B chain; SERPINH1-
Serpin H1; HYOU1- Hypoxia up-regulated protein 1; CRYA1- Alpha-crystallin A chain
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1.2 HSP as Immunogens

The interactome of extracellular HSP and the immune system is too complicated.
The HSP have quintessential roles in the regulation of the immune system. This
makes them dominant antigens and promising candidates/components of antitumor
vaccines [16]. HSP carry the fingerprint of each cancer cell type expressing them
during disease state [76]. Therefore, the use of HSP-based vaccines helps to circum-
navigate the need to identify specific antigens for an individual type of tumor. This
type of vaccine protocol has been evaluated in various types of cancers like gastro-
intestinal cancers, melanoma, pancreatic cancers, lymphoma, renal cell carcinoma,
and so on [74].

Several patterns of HSP’ role in generating immune response has been addressed
to. One pattern explains HSP as classical antigens [23, 49, 74]. Hence being foreign,
HSP can elicit cellular and antibody-mediated immune effects [52]. HSP are
believed to be highly conserved; however, species-specific differences occur in the
corresponding HSP, which are read as foreign epitopes by the body’s immune
system [63, 70]. In another pattern, it is exemplified that the immune response
could be directed to epitopes of self HSP [53]. HSP have been highlighted more
profoundly as critical antigens in both autoimmune diseases as well as in autoim-
munity experimental models [28]. HSP 70 and HSP 90 have been implicated in
around 50% of patients with systemic lupus erythematosus (SLE) [66, 67]. Some
early studies carried out in rheumatoid arthritis (RA) suggest that a T-cell response to
HSP 65 was recognized when presented by HLA-DP [29, 47]. In a separate study set,
HSP 70 has been reported explicitly over-expressed in tumor tissues such as various
squamous cell carcinomas of the head and neck, prostate carcinoma, sarcomas,
haematological malignancies and so on [31, 69]. HSP 70 alone is reported to bring
about the maturation of dendritic cells, activate the all immunological functions of
Natural killer cells, IFN-γ secretion, and also lead to both pro and anti-inflammatory
cytokines [88]. Pre-activated natural killer cells recognize membrane-bound HSP
70, which serves as tumor-specific antigen [35].

In several cancer types like prostate carcinoma, osteosarcoma, gastric, liver, lung,
and breast cancer, HSP, especially HSP 27, are related to poor prognosis and

Table 2 HSP expression in various types of cancer

Chaperone/
HSP Upregulation Downregulation

HSP27 Human breast cancer [3], Rectal cancer [99], Hepa-
tocellular carcinoma [59], ovarian cancer [75]

-NA-

HSP60 Cervial cancer [40], Prostate cancer ([34, 25]), Breast
cancer [42, 25, 37], Ductal carcinoma [25], Ovarian
cancer [25]

Bladder cancer [55], Hepa-
tocellular carcinoma [59]

HSP70 T-cell lymphoma [87], Breast Cancer [82], Colorec-
tal cancer [39], Lung Cancer [61], Oral cancer [48]

Cholangiocarcinoma [13]

HSP90 Breast cancer ([22, 77]), Pancreatic cancer [54],
Colon carcinoma (Drecoll)

-NA-
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treatment outcomes. Particularly in the breast cancer microenvironment, a high
concentration of HSP 27 has been reported, which correlates with the expression
of IL-10, IL-6, and TNF-α [24]. Elevated levels of HSP 27 have been reported to
promote carcinogenesis by inducing cytoprotection, multidrug resistance, suppres-
sion of apoptotic protein, and up-regulation of MAPK pathway proteins
[36, 102]. HSP 27 has also been reported to be upregulated in canine mammary
tumors (CMT) and has been implicated in CMT diagnosis and prognosis [12] and
thus could be targeted for CMT immunotherapy.

The role of HSP as antigen alone has been limited, as in some of the studies, it
was shown that crude HSP antigens led to autoimmune disorders in those cases
[106]. Also, the most successful and elaborately studied vaccine design for cancer
therapy is the use of HSP as adjuvant or mini-chaperons. This use of HSP based
vaccines has proven to reduce the cytotoxic effects in cancer patients compared to
radiotherapy or chemotherapy as it is highly targeted and specific.

1.3 Immuno-Modulatory Role of HSP

HSP have been tested as cancer vaccines, apart from acting as antigens eliciting an
immune response. These molecular chaperones can also act as immuno-modulators/
adjuvants to stimulate the immunogenicity of the client proteins, which they bind
covalently or non-covalently [21, 92]. Usually, these client proteins bind with the
HSP with low affinity and low specificity [11]. Various peptides/fragments of
antigens are associated with different types of HSP. These client proteins include
those derived from virus-infected cells or bacterial proteins, tumor antigens, and
alloantigens from MHC-mismatched cells [11, 17, 72, 79, 80]. HSP not only
stimulate the innate immune response but can also present antigens to antigen-
presenting cells (APCs), thereby inducing a specific acquired immune response
[93]. Native HSP isolated from any organism indeed carries client polypeptides of
the source organism and thus, can elicit immune response against that particular
polypeptide. The development of autologous cancer vaccines relies on this principle
of HSP binding. [21].

Initially, HSP were not considered as PAMPs but were thought to be danger-
associated molecular patterns (DAMPs) [6, 21], that serve as alternative ligands for
PRRs and signal non-infectious cellular damage, and aid in activating the innate
immune response [9, 21]. However, now, it is evident that HSP can be actively
secreted into the extracellular environment by tumor cells or those affected by viral
infections [95]. These HSP have been reported to elicit non-specific secretion of
cytokines from cells of the mammalian innate immune system, thereby up-regulating
co-stimulatory molecules to activate APC like the dendritic cells [7, 15].
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1.3.1 Microbial HSP as Immuno-Modulators

Microbial HSP like Mycobaterial HSP 70 [26] has also been reported to possess
immuno-modulatory properties. Cytokine production in monocytes is enthused by
Mycobacterial HSP 70, which interacts with TLR2 and TLR4 in a CD14-dependent
manner [56]. The bacterial chaperone HSP 70 is found to stimulate the production of
IL-12p40 and TNF-α in human beings by binding to CCR5 and CD40 on human
dendritic cells [105]. In the past, a complex of Mycobacterial HSP 70 and influenza-
A virus nucleoprotein has been reported to elicit viral peptide-specific T-cell
response in mice without any added adjuvant [83]. Mycobacterial recombinant
HSP 70, when complexed with p24 of HIV-1, has been found to elicit humoral
and cellular immune responses against the virus [96]. Pneumococcal rDnaJ (rHSP
40) has also been shown to activate TLR4 pathway leading to induction of dendritic
cell maturation and possess adjuvant like property [107]. Recently, we have found
that recombinant Brucella HSP40, when co-immunized with Brucella rOmp22,
elicits CMI to a greater extent and may act as an immune-modulator
[65]. Co-immunization of rOmp22 with Brucella rDnaJ (HSP 40) resulted in the
up-regulation of IL-12 mRNA expression and an increase in serum IgG2a levels.

1.3.2 Eukaryotic HSP as Immuno-Modulators

Eukaryotic HSP have been found to modulate the adaptive immune response against
tumor specific/associated antigens (TSA/TAA). HSP often interact with their client
antigens, when TSA/TAA is a client protein for an HSP, the adaptive immune
response is elicited [93]. HSP 70 has a binding pocket for the client proteins,
ATP/ADP, upon interaction with the chaperone, brings about a change in the
conformation of HSP 70 which ultimately exposes its binding pocket for interaction
with the associated peptides [21, 84]. HSP 90, on the other hand, exists as a
homodimer, and the peptide binding cleft is located between the two sub-units,
which also functions in conjugation with smaller co-chaperones in an ATP/ADP
dependent manner [21, 81]. The HSP complexed exogenous peptides may enter the
MHC I pathway and prime CD8+ T cells because of their ability to cross-present
before the APCs [41, 71]. HSP 90 is involved in the cytosolic pathway of antigen
cross-presentation wherein the peptide first gets internalized in the cell through
receptors like Scavenger receptor-A, Scavenger receptor-F1, stabilin-1, LOX-1,
and then gets trafficked to the cytosol and enters the classical MHC I pathway
[41, 71]. It seems that different involvement of various receptors for selective
internalization may account for better immunogenicity of various HSP, and the
nature of the HSP-complexed peptides and APC type determines the pathway of
antigen cross-presentation [10, 21, 97].

Although several prophylactic strategies have been adapted to prevent various
infectious diseases successfully, immunological approaches for cancer therapy have
been reticent. The tumor cells are altered self cells, which can evade the host immune
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response, and they elicit a feeble immune response. Attaching ‘danger signals’ to the
tumor antigens may enhance their antigen presentation capability. HSP, when
complexed with such antigens, may boost up both the innate and adaptive immune
response against the antigen [85]. These complexes enter the MHC class I or II
pathway through specific TLR or scavenger receptors [93].

There has been a keen interest in the last few decades toward harnessing the
immuno-modulatory and adjuvant properties of HSP for formulating prophylactic
and therapeutic vaccines against virus-induced human cancer. The efficacy of human
HSP 70 as an effective immune adjuvant has been assessed in the past for the
development of a therapeutic protein vaccine against human papilloma virus-
induced cervical cancer in women. An optimized E7 protein of HPV16 was linked
to human HSP 70 and used as a therapeutic vaccine. The construct proved to induce
a robost E7-specific CD8+ T cell immune response and exhibited a significant
therapeutic effect against E7-expressing tumor cells [109].

1.3.3 HSP Activate Dendritic Cells

The binary (antigen and adjuvant) roles of HSP are exploited in the development of
anti-tumor vaccines. Apart from activation of dendritic cells, some HSP are also
involved in secretion of the pro-inflammatory cytokines viz. interleukin (IL)-12 and
tumor necrosis factor (TNF)-α, and chemokines [5, 62, 85, 100]. Maturation of
APCs has also been reported to be induced by CD14, TLR-2, or TLR-4 mediated
internalization of HSP 70 [1]. The endoplasmic reticulum paralog of HSP
90 (Grp96), on the other hand, up-regulates MHC-II and CD86 surface expression
and induces IL-6, IL-1, TNF-a, and IL-12 secretion thereby leading to activation of
dendritic cells [1, 90]. It is understood that dendritic cells orchestrate both innate and
adaptive immunity. Thus, HSP may induce antigen-specific T-cell responses by
activating dendritic cells.

1.3.4 HSP Activate Natural Killer Cells

Another sub-set of cells that mediate anti-tumor response is the natural killer cells
(NK cells), which have a vital role in innate immunity as well as cytokine produc-
tion. They tend to kill infected and tumor cells, as well. Some HSP boost up NK cell
activity also, thereby enhancing the latter’s tumor regressing/rejection activity
[50]. CD94/NKG2A is an inhibitory receptor expressed on NK cells that diminish
their activity. Human histocompatibility leukocyte antigen (HLA) can interact with
the CD94/NKG2A receptors of NK cells. During oxidative stress, HSP 60 signal
peptide interacts with HLA-E and hinder CD94/NKG2A recognition, thereby
enhancing NK cell’s ability to detect and act upon stressed cells, including tumor
cells [64]. NK cells also mediate their role of killing cells through secretion of
perforin, which disintegrates the target cell membrane inducing apoptosis. It has
been suggested that gp96 peptide complexes are required for perforin dependent
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sustained NK cell activation and clonal expansion of CTLs [94]. HSP 70, when
expressed on the tumor cell membrane, has also been reported to stimulate the
migratory and cytolytic activity of NK cells and induces apoptosis of tumor
cells [30].

1.3.5 HSP to Act Well during Oxidative Stress

Interestingly, it has been observed that the immunogenicity of HSP-based vaccines
is increased following oxidative stress [8, 88]. The reason behind those mentioned
above may be that, the expression and quantity of immunogenic peptides differ in
stressed and non-stressed cells. Moreover, immunogenic peptides are better
chaperoned by stress-inducible HSP than their constitutively expressed counterparts.
It is also reported that immunity against HSP-chaperoned peptides is tumor specific
and the protective immunity is mediated only against autologous tumors, not the
allogeneic ones [88, 91]. Moreover, HSP–peptide complexes from healthy sources
are incompetent in stimulating T cell-mediated immunity [88].

It is worth mentioning here that the anti-tumor specific immunity of HSP-peptide
complexes is highly dose-dependent. While low doses were found to be effective, a
higher dose of these complexes turned out to be ineffective or even immunosup-
pressive. It induced immune tolerance through TLR2 and TLR4 mediated signaling
[18]. With the knowledge of immuno-modulatory properties of HSP, these chaper-
ones have widely been used in the treatment of cancers. In preclinical studies, in-situ
induction of HSP70 expression (at the tumor site) has been reported to have a
significant therapeutic potential [32, 73, 89] as well.

2 Conclusions

In conclusion, it could be assumed that various HSP have antigenic as well as
immunomodulating effects. They are able to bind to a variety of client proteins
and elicit immune response against the interacting proteins in a specific manner. In
the future, multimodality anti-tumor therapy based on HSP in combination with
radio, chemo, and/ or hyperthermia therapy could be a treatment option for further
clinical trials.
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The Role of Heat Shock Proteins
in Reproductive Functions

Ayman Abdel-Aziz Swelum, Nesrein M. Hashem, Ahmed I. Abo-Ahmed,
Mohamed E. Abd El-Hack, and Mohamed Abdo

Abstract

Introduction Heat shock response (HSR) pathway is a highly conserved cellular
process. Heat shock factor 1 (HSF1) is a master transcriptional regulator responsible
for expression of several important heat shock proteins (HSPs), which can effec-
tively protect critical client proteins from misfolding and degradation, thus
maintaining intracellular integrity under stressed conditions. Recent studies have
demonstrated the direct connections between HSR players and tumor cell survival,
validating HSR players as novel molecular targets in anticancer treatment. Small
molecule screening has produced some promising HSR inhibitors for anticancer
treatment. In this article, we will be summarizing the main findings from HSR
inhibitors on recent clinical and preclinical studies.

Methods The authors reviewed all the relevant papers of HSR inhibitors with an
emphasis on human and animal studies.
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Results More than 18 unique chemical identities have been discovered with con-
firmed inhibition of HSR pathway. Among them, two natural products and their
derivatives are currently in various phases of clinical studies. Detailed works are
required to define the exact mechanisms of actions (MOA) for these compounds.

Conclusions Many hurdles in clinical application still need to be effectively
addressed, such as undesirable drug toxicity and off target effects; narrow therapeu-
tic window; poor pharmacokinetic/pharmacodynamic (PK/PD) profiles, etc. Recent
reports on synergistic drug combination, advanced prodrug design, smart nanopar-
ticle packaging, and ribonucleic acid (RNA) aptamer selection offer promising
solutions to overcome these challenges. Future advancements in this fast-growing
area can potentially lead to the next-generation cancer therapeutics.

Keywords Fertility · Heat shock proteins · Oocyte · Reproduction · Sperm

Abbreviations

ART assisted reproductive technology
CD Cluster of differentiation
CDC Cell division control
DCs Dendritic cells
DNA Deoxyribonucleic acid
HbA1c glycated hemoglobin
HELLP H (hemolysis), EL (elevated liver enzymes), LP (low platelet count).
HSF Heat shock factor
HSFY Heat shock transcription factor Y linked
HSPs Heat shock proteins
HSR Heat shock response
ICSI intracytoplasmic sperm injection
IVF in vitro fertilization
LOX Lectin-like oxidized low-density lipoprotein receptor
MOA Mechanisms of actions
NK natural killer
NO Nitric oxide
NOS Nitric oxide synthase
PK/PD Pharmacokinetic/pharmacodynamic
RNA Ribonucleic acid
ROS Reactive oxygen species
Th T helper
TNF Tumor necrosis factor
VDAC2 Voltage-dependent anion-selective channel protein 2
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1 Introduction

Heat shock proteins (HSPs) having molecular mass range from 15 to 110 kDa are
known as one of the major molecular chaperone proteins in eukaryotic cells. In
mammals, the HSPs are commonly divided according to their molecular weight into
the HSP100 (HSPH), HSP90 (HSPC), HSP70 (HSPA), HSP60 (HSPD), HSP40 and
HSP27 (HSPB) families. They are present in the cytosol and different cellular
components including mitochondria, endoplasmic reticulum, and nucleus, although
their expression levels exhibit cell-type-specific patterns. The well-investigated
HSPs in mammals are those with molecular masses of 60, 70, 90, and 110 kDa
[20]. However, HSPs have been known for first time as stress-related proteins, strong
evidence now refers to its protective role even under non-pathological/stressful
conditions. The expression level of HSPs in cells is changed when the cell exposure
to different stresses such as hyperthermia, hypothermia, hypoxia, hyperoxia, oxida-
tive stress, viral infection and energy depletion [20, 42]. Generally, HSPs have a
protective function, in that they allow maintenance of cellular homeostasis under
stressful/lethal cellular conditions, mainly by conferring maintenance of cellular
protein homeostasis (prevention of proteins aggregation, contribution to protein
folding and refolding, recognition of non-native protein conformation, transmeins,
fixing damaged and/or defective proteins and targeting misfolded proteins)
[35]. Heat shock response (HSR) pathway is a highly conserved cellular process.
Heat shock factor 1 (HSF1) is a master transcriptional regulator responsible for
expression of several important HSPs, which can effectively protect critical client
proteins from misfolding and degradation, thus maintaining intracellular integrity
under stressed conditions. Recent studies have demonstrated the direct connections
between HSR players and tumor cell survival, validating HSR players as novel
molecular targets in anticancer treatment. Small molecule screening has produced
some promising HSR inhibitors for anticancer treatment. Therefore, this article
aimed to summarize the main findings from HSR inhibitors on recent clinical and
preclinical studies.

2 The Role of Heat Shock Proteins (HSPs) in Male
Reproductive Functions

2.1 HSPs Overview and Expression in Male Reproductive
System

In males, HSPs are expressed throughout the testicular germ cells, Sertoli cells and
along of the male reproductive tract, indicating their pivotal role in maintaining male
reproductive functions. Several studies have shown the pivotal role of HSPs as
functional and structural candidates required to fulfill the reproductive function in
male (Table 1). Both large and small molecular weights HSPs have been isolated
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from different male reproductive organs. HSPs have been identified in the surface of
sperm cell membrane of bull, boar, mouse, rat, and human. Of HSPs, HSP70 family
members seem to be one of the major molecules of the sperm cell membrane surface
related to different sperm functions as capacitation, fertilization and motility [13]. In
testis, testis specific HSP70 isomers (HSP70-2 and HSC70T) were described for first
time in mice spermatogenic cells, later their homologues HSPA2 was discovered in
human testis). Besides HSPA2, two others human HSPs known as HSPA1L and
HSPH3 are also expressed in the human testis. In mice, HSP70-2 has been shown to
be essential for the completion of male germ cells meiotic division. Also, small
molecular weights HSPs are expressed in the testis. For example, HSP9 is expressed
in spermatogonia, spermatocytes, and round spermatids. Other small molecular,
cysteine-rich HSPS, known as HSPB10 or outer dense fiber protein 1 with a 27kD
protein is expressed in the pseudostratified columnar epithelium of epididymis [45],
and serves as structural component in the sperm tail [46]. Overall, expression
of different HSPs throughout the male reproductive system indicates their critical
roles in maintaining male reproductive functions under unstressed and stressed
conditions.

2.2 Heat Shock Proteins and Spermatogenesis

Spermatogenesis is one of the essential functions of the testis. The completion of this
process depends on occurrence of a series chain of mitotic and meiotic divisions
of germ cells, spermatocytogenesis, which is followed by cell metamorphose

Table 1 Expression of HSP70 throughout the human reproductive organs/cells and their putative
roles

Organ/cell

Reproductive organ/cell

Testis Epididymis
Vas
deferens Sperm

Site of
expression

Spermatogenic cells
Sertoli cells
Leydig cell

Principal and cili-
ated
Cells
Macrophage local-
ized cells

Basal cells Cytoplasm
Nucleus
Mitochondria
Sperm surface

Putative
function/
role

Spermatogenesis
Steroidogenesis
Protection against thermal
and oxidative stresses

Sperm maturation
Protection against
sperm autoantigens

No
information

Capacitation
Sperm-ova rec-
ognition
Sperm-zona
pellucida
interaction

Reference Ji et al. [16] Xun et al. [45]
Légaré et al. [21]

Légaré
et al. [21]

Hiyama et al.
[13]
Dun et al. [7]
Neuer et al. [30]
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transformation of spermatid into mature sperm cell, spermiogenesis. The spermato-
genesis process is a very complex biological process that needs precision control;
thus, it is expected that HSPs and their regulators (heat shock factors, HSF) are
crucial client proteins for the progression of this process. Disruption of HSPs has
been linked to incompetence in spermatogenesis, sperm maturation and fertilization
[7]. For example, heat shock transcription factor Y linked (HSFY) deletion causes a
severe alteration in spermatogenesis. Also, HSPC1 or HSPA2 knock-out results in
lack of post-meiotic germ cell, arrest T vacuolization and lack of post-meiotic,
leading to complete infertility [3, 16]. In human, lack of HSPH3 expression has
been related to defects in spermatogenesis, suggesting that this chaperone has a
unique role during germ cell differentiation.

Many studies have shown that HSPA, belonging to HSP70, HSP60 and HSP90
families, are of the most important HSPs for spermatogenesis process in many
mammalian species [7, 12]. In human testis, HSPA2 (HSP70) is expressed in meiotic
spermatocytes, and being prominent during elongating spermatids and mature sperm
cells [16]. During spermatogenesis process, HSPA2 is required for cell division
control (CDC2) to form a heterodimer with cyclin B1 which is necessary for
the progression of meiosis in the germ cells of male mice [8]. In spermatid cells,
HSPA2 possess a new function as it can act as a chaperone of spermatid-specific
deoxyribonucleic acid (DNA) packaging transition proteins (transition proteins 1, 2,
and 4) [12]. Also, HSPA8, a HSP70 member, has been identified during late stages
of spermiogenesis and is responsible for the phosphorylation of the histones H1,
H2A, H2AX and H3. Phosphorylation of such proteins may be important for DNA
packaging and chromatin compaction, as indicated by reduced sperm numbers,
impaired DNA condensation, abnormal sperm morphology and motility in Tssk6
gene-disrupted male mice (reviewed by [7]). Similarly, HSP90 is required for
completion of spermatogenesis, particularly the differentiation of spermatid into
mature sperm cell, Jha et al. [15] confirmed the critical role of HSP90 in stabilization
and activation of the testis-specific serine/threonine family of protein kinases that are
related to male fertility and highly expressed in spermatid cells.

Expression of some HSPs seems to be more specific during spermatogenesis
process, for example, in human, HSPD1 (HSP60) contribute to spermatocytogenesis
but not to spermiogenesis, also it is important chaperone for sperm capacitation and
sperm-zona pellucid interaction [7].

Small HSPs such as HSPB1 (HSP27) is also expressed in human testes, espe-
cially in cytoplasm of Sertoli cells and germ cells possessing mitotic activity
(spermatogonia and spermatocytes) but not in sperm cells. HSPB1 has the ability
to serve as a cytoplasmic protein assembly machinery that generates further proteins
needed for divisions which explains its highly expression levels in germ cell during
mitotic division. In human, testes with maturation arrest have reduced expression
levels of HSPB1, indicating its association with development of male germ cell
Also, expression of the HSPB1 in spermatids has been associated with histologic
onset of maturation to the stage of sperm, since HSP27 can regulate microfilament
organization in sperm tail [3, 16].
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In addition to the role of HSPs, different HSFs also responsible for maintaining
proper spermatogenesis by controlling expression levels of HSPs [43]. Under
non-stress circumstances, HSFs (HSF1 and HSF2) are normally expressed in
spermatocytes and spermatids which are characterized by extensive chromatin
remodeling in order to regulate expression of different HSPs [16]. Under stress
circumstances, activation of HSF1, HSFs, can adversely affect spermatogenesis by
acting as a proapoptotic factor in spermatogenic cells [43]. Overall, HSPs family/
isomer, HSPs expression level, time of HSPs expression and HSPs location are
highly varied during spermatogenesis process and are specie-dependent (Table 2).
Further studies are required in this field to increase our knowledge regarding the role
of these proteins in spermatogenesis.

2.3 Heat Shock Proteins and Sperm Functions

Sperm cell has unique structure and possesses different structural and functional
changes in order to deliver the male genetic content to ova in right time, which
require the action of chaperone proteins such as HSPs. Several studies have shown
the role of HSPs in the progression and maintenance of sperm physical traits and
sperm function during normal fertilization [13, 31] or after exposure of sperm cell to
different environmental challenges (thermal stress or freezing) [6, 19, 47]. In both
bovine [18] and boar [37] spermatozoa, the re-localization and redistribution of
HSP70 from the acrosomal area to the equatorial segment and post-acrosomal
regions during induced capacitation and acrosome reaction suggests a potential
role of these molecules during fertilization. Among different mammalian species,
HSPA8 facilitates the ability of sperm cells to bind to oviductal epithelial cells, and
decreases sperm mitochondrial activity that are linked to enhanced in vitro fertiliza-
tion (IVF) outcomes. These effects have been mainly related to the ability of HSPA8
to repair membrane damage of sperm cells by modulating cholesterol/phospholipid
ratio in sperm cell membrane, conferring adequate stability and fluidity for sperm
cell membrane [26]. Also, HSP90 has been found localized in the sperm tail of many
mammalian species and seems to play a role in mediating sperm fertility [32].

Interestingly, sperm cells can express HSPs pre- or post-ejaculation, indicating
their role in regulating all sperm functions in both male and female reproductive
tract. For example, Hiyama et al. [13] reported that HSP70 can bind to the sperm
surface by interacting with voltage-dependent anion-selective channel protein
2 (VDAC2), which leads to activation of sperm motility. This binding appears to
play an important role in sperm migration within the oviduct as vaginal infusion of
anti-HSP70 antibody can dramatically inhibit fertilization in vivo. Recently, HSPA8
has been suggested to play role in human sperm–egg recognition [31]. Both HSPD1
and HSPE1 chaperones appear in the sperm cell membrane surface during capaci-
tation process and sperm-zona pellucid interaction [41].

Under stress conditions, low levels of HSP70 expression by sperm cells after
freeze-thawing process has been related to low sperm cell membrane integrity and
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retarded sperm motility [47]. On the other hand, sperm cells resistance to cryopres-
ervation might be strengthened by the increased expression levels of HSP70 [6, 19]
or HSP90 [42]. HSP90 could protect sperm from oxidative damage and improve
sperm quality after freezing–thawing through direct resistance to reactive oxygen
species (ROS) or activation of nitric oxide synthase (NOS) to produce nitric oxide
(NO) that can eliminate free radical molecules. In addition, HSP90 might contribute
to changes during repair that occur in protamine–DNA complexes and in structural
damage to chromatin as observed during boar sperm cryopreservation [11].

2.4 Male Sub-fertility

Studies in the field of male infertility have shown a relationship between expression
patterns of HSPs/HSFs throughout the reproductive system and emergence of
physiological, pathological and microbial infertility factors. Taking varicocele case
as an example, over expression of HSPA4, HSF1 and HSF2 were observed in the
sperm of men with varicocele (dilatation of veins along the spermatic cord) and
oligozoospermia, while high expression levels of HSP90 and HSFY were observed
in oligozoospermia cases, independent of varicocele, and in cases with varicocele
and normozoospermia, respectively [10], thus varicocele is correlated with different
degrees of infertility. In chryptochid men, expression levels of HSP70 was higher in
epididymis and vas deferens than normal men, supposing the epididymal protective
role of HSP70 [21]. Thus, among different studies, HSPs/HSFs expressions in
subfertile/infertile cases have been related either to their protective role or
apoptotic-inducing role [9, 16]. These contradictory assumptions could be explained
by the multi-biological function of HSPs; Apoptosis occurred during spermatogen-
esis was controlled by HSPs to ensure an enough quantity of germ cells, matching
the helpful power of Sertoli cells and eliminating the diseased sperm cells. In some
patients suffering from varicocele or other detrimental situations, the protective
effects made by HSPs/HSFs thrive to counteract the adverse factors and conse-
quently maintain fertility. On the other hand, some members of HSps family can
activate the apoptosis pathway in order to control the quality of germ cells. Over-
expression of HSPs/HSFs, such as HSPA and HSF1, excessively activated the
apoptosis pathway in germ cells. Consequently, male germ cells underwent massive
apoptosis and therefore impaired male fertility [40]. Taken together, HSPs seem to
have a vital impact on sperm quality. HSPs/HSFs are essential for spermatogenesis,
which can promote the normal germ cells survival and inhibit apoptosis under
physiological or pathological conditions. On the other hand, HSPs/HSFs may
activate apoptosis pathway to eliminate the abnormal germ cells [16].

Interestingly, HSPs can contribute immunologically to male infertility; Naaby-
Hansen and Herr [29] showed an association between genital tract infection, immu-
nity to HSP70 and reproductive failure. This researcher and his co-worker reported
that some HSP chaperones on the surface of human sperm share epitopes with
Chlamydia trachomatis HSP70, which allows molecular cross-reactivity between
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HSP70-like antigens from Chlamydia trachomatis and human sperm, leading to
antibody-mediated blockade of gamete interaction.

3 The Role of Heat Shock Proteins (HSPs) in Female
Reproductive Functions

3.1 Oogenesis and Female Fertility

Heat shock proteins support cells to remain alive with adverse environmental
conditions by inhibition denaturation of protein. So, the physiological and patho-
logical abilities for heat shock proteins are enormous. HSPS affect the all point of
reproduction [30]. They are considered among the first proteins produced during
development of mammalian embryo. Powerful oogenesis represents the main fun-
damental step preceding embryo development, important expression patterns and
functions for HSPS have considered during these processes. Several types of HSPS;
HSP90 is an abundant, constitutively expressed chaperone consisting around 1–2%
of total cellular protein under non-stress conditions. Two main cytoplasmic isoforms
of HSP90 present: HSP90α and HSP90β, which may arose by gene duplication
roughly 500 million years ago [1]. The isoform specificity is limited not only to the
biochemical level, but holding the functional role of HSP90 in cell differentiation
and development. On the other hand, HSP90α has been confirmed to perform a
regulatory role in muscle cell differentiation of zebrafish, while it is shown to prevent
cellular differentiation of embryonic carcinoma cells to trophectoderm. HSP90β
plays a major service in trophoblast differentiation, and HSP90β-deficient homozy-
gous mice with normal expression of HSP90α be unsuccessful to form placental
labyrinths [1]. Over and above, expression of HSP90β is discovered throughout the
germ cell lineage from too early stages of development until adult oocytes. Studies
have reported that HSP90β may be required for early embryonic development
[2]. Experiments from the lab confirmed that HSP90β is expressed in the ovary
and amply in the oocytes and the early embryo. Heat shock proteins represent the
main products which are created following gene transcription initiation inside the
fertilized zygote. As soon as blastocyst phase begin, induction of HSP70 made by
the stress induction. The ovarian follicles developments are finished before birth.
These follicles still fertile while the female accomplish maturation, and thus, the
ordinary menstrual cycle elicit only one follicle. Autophagy shows to be involved
both in protect the viability of oocytes during embryogenesis and in the interval
between birth and puberty [30]. In all probability, HSP70 induction inside the ovary
as a result of infection, inflammation, oxidative stress, exposure to an environmental
toxin down-regulates autophagy and that way will increases susceptibility to pre-
mature ovarian failure. In a mouse example, it is shown that expression of anti-hsp60
and anti-hsp70 antibodies growth inhibiting effect at unique developmental stages of
embryos. A continuous infection with unknown bacteria could induce the production
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of antibodies to HSPs. Hyperthermia and other environmental stress considered a
critical factor for female germ line. HSP expression appears to play an integral role
during oogenesis in mammals; the preservation of HSP expression in evolutionary
organisms shores the hypothesis of the fundamental role of HSP during development
of germ cell. HSPs are found, for example, in ovarian nurse cells of Drosophila
where they are subsequently moved to the oocyte, in mammalian oocytes HSP
occurs for heat induction that is adjusted by the specific stage of oocyte develop-
ment. In mouse oocytes, the heat shock reaction is utmosted during the growth phase
of the oocyte and turn down with completed oocyte and follicle differentiation. Thus,
the ability of mouse oocytes to persist a hard heat shock response is highest during
early follicular growth and disappears prior to ovulation. Furthermore, growing
oocytes spontaneously clear high levels of HSP70 and HSP90. HSP70 is present
at huge levels in the preovulatory oocyte, later, its synthesis holds shortly after
germinal vesicle breakdown, which is undetectable inside released ovulated oocyte
at the time of fertilization. After meiosis, HSP70 synthesis masked completely. This
is interesting to remind, because it is known that mammalian oocytes are very heat
sensitive. Since fully developed oocytes are unable to express the heat inducible
HSP70, this could clarify why mammalian oocytes offer an atypical and degenerate
characteristic after exposure to hyperthermic stress. The anomalies covered
multinuclear eggs, and first polar body oversize. In vitro, high temperature reduced
the number of oocytes following second metaphase as well as it minimized the ratio
of conception; therefore, HSPs play indispensable role throughout the ovulation
stage. The ovulation is fundamental characters of an inflammatory response; HSPS
have an essential function in the concept of ovulation and the conservation of the
metabolic action following ovulation and existence of the ovum. Successful com-
pletion of the fertilization procedures and the beginning of the first mitotic division
signal the starting of embryonic development. Characteristic aspects of expression of
HSPS are exactly correlated to main procedures during the pre-implantation stage;
HSP70 starts to be expressed alongside the initiation of embryonic genome effec-
tiveness up to the blastocyst phase. Common feature of early stages of mammalian
embryonic development is a shortage of stimulated HSP production which caused by
the embryonic gene transcription deprivation. When the transcription recommences,
most HSPS are induced by stress. At the 8-cell stage, the mouse embryo does not
synthesize inducible HSP, although after heat shock, it synthesizes high level of
cognate HSP70, when an eight-cell stage nucleus is conveyed into a one-cell embryo
cytoplast. One-cell stage embryo does not create any HSP70 in the first hours
following the manipulation. However, the reconstructed embryos produce both the
cognate HSP70 and the inducible HSP70 at the exact time in relation to the
development of the recipient cytoplast.

HSPs are immune-dominant antigens of many bacterial pathogens, such as
Chlamydia trachomatis, which are considered as the chief reasons of tubal infertility.
Mammals with fertility complications had a former infection in the genital tract, have
developed sensitivity to microbial HSP, and a continuous with asymptomatic infec-
tion may excite the immune system to microbial HSP epitopes. Antibodies to either
human or bacterial HSPs are found in great concentrations in sera and fluid of hydro-

416 A. A.-A. Swelum et al.



salpinx of various mammals with IVF. Stress-inducible HSP70 has been recognized
promptly earlier during the blastocyst stage. Interestingly, the stresses accompanying
early embryonic development and differentiation stages leading to stimulation of
HSP70 to enable optimal protein activity. Autophagy has been discovered earlier at
4 h after fertilization of oocyte by sperm in order to eliminate any spermatogenic
mitochondria which could be present in the cytoplasm of the fertilized ovum and to
prevent any ovum macro-molecules which may interfere with development
[44]. Autophagy induction discovered in pregnancy was found to encourage the
propagation and action of regulatory T lymphocytes which might decrease the extent
of anti-fetal immune reaction [30]. While embryonic development progresses, activ-
ity of autophagy restrained throughout the morula and blastocyst phases and the
boosted creation of HSP70 during this time proposes decreasing the level of
autophagy. Autophagy and HSP70 induction have contrasting reactions with
HSP70 being prevailing. HSP70 induction was revealed to inhibit the autophagy
both in-vitro and in-vivo. HSPs were found to be considerably expressed by
embryos, during gametogenesis, and in differentiation and stem cell models, and
were found to be tissue and stage-dependent. That is why HSPs were needed for their
chaperone activity in developmental pathways, which are thought to be more
demanding for protein homeostasis. Throughout the female embryonic develop-
ment, oogonia start meiotic division at embryonic day 13.5 and the ova stopped at
prophase I till the accomplishment of their growth. HSF1 ova display numerous
deviances from this process. Firstly, the germinal vesicle is disrupted followed by
resumption of meiosis upon physiological hormonal stimulation during delay of the
estrus cycle. HSF1 ova also undergo a partial stopover in Metaphase I. HSP90a is the
main HSP expressed by fully grown ova and strikingly down-regulated by lack of
HSF1 [1].

HSP70 and HSP60, play a great role throughout oogenesis. Development of
pre-implantation stage embryo calls HSP support. Monoclonal antibodies formed
against heat shock proteins inhibit in vitro development of bovine and mouse
embryos. Presence of antibodies for heat shock proteins is directly linked with
women infertility undergoing IVF. Affections of the cilia of fallopian tube by
bacteria gains immune reactions to preserved sites of the microbial HSP60 which
are also expressed on the homologous human HSP60. All of the above impedes with
fertilization rate either natural or IVF. The HSP70 also exists in amniotic fluid for the
modulation of immune responses [44]. Amniotic fluid supports the fetus defenses
against microorganisms invading the amniotic cavity as well as inhibits stimulation
of a forceful pro-inflammatory immune reaction that might trigger the premature
parturition and ejection of the embryo. Latest studies have involved the inducible
HSP70 as supporting phase in intra-amniotic immune responses. Extraembryonic
membranes of the fetus were accelerated to show obvious HSP70 subsequent to
insinuation to lipopolysaccharide, a constituent of the gram-negative bacterial cell
wall [25]. The density of HSP70 in the amniotic fluid is directly interrelated with the
level of the pro-inflammatory cytokine, tumor necrosis factor-α (TNF-α) in the
amniotic fluid proposing that HSP70 stimulates TNF-α or HSP70 is stimulated as
a result of an intra-amniotic pro-inflammatory immune reaction [44].
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3.2 Pregnancy and Parturition

HSPs are pervasive, highly conserved molecules, and intracellular proteins with
molecular chaperone plus cytoprotective importance. The principal complexes of the
HSPS70 family are HSPS72 activated during cell stress, and HSPS73 which is
fundamentally expressed in all cells. Both of them have identical amino acid chain
and implicated in protein translocation from the cytosol to the mitochondria and
endoplasmic reticulum; and in folding of protein throughout and next to synthesis.
During non-stressful circumstances, expressed elements of each HSP family are
present in most organelles such as the cytoplasm, nucleus, mitochondria and endo-
plasmic reticulum. Interaction of HSPS70 family with peptides and proteins displays
a critical function in cell and organ existence. HSPS are activated in reply to cellular
stresses involving chemicals, physical damage, nutritional deprivation, ischemia,
viral infections, oxidative stress, heat shock and ultraviolet radiation. HSPS70
(HSPA1A) is found in the peripheral blood circulation of healthy pregnant and
non-pregnant mammals. During normal pregnancy, deficiency of circulating
HSPS70 level is obvious, and shows a direct relationship with age of pregnancy
while an inverse relationship with age of the mother. Ability of extracellular HSPS70
to induce inherent and adaptive pro-inflammatory T helper type 1 (Th-type1)
immune reactions may be hurtful in gestation and might produce refusal of the
fetus by the mother. Lowered circulating HSPS70 level results in maintenance of
immunological attitude to the fetus; conversely, increased circulating HSPS70 levels
might increase the risk of gestation complications. Higher HSPS70 concentration in
normal pregnancy may also influence the beginning of parturition. During preg-
nancy toxemia, HSPS70 levels in the blood are sharply elevated, and might predis-
pose to oxidation stress, systematic inflammation and hepatocellular damage.
Moreover, serum HSPS70 ratios are considerably increased in patients with hemo-
lysis, low platelet count (HELLP syndrome) and higher liver enzymes than in
patients with severe preeclampsia [2]. In HELLP syndrome “A combination of the
breakdown of red blood cells (hemolysis; the H in the acronym), elevated liver
enzymes (EL), and low platelet count (LP)”, higher serum HSPS70 level denotes
tissue injury and severity of the disease. Greater circulating HSPS70 level may not
only be an indicator of these illnesses, but may also participate in their pathogenesis
[28]. Extracellular HSPS70 originated from exhausted, damaged, and necrotic cells
evolve a pro-inflammatory (Th1) immune response that involved in development of
systemic inflammatory reaction of the mother. Thus, damage of endothelial tissue
occurred in HELLP and syndrome preeclampsia. Circulating HSPS70 standard
supreme in pre-term delivery high-risk mammals, and represent useful signs for
estimating the therapeutic effects of treatment for pre-term parturition. Furthermore,
elevated serum HSPS70 levels detected in asthmatic gravid mammals considered a
link line in the pathogenesis of asthmatic inflammation and gynecological/prenatal
problems [2].
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3.2.1 Heat Shock Proteins in Normal Pregnancy

HSPS70 levels are safely lesser in normal pregnancy than in lack of pregnancy. The
fetus considered a semi-allograft, its main antigens of histocompatibility complex
are obtained from the father. Numerous theories have been engaged for preservation
of immunological lenience to the embryo. During normal gestation, the immune
response of the mother is designated for humoral immunity, while cell-mediated
immunity (cytotoxic) is restrained. Extracellular HSPS70 may be eliminated by
innate immune mechanisms in response to tolerogenic changes of the immune
system during physiological pregnancy. The ability of extracellular HSPS70 to
extract innate and adaptive pro-inflammatory immune responses including the
diversion of dendritic cells (DCs, antigen-presenting cells) from tolerogenic to
immunogenic and the energizing of the cytolytic action of natural killer (NK) cells
and γ/δ T cells might be hurtful in gestation period, and might manage the maternal
immune repudiation of the fetus. Furthermore, exosomes exist in the sera as well as
inside the amniotic fluid of pregnant mammals had been assumed to be a barrier
against maternal immune system. It is Interesting that, exosomes within amniotic
fluid have recently been explained to contain HSPS70 [28]. Extracellular HSPS70
may be detached by innate immune reactions during normal gestation as a result of
tolerogenic alterations of the immune system. Lowered serum HSPS70 level
enhances maintaining the immunological tolerance to the fetus [28].

3.2.2 Heat Shock Proteins in Preeclampsia and Abortion

Preeclampsia, is recognized by proteinuria and hypertension activating after middle
of gestation, and considered serious complexity of pregnancy with a global occur-
rence. Although, powerful research attempts, the causes and pathogenesis of pre-
eclampsia are not completely comprehended. Systemic inflammatory response of
mother to the gestation with oxidative stress and endothelial impairment play a
critical role in the pathogenicity of this illness. Intracellular expression of HSPS70
can be created by induction of inflammatory cytokines, reactive oxygen species,
ischemia and hemodynamic stress (acute hypertension). The pathogenesis of pre-
eclampsia is systemic oxidative stress, excessive maternal systemic inflammatory
response, placental ischemia and hemodynamic stress [2, 38]. In-vitro ischemia –

reperfusion injury, an example for oxidative stress in preeclampsia, HSPS70 level
was elevated in tissues of the placenta. Furthermore, apoptosis triggered by hypoxia
was associated with elevated expression of HSPS70 in trophoblast cells. Undoubt-
edly, a notable up-regulation of HSPS70 was obvious in mRNA and in protein level
of tissues of placenta of mammals affected by vascular illness. Acute hypertension
encouraged HSPS70 gene expression in rat aorta. Moreover, in hypertensive
humans, heat stress promoted HSPS70 expression in a greater level in the lympho-
cytes of peripheral blood in comparison to normal humans. However, HSPS70 are
discharged not only from intact cells by active mechanisms, but also it may be
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released from necrotic or damaged cells in a passive method. Apoptosis has been
engaged in both preeclampsia and labor. In the apoptotic pathway, HSPs inhibit cell
death commenced with stress-triggered injury. For instance, HSP70 prevent creation
of caspase 3 and 9. Therefore, it is likely that HSP70 controls the degree of
apoptosis. Released HSPs, containing HSP70, can participate in immune surveil-
lance. They can hold antigens and react with receptors on antigen displaying cells.
HSP70 bind and stimulate the mammals’ monocytes, preventing the excretion of
inflammatory cytokines, for example TNF-a, IL-1b, IL-6 and IL-10. HSP70 is
cleared in the placenta with a spatial manner. Changes in HSP70 expression hap-
pened during parturition and preeclampsia but with variable regions in the placenta.
Extracellular HSP70 originated from necrotic, damaged and stressed cells can
potentiate the innate and adaptive pro-inflammatory (Th1) immunological reactions.
The systemic inflammatory reaction of the mother, which is responsible for the
symptoms of preeclampsia, includes activation and an increased number of leuko-
cytes (granulocytes and monocytes) with creation of pro-inflammatory cytokines
resulting in activation of the immune system as well as the secretion of acute phase
proteins. Sera HSPS70 could be engaged in developing the systemic inflammatory
reaction of the pregnant mother in preeclampsia. Higher serum HSPS70 levels have
been detected accompanying the inflammatory responses in many pathological
illnesses, such as post-liver resection and coronary artery bypass grafting, acute
infections, and next myocardial infarction [2].

3.2.3 Heat Shock Proteins in Parturition and Dystocia

Preterm delivery, is defined as delivery before completing the full period of gesta-
tion. It is a principal problem of obstetrics among all mammals causing perinatal
morbidity and mortality. Many factors engaged in the causes and pathogenesis of
obstetrical complication; all induce HSPS70 expression. Infection of the amniotic
fluid, term parturition and histologic chorioamnionitis have recently been revealed to
be linked with increased levels of HSPS70 in the amniotic fluid. Existence of serum
anti-Hsp60 and anti-HSP70 antibodies and production of HSP60 and HSP70
immune complexes within the placental tissues were related with preterm birth as
well as exploring the expression of HSP60, HSP70, and HSP90 in tissues of decidua
and placenta. Both intracellular expression and extracellular standards of HSPS70, in
addition to immunological reactivity towards this protein, have been accelerated in
preterm delivery and predisposing conditions. Vaginal HSPS70 was linked with
bacterial vaginosis as a result of abnormal microflora of the vagina which may elicit
secretion of nitric oxide for minimizing the pathological consequences of this
alteration. Furthermore, amniochorionic membranes fundamentally express
HSPS70 mRNA in human, and the bacterial lipopolysaccharide strikingly promoted
HSPS70 gene transcription in the extraembryonic fetal membranes. HSPS70 was
produced from cells in amniotic fluid at mid-trimester as a result of stimulation of
Toll-like receptor 2, and exogenous HSPS70 encouraged TNF-α release by cells of
amniotic fluid. Circulating HSPS70 in other pregnancy complications are believed to
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play a critical role in the commencement and modulation of the asthmatic immune
reaction and the conservation of chronic bronchial inflammation in asthma. Further-
more, serum HSPS70 concentrations are elevated and assemble with glycated
hemoglobin (HbA1c) levels in mammals with gestational diabetes mellitus, oxida-
tive stress and inflammation. Distinctive characters of diabetes mellitus have been
proposed to cause an increase in serum HSPS70 levels in these disorders. Hyper-
glycemia is an additional cause to be accountable for elevation in circulating
HSPS70 levels in pregnant mammals with pre-gestational diabetes. Surely, serum
HSPS70 levels matched with the alterations in serum glucose levels in diabetic
ketoacidosis, pointing out that hyperglycemia may reinforce the production of
HSPS70 from hepato-splanchnic organs. Extracellular HSPS70 originated from
necrotic, damaged and stressed cells might act as an intercellular stress signaling
molecule, denoting an inherited risk signal of a non-physiological circumstances, as
damage or cellular stress, to provoke adaptive and innate pro-inflammatory immune
reactions. Extracellular HSPS70 work by uniting with surface receptors (CD14,
CD36, CD40, CD91, LOX-1, and Toll-like receptors 2 and 4) on antigen-exhibiting
cells, inducing their pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) and
chemokine secretion, in addition to costimulatory molecule expression.

4 Role of Heat Shock Proteins During Assisted
Reproductive Technology (ART)

Heat shock proteins could be classified into diverse categories according to their
molecular weight measured in kDa rather than by their function. There are 27, 60,
70 and 90 kDa HSPs. In reproductive performance, the HSP60 and HSP70 families
are the extremely essential ones, possessing two main roles as a molecular chaperone
and reacting to cell stress for instance temperature alterations, bacterial and viral
infection, heavy metals, as well as free oxygen radical [30].

Heat shock proteins are autonomously upregulated not only in response to heat
shock but also possess fundamental roles during juvenile stages or embryonic
development of mammals, teleost fish and some lower vertebrates. HSP27 appears
to be released during stress and during the development of embryo, mid and hind-
brain, somites, lens and heart in zebrafish [23]. Small HSPs are proteins of
low-molecular weight present in all species studied to date. Almost all small HSPs
are considered molecular chaperones. Besides the chaperone activity of several
proteins, they also have other specific roles during development as they are
expressed in specific spatiotemporal manners during juvenile and/or embryonic
stages.
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4.1 Role of Heat Shock Proteins During In-Vitro Embryo
Production

Assisted reproductive technology comprises medical techniques used principally to
address infertility problems. It includes measures such as intracytoplasmic sperm
injection (ICSI), in-vitro fertilization (IVF), and cryopreservation of gametes or
embryos.

During in-vitro fertilization, the ova are fertilized and cultured in-vitro for several
days before the freshly formed embryos being transmitted into the uterus. These
treatments increase the oxidation stress for the gametes and induce production of
heat shock proteins. More importantly, HSPs have fundamental roles during
embryogenesis. Besides the chaperone activity of HSPs involved in assisting protein
folding and assembly as well as acting as stabilizer of damaged proteins, recently the
capability to prevent apoptosis has become a novel function as this might participate
in their defensive effects on cells [33]. Though the machinery is not clear, recent
evidence suggests an essential role of HSPs in in-vitro fertilization and early
embryonic development [22, 30].

It has been reported that HSP70 is found on the acrosomal cap of bull sperma-
tozoa and re-localized to the equator during the sperm capacitation and acrosomal
reaction [17]. This suggests that HSP70 not only acts as stress protector but also has
a specific importance with other extracellular proteins during sperm-oocyte interac-
tion in IVF.

Deprivation of culture medium from HSPs during IVF culture systems deterio-
rates the embryonic growth and morphology. Surprisingly, in the existence of HSPs
antibodies, the zygotes became shrunk, degenerated and their growth was arrested.
Morphological examination of these IVF embryos showed uneven sized and
degenerated blastomeres as well as several cellular fragments within the zona
pellucida similar to apoptotic cells [24, 30]. Supplementation of the culture medium
with monoclonal antibodies to hsp60 or hsp70 inhibits the mouse embryonic devel-
opment in-vitro and the fertilization presumably by reducing sperm-joining with the
zona pellucida or sperm membrane fusion with oolemma possibly by binding with
receptors on the zona pellucida, embryonic cell membrane or cell membrane of
oviduct. Moreover, HSP70 in bull spermatozoa might perform an important role in
post-fertilization processes as a stress protector during early cleavages stages.
Consequently, there is a great tendency that the stresses concomitant with early
embryonic development and differentiation induce the production of hsp70 to enable
ideal protein activity. Further studies have demonstrated that HSP70 expression
during embryonic development correlates with resistance to apoptosis as a result
of stress in blastoderm of poultry [4]. Mouse embryos cultured in-vitro had greater
levels of hsp70 than in-vivo ones [39]. Taken together, all of these studies suggest
that HSPs play essential roles in differentiation, fertilization and protective roles
against apoptosis during early embryonic development and IVF.

Some functions of HSP70 include folding, unfolding, transportation of proteins,
differentiation and controlling the embryonic cell cycle [5]; thus, HSP70 plays a
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protective role during embryogenesis. The HSP70 is the most prevalent gene during
the early two-cells to the blastocyst stage of embryo. The HSPs production is
extremely induced during one- or two-cells stage until blastocyst stage by heat stress
[22]. Therefore, HSPA14 gene, the major inducible heat shock gene, is secreted by
embryonic cells for protecting the embryos from cellular stress. High temperatures,
oxygen stress, and free radicals deteriorates embryonic viability and morphogenesis
during early embryonic development. The HSPA14 evoked thermotolerance against
variable stressors and helps to conserve the cell functions by performing the role of
molecular chaperones for stabilizing and/or refolding proteins damaged by heat
stress, and by hindering apoptotic pathway [34].

HSPA2 is a testis-enriched 70 kDa HSP that stimulates the folding, transporta-
tion, and assemblage of protein complexes and had been directly associated with
successful IVF. Moreover, decreased expression of HSPA2 in the human sperm
proteome causes a diminished capability for cumulus substance dispersion, sperm-
egg perception and fertilization subsequent to both IVF and ICSI [31].

In conclusion, HSPs play an essential or indispensable role in mammalian
fertilization, sperm-oocyte interaction and embryonic development. Besides, they
also have protective roles against cellular apoptosis since their inhibition caused
cellular fragmentation, shrinkage and decline in development of blastocyst that
might be intermediated by intensified cellular death.

4.2 Role of Heat Shock Proteins During Cryopreservation
of Semen, Oocytes and Embryos

Cryopreservation of semen is widely used as it enables hereditary improvement of
valuable species and restraining the prevalence of sexually transmitted diseases.
However, thawing process caused variable kind of stress for cryopreserved sperma-
tozoa by deteriorating their movement, plasma membrane integrity and survivabil-
ity. Therefore, heat shock proteins are produced for repairing those impaired proteins
and hinder the aggregates from misfolded proteins elicited by many stresses.

Cryopreservation of gametes or embryos alters the functional status of many
proteins associated with cellular metabolism, membrane, structure and apoptosis.
Moreover, the cryoprotectants influence the sperm membrane permeability which
reduces the osmotic volume of the sperm cell cytoplasm. These changes, altogether
affect the biological processes, structural integrity, and function of sperms or
oocytes, eventually decreasing their fertilizing capability. The survivability of
sperms following freezing-thawing procedure relies on their plasma or cell mem-
brane as it is the most fundamental and the principal locus of cryodamage [36].

HSP70 might preserve the protein integrity, stabilize the unfolded proteins before
the assemblage into macromolecular complexes, and contribute in transmission of
proteins through the intracellular membranes. It has an essential role as a marker for
thermotolerance and as a molecular chaperone that participates in repairing and

The Role of Heat Shock Proteins in Reproductive Functions 423



aiding in protein synthesis. The expression level of HSP70 gene might be strikingly
related to the quality of the sperms, especially on their capacitation efficiency. Its
expression level gradually decreases in spermatozoa subsequent to the freezing-
thawing process, and could be correlated with sperm movement and acrosomal
sturdiness.

A recent study stated that expression of HSP70 gene in bull spermatozoa was
considerable at 37 �C for 30 s and at 60 �C for 6 s with p < 0.05 with less capacitated
sperms. Furthermore, as the temperature exceeds 37 �C, protein denaturation will
begin to occur and ultimately leads to the disintegration of this protein [27]. Expres-
sion levels of HSPs were elevated in sperms with superior cryotolerance and were
considerably reduced in sperms with lesser cryotolerance. It was assumed that lower
concentrations of HSPA8, an extremely conserved member of HSP70 family, in
cryopreservation medium result in reduced post-thawing sperm survivability, while
greater concentrations enhance the integrity of plasma membrane [14].

Inhibition of apoptosis by HSPs helps to maintain the cell survival during
cryopreservation. HSPs can control the intrinsic apoptotic (mitochondrial-
dependent) pathway and the extrinsic apoptotic (death receptor-mediated) pathway.
Therefore, it is proposed that thawing of cryopreserved semen at 37 �C for 30 s, can
help the HSPs to properly act as a molecular chaperon and inhibit cellular apoptosis.

The efficacy of oocyte cryopreservation in some species remains low due to high
sensitivity to low temperature and low membrane permeability. Cryopreservation
might cause DNA damage in the oocyte and embryos and this could be one of the
reasons for reduced developmental capacity of cryopreserved oocytes or embryos.

In conclusion, HSPs are released in response to cryopreservation-triggered stress
for thermotolerance and to maintain cellular integrity and repair damaged proteins.
Moreover, they have a pivotal role in inhibiting apoptosis during exposure to cellular
stress.

5 Conclusions

Many hurdles in clinical application still need to be effectively addressed, such as
undesirable drug toxicity and off target effects; narrow therapeutic window; poor
PK/PD profiles, etc. Recent reports on synergistic drug combination, advanced
prodrug design, smart nanoparticle packaging, and RNA aptamer selection offer
promising solutions to overcome these challenges. Future advancements in this fast-
growing area can potentially lead to the next-generation cancer therapeutics.
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Heat Shock Proteins 70 in Cellular Stress:
Fight or Flight

Mohamed M. A. Hussein, Islam M. Saadeldin, and Mona M. Ahmed

Abstract

Introduction Heat shock proteins (Hsp) are a family of proteins and the major
chaperons of the cells. Hsp70 assists in folding and correct misfolded protein,
improve the cellular transportation of proteins, reducing toxic proteins aggregation
and act as a buffering system against cellular stressors either extrinsic or intrinsic
stimuli.

Methods A literature-based collection of articles in the available search engines
(PubMed and Google Scholar).

Results We show the critical roles of Hsp70 in balancing cell survival through
corrections of misfolded proteins that are associated with apoptosis and toxicological
effects on the cells.

Conclusion Hsp70 is a cornerstone not only for chaperones but also for several
essential functions of the cells and further investigations are required for developing
therapeutic agents targeting this critical molecule.
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Abbreviations

AIF Apoptosis-inducing factor
Apaf1 Apoptosis protease activating factor-1
APC Antigen-presenting cell
Ask-1 Apoptosis signal regulatory kinase -1
BAD Bcl-2 associated death promoter protein
CARD Caspase recruitment domain
CD Cluster of differentiation
CTL Cytotoxic T-cell
Cytc Cytochrome c
DC Dendritic cell
DISC Death inducing signaling complex
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
FADP Fas-associated death domain protein
GM-CSF Granulocyte-macrophage colony-stimulating factor
GPI Glycosyl phosphatidylinositol
GRP Glucose regulatory protein
HSBP Heat shock binding protein
HSF Heat shock factor
HSP Heat shock protein
IKK-β Inhibitor of nuclear factor kappa-B kinase subunit beta
IRS-1 Insulin receptor substrate -1
JAK Janus kinase
JNK c-Jun N-terminal kinase
LBs Lewy bodies
LIF Leukemia inhibitory factor
MAPK Mitogen-activated protein kinase
MCP Monocyte chemoattractant protein
MDscs Myeloid-derived suppressor cells
MHC Major histocompatibility cell
MIP Macrophage inflammatory protein
MKK4 Mitogen-activated protein kinase -4
MOMP Mitochondrial outer membrane permeabilization
MyD88 Myeloid differentiation primary response
NEF Nucleotide exchange factor
NF-IL6 Nuclear factor interleukin-6
NF-kB Nuclear factor kappa light chain enhancer of activated B cells
PD Parkinson’s disease
PKC Protein kinase -c
STAT Signal transducer and activator transcription
TLR Toll-like receptor
TNF Tumor necrotic factor
α Syn Alfa synuclein

430 M. M. A. Hussein et al.



1 Introduction

In eukaryotic cells, the heat shock proteins (Hsps) represent one of the very impor-
tant molecular chaperones. The discovery of Hsps in response to different stressful
conditions including cancer cell and cystic fibrosis made them a target point of
research in medical an biological studies due to their different functions in both
physiological and pathological status.Hsps are expressed in unstressed cells with a
level of 1–2% of total proteins indicate their role in the homeostasis of cells [93]. The
chaperone function of Hsps concerns the folding and corrects the misfolded proteins
[7]. The nomenclature was owed to their higher expression following hyperthermia
[34]. Interestingly, Hsps are induced in response to other stressful stimuli such as
heavy metals, hypoxia, starvation, and oxidative stress. The level of Hsps may rise to
>15% in response to different stimuli [75]. The backbone of their classification
depends on their molecular weight which are high-molecular-mass Hsps (�100kD),
Hsp90), Hsp70, Hsp 60, Hsp 40, and small Hsps (�34kD) [27, 67]. Hsp70 expres-
sion is present in a constitutive and inducible form which activated by stressful
conditions [33]. Hsp70and Hsp90 genes are among the earlier embryonic genes to be
induced and confirm the dual effect of Hsp in both normal and stressful cells [87].

2 Location and Functions of Hsps

Hsps are located in either extracellular or intracellular where the main location in
prokaryotic is cytosol meanwhile, in eukaryotic cells their presence in the cytosol,
nuclei, mitochondria, and chloroplasts [44]. Moreover, Hsps initiate immunological
responses through their binding of antigenic peptides to the extracellular plasma
membrane of malignant cells or microbial infected cells [24, 54]. Hsps trigger both
adaptive and innate immune responses which make them a good target for cancer
therapy [16, 71].

2.1 The Chaperone Function of Hsps

The chaperone functions of Hsps involved protein folding and correct misfolded
proteins [25], the decay of proteins and polypeptides [63], the transmission of
proteins to different cell compartments [14] and antigen-presenting processes [72].

Accumulation of unfolded proteins in stressful cells elicits Hsps expression
through participating in heat shock factor (HSF)-1. The cytoplasmic HSF-1 is kept
inactive form and binds with Hsp90 (Fig. 1). The aggregation of misfolded protein
triggers the dissociation of HSF-1 fromHSF1-Hsp90 complex with adenosine tri-
phosphate hydrolysis (ATP) forming trimers, which are phosphorylated to nucleus
and bind to heat shock elements (HSE) inducing Hsp70, Hsp40 and small Hsp
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release [49, 65]. However, different stimuli may allow Hsp27 phosphorylation
(P) and reorganize into low-molecular-weight dimers or oligomers that bind
misfolded proteins. Upon return to favorable conditions, the misfolded or unfolded
proteins are refolded either spontaneously or with the assistance of Hsp70 and Hsp60
[45].

When the chaperones cannot repair the misfolded protein, they target the abnor-
mal protein for degradation by the ubiquitin (Ubq)-proteasome pathway or by
lysosome-mediated autophagy. These quality control mechanisms of proteostasis
prevent the accumulation of misfolded proteins that would lead to aggregation and
accumulation in the form of inclusions composed of amyloid fibrils [9].

2.2 Role of Hsps in Immunity

The dual immune responses of Hsps relay on the Hsp-antigen-presenting cell (APC)
interaction. The binding of the Hsp-peptide complex and CD91 receptor elicits
specific CD8+ and CD4+ T lymphocyte replay [93]. The direct interaction of Hsps
with CD40, CD36 induces cytokines, chemokines expression with the maturation of
dendritic cell (DC).

3 Factors Participate in Hsps Induction

3.1 HSF Family

There are 4 types of HSFs (HSF1–4) have been characterized as activators for Hsps
induction in response to various stimuli. The release of Hsps in response to hyper-
thermia relays on HSF1 and HSF3 activation. Meanwhile, HSF2 and HSF4 are
included in Hsp induction in normal cells and various biological processes [2]. The
main connection between HSF-1and p53 activity relays on the ability of HSF1 to
interact with a stress-responsive activator of p300 (Strap) which controls DNA
damage through its regulation on p53 activity. Moreover, strap increases histone
acetylation in the Hsps gene through its histone acetylation activity [91].

3.2 STAT1

The expression pattern of Hsp70 and Hsp90 in mice lacking HSF1 is analogous to
wild-type cells showed a defect in HSE after heat stress exposure [88]. These results
suspect that other factors may replace HSF1abscence and allow Hsp70 and Hsp90
release under normal and abnormal growth conditions. These factors include signal
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transducers and activators of transcription (STAT1, STAT3) and nuclear factor
interleukin-6 (NF-IL6) [79].

STATs are a group of transcription factors that allow intracellular signaling at
cytokine cell receptors to be transferred to the nucleus. They located in the cytoplasm
that activated and transmitted to the nucleus after phosphorylation of tyrosine and
serine residues on their C-terminal domains by Janus kinases (JAKs) and mitogen-
activated protein kinase (MAPK) families, respectively. The main activator for
STAT1 is Interferon- γ (IFN- γ) while interleukin-6 (IL-6) family members activate
STAT3 [31]. Moreover, STAT1 involved in apoptotic cascade through its acting as a
coactivator for p53 [82].

Once, STAT1 activated by (IFN-γ), the activities of Hsp70 and HSP90 are
enhanced and these effects were absent in the STAT1-deficient cell line confirmed
the direct link between HSP expression and STAT1 [77]. The synergetic role of
IFN-γ/STAT1 and HSF1 via a protein-protein interaction on Hsps expression was
confirmed through their ability to bind in the same region in Hsp-70/Hsp-90 pro-
moters [78].

3.3 STAT3

There is an antagonist relationship between STAT-3 and HSF-1 on binding site of
Hsp70 and Hsp90 gene promoters and this indicates that STAT-1or STAT-3 interact
differently on Hsp promoter activity [79].

3.4 NF-IL6

NF-IL6 is a transcription factor that contains binding sites for IL-6 inducible genes.
Hsp90 overexpressed in IL-6 exposed cells due to the presence of a short region of
HSP90 promoter-specific region for NF-IL6 [39]. This confirms the suggestion of
hsp90 as one of the IL-6 inducible genes [76]. Moreover, overexpression of NF-IL6
and STAT3 have the same effect on Hsp90 promoter and both signaling pathways
were needed for Hsp90 promoter activation via IL-6 [77, 79].

4 Hsp70 FAMILY

This family of heat shock proteins is a molecular chaperone with a molecular weight
of 70 kDa in size that serves important roles in protein stability. Hsp70 assist in
folding and correct misfolded protein, improve the cellular transportation of pro-
teins, reducing toxic protein aggregation and act as a buffering system against
cellular stressors either extrinsic or intrinsic stimuli [57, 68]
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4.1 Structure and Localization of Hsp70

The Hsp70 chaperones family consists of eight unique members that differ from
each other in their expression pattern, amino acid sequences, and location inside the
cell (Table 1). The pattern of cellular localization attributed to the specificity for their
specific protein or to the chaperone-independent particular functions [81].

Hsp70 gene size is 2440 bp with 2 regulatory elements in 50 end that bind with
HSFs and a 242 bp of the untranslated region at 30 end [90]. Additionally to
hyperthermia, various stimuli responsible for Hsp70 induction which includes
oxygen deprivation, acidosis, ischemia-reperfusion, oxidative stress, and microbial
infection [40]. Hsp70 protein has highly conserved amino acids and domain
sequences which include conserved ATPase domain, the central region with
protease-sensitive sites, peptide-binding domain, and G/P-rich C-terminal region
containing an EEVD-motif that allow co-chaperone of other proteins [17].

Hsp70s have good flexibility to make conformational changes in their polypep-
tide substrate with the help of the J domain of co-chaperones and the nucleotide
exchange factors that regulate the lifetime of the Hsp70–substrate complexes [51].
The conserved ATPase domain of Hsp70 proteins maintain their functions and
enable the release of hydrophobic amino acids exposed by misfolded globular
proteins [13, 67] (Fig. 2).

4.2 Mechanisms of Hsp70 Release from Cells

The release of HSP70 from a variety of cells in response to a myriad of stimuli and
the mechanisms by which Hsp70 is proposed in four different ways [21] Firstly,
necrosis leads to Hsp70 release in a passive manner [47]. Secondly, it can be released
within vesicles in a similar way to IL- 1β which is subsequently lysed in the
extracellular environment [3]. Thirdly, it involves their secretion through
endolysosomes that fuse with the cell membrane and release Hsp70 with
cathepsin D, a lysosomal marker [48]

Table 1 Summary of Hsp70 family and their localization

Protein Alternative names Cellular localization and stress-induced

HSP70-1a Hsp70, Hsp72, Hsp70-1 Cytosol, Nucleus, Lysosome (Induced)

HSP70-1b Hsp70, Hsp72, Hsp70-2 Cytosol, Nucleus, Lysosome (Induced)

HSP70-1L Hsp70-hom, Hsp 70t Cytosol, Nucleus (Not induced)

HSP70-2 Hsp70-3, HspA2 Cytosol, Nucleus (Not induced)

HSP70-5 Bib, Grp78 Endoplasmic reticulum (Not induced)

HSP70-6 Hsp70B Cytosol, Nucleus (Induced)

HSC70 Hsp70-8, Hsp73 Cytosol, Nucleus (Not induced)

HSP70-9 Grp75, mtHsp75, Mortalin Mitochondria (Not induced)
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Fourthly, Hsp70 may be released by exosomes that are lipid-bounded or may be
released through specialized membrane domains known as lipid rafts which are
specific sphingolipid and cholesterol-rich areas within the cell membrane which
allow for transport of proteins [84].

4.3 Multidimensional Applications of Hsp70

4.3.1 Hsp70 as Cellular Lifeguards: Inhibitor of Apoptosis

Caspase role in apoptosis appeared in two main categories: intrinsic and extrinsic
pathwasys. Intrinsic pathway is usually active mechanism that cells counteract
mitochondrial activity in response to different stressors such as DNA breaks,
misfolded proteins, oxygen and growth factor deprivation [38]. The different func-
tions of Bcl-2 families are activated in response to apoptotic signals where intrinsic
apoptosis is known to stimulate the opening of mitochondrial-membrane permeabil-
ity with the release of cytochrome c (a pro-apoptotic factor that showed main role in
intrinsic pathway) into the cytoplasm. The presence of cytochrome c in cytosol
allowed its binding with apoptotic protease activating factor that changes
pro-caspase-9 to caspase-9 and forming apoptosome. The activation of caspase-9
stimulate the release of caspase-3, which stimulate the process of apoptosis of target
molecules [59].

Fig. 2 The major intracellular functions of Hsp70 proteins (Modified after [26])
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The intrinsic and extrinsic pathways of apoptosis have been proposed. The
hallmark of the intrinsic route involves apoptosome formation. Cell death signals
allow mitochondrial cytochrome C (Cyt c) to be released and bind to apoptosis
protease activating factor-1 (Apaf-1), forming oligomerization and procaspase-9
release (Fig. 3). Apoptosome induction activates caspase-9 which stimulates down-
stream caspase-3 activation [80].

The anti-apoptotic role of Hsp70 depends on hinder apoptosome formation
through direct engagement with caspase- recruitment domain (CARD) of an Apaf-
1.The interaction of Hsp70 and Apaf-1 prevents its association with procaspase-9
and prevent assembly of functional apoptosome [8]. Moreover, HSP70 acetylation
has an anti-apoptotic effect through Apaf-1 and apoptosis-inducing factor (AIF) on
tumor cells and decreases autophagic cell death through autophagosome formation
and increases autophagy associated genes [62].

The extrinsic way involves the attachment of death ligands to cell surface
receptors (e.g., FasICD95/Apo-1 or TNF receptor) leading to Fas Associated
Death Domain (FADD) or TNF Receptor Associated Death Domain (TRADD)
recruitment to the cytosolic end of the receptor with the induction of Death Inducing
Signaling Complex (DISC) at the plasma membrane and resultant activation of
procaspase-8 and thereby procaspase-3 [59]. Hsp70 cannot modulate the extrinsic
apoptosis pathway [15]. Hsp70 controls apoptosis at a pre mitochondrial stage by
suppressing stress-induced signaling (for instance mediated by JNK kinases) or by
stabilizing lysosomal membranes. Additionally, at the mitochondrial level, by
preventing MOMP although the blockade of BAX translocation; finally, at the
post mitochondrial stage by interacting with AIF (apoptosis-inducing factor) and
Apaf-1 [23].

The over release of Hsp70 maintains the propagation and proliferation of tumor
cells and inhibition or downregulation of Hsp70 release in different malignant
tumors increase the susceptibility of tumor cells to chemotherapy, confirming the

Fig. 3 Hsp70 modulation of apoptosis
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suppression roles of Hsp70 in the metastasis of cancerous cells [8]. The main role of
Hsp70 as anti-apoptotic marker in cancerous cell depends on its effect on inhibiting
TNF-α mediated-apoptotic cell death, thus promoting cancer cell to escape from
immune response. Another mechanism of anti-apoptotic role of Hsp70 through its
block the activation of apoptotic protease activating factor 1(Apaf-1) and inhibit
activation of caspases as well as stimulates cell survival [62].

Collectively Hsp70 has an anti-apoptotic effect through inhibition of mitochon-
drial outer membrane permeabilization (MOMP) and blocking caspase activation
and DNA fragmentation [38]. The high expression level of Hsp70 in cancer cells
associated with a poor prognosis due to its ability to prevent apoptosis and senes-
cence. Moreover, Hsp70 has been linked with therapeutic resistance as a result of a
defect in activation of Extracellular signal-regulated kinases (ERK), nuclear factor
κB (NF-κB), and JNK pathways [37]

4.3.2 Hsp70 Chaperone Machine: Fight or Flight

Under normal physiological status, the risk form of protein with conformational
changes is polypeptide state and these changes improper their function and/or cause
aggregate them into large toxic complexes. The chaperone function of Hsp70
includes maintaining polypeptide folding, transportation of misfolded protein to be
degraded [36]. The significance of the molecular chaperone of Hsp70 is to maintain
and control the protein conformation during their lifetime after their production by
the ribosome [28]. Exposure of cells to different stressors leads to exacerbating in
protein conformational changes such as protein unfolding on exposure to acute and
chronic heat stress or oxidative distress induced by free radical exposure [69]. The
molecular chaperone function in the stressful condition is to refolding the misfolded
protein or entered this protein to proteolytic process [36]. Hsp70s never function
alone as they require J protein and nucleotide exchange factor (NEF) during chap-
erone function. They regulate Hsp70’s binding to target proteins [50]. The J proteins
linked to target proteins and Hsp70 through peptide-binding domain and J domain
respectively.

Under ATP hydrolysis, the target protein quickly, but momentarily, attached with
the open peptide-binding domain of Hsp70 causing a structural change in HSP70
that closes the helical cover over the cleft and maintains the protein target interaction
with the J protein in a complex manner. The NEF, which has a higher binding
capability for Hsp70-ADP than Hsp-70 ATP, linked with Hsp70. The ADP disso-
ciates through the mutilation of the ATP-binding site. The target protein is released
due to its lower ability for HSP-ATP [35, 36]. The protection of neurons from
aggregated misfolded protein during stress relay on Hsp70 family [46]. Therefore,
Hsp70 is related to some neurodegenerative and conformational changes such as
Parkinson’s disease(PD) [83, 89].

Interestingly, Hsp70 members have been expressed with α-synuclein (αSyn), the
main structure of Lewy bodies (LBs) [74], and inside the intraneuronal inclusions in
PD brains [53] as well as in the substantia nigra pars compacta (SN) of the brain
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[29]. The main way for neurodegerative disorder treatment depends on the ability of
Hsp70 to prevent α Syn aggregation and toxicity [89].

4.3.3 Hsp70 Modulate the Immune Response

Hsp70 and Hsp60 represent members of auto-antigen complex which induce immu-
noregulatory changes and decreasing the immune responses in different auto
immune diseases such as Type 1 diabetes and rheumatic arthritis [75]

The significance of Hsp70 as modulator for innate immunity owed to its ability to
interact with specific receptors such as DCs, monocytes and myeloid-derived sup-
pressor cells [12]. The immunological role of Hsp could be attributed to their ability
to trigger immune system to infectious area, interacting with antigen presenting cells
and refold of misfolded proteins, thus maintain their survival under stressful status.

The chaperone function of extracellular Hsp70 isn’t related to correct the
misfolded proteins but the ability to act as a signal for stimulation of a potent and
chronic immune response [4].

Hsp70 has a dual effect on immune response. The pro-inflammatory effect of
Hsp70 through its binding with antigen presenting cells, improve cytokine produc-
tion and regulate co-stimulatory molecule release [6, 54]. The anti-inflammatory role
relay on decreasing the inflammatory mediators secretions in endotoxemic model
[30].

Extracellular Hsp70 induces a plethora of immune responses and the list con-
tinues to grow. The cytokine-induced effects of Hsp70 rely on the interaction of
peptide-free Hsp70 with CD14 and Toll-like receptor (TLR2/4) on APCs initiates
the production of proinflammatory cytokines, including TNF-α, IL-1β, IL-12, IL-
6 [42, 71]; GM-CSF [75]; nitric oxide, a potent apoptogenic mediator [60];
chemokines including macrophage inflammatory protein (MIP-1) and monocyte
chemoattractant protein-1 (MCP-1) [41].

Hsp70 also competes with CD40 ligand for binding to APCs. Furthermore,
Hsp70s participated in the migration and maturation of DCs [5, 58].

A possible mechanism of Hsp70 action on innate immune cells through direct
interaction with an endocytotic receptor on DCs that showed downregulates CD86
and MHC class II expression and inhibits TNF-α production [10, 55]. Also, Hsp70
can inhibit INF-γ production by monocytes and upon binding to endocytic, Hsp70
signals through TLR 2, resulting in activation of myeloid differentiation primary
response (MyD88) that allow phosphorylation of extracellular signal-regulated
kinase that triggers transcription factor which binds to IL-10 gene promoter leading
to IL-10 production and consequently immunosuppressant [12].

Additionally, Hsp70-peptide complexes extracted from sarcomas could act as a
spark for cytotoxic T cell (CTL) release [85]. The immune mechanism of Hsp70
through its ability to attach to receptor in APCs and get through the internal route of
antigen producing in major histocompatibility (MHC) class I [86]. Moreover, Hsp70
conserve cytoplasmic peptides until binding with MHC class I molecules [32].
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4.3.4 Hsp70 as a Biomarker for Heavy Metal Toxicity

The cellular response to continuous mitochondrial oxidative reactions and
non-cellular responses such as inflammatory response, exercise, heavy metal toxic-
ity, and environmental pollution includes the generation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which disrupt the cellular homeostasis
and induce oxidative stress [66].

These radicals can be classified according to oxygen-containing capacity into
superoxide anion hydroxyl anion, alkoxyl molecule, peroxyl molecule, nitric oxide
molecule, nitrogen oxide. These radicals are very active and causing deleterious
impacts to living system. The significance of low or moderate level of ROS relay on
its role as secondary messenger in biosignaling, immune response, vascular tone and
apoptosis of cancer cells [19].

The body respond to oxidative stress induced by ROS through antioxidant system
to counteracts the cellular damage by changing these radicals to less harmful sub-
stances under normal condition; however, the imbalance between ROS release and
antioxidant system leading to activate many inflammatory cascades. The detrimental
impacts of free radical release allow body to increase the expression of Hsps which
have cytoprotective role in different cellular stressors through their chaperoning
functions which included corrected misfolding proteins and their assembly [1].

The adaptive response of organisms to oxidative stress induced by tested chem-
ical depends on the measurement of reactive oxygen species and antioxidant
enzymes disturbances [43]. The role of free radicals can be appeared as a double
edged sword. Under normal status, ROS –induced apoptosis and performs beneficial
role, but the abnormal activation of this role under stressful status leading to huge
cellular destructions.

Changes in protein expression, including Hsp70, may act as guide to natural and
synthetic stressors. However, The expression of some Hsp showed pro-inflammatory
and apoptotic functions but most of them showed anti-apoptotic and anti-
inflammatory potential through interference in nuclear factors and caspases activa-
tion. Tissue-specific changes in protein expression may represent a toxicological
signature for exposure where ROS release by heavy metal may induce HSP expres-
sion. The signaling pathways that involved on metal exposure are MAPk/AP-1 and
NF-kB [20].

Attachment of Hsp70 to JNK - a member of the MAP kinase family and a key
component of a stress-activated protein kinase signaling pathway- inhibits its phos-
phorylation by MKK4 (mitogen-activated protein kinase -4). Moreover, Hsp70
prevents MKK4 activation through binding with MAP3kinase Ask1 (apoptosis
signal regulatory kinase-1). Hsp70 also prevents the arsenite-induced aggregation
of phosphatase leads to prevent JNK activation [56]. All these effects lead to inhibit
apoptosis of cells and the increased levels of Hsp70 have been measured in tissues of
fish exposed to industrial effluents and polycyclic aromatic hydrocarbons; heavy
metals such as copper, zinc, and mercury; pesticides and arsenite confirm its role as a
biomarker for heavy metal pollution [70].
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4.3.5 Hsp70 and Insulin Resistance

The pathogenesis of obesity and type II diabetes may relate to insulin resistance
which has been associated with hyperlipidemia [64]. Phosphorylation of insulin
receptor substrate-1 (IRS-1) through classic and novel PKC isoforms leads to
improper binding with insulin receptor and decreases insulin action [11]. This
phosphorylation induced through kinase-beta (IKK -beta) and/or JNK [73]. The
activation of these kinases in response to cytokines can promote insulin resistance in
different tissues [18]. Attachment of Hsp70 with JNK, inhibit its activation by JNK
kinases [61]. Moreover, Hsp70 maintain JNK in the form of in active one [22].
Additionally, Hsp70 will directly inhibit PKC which activates JNK [92]. Collec-
tively, the inducible form of Hsp70 will decrease insulin resistance through decreas-
ing the activation of IKK- beta and of JNK [52].

5 Conclusion

Hsp70 is a cornerstone not only for chaperones but also for several essential
functions of the cells and further investigations are required for developing thera-
peutic agents targeting this critical molecule.
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Indispensable Role of Protein Turnover
in Autophagy, Apoptosis and Ubiquitination
Pathways

Mohammed A. Abosheasha , Eman A. M. Abd El Khalik ,
and Afnan H. El-Gowily

Abstract

Introduction Heat-shock proteins (HSPs) have been engaged in versatile
functions including chaperone activity, protein folding, apoptosis, autophagy and
Ubiquitination. The cell safeguarded by a robust protein quality control mechanism
which maintains protein homeostasis, also aka as proteostasis. Recent studies have
described HSPs facilitate the folding process of newly synthesized peptides and the
re-folding and recruitment process of functionalized proteins that are damaged under
cellular stress, but they also participate with the degradation pathway of misfolded
proteins to cope the demand of the cell. Additionally, whether a protein will be
subjected to the folding or degradation process is determined by the protein
quality control mechanism, which considered as a network of HSPs and degradation
systems. The turnover of proteins is a representation of the balance between protein
synthesis and degradation and is a vital mechanism for preserving the cellular protein
pool. Protein folding, refolding of misfolded proteins or the degradation of
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misfolded and damaged proteins are part of protein quality control. In this chapter,
we will be describing the prominent role of HSPs in protein turnover regulation; the
effects of HSPs on protein degradation, apoptosis, autophagy, and the proteasome.

Methods The authors conducted a narrative review of most relevant papers.

Results Several studies also demonstrated the role of HSPs in protein turnover. As a
while, there are various factors that control the correction of protein folding and
degradation; the most important one is the heat shock protein family. Heat shock
proteins (HSPs) are a molecular chaperone-type, which can avoid unwanted protein
interactions and induce the proper folding. On the other hand, these proteins play
essential roles in the pathways of protein degradation, the ubiquitin-proteasome
system, apoptosis and autophagy.

Conclusions Regarding to the different roles of HSPs and signaling pathways in
biology and medicine, we described how these systems interact to maintain
proteostasis; as well as the role of the protein quality control system, which offers
a novel perspective on promising therapeutic strategies based on the differential role
of HSPs in protein turnover.
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Highlights
• Protein quality control systems regulate turn over of proteins by the HSPs actions

through different mechanisms such as UPS, Autophagy and Apoptosis.
• HSPs regulate autophagy and proteasomes.
• Degradation process of misfolded proteins undergoes the autophagy or

proteasomal systems that fated by Ubiquitination pathway.
• Posttranslational modification mediated regulation of intracellular quality control

mechanism affecting HSPs, proteasomal system, and autophagy that co-moderate
apoptosis pathway to balance signaling of cell survival and death decisions.
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1 Introduction

In cells such as signaling, transportation, catalysts, membrane fusion, cell defense,
and regulation, proteins have important functions [3]. Proteins must acquire their
three-dimensional structure for functional purposes after ribosomal synthesis
[10]. However, the cells are exposed to stress conditions such as heat, oxidative
stress, inflammation, radiation, heavy metals or other toxic compounds that can
cause protein production, unspecified aggregation, and protein homeostasis imbal-
ances in their lives. Proteins are the molecules that are most vulnerable to cellular
stress [29]. There are two principal ways of maintaining this balance between the
synthesis, folding, and degradation of proteins [18]: (i) cell degradation machine,
which targets proteins to proteolysis, and (ii) molecular chaperones which prevent
aggregation and ensure the folding of proteins into their native status [17].

Heat shock proteins (HSPs) act as molecular chaperones in high cell concentra-
tions and play a crucial role in support of cell stress protein homeostasis [29]. There
are four major, ATP-dependent families classified as HSP100, HSP90, HSP70,
and HSP60. There are also ATP-independent chaperones, including small HSPs
[18]. The HSP60 family members act as chaperonin to ensure a proper folding of
mitochondrial proteins to prevent aggregation. HSP70 and HSP90 bind in the
cytoplasm to unfolded polypeptides and allow proper folding. HSP27 mediates
ATP-independent client holding and protein folding. The organized function of
these chaperons is essential for the efficiency of protein folding and the balance of
homeostasis protein [14].

Recent studies demonstrated HSPs associate with key stress signaling and apo-
ptotic molecules crosstalk with autophagy, thereby blocking cell death and promot-
ing survival, proliferation or differentiation, and many stress pathways sequentially
elicit autophagy, and apoptosis within the same cell [40].

As Known, Cells contain several proteolytical systems for degradation and
complicated regulatory mechanisms to ensure highly selective continuous proteo-
lytic processes. The cell portion is therefore prevented from unnecessarily breaking
up. Overall, the rates of protein synthesis and degradation in each cell must be
balanced precisely because even a small decrease in synthesis or a small acceleration
of degradation, if sustained, can result in a marked loss of mass in the organism [44].
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2 Structure of Heat Shock Proteins

The most crucial HSPs families include HSP100, HSP90, HSP70, HSP60 and small
HSP (sHSP) with different structures. Briefly, HSP100 structure includes an
N-terminal domain that is responsible for substrate binding and a small C-terminal
domain. HSP100 is highly stimulated after cellular stress to solubilize proteins
aggregations independently or with help of HSP70 [14]. The well-preserved
cytosolic Hsp90 structure has three domains, a C-terminal domain including a
dimerization motif, a drug-binding site and an N-terminal domain containing the
cochaperone-binding motif and drug-binding site and an intermediate domain for
binding to cochaperone and client proteins [35]. HSP70 structure involves an
N-terminal ATPase domain (�44 kDa), a binding substrate domain (�18 kDa)
and a C-terminal domain (�10 kDa) [53]. HSP60 composed of monomers that
form a complex arranged as two stacked heptameric rings. Each monomer has
three domains: apical, equatorial and intermediate domain [49]. The SHSP family
members possess low molecular masses (� 13–43 kDa), a wide N-terminal region, a
conservative α-crystallin domain (�90 residues) and a short C-terminal extension.
The α-crystalline domain forms stable dimers which constitute the construction
blocks for the major oligomers of sHSP [58].

The main HSPs (HSP27, HSP60, HSP70, HSP90and HSP90) in the different
apoptotic pathways. While, the pathophysiological features of HSPs in hematolog-
ical malignancy may be developed as an example as defects for apoptosis and cell
proliferation are at the thought of improved tumor.

Small HSPs are a group of proteins ranging in size between 15 and 30 kD
and sequence homologies and homologies including phosphorylation and
oligomerisation. The ATP-independent chaperone HSP27, possibly the most studies
member of the family of relatives, has the major function of protecting against the
aggregation of protein. Whether or not HSP27 can form a thousand kD of oligomers.
The dimer HSP27 is possibly the building block of the complex.

Oligomerization HSP27 is a complex technique dependent on protein phosphor-
ylation status and strain exposure. Human HSP27 can thus be phosphorylated
in three serine residues and oligomerisation can be enhanced with its dephosphor-
ylation. This is a reversible process which is catalyzed in reaction to various stresses,
such as differentiators, mitogens, inflammatory cell cytokines including elements for
tumor necrosis (TNF) and interleukin-1, hydrogen Peroxide and other oxidants via
MAPKAP kinases 2 and 3. This phoryulation is an inflammable method. In many
cell types and tissues, the HSP27 is expressed in unique ranges of development and
differentiation [27].

In response to elevation of various stress conditions that deleterious to the cells
like serum deficiency, oxidative stress, radiation or anti-cancer drugs and oxidative
stress cause accumulation of lately stimulated HSP within the cells. Nonetheless,
HSP27 expression is abnormally elevated and correlated to cell resistance against
anticancer therapy in cancer cells. Another chaperonin identified as mammalian
HSP60 is mostly included within matrix of mitochondria, also revealed in extra
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sites of mitochondria including the cytosol [59]. Implying, HSP60 has essential role
in the mitochondrial proteins folding and enables misfolded and/or denatured pro-
teins amenable to proteolytic degradation with an ATP-dependent way.

HSP10 regulates the chaperone characteristic of HSP60, which links to HSP60
and regulates its substrate binding and the interest of ATPase. Two HSP10 mole-
cules are binding in the presence of ADP with at least one HSP60. The newly
imported mitochondrial proteins are seriously impaired by HSP10 inactivation
[39]. Additionally, HSP60 and HSP10 don’t function continuously as a single
functional entity. The HSP70 family represents the highest preserved and best
studied HSPs. It contains proteins from 66 to 78 kD, which can be encoded
in humans as amulti-genes with at least 11 genes. Some are located especially in
cytosols, such as the essentials of HSP 70 or HSP72, or in the constitutive HSC70,
one in mitochondria (mtHSP70) and another in the endoplasmic reticular (GRP78/
Bip). In addition, the cytosolic location of the mitochondria is important. Eukaryotic
HSP70s contain two intended domains: the ATP-binding domain (ABD) of the
NH2-terminal and the Peptide-binding Area (PBD) of the COOH-terminal.

HSP70 proteins, which are usually ATP-dependent molecular chaperones by
helping fold newly synthesized polypeptides, meeting multi-protein complexes
and delivery protein across cell membranes [33], in ordinary conditions, are
co-chaperons of HSP70. The chaperone hobby of the protein can be blinded whether
by PBD or ABD of HSP70. The synthesis of strain inducible HSP70 is induced
quickly by several stimuli, including anticancer agents Studies of gene ablation show
that inducible HSP70 plays a vital role in apoptosis. On the other hand, Mouse
embryonic cells without 2 genes encoding the HSP70, hsp70.1 and hsp70.3 induc-
ible are highly susceptible to apoptosis precipitated by a wide variety of lethal
stimuli [28]. Furthermore, Disruption of HSP70 (hsp70.2) special testis results in
germ cell apoptosis is another matter. HSP90and HSP90 are the main individuals of
the HSP90 protein family, such two HSP90 isoforms are essential for eukaryotic cell
viability. They are significantly abundant, account for 1–2% of cytosolic proteins
and may be stimulated their expression level by stress [54].

HSP90 act as a friend of a variety of species by meaning associates with a number
of signaling proteins including ligand-dependent transcription factors such as steroid
receptors, Myoblast determination protein (MyoD) tyrosine kinases, Rous sarcoma
virus (V-Src) included and serine/threonine kinases, which include rapidly acceler-
ated fibrosarcoma-1 (Raf-1) Such proteins, known as HSP90 proteins, are assured
with the aid of HSP90 for their stability. Chaperone inhibition contributes to the use
of proteasome for its degradation. HSP90, for its chaperone function, binds to ATP
and undergoes a conformational upon ATP binding. Co-chaperones of HSP90
include cell Division Cycle 37 (CDC37), p23, Activator of Hsp90 ATPase protein
(Aha1), protein phosphatase (PP5), Hsp90-organizing protein (HOP) and C terminus
of Hsc70-interacting protein (CHIP) [46].
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3 Protein Folding and Turnover

To obtain the functional shape or conformation of protein structure, protein folding
is needed. It starts when numerous molecular chaperones form transient complexes
with protein substrates by hydrophobic interactions during protein synthesis in the
ribosome [10]. Protein folding is performed by help of heat shock proteins under a
thermodynamic process. HSPs can recognize hydrophobic amino acids of unfolded
and incompletely folded proteins preventing aggregation of protein [26]. HSPs is not
only responsible for quality of protein folding, also stress conditions is involved in
disruption of protein folding resulting in protein misfolding then aggregation
[57]. Several diseases such as Alzheimer disease, Parkinson disease, Huntington
disease, Creutzfeldt–Jakob disease, or type 2 diabetes caused by protein aggregation.
Also, aging and cancer are related to misfolding and aggregation of protein [27].

The protein quality control with different functions involving various groups of
HSPs. Besides, folding nascent proteins and filling denatured proteins, HSP70
targets proteins for degradation if the protein cannot be adequately renatured. In
addition, theBag-1 and CHIP co-chaperones helped HSP70 to degrade unfolded or
misfolded proteins as shown in (Fig. 1). Alternatively, the cooperative HSP70/
HSP40 system could degrade only small aggregates, but large one also required
HSP104, a AAA-ATPase chaperone in the HSP110 family. Moreover, HSP104 has
significant role in disaggregation of denatured proteins and thus could precisely
participate in the protein turnover process. Similarly, HSP90 revealed several roles
in the conformational regulation of numerous protein signaling [31].

Fig. 1 The involvement of heat shock proteins in protein turnover
Unfolded or misfolded proteins will be repaired or folded by cooperative HSP70/HSP40 binding
chaperones system or switch to be degraded by the assistance of CHIP mediates ubiquitination
trough the proteasome
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4 Autophagy and HSPs

Autophagy is an intracellular system for degradation which supplies the lysosome
with cytoplasmic components. This mechanism safeguards cells against several
stress factors and is considered to play a pivotal role in stress prevention (Fig. 2).
Hence, autophagy is implicated in the cell homeostasis as a catabolic process [51].
In mitochondrial autophagy for example, depletion of cytochrome c release and
caspase-3 activation protect the cells from heat-induced apoptosis [63].

Mitochondria and endoplasmic reticulum involved in autophagy initiation by
using the autophagy proteins (e.g., ATG5 and light chain-3 [LC3]). Modifications
of autophagy-related genes were discovered in neurodegenerative and lysosomal
storage disorders, and numerous types of cancer [21]. Mitophagy, mitochondrial
autophagy, is considered as a selective form of autophagy, which is vital in preserv-
ing mitochondrial homeostasis. Recent studies revealed that Hsps involved in
protection of NADH: ubiquinone oxidoreductase and NADH dehydrogenase activ-
ity under heat and oxidative stress in mitochondria [64]. Furthermore, the expression
of HspB1 (HSP27) progressed during oxidative stress in acute kidney injury.
Overexpression of HspB1 lowered BAX activation and H2O2-induced apoptosis
and increasing of autophagic flux in renal tubular cells [42]. Mutations of mitochon-
drial DNA can cause some human neuromuscular diseases, including an inherited
encephalomyopathy so-called as Myoclonus epilepsy associated with ragged-red
fibers (MERRF). A substantial decrease in HSP27 has been observed, according to
the findings, in patients with A8344 G mutation in lymphoblastoid and cytoplasmic
hybrid (cybrid) cells in MERRF. An increased formation of 1A/1B-LC3-II
microtubulate and autophagosomes has been found in the MERRF cybrids
suggesting an autophagic pathway that is constitutively triggered. These data also

Fig. 2 Autophagy pathway enhanced by HSP
Firstly, HSP70 binds to the protein and autophagy process begins; The regulatory complex contains
ULK1, Atg13 and FIP200 activated by HSPs. Then, HSPs stabilize the initiation complex that
composed of Beclin1, VPS4 and Atg14. After that, the phagosome markers collected and formed
phagosome. Finally, the lysosome fuses with the completed autophagosome
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reveal that the autophagic pathway can degrade HSP27 and indicate its quick
turnover and protective function in MERRF cells. HSP27 and autophagic pathway
regulation may thus be considered an effective approach for the treatment of
MERRF syndrome [16]. The researchers noted that apoptosis could be accompanied
by autophagy, increasing LC3 expression and the decreased pH value of Lysosome.
Nicotinic-mycoepoxydien for example may not necessarily have an anti-tumor
function, but control apoptosis and autophagy by inhibiting HSP90 [42]. Another
research has shown that autophagy in a rat model contributed towards HSP72-
mediated cytoprotective peritonitis in the case of lipopolysaccharide (LPS).
Autophagy accompanied by apoptosis was the result of exposure of the cultured
Peritoneal Mesothelial cells to LPS. The data showed that the antiapoptotic effect of
HSP72 was decreased by inhibiting autophagy. HSP72 overexpression also boosted
autophagy, inhibited apoptosis and attenuated peritoneal injury by phosphorylation
of the JNK and by upregulation of Beclin1. Indeed, JNK suppression decreased
HSP72 upregulation and autophagy mediated by Beclin-1. These findings suggested
that HSP72 induction may be a possible peritonitis therapy [55].

5 Apoptosis and HSPs

Apoptosis is a normal physiological process of programmed cell death that leads to
throwing cells into the body that may be unwanted or irreparably harmed now. It
plays an important role in the development of embryo and the homeostasis of human
tissue. Hence, Apoptosis deregulation has been established as a predictor of cancer
progression by deactivating exact mechanisms, usually helping to cause apoptosis,
most cancer cells can continue to survive and proliferate regardless of the genomic
changes that cause apoptosis. The p53 tumor suppressor gene is often inactivated by
cancer mutations and serves as a crucial channel in the cellular for the identification
of harmful DNA and apoptosis initiation. The inactivation of p53 helps most cancer
cells not to necessarily circumvent their underlying genomic aberrations by intrinsic
apoptotic responses, but also by inducing apoptosis in response to the damage done
to DNA by exposure to conventional medicine [36]. Therefore, agents that may
restore apoptosis in cancer cells considered as a promising therapy and had been the
point of interest of many preclinical drug discovery studies. Upon cytotoxic drug
therapy, Apoptosis is also a highly common form of cell death.

In addition, Apoptosis is also a very common type of cytotoxic cell death after
remediation. Apoptotic processes are defined in two ways: the intrinsic and Mito-
chondrial route, and the extrinsic or dying reception pathway, each mediates via their
own familiar cysteine proteases known as caspases. Moreover, capase-3 identified as
an effector protein that contributes to typical apoptotic cell morphological and
biochemical changes.

The intrinsic pathway includes the production or activation by intracellular stress
signals of pro-apoptotic molecules. Such molecules assembly on mitochondria to
release mitochondrial apoptogenic factors under control of the Bcl-2 protein family.
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Pro-apoptotic proteins Bcl-2 include anti-apoptotic components such as Bcl-2 and
Bcl-xL; Bax, Bak, and a sequence of BH3 domain-only pro apoptotic proteins, along
with Bid, which function upstream of Bax and Bok [15].

One of mitochondrial released molecules is cytochrome c, that interacts with
apoptotic protease activating factor 1 (Apaf-1) and pro caspase 9 forms an
apoptosome, the caspase3 activation complex. In particularly, other mitochondrial
proteins (Smac/Diablo) and Htra2/Omi activate apoptosis by neutralization of apo-
ptotic proteins (IAPs) inhibitory activity that support and suppress some of activated
caspases.

The extrinsic apoptotic pathway is induced via the TNF receptor plasma mem-
brane family proteins identified as death receptors and caused the direct receptor
caspase-8 or 10 activation in the death-inducing signaling complex (DISC). Then,
Caspase-8 either transforms into an active truncated form called tBid which connects
the extrinsic to the intrinsic apoptotic routes via mitochondrial permeabilization
directly onto the downstream cascade or Bid cleaves pathway [19].

Upon cytotoxic drug therapy, Apoptosis is also a highly common cell death type.
The mitochondrial or intrinsic pathway and death receptor or the extrinsic pathway
describe apoptotic processes, both of which are regulated by the cysteine proteases
family known as caspases. Furthermore, Developmental signals or extreme cells
including DNA or cytoskeletal damage are used to improve the intrinsic pathway by
inducing the BH3-simplest BCL-2 proapoptotic circle of relative proteins to tran-
scribe or activate it post-translationally. For instance, the p53 DNA damage activa-
tion results in transcriptional induction of the best proteins of BH3 “PUMA and
NOXA” as showed in Fig. 3 [6].

In turn, these drive activation of other family members such as BAX and BAK. In
normal healthy cells, antiapoptotic family members such as “BCL-2, BCL-XL”, or
myeloid cell leukemia sequence 1 (MCL-1) bind to proapoptotic members as “BAX
and BAK” to prevent their activation. Only the BH3 proteins seize anti-apoptotic
proteins after stimulation, thus allowing the action of BAX and BAK. Bothe of them
might engage a mechanism to releasing mitochondrium factors that promote cyto-
plasmic caspase activation. One such factor is cytochrome c, which cooperates with
Apaf-1 to activate caspase 9 that activates the effector caspases 3, 6, and 7, which
carry out apoptosis.

Additionally, Mitochondria-derived caspases activator or low pI direct apoptosis
binding protein inhibitor (SMAC/DIABLO) considered as another factor, which
binds to inhibitor of apoptotic proteins and reversing their inhibition of several
caspases cause augmenting apoptosis. Other point of view, while the Apo2L/
TRAIL-associated apoptosis related to tumor necrosis factor inducible ligand
binds to specific proapoptotic death membrane receptors as DR4 and DR5 thus
stimulate the activation of the apoptotic extrinsic pathway [32].

On the other hand, each receptor might reform the DISC through recruiting
pro-caspases forms “8 and 10” and the FADD (adapter death domain), which in
turn undergoes self-processing and releases active caspase molecule through the
cytoplasm. Then these enzymes undergo the cleavage process thereby effector
caspases “3, 6, and 7” induced and eventually proceed apoptosis [34].
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The crosstalk between both the apoptotic two basic “intrinsic and extrinsic”
pathways occur at the effector caspases levels. For example, in cells with low levels
of DISC formation, an amplification loop can recruit the intrinsic pathway, and
appointment of mitochondria attenuates caspase 8 activation and subsequent Bid
cleavage to its active form tBid as described in Fig. 3. Previously study reported that
The TRAIL/Apo2L pathway considered as a vital promising target for cancer

Fig. 3 Schematic representation of the two major apoptotic pathways
The low levels of DISC formation in the cell, an amplification loop can recruit the intrinsic pathway,
and appointment of mitochondria is mediated via caspase 8-dependent cleavage of the BH3-only
protein Bid to its active form tBid. Furthermore, the intrinsic pathway induced by the BH3-simplest
BCL-2 proapoptotic circle of relative proteins to transcribe or activate it post-translationally. For
instance, the p53 DNA damage activation results in transcriptional induction of the best PUMA and
NOXA proteins of BH3
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therapy because it appears to be intact and acts as p53-independently ways in many
types of cancer cells. [5, 7].

Therefore, PARAs aka as Pro-apoptotic receptor agonists which target DR4
and/or DR5 have substantial therapeutic gain from destroying tumour cells that
would be resistant and immunize to standard chemotherapeutic agents. Furthermore,
in various preclinical models, PARA combination with chemotherapy has a syner-
gistic antitumor effect, which can also provide a novel therapeutic treatment alter-
native to restore sensibility to chemotherapy.

Some of PARAs improved and investigated the potential ability of the extrinsic
pathway to be the main cancer target. Apo2L/TRAIL that expressed as Recombinant
human (rh) transmembrane protein identified as a soluble natural ligand dependent
protein that activates both of DR4 and DR5 proapoptotic receptors. Furthermore,
several monoclonal antibodies that activate either DR4 or DR5 have been developed
[61], including the fully human DR5 agonistic antibody, so that, these PARAs
induce selective apoptosis in cancer cells whilst detectably sparing normal cells.

Many different extrinsic and intrinsic inducible apoptotic proteins trigger the cells
to produce stressed strain or HSPs. Also, it considered as a highly conserved
sequence proteins that recognized in both of prokaryotes and eukaryotes, In addition,
these proteins play an indispensable role as chaperones through refolding of
unfolded nascent and accumulated stressed misfolded proteins and avoiding their
aggregations, also these proteins have a protective role that allow the cells to survive
else under lethal conditions. So that various insight mechanisms have been
suggested to measure the HSPs cytoprotective functions.

A thorough understanding of several of HSPs proteins have shown their direct
association with cell signaling pathways, as the tightly mediated caspases, dependent
machinery programmed cell death, upstream, downstream, and at the mitochondrial
levels. Also, these proteins can stimulate apoptosis caspase-independent pathway via
the interaction with apoptogenic factors as AIF (apoptosis-inducing factor) or acting
at lysosome level.

The Fullscope of HSPs cytoprotective effects to other cellular proteins that
regarding to it conduct as molecular chaperones. Inappropriate activation of signal-
ing pathways occurs during acute or chronic stress due to misfolding protein, protein
aggregation or regulatory complex disturbances of signalers takes place at some
point during acute or chronic strain. Chaperones are designed to restore equilibrium
by using their protein homeostasis properties. The function of Chaperones according
their properties in the proteostasis that is proposed to restore the balance.

The mammalian HSPs classified upon their size into high and small molecular
weight, the first major groups include three mainly proteins families Hsp60,70,90
[48]. Some are constructively conveyed expressed, while others induced by stressful
conditions. These proteins can be targeted to different subcellular compartments.
High molecular weight HSPs are adenosine-5- triphosphate (ATP)-dependent chap-
erones and require co-chaperones to modulate their conformation and ATP binding.
Otherwise, HSP27 as one of small HSPs defined as ATP-independent chaperones
after it exposed to stressful conditions as stressful factors and anticancer or irradia-
tion therapy, most of the specific HSPs, HSP27 and HSP70 are highly effective, both
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of them are major expressed in cancer cells and thus proposed as important factors
for prognosis in various malignant diseases [20].

On the other view side, HSPs was reported to inhibit or block apoptosis by
interrupted with activation of caspase. Recently study of Seul et al., described that,
the HSPs overexpression as “HSP27, HSP70, HSP60 or HSP90” caused block
activation of caspases and apoptosis inhibition in many different cellular models
depend on versatile cellular stresses, including misfolded proteins aggregation and
accumulation, reactive oxygen species (ROS) or DNA damage. In contrast, the
depletion or deficiency of these HSPs either by siRNA strategies or anti-sense
constructions increases the sensitivity of cells in response to apoptotic stimuli [52].

In some cellular contexts, HSP70 depletion is adequate to promote apoptosis via
caspase-3 activation, within the absence of any additional stressful stimulus. There-
fore, HSPs are directly or indirectly engage in a various of caspase activities, also
these proteins can block intrinsic as well as external apoptotic pathway by interacting
on three levels with key proteins.: (i) mitochondrial upstream level, thus modulating
signaling pathways; (ii) at the mitochondrial level, regulating apoptogenic molecules
release and (iii) the post-mitochondrial level, with the aid of apoptosis blocking from
a later phase than any known survival enhancing drug or protein [1].

6 Ubiquitination and HSPs

Ubiquitin (Ub)-proteasom pathway (UPP) degradation is the majore of the intracel-
lular proteins in all tissues [14]. However, endocytoses and degradation within
lysosomes are associated with extracellular proteins and certain surface cell proteins.
Such organelles contain many proteases with optimum acidity, including
cathepsins B, H, and D, and several more hydrolases of acid. After engulfing in
autophagic vacuoles that fuse with lysosomes, certain cytosolic proteins are
degraded in lysosomes [9]. Mostly, this process is activated by shortage of insulin
or essential amino acids and in the glycolysis liver [24].

In mammalian cells, there are other cytosolic proteolytic system. Hence, The
Ca2 + �activated (ATP-independent) proteolytic process involves the cysteine pro-
teases termed calpains. These proteases stimulated when the cells are damaged and
Ca2+ rises in cytoplasm, so they might play vital role in cell damage, autolysis and
necrosis [23]. However, the caspases are recognized as a main cytosolic family
protease, and after the residues of aspartic acid, cleave protein. Such enzymes are
cysteine proteases which are important for cell destruction during apoptosis [50].

Recently, the protein degradation and ubiquitination were established as more
mechanisms for modifying synapses structure and molecular composition. Such
latest results and findings also intriguingly pose questions about how structural
synaptic shift can be accomplished in the face of high molecular turnover. Whereas,
the turnover of proteins is additionally induced by changes in cell usage pattern, also
the physical activity that sustained to decreases or increases cause the cell to cope
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and adapt, altering protein expression. The adaptive responses outcome implying the
net balance between protein synthesis and protein degradation.

7 How Can a Cell Distinguish Proteins That Are Meant
for Degradation?

7.1 Quality Control Mechanism

As known the proteins have major and essential functions in cells such as signaling,
transport, catalysis, membrane fusion, cell protection, and regulation, after ribo-
somal synthesis, proteins have to gain their three-dimensional structure to be
functionable [2]. Also, Proteins are the molecules most sensitive to cellular stress
conditions, these conditions may occurred to the cells during the life such as heat,
oxidative stress, inflammation, irradiation, and heavy metals or other toxic com-
pounds, which considered as the one causes of protein unfolding, nonspecific
aggregation, and imbalance in protein homeostasis [29]. The balance between the
synthesis, folding, and degradation of proteins controls the proteome function [4], to
keep this balance there are two mainly pathways are: (i) the cellular machinery
degradation pathway, which targets proteins for proteolysis, and (ii) molecular
chaperones pathway, which prevent aggregation and ensure the folding of proteins
to their native state [17].

Furthermore, Ubiquitin (Ub)-proteasome pathway (UPP) selectively eliminates
unfolded, misfolded or disturbed proteins that have arisen by mis or non-sense
mutations, biosynthetic errors, or damage by denaturation (especially at high tem-
peratures) or reactive oxygen radicals. For example, In cystic fibrosis, the mutant
form of the conductance regulator transmembrane protein (CFTR) is selectively
degraded and therefore fails to reach the cell surface [62]. Because of the Ub
degradation and conjugation machinery pathways are cytoplasmic, the destruction
of CFTR revealed that the unfolded protein response (UPP) degrades misfolded or
secreted proteins. In the machinery process of ER-associated degradation, many
misfolded proteins inside the ER are retro-translocated to cytosol compartment by a
sequence of ER membrane-related Ub conjugating proteins from this compartment,
and then target cytosolic proteasomes [43].

8 Ubiquitination and Membrane Protein Turnover:
Proteasomal Degradation Mechanisms

The ubiquitin-proteasome system (UPS) is mainly involve of E3 ligases and
deubiquitinating enzymes (DUBs) that considered as the key regulator of the
apoptosis process by controlling of the pro or antiapoptotic proteins and transcribe
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the cell survival vs. death The UPS, which symbolizes the major pathway for extra
cellular lysosomal protein degradation, that allow instability of metabolic conditions
on a protein by temporary control and selective degradation.

At this phase, protein substrates are firstly tagged via the covalently binding of
unique or multiple moieties of ubiquitin then the tagged proteins get degraded
ultimately by the 26S proteasome, otherwise eventually their component amino
acids recycled. Over the years many thoughts, the general definition of proteasomal
degradation was the recognition of polyubiquitination chain that consist of four or
more ubiquitin bounded to substrate protein through the proteasome [56], but most
of studies proposes that even monoubiquitination or multi-monoubiquitination is
suitable to degrade small substrates in range between 20 and 150 residues [45]. Pro-
tein ubiquitination and degradation is a three-cascade mechanism as explained in
(Fig. 4).

Whereas, The Ubiquitin proteasome pathway (UPP) that consist of concerted
enzymes actions that connect the chains of the co-factor polypeptide, Ub, targeted
proteins to tagged them for degradation.This tagging pathway leads to their reorga-
nization through proteasome complex that degrades these ubiquitinated proteins
[22]. Three enzymatic set compartments are required to tagging the chains of Ub

Fig. 4 (a, b) The ubiquitin proteasome system (UPS)
UPS system as an ATP dependent reaction is regulated by a set of E1, E2, and E3 enzymes, which
induce a ubiquitin molecule ligation o the lysine residues of the protein substrates. Ub is activated
by the E1 “ubiquitin activating enzyme”, then conjugated to protein target by consecutive action of
E2 “ubiquitin conjugating enzymes” and E3 “ubiquitin ligases”, the multiubiquitin chains forms,
attached and recruits the proteins targeted to the 26S proteasome for the degradation. This process is
reversing by the deubiquitinating enzymes activity (DUBs), that cleave ubiquitin molecules from
proteins and facilitate the free ubiquitin monomers recycling the ubiquitin proteasome pathway

Indispensable Role of Protein Turnover in Autophagy, Apoptosis and. . . 461



onto proteins that are fated for degradation. E1 (Ub-activating enzyme) and E2s
(Ub-carrier or conjugating pro- teins) prepare Ub for conjugation, but the vital key
enzyme in the process is the E3 (Ub-protein ligase), because it identifies a specific
protein substrate and catalyzes the transfer of activated Ub to it mechanism as
showed in (Fig. 5).

Science the first description of UPP as a protein degradation and tagging mech-
anism, with various proteins exhibited to be degraded by the additionally novel
functions for Ub conjugation system that being uncovered. As mean, extremely
stressful conditions that cause the mitochondrial proteins denaturation that exceed
the level of repair systems of chaperone capacity. Because the respiratory chain
complexes close to inner mitochondrial membrane proteins, which are responsible
for ROS generation, they are seemlier to be damaged by oxidative stress and to form
aggregates [37]. So that, many cell types contain special quality control systems
located in the inner membrane consisting of specialized chaperones. The ATPases
are linked to various cellular activity HSP 100/peptidase caseinolytic-subfamily that
are responsible for aggregates reactivation and are important to thermotolerance.
They are recognized to co-bind with HSP70, cause unfolding protein catalyzing,
disaggregation and disassembly in plants, bacteria and fungi [11].

Otherwise, Mutation Proteasome studies have shown the ubiquitin/proteasome
system as its primary function in the removal of misfolded proteins, with substantial
degradation and ubiquitinated protein accumulation due to the induction of
canavanine protein misfolding [12]. Other story provided evidence the 20S core

Fig. 5 The ubiquitin-protein substrate conjugation biochemical pathway
The Ub-Protein conjugation complexes formed in ATP dependent manner, this process is repeated
till Ub molecules chains is attached in dependent process, requiring three distinct enzymes. First,
E1-activates Ub. Next, the active form of Ub is moved to the cysteine residue in the active site of
E2- Ub conjugating enzyme. Lastly, E3-ligase allows conjugation of Ub to the substrate. Ub
attached to the substrate can itself become a substrate for ubiquitination, resulting in the formation
of ubiquitin chains (referred to as poly-ubiquitination). Such a Ub chain target protein substrate for
proteasomal degradation.
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proteasome not the 26S proteasome, which dissociated from the 26S proteasome,
considered as the mostly responsible for the degradation of oxidized intracellular
proteins. Also, this reported that HSP70 mediates dissociation and reassociation of
the 26S proteasome during adaptation to oxidative stress, the activation of the
nuclear 20S proteasome by poly (ADP ribose) polymerase (PARP) that has a
substantial increase in proteolytic ability, thereby preventing oxidized proteins
from being aggregated and accumulated.

Contradictory, The unbalance of 26S proteasome system cause severe cell
metabolism problems because Ubiquitin–26S proteasome affects various processes,
such as the transcription, translation, and turnover of some 100 shock/stress proteins
[25]. Ultimately, it becomes clear that the 20S proteasome is deliberately de novor
synthesized in order to retain oxidized protein removement when the 26S
proteasome is re-constituted, HSP90 demands ATP for its in vivo functions as the
26S proteasome due to it act as an abundant molecular chaperone that indispensable
for the establishment of many cellular regulation and signal transduction systems,
Whether a protein is stabilized and refolded or is ubiquitinated and degraded by the
proteasome depends on the binding of different cochaperones and the degree of the
damage [30]. As Known, Both of proteasome systems and HSP90 are considered to
play roles in protein degradation, On the other side, HSP90 can inhibit degradation
of proteasomes through the inhibition of the Z-Leu-Leu-Leu-MCA degrading activ-
ity of the proteasome, this inhibition results in increased ubiquitin-dependent
proteasomal degradation [47]. The explanation of this phenomena may be due the
stabilization of client proteins that facilitated by HSP90. Consequently, Inhibition of
HSP90 by geldanamycin and other derivatives results in destabilization, leading to
the ubiquitination and proteasomal degradation of the client proteins [13]. This
hypothesis CFTR protein was also demonstrated by a study on the CFTR protein [8].

Meanwhile, other study exhibited that approximately complete dissociation of
26S proteasome into its components is instigated via inactivation of HSP90 in yeast
(in vivo), It was demonstrated that this dissociation was reversed based on HSP90
and ATP hydrolysis [41]. Additionally, the importance of HSP90 in the integrity of
the 26S proteasome confirmed by the genetic link of various proteasomal Rpn
(regulatory particle non-ATPase subunit) genes with HSP90 role. Other theories
revealed that highly expression of HSP70 in most cancer cells occurred due to
inhibition of HSP90, also it known as CHIP inhibition cause degradation reduction
of HSP90 client protein, whereas CHIP over-expression enhances their degradation
[38] as described in (Fig. 6). The mechanism of this study as a while when the
reduction of HSP90 activity resulted in stabilization of client proteins by HSP70,
then ubiquitinated by CHIP and degraded by the proteasome, so that client protein
accumulated and aggregated if HSP70 inhibition occurred, furthermore, this inhibi-
tion impairs the interaction between CHIP and HSP90, which has a negatively
effects on the folding or the stabilization of HSP90 client proteins [60].
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9 Conclusion

In this chapter, it will be intriguing to reveal associated alterations in the modes of
cellular proteasomal, autophagy and apoptosis, with the scope of mechanistic
insights in their functional articulation as well as potential new targets for therapeutic
intervention, Whether the ubiquitination system has degradation fate of misfolded by
the proteasomal or apoptotic and autophagic system.
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Fig. 6 Role of HSP70 chaperone system in the folding and the degradation machinery
The chaperone system of HSP70 that controlled the folding and degradation of proteins. The fate of
the unfolded/misfolded protein was decided via the binding of different cochaperones. ATPase
domain bind to BAG-1 or Hip bind, and C terminal of HSP70 bind to Hop and CHIP. In case of
folding machinery, Hop recruits HSP90 and Hip induces folding (a). Otherwise, CHIP facilitates
ubiquitination and BAG-1 recruits the proteasome in the case of degradation machinery (b)
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Heat Shock Proteins in Leishmania
Parasites

Constanze Kröber-Boncardo, Janne Grünebast, and Joachim Clos

Abstract

Introduction Parasites of the genus Leishmania (Class Kinetoplastea, Order
Trypanosomatida, Family Trypanosomatidae) cause a variety of clinical syndromes
from localised, self-healing skin lesions to generalised, progressive and lethal
systemic infections. They are early branching eukaryotes that lack gene-specific
transcription regulation, RNA polymerase II promoters and trans acting transcription
factors, and rely instead mostly on regulated translation and gene copy number
variations for short- and long-term gene expression control.

Methods The authors reviewed the literature about the roles and functions of heat
shock proteins in Leishmania spp.

Results Leishmania spp. possess a full complement of molecular chaperones,
which play crucial roles in both parts of the biphasic, parasitic life cycle, having
an impact on the temperature-induced differentiation from the insect stage to the
mammalian stage, but also on the intracellular survival within mammalian hosts.
They are part of the signal transduction pathways regulating life cycle stage con-
version and subject to modulation by protein kinases. Heat shock proteins are also
implicated in the immune response to Leishmania infections, the modulation of the
host’s immune system and in the resistance of the parasites against chemotherapy.

Conclusions Heat shock proteins play pivotal roles in the control of the parasitic
life cycle and in the survival within the mammalian hosts.
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1 Introduction

1.1 Gene Regulation in Leishmania spp.: A Farewell
to Promoters

The genus Leishmania is part of the family Trypanosomatidae, Order
Trypanosomatida, and part of the early branching, eukaryotic phylum Euglenozoa.
Due to some peculiar biochemical features, they garnered the attention of molecular
biologists early on. Processes such as trans-splicing and RNA editing were first
described in Trypanosoma brucei and are found in all the kinetoplastida [1].

Also common to the members of this order is a lack of gene-specific transcription
regulation [2]. There are no gene promoters in the strict sense in Leishmania, and the
genome projects of numerous Trypanosomatida species (e.g. L. major, L. infantum,
L. braziliensis, Trypanosoma brucei, and Trypanosoma cruzi) did not yield any
genes for common trans-regulatory factors of transcription. Rather, large chromo-
somal regions are transcribed as multicistronic precursor RNA which is subject to
trans-splicing coupled to polyadenylation to create mature, monocistronic mRNA
[3]. This mode of transcription alone effectively precludes gene-specific transcrip-
tion control. Recent work indicates a strong role for regulated translation for ad-hoc
regulation of gene expression [4, 5], but also mosaic aneuploidy and gene copy
number variations for intermediate and long-term adaption to the parasite’s environ-
ments [6–12].

1.2 Leishmania Life Cycle and Pathogeny

Leishmania infections are major health problems in large parts of the world, and they
are rated among the most important poverty-related diseases. Over 10 million
humans are infected with various Leishmania species, with up to 1.4 million new
infections per year [13]. Almost 1 billion people in 88 endemic countries are at risk
of an infection [14].

There are three types of Leishmania infections, depending on the infecting
species: (i) localised, self-healing cutaneous lesions (Oriental sore, Fig. 1a) are
caused by Old World parasite species, such as L. major and L. tropica, and, in
South America, by L. mexicana, L. amazonensis, L. panamensis, L. (Viannia)
braziliensis, L. (Viannia) guyanensis, and L. (Viannia) peruviana, to name the
most important; (ii) mucocutaneous lesions (Fig. 1b) of the nasopharyngeal region
which are mostly caused by the South American parasite L. (Viannia) braziliensis;
and (iii) generalised infections (visceral leishmaniasis or Kala Azar, Fig. 1c) caused
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primarily by L. donovani and, in infants and immune-compromised persons, by
L. infantum (a.k.a. L. chagasi in South America) [15].

The mode of transmission is identical for all Leishmania species. When infected
female sandflies of the genera Phlebotomus (Asia, Africa, and Europe) or Lutzomyia
(Latin America) take a blood meal on a mammal, the slender, flagellated
promastigote stages (Fig. 1d), which are abundant in the digestive tract of the
sandfly, may enter the skin tissue where they are phagocytised by tissue macro-
phages [16]. They escape lysis in the phagolysosome and establish themselves as
round amastigote (Greek: non-flagellated) stages (Fig. 1e).

Proliferation of these amastigotes results, by as yet unknown mechanisms, in the
destruction of the macrophage. The free amastigotes are then phagocytised by other

Fig. 1 (a) Cutaneous leishmaniasis, CL, caused by L. braziliensis; (b) mucocutaneous leishman-
iasis, MCL, caused by L. braziliensis; (c) advanced visceral leishmaniasis, VL, or Kala-Azar, the
tape marks the extent of spleen and liver enlargement (splenomegaly, hepatomegaly); (d) L. major
promastigotes from culture, Giemsa staining, 100X; (e) amastigotes (arrows) in infected spleen
tissue (VL), Giemsa staining
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macrophages, bloodstream monocytes, or dendritic cells [17]. While the spread of
infections by L. major and L. tropica is limited to the draining lymph node,
L. donovani and L. infantum will, in time, disseminate into the entire reticuloendo-
thelial system, e.g. spleen, liver, and bone marrow. The local or generalised deple-
tion of macrophages and the concomitant influx of T cells causes the overt effects of
Leishmania infections, i.e. lesions in cutaneous and mucocutaneous infections,
splenomegaly and hepatomegaly in visceral leishmaniasis [17–19].

Opportunistic infections are furthered by the depletion of the macrophage popu-
lation and also by the fact that Leishmania can drive the immune response into a
TH2-dependent direction, which is advantageous for several important intracellular
pathogens, including viruses. Hence, visceral leishmaniasis is a wide-spread oppor-
tunistic disease in HIV co-infected individuals with limited therapeutic options [20].

The uptake and destruction of infected monocytes in the peripheral blood by a
feeding female sandfly sets the parasites free in the lumen of the fly’s gut. Within
24 h, the amastigotes will undergo stage conversion into the flagellated
promastigotes. The promastigotes will attach to the gut epithelium and proliferate
until they reach a stationary growth phase. This induces a change of surface
molecules and the promastigotes will detach from the gut epithelium and spread
into the mouth part from where they can be transmitted when the fly takes another
blood meal [21].

1.3 Axenic Differentiation in vitro

The transmission from a poikilothermic arthropod vector into a homeothermic
mammalian host includes two major stresses: a significant increase of the ambient
temperature and a drop of extracellular pH once the macrophage’s phagolysosome is
acidified. Both stresses are classical inducers of the cellular stress response and,
indeed, an equivalent temperature increase in vitro is sufficient to induce heat shock
protein synthesis [22–26]. Nevertheless, the stresses to which parasites are exposed
during transmission are regular features of their life cycle. More importantly, the
temperature range of the mammalian tissue is very limited and, under physiological
conditions, does not exceed 42 �C. This means that temperature tolerance mecha-
nisms only have to cope with pre-defined heat stress in contrast with the temperature
range encountered by free-living microorganisms. We may thus expect an adaptation
of the stress response to meet the specific needs of a parasite [27].

Apart from being a stress factor, the rise in ambient temperature during transmis-
sion and the acidification of the phagolysosome are both necessary and, for some
species, sufficient signals for the induction of promastigote-to-amastigote stage
conversion and thus key factors for parasite persistence inside the mammalian
host. While cultured promastigotes of L. mexicana and other Central American
leishmaniae will differentiate into axenic amastigote-like forms upon a mere increase
of the incubation temperature to 34 �C [28, 29], the in vitro development of axenic
amastigote-like forms of L. donovani and L. infantum requires a treatment regimen
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consisting of a 24 h heat stress at 37 �C, followed by incubation at 37 �C and pH 5.5
for 3–5 days [30, 31]. Once the temperature drops back to 25 �C and the pH is shifted
back to 7.0, the axenic amastigotes undergo differentiation into promastigote stages
[26, 32]. Thus, it becomes clear that the elevated temperature of the mammalian host
is a key trigger for the development of the mammalian stage of at least some
Leishmania parasites.

2 The Heat Shock Proteins of Leishmania

2.1 The HSP Complement of Leishmania

Beginning in the mid-1980s, heat shock genes of Leishmania spp. were cloned and
sequenced. Genes encoding HSP70 [33] and HSP90 (HSP83) [34–36] were found to
be organised in multi-copy tandem gene clusters, with up to eighteen copies per
haploid genome. In addition, genes encoding HSP70-related proteins were isolated
from stage-specific cDNA libraries [37, 38].

By contrast, HSP100 (ClpB) was found to be encoded by a single-copy gene
[23]. CPN60 (HSP60) was found encoded by three paralogues, but only two of them,
CPN60.2 and CPN60.3, could be detected on the protein level [24, 39]. The Leish-
mania CPN10 (HSP10) homologue was found to be encoded by two copies of the
same gene [25, 40].

The completion of the first Leishmania Genome Projects [3, 41] finally allowed a
comprehensive search for heat shock genes. While the exact copy number of various
heat shock genes varies between isolates [42, 43], mining the data discovered a large
number of chaperone and co-chaperone genes. Table 1 shows the most important
genes and their accession numbers in L. donovani.

2.2 HSPs and the Heat Shock Response

The induction of HSP genes under heat stress has been subject to numerous studies,
starting as early as in 1984. Hunter et al. [49] were also the first to conclude that heat
shock gene expression had to be regulated at a post-transcriptional level.

The latter concept was proven first by Argaman et al. for the HSP90 (HSP83) of
L. mexicana [50], and, more generally, by others [5, 22, 51]. It was found that RNA
polymerase density on various heat shock genes, as measured by nuclear run-on
analysis, did not increase during heat stress, arguing against a heat-inducible tran-
scription. Moreover, heat-inducible synthesis of three HSPs, HSP70, HSP90
(HSP83), and HSP100, was unaffected by actinomycin C1, showing that the heat
shock response was independent of de novo RNA synthesis. Lastly, ribosome
profiling analysis showed that regulation of HSP synthesis does not correlate with
heat shock protein mRNA abundances [5].
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HSP synthesis in Leishmania is inducible by elevated temperatures, but not by
chemical stresses known to induce a stress response in other eukaryota. Ethanol,
acidic pH, cadmium, copper, arsenite, and pentavalent antimony all failed to induce
HSP synthesis, as measured by metabolic labelling, SDS-PAGE, and autoradiogra-
phy [51]. One notable exception is the observed induction of HSP synthesis due to
geldanamycin-mediated inhibition of HSP90. Although the induction is not as strong
as with a true heat shock, L. donovani, but also Trypanosoma cruzi, respond to
geldanamycin with elevated HSP synthesis [5, 52, 53].

2.3 Stage-Specific Expression of HSPs in Leishmania

2.3.1 Pre-genome Era

Stage specificity of heat shock gene expression was assumed from the start, given the
peculiar life cycle of Leishmania spp. [54]. Early studies [33, 55], however, suffered
from the lack of appropriate detection methods, relying mostly on Northern blot
analyses to quantify steady-state mRNA levels. As mentioned earlier, there is no
regulated transcription in Leishmania [49, 56].

The availability of antibodies directed against Leishmania heat shock proteins
allowed for semi-quantitative analyses. The results indicated an elevated abundance
of a few, but not all heat shock proteins.

HSP100 was found to be amastigote-specific, not only because of its preferential
expression in amastigotes from infected tissue [57] and in axenically grown
amastigotes [58] but also because it is dispensable in the promastigote stage
[32, 57, 58].

The CPN60.2 variant of HSP60 was found to be moderately elevated in axenic
amastigotes, as was its cognate co-chaperonin, CPN10 [24, 25].

2.3.2 Post-genome Era

Proteome analysis of L. infantum during its differentiation in vitro from the
promastigote to the amastigote form provided the first comprehensive set of data.
A large number of heat shock proteins were identified and their relative abundance
mapped against the time course of differentiation. The results mostly match the
pre-genome era data, but add a level of accuracy absent from Western blot-based
studies [59].

For instance, the moderate increase of chaperonins CPN60.2 and CPN10, located
in the mitochondrion of L. donovani, reflects the results of earlier research [24, 25],
where authors also found moderate increases in the amastigote stage. The transient
and relatively minor increase of HSP70 and HSP90 (HSP83) levels matches with
published work from the mid-1990s and must be seen in the context of the very high
basal concentration of both proteins in Leishmania promastigotes [22].
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The ~5-fold induction of HSP100 in the amastigote was also observed using
Western Blot analysis, both for L. major and for L. donovani [57, 58]. It is interesting
to see that HSP70, HSP90 (HSP83), and several putative co-chaperones are found at
lower concentrations in the fully differentiated amastigote. HSP90 (HSP83) is
critical for proliferation and infectivity [52, 60]. The lower abundance of this
important chaperone and its putative functional partners may thus be connected to
the slow growth rates and even quiescence observed for amastigotes in vitro [61, 62].

3 Specific Roles in the Parasitic Life Cycle

3.1 HSP100

HSP100 is encoded by a single copy gene [23] and non-essential in vitro. Hsp100�/�

(Δclpb) mutants were generated in two Leishmania species, L. major [57] and
L. donovani [32, 63]. In both species, loss of HSP100 causes no overt phenotype
in cultivated promastigotes. Growth rates are comparable to wild type cells. A minor
reduction of growth at elevated temperatures in L. major hsp100�/� [57] could not
be reproduced with L. donovani hsp100�/� mutants, implying that thermotolerance
may not be the primary function of HSP100 in the leishmaniae [32].

Indeed, the need for HSP100 appears to be restricted to intracellular amastigotes.
L. donovani hsp100�/� can differentiate into viable amastigote-like cells in axenic
culture, i.e. outside any host cells. The only differences observed was the reduced
expression of a family of amastigote marker proteins and an accelerated differenti-
ation back to the promastigote stage when the temperature was lowered. However,
hsp100�/� mutants of both L. major and L. donovani failed to infect macrophages
successfully, and L. major hsp100�/� shows attenuation of virulence in susceptible
BALB/c mice, compared with wild type parasites [32, 58]. However, repeated
mouse infection cycles yielded an hsp100�/� escape variant with restored infectivity
and pathogenicity, the molecular basis of which remains unknown [64].

The discovery and analysis of a vesicular protein export pathway in Leishmania
[65] identified HSP100 as a part of the payload of temperature-induced exosomes,
which are shedded off the flagellar pocket membrane. They transport proteins,
including known virulence markers, into the host cell cytoplasm [65–69]. The
composition of the exosomal protein payload also changes drastically in the aviru-
lent hsp100�/� null mutants [39], suggesting an important role for HSP100 in the
sorting process, and reducing the exosome-based export of major chaperones such as
HSP90, HSP70, HSP75 (TRAP1), CPN60.2, and CPN60.3. These changes in
payload composition affect the observed immune-modulatory impact of exosomes
on the antigen-presenting cell population [39], explaining the exclusive role of
HSP100 in true, intracellular amastigotes, and its dispensability in all axenic culture
forms [32].
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In summary, HSP100 is overexpressed in the amastigote stage where it promotes
intracellular survival within the macrophage, making it a pivotal factor for parasite
virulence.

3.2 HSP90

HSP90 is encoded by varying numbers (up to 18) of identical, tandemly arranged
gene copies, and it is among the most abundant proteins in Leishmania spp.,
accounting for 2.8% of the promastigote’s extractable proteins [22, 36]. On the
other hand, Grp94, a paralogue of HSP90 located in the Endoplasmatic Reticulum
(ER), is only encoded by a single copy in L. infantum [70].

Predictably, inhibition of HSP90, using the specific inhibitors geldanamycin [71]
or radicicol [72], arrests proliferating promastigotes in the G2/M phase of the cell
cycle. This was observed for L. donovani [52] and the related parasite Trypanosoma
cruzi [53]. Also, inhibition of HSP90 induces the elevated synthesis and/or abun-
dance of the major heat shock proteins HSP60, HSP70, HSP90, and HSP100 in
Leishmania and Trypanosoma cruzi.

HSP90 inhibition also mimics the heat stress signal in an in vitro stage conver-
sion. In L. donovani,which transforms into amastigote-like culture forms induced by
heat stress and acidic milieu, treatment of axenic promastigotes with low doses of
geldanamycin or radicicol induces a morphological differentiation towards
amastigote-like axenic forms [52, 60, 73]. The effect is specific since expression
of a radicicol-resistant mutant of HSP90 [74] abrogates radicicol-mediated stage
conversion [60, 73]. In T. cruzi, geldanamycin treatment fails to induce life cycle
progression [53]. Obviously, the different tropism of T. cruzi also entails different
regulatory pathways for life cycle control.

In addition to morphological differentiation, HSP90 inhibition also induces
amastigote stage-specific gene expression. Given the absence of regulated transcrip-
tion and the poor correlation between RNA- and protein abundance [2, 4, 5], gene
expression analysis in Leishmania must focus on protein steady-state levels, i.e. by
differential proteome analysis, and/or on proteins synthesis rate analysis, i.e. by
ribosome profiling [75, 76]. A comparative proteomics analysis of the changes in
protein abundance over the time course of temperature-induced axenic amastigote
differentiation revealed expression kinetics for 973 of 8239 putative proteins
(11.8%). Elevated synthesis during amastigote conversion occurred in the groups
of molecular chaperones, calpain-like peptidases, and histones, but also included a
down-regulation of the protein synthesis machinery and adaptive changes in meta-
bolic pathway enzymes [59].

More recently, the impact of HSP90 inhibition on the protein synthesis patterns
was investigated using ribosome profiling analysis. L. donovani promastigotes were
treated with radicicol (IC80) for 24 h before poly-ribosomes were isolated and treated
with RNase. The remaining, ribosome-protected RNA fragments were recovered for
RNA-Seq analysis, and the sequencing reads were aligned to the ~8300 protein-
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coding genes to determine the extent and usage of all open reading frames. The
coverage (>95%) allowed a high resolution look at gene expression modulation
under HSP90 inhibition. This analysis, too, revealed increased synthesis rates for
(i) most major chaperones and stress proteins (e.g. HSP100, DNAj, HSP23, HSP70,
HSP90, mtHSP70, and the A2 stress proteins), (ii) a number of redox enzymes
(glutathione, glutathione reductase, trypanothione reductase, tryparedoxin, and
tryparedoxin peroxidase), (iii) proteolytic enzymes including calpain-like pepti-
dases, (iv) the amastin-like cell surface markers typical for amastigotes [77],
(v) several protein kinases, and lastly (vi) histone proteins. In turn, several fatty
acid synthesis enzymes were down regulated, reflecting the changing usage of
carbon sources in the amastigote stage [5].

HSP90 in Leishmania is also subject to stage-specific phosphorylation [78] and a
substrate for at least two protein kinases, MAP kinase 1 and casein kinase 1.2
[73, 79, 80]. Phosphorylation of HSP90 impacts on proliferation, morphology and
in vitro infectivity, linking chaperone activity and signal transduction pathways in
the control of the Leishmania life cycle.

In summary, the activity of HSP90 is pivotal for the Leishmania cell fate and
modulates translational control of gene expression.

3.3 Small Heat Shock Proteins

In contrast to other chaperone families such as HSP70 and HSP90, small heat shock
proteins (sHSPs) comprise the most evolutionarily divergent family of molecular
chaperones and are highly heterogenous in both sequence and size [81]. A key
characteristic feature of this protein family is the conserved α-crystallin domain
(ACD) that folds into a seven- or eight-stranded β-sandwich structure and is
involved in dimer formation [82]. The sHSPs usually function as holdases,
maintaining their cellular substrates in a near-native state to prevent stress-induced
aggregation and to facilitate the refolding via ATP-dependent chaperones
[83]. Small HSPs bind a broad range of client proteins, and are thereby involved
in the regulation of a variety of cellular processes and stress responses (i.e. high
temperature and oxidative stress) [84].

To date, three sHSPs have been identified in the Leishmania genome: HSP20,
P23 and HSP23 [26, 43, 85, 86].

The Leishmania HSP20 was first identified as immunogenic in natural infections
of dogs [87]. Further results of this study, however, questioned its immunoprotective
properties and implication as suitable DNA vaccines.

Biochemical characterisation of recombinant P23 and HSP23 proteins of
L. braziliensis (named Lbp23A and Lbp23B) showed that both negatively modulate
the HSP90 ATPase activity thereby being implicated as putative HSP90 interacting
partners [88]. In another study, functional analysis of L. donovani P23 null mutants
revealed hypersensitivity against the HSP90-specific inhibitors geldanamycin and
radicicol confirming P23 as a HSP90 co-chaperone [86].
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A reverse genetic analysis of the L. donovani HSP23 gene [26] provided evidence
for the involvement of HSP23 in the parasite stress response. Expression of HSP23
was shown to be temperature-dependent, with a marked up regulation during axenic
amastigote differentiation [5, 26, 89]. The lack of this protein in HSP23�/� null
mutants renders the parasites non-viable at mammalian tissue temperatures and
incapable of differentiating into axenic amastigotes in vitro. Furthermore, HSP23
null mutants show an increased sensitivity towards chemical stressors such as
ethanol, acidic pH, and trivalent antimony Sb(III). The latter effect implicates
HSP23 in resistance against antimony-based anti-leishmanial drugs [90].

3.4 HSPs as Antigens in Leishmania Infections

Many HSPs have been identified as major target antigens in several systemic
autoimmune and infectious diseases [91–94] caused by pathogens such as leishman-
iasis, malaria, trypanosomiasis, and Chagas’ disease [95–99].

First, the L. donovani HSP70 was characterised as a dominant antigen targeted by
the humoral immune response to Leishmania infections [98]. Moreover, anti-HSP70
antibodies are frequently found in sera from human and animal patients with
different clinical forms of leishmaniasis [99–103].

Furthermore, members of the HSP90 family have been described as dominant
antigens during infections caused by L. donovani [104], L. braziliensis [100, 103],
and L. infantum [105]. Finally, antibodies against the parasite HSP60 have been
found in sera of patients with American CL [106].

Among the HSPs, the HSP70 family comprises highly conserved molecules,
which are found in all types of prokaryotic and eukaryotic cells. Despite the high
sequence identity of 73% between parasite and human HSP70 [107], the host
immune response elicited during this parasitic infection is directed against specific
epitopes of Leishmania HSP70 [101]. Cellular and humoral responses against the
parasite HSP70 are highly specific, while anti-self antibodies are not induced
[101, 103]. Similar results were obtained with T. cruzi [97, 108].

Co-chaperones, too, were identified as antigens in Leishmania infection. The
L. major homologue of the eukaryotic stress-inducible protein Sti1 (HOP) was
recognised as an important antigen. Analyses of sera from human patients with
CL, VL, and post-kala azar dermal leishmaniasis (PKDL) showed that most indi-
viduals from these three clinical groups mounted strong humoral responses against
LmSTI1 [109].

In another study, Leishmania HSP70 and HSP90 (HSP83) behaved as potent B
cell mitogens [110]. Gamma-delta T cells from peripheral blood mononuclear cells
(PBMC) of a patient suffering from leishmaniasis of the mucosa responded to
stimulation with recombinant 70 kDa heat shock protein of L. chagasi [111]. A
similar effect was observed with L. braziliensis HSP90 and HSP70 [100, 103],
indicating a T cell-proliferative potential of parasite HSPs. The relative degree of
PBMC stimulation by the two HSPs varied between individuals suffering from

480 C. Kröber-Boncardo et al.



mucosal leishmaniasis versus self-healing cutaneous lesions. Since the outcome of
Leishmania infections greatly depends on cell-mediated immune reactions [18], this
finding may have implications on the pathology of L. braziliensis infections.

3.5 Protection Against Anti-microbial Agents

Another field of growing interest is the role of HSPs in the resistance of the parasites
against anti-microbial agents and chemotherapy. Leishmania parasites must survive
exposure to anti-microbial oxidants such as superoxide, hydrogen peroxide, and
nitric oxide that are generated during phagocytosis in the host macrophages [112–
114]. Toxic oxidants induce a moderate increase of HSP70 in Leishmania
promastigotes. This response results in increased resistance to the toxic effects and
increased virulence for the mammalian host [113, 115]. It was shown, too, that
elevated temperature and oxidants induce an increase of antioxidant enzymes [116].

Experiments have also shown that HSP70 and mtHSP70 are implicated in the
resistance to antimony in Leishmania [42, 117]. Also, HSP23 null mutants are highly
sensitive against stresses such as high temperature, oxidative stress, antimony (III)
and antimony (V), indicating a role for HSP23 in the defence against metalloid-
based anti-leishmanial drugs [26]. HSP23 is part of a three-gene cluster of antimony
resistance markers on chromosome 34 of Old World Leishmania spp., a region
that is selected in genetic complementation experiments under antimony drug
selection [90].

HSP90 (HSP83), too, is implicated in drug resistance in L. donovani [118]. It was
reported that in a Sb(V)-resistant L. donovani field isolate, which shows cross-
resistance to miltefosine (another anti-Leishmania drug), the expression of HSP90
(HSP83) was increased. Targeted over-expression of HSP90 also conferred protec-
tion in vitro. HSP90 and HSP70 may confer a first, unspecific stress protection that
allows the parasite to develop more specific and efficient resistance mechanisms
against anti-Leishmania drugs.

4 Conclusions

The functions of most heat shock proteins are still not fully understood in the
Trypanosomatida. While reverse genetics have identified the critical roles played
by chaperones in morphology, viability, infectivity, virulence and stress resistance,
we know little about their biochemical functions. Assumptions based on amino acid
sequence orthologies can be quite misleading given (i) the phylogenetic distances
between the Trypanosomatida and established model organisms and (ii) the unor-
thodox gene regulation mechanisms used by these early branching eukaryotes.
Therefore, primary and secondary (“moonlighting”) functions of chaperones, their
client proteins and their upstream regulators or modulators need to be characterised.
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Protein kinases and the impact of phosphorylation on HSP function, especially in the
pathogenic amastigote stage, is another urgent question in Leishmania research since
the lack of conventional gene regulation at the transcription level places more
importance on post-translational modifications to modulate cellular responses to
environmental change [119].

Comparatively little is also known about the functions of co-chaperones for the
activities of the major HSPs. It is therefore time to reconstitute Leishmania
chaperoning complexes in vitro, aided by in silico analysis, to characterise the
composition and clientele of various foldosome complexes and their impact on the
viability of the pathogenic intracellular amastigote stages.

The roles played by Leishmania HSPs in modulating the host’s immune response
of parasite infection also requires more insight. HSPs are known to be strong
antigens eliciting both humoral and cellular responses. They are also targeted to
the host cell cytoplasm via exosome-mediated secretion and modulate host and host
cell immune responses to the parasite’s advantage. Identification of clients/targets in
the host cell may yield better insight into host-parasite interactions on the molecular
level.

The wide availability of high-throughput sequencing will also aid in the pheno-
type analysis of HSP null mutants. Quite a number of chaperones are either essential
for in vitro growth and therefore not accessible to targeted replacement or the null
mutants have no or weak phenotypes. Inducible gene loss, e.g. by DiCre recombi-
nation [120], can unravel the roles and functions of essential chaperones. On the
other hand, comparative, qualitative and quantitative genome analysis [9–11] of
viable HSP null mutants and wild type parasites will point out chromosomal ploidy
changes, gene copy number variations, insertions, deletions and sequence poly-
morphisms selected specifically in parasites lacking a particular HSP. This can be
aided by functional cloning strategies for easy identification of compensatory genetic
adaptions [67, 121, 122].

In Saccharomyces cerevisiae, HSP90 and p23 are known to be involved in
chromatin packaging by keeping chromatin remodeling proteins functional
[123]. In addition, HSP90, together with Hsc70, has been shown to participate in
chaperone-mediated autophagy through interaction with other chromatin proteins,
thereby maintaining a balance between the soluble histone pool of H3 and H4
[124]. Since the inhibition of HSP90 by radicicol in L. donovani causes an increased
histone synthesis, the role of HSP90 and other HSPs in the regulation of chromatin
structure is another worthwhile question [5].

Lastly, several HSPs in Leishmania have only been partially investigated due to
the large number of orthologues, e.g. HSP70 and HSP40. New molecular tools for
reverse genetics, such as CRISPR/Cas9, should now be utilised for the analysis of
multi-member HSP families [125].
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HSF1 in RNA Polymerase II
Promoter-Proximal Pausing and HSP70
Transcription

Heeyoun Bunch

Abstract

Introduction This review summarizes the findings regarding Heat shock factor 1
(HSF1)-mediated RNA polymerase II (Pol II) promoter-proximal pause release as a
major transcriptional activation mechanism at heat shock protein 70 (HSP70).

Methods A narrative review of all the papers related to the findings was conducted.

Results Transcription is the biological process through which RNA molecules are
synthesized from the sequence of a DNA strand. The polymerization of protein-
coding RNA is mediated by Pol II, a sole, multi-subunit enzyme whose chromatin
association/dissociation and enzymatic activity are regulated by many transcription
factors. Critically, some transcription factors receive extracellular cues, which pro-
voke a cascade of signaling events that prime gene activation and productive
transcription. HSF1, a master regulator for HSP70 genes, is such a transcription
factor. Metazoan HSP70 transcription is rapidly induced in response to extracellular
or intrinsic stresses, mainly through a mechanism called Pol II promoter-proximal
pausing. It is utilized by a large number of protein-coding and non-protein-coding
genes for synchronized gene expression in metazoans. The molecular model system
of HSF1-mediated pause release of Pol II at HSP70 has been used to study this
transcriptional mechanism.

Conclusions In this chapter, we discuss the role of HSF1 in Pol II promoter-
proximal pausing for regulated HSP70 transcription and expression.
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Abbreviations

AGO Argonaute
ATM Ataxia telangiectasia mutated
ChIP-seq Chromatin immunoprecipitation sequencing
CTD C-terminal domain
DDR DNA damage response
DNA-PK DNA-dependent protein kinase
DSB DNA double strand break
DSIF DRB sensitivity-inducing factor
FACT Facilitates chromatin transcription
H3K4me3 H3 trimethylated at lysine 4
HSE Heat shock element
HSF1 Heat shock factor 1
HSP Heat shock protein
m7G 7-methyl guanosine
NELF Negative elongation factor
NTP Nucleoside triphosphate
NURF Nucleosome remodeling factor
PARP Poly(ADP)-ribose polymerase
PI3 Phosphoinositide-3
Pol II RNA polymerase II
P-TEFb Positive transcription elongation factor b
RNA-seq RNA sequencing
SWI/SNF Switch/Sucrose non-fermentable
TBP TATA box binding protein
TOP2B Topoisomerase IIβ
TRIM28 Tripartite motif-containing 28
Trl Trithorax-like
TSS Transcription start site

1 Introduction

The generation of RNA molecules complementary to one of the DNA double
strands, or transcription, is the first regulatory step in gene expression [1]. Enzymes
called RNA polymerases (RNA Pols) solely mediate the polymerization of ribonu-
cleotides to synthesize RNA. Three RNA Pols in eukaryotic cells, named RNA Pol I,
II, and III, were discovered about 50 years ago [2], and among these, RNA Pol II
transcribes most protein-coding and long non-protein-coding genes [3, 4]. The enzy-
matic activity of Pol II is crucially regulated by a variety of general and gene-specific
transcription factors [5]. For example, the phosphorylation of RNA Pol II by the
transcription factors, general transcription factor II (TFIIH) and positive
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transcription elongation factor b (P-TEFb), modulates the promoter escape and
elongation processivity of RNA Pol II [6–8]. Further a gene-activation or gene-
repression signals are transferred to these kinases through a cascade of signaling
events involving various protein and nucleic acid factors [9, 10]. This transcription-
factor-induced gene activation involves Mediator, a large protein complex, as a
scaffolding protein to bridge upstream promoter or enhancer elements and the
downstream Pol II complex in the transcription start site (TSS) [11, 12] (Fig. 1).

Transcription includes the steps of transcriptional initiation, elongation, and
termination [13]. Previously, it was thought that gene activating signals such as
heat shock, hormones, and neurotransmitters induce the recruitment of free Pol II
molecules to the promoter of target genes at the onset of gene expression [14, 15]
(Fig. 2). Transcription initiation consists of the recruitment of general transcription
factors and Pol II, multiple rounds of abortive initiation, and promoter escape
[16, 17]. Thus, transcription initiation was considered the sole rate-limiting step,

Fig. 1 Transcription regulation by DNA binding transcription activators. In signal-induced
transcription, general and gene-specific transcription activators bind to the promoter to initiate the
gene expression. Mediator, a large protein complex composed of over 20 subunits, is a central factor
in signal-induced transcriptional activation as a scaffolding and coactivator protein. Mediator
interacts with transcription activators, changes its conformation, and bridges the enhancer and
promoter elements as well as the Pol II elongation complex in the TSS. DNA looping is considered
to occur to enable these interactions. This crosstalk is known to be important for the full-forced
transcriptional activation and gene expression. TSS, transcription start site. Enhancer elements in
orange colored circles; RNA in orange line; general transcription factors in grey circles; gene-
specific activator in purple circle; Mediator in green circles. Pol II RPB C-terminal domain is shown
as a narrow, elongated structure protruding from Pol II
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while transcriptional elongation was thought to be a continuous, processive poly-
merization step without energy barrier for Pol II to overcome to mature the nascent
RNA molecule upon gene activation. However, about 10 years ago, along with the
dramatic advancement of genomics techniques such as chromatin immunoprecipi-
tation sequencing (ChIP-seq) and RNA sequencing (RNA-seq), it was found that the
majority of Pol II proteins engage with protein-coding genes, either resting or
actively expressing, in the promoter-proximal region [15, 18–20]. Studies published
in 2010 suggested that approximately 30% and more than 90% of protein coding
genes in Drosophila and mice, respectively, harbor Pol II enriched in the promoter-
proximal sites. This phenomenon was called Pol II promoter-proximal pausing
[15, 18] (Fig. 2). The Pol II pausing site was mapped genome-wide between +20
and +60 and between +25 and +100 from the TSS in Drosophila and humans,
respectively [10, 18].

Fig. 2 Traditional versus current models of transcriptional activation. Previously, it was
considered that the gene promoter and TSS would be vacant of Pol II in the resting state of
transcription and Pol II and general transcription factors would be recruited to the promoter of
targeted genes upon gene activation (upper panel). It was also thought that transcriptional initiation
from the factor binding to the promoter escape (or clearance) is the rate-limiting step before
processive elongation (upper panel). Currently, it has been shown that even in the resting state,
the preinitiation complex of Pol II is already assembled, initiates transcription, and is paused at
around +25–70 from the TSS in a large number of protein-coding and non-protein coding genes
including HSP70 (bottom panel). During the pausing, the short mRNA species engaged with Pol II
is capped with 7 methyl guanosine (m7G). Gene activation is thus to release the paused early
elongation Pol II, which is another critical rate-limiting step of gene expression (bottom panel)
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Studies published in the decade since the discovery of genome-wide Pol II
pausing have identified several players that regulate Pol II pausing and the pause
release of Pol II. Many of these studies were performed using the HSP70 gene, the
first gene discovered to have promoter-proximally paused Pol II in the 1980s
[21, 22]. Protein factors such as negative elongation factor (NELF), DRB sensitiv-
ity-inducing factor (DSIF), Gdown 1, and tripartite-motif containing 28 (TRIM28),
and nucleic acid factors such as the G-quadruplex structure, reportedly stabilize Pol
II pausing [10, 23–29]. NELF and DSIF induce Pol II pausing, and Gdown
1, G-quadruplex, and TRIM28 stabilize it (Fig. 3). In biophysics assays, artificial
DNA supercoiling applied either upstream or downstream of the elongating Pol II
has also been found to pause Pol II [30, 31], suggesting that topological stresses in
DNA could affect the kinetics of Pol II (Fig. 3). In spite of the apparent transcription
arrest, Pol II pausing is considered a prerequisite step before productive elongation
[32–34]. This is supported by observations of deregulated capping and reduced
productivity in mRNA synthesis upon transcriptional activation by manipulations
that compromise Pol II pausing [14, 23, 35–38].

Pol II promoter-proximal pausing also enables a synchronized, rapid response to
the activation signals received by the promoter [32, 34, 39]. It is well known that Pol
II pausing is utilized in diverse stimulus-inducible genes including heat-, serum-, and
neurotransmitter-inducible ones [32–34, 40]. It is critical that these genes be rapidly
expressed upon receiving the activating signals, and Pol II pausing appears to be an
important step for accumulating the potential energy to launch the processive
elongation. Pol II pausing immediately downstream of TSS is likely to function as

Fig. 3 Pol II-pausing elements at HSP70. The protein and nucleic acid factors that have been
discovered to induce or stabilize Pol II pausing are described. The G-quadruplex formed by the
non-template DNA of HSP70 TSS was shown in a two-consecutive hairpin structure with 8 “G”s.
Hypothetical positive supercoiling in advance of Pol II early elongation complex is shown. Nucl,
nucleosome
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an energy barrier for the tight temporal and spatial regulation of the essential genes
involved in cell homeostasis and survival. Pol II pausing is observed in other
organisms besides Drosophila, mice, and humans [10, 15, 33, 41]. For instance, in
bacteriophage λ, late lytic genes are transcribed from the pR’ promoter [42, 43]. The
immediate downstream of the TSS includes a segment that resembles the �10 box,
causing the holo-enzyme, RNA Pol and σ factor, to pause due to, the strong affinity
between σ factor region 2 and the �10-like sequence [44]. This early pausing is
rescued by the anti-pausing transcription factor λQ protein, upon activation of the
lytic genes (https://hdl.handle.net/1813/12839) [44, 45]. In addition, recently,
despite the lack of NELF homologs, the prevalence of Pol II pausing has been
reported in Arabidopsis, and it is opposite to what had previously been thought [46–
48].

Promoter-proximally paused Pol II is released when the gene is activated by
different stimuli. Although various gene-specific transcription factors function in
transcriptional activation, some general elements are essential in transforming the
signals to Pol II and epigenetic factors to propel Pol II translocation. For example,
P-TEFb is a key protein factor for Pol II pause release and transcriptional resumption
that phosphorylates NELF, DSIF, and the C-terminal domain (CTD) of Pol II at
serine 2 and the phosphorylation is important for Pol II to resume transcription
[8, 49–51]. In addition, AFF4, ELL, MYC, topoisomerase IIβ (TOP2B), and
phosphoinositide-3 (PI3) kinases modulate Pol II and epigenetic factors during Pol
II pause release [10, 15, 33, 40, 52–54]. It appears that a flare of phosphorylation and
ATP hydrolysis occurs upon gene activation for the energetically endothermic and
anabolic pathway to synthesize macromolecules. Details of the pause release mech-
anisms are discussed below.

Heat shock protein 70 (HSP70) is a conserved gene in evolution and has been an
exemplary and model gene to study Pol II pausing and pause release [1, 10, 24, 55–
59]. HSP are molecular chaperones that are essential to the proper folding of cellular
proteins, an important process for protein quality control [60]. Due to the thermo-
susceptible nature of proteins, HSP, including HSP70, are rapidly expressed upon
heat shock, within a few seconds of heat induction, in vitro. Various other cellular
stresses, including osmotic, hypoxia, and chemical stresses, activate HSP70 expres-
sion, which depends on a potent transcription factor, named heat shock factor
1 (HSF1), a highly conserved gene in eukaryotes [60, 61]. HSF1, which is located
in the cytosol, undergoes structural changes that lead to autophosphorylation and
trimerization travels into the nucleus to activate the HSP genes including HSP70
[1, 62]. HSF1 is a DNA-binding protein that binds to heat shock response element
(HSE) as a trimer [63]. HSF1 recruitment to HSE in the promoter of HSP70 is likely
the first step to provoking a cascade of signaling events for Pol II pause release upon
gene activation. The regulatory mechanisms discovered from studying the HSP70
gene in Drosophila and humans are the basis for understanding Pol II pausing and
pause release in diverse stress-inducible genes in metazoan cells. In this chapter, we
review the regulatory mechanisms of Pol II promoter-proximal pausing and pause
release in HSP70, the function of HSF1 in this regulation, and how these collaborate
for the HSP70 gene expression.
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2 RNA Pol II Promoter-Proximal Pausing in HSP70

In the early 1960s, Hsp70 was discovered by F. Ritossa and his colleagues as they
worked with Drosophila cells [64]. The hsp70 DNA sequence of Drosophila
genome and its transcription were analyzed and characterized by J. Lis’ group in
the 1970s and 1980s [65, 66]. In 1988, it was found that Pol II is engaged with the 50

end of the uninduced Drosophila hsp70 gene, transcriptionally proficient yet paused
[21, 22]. This observation was novel and unexpected at the time because it had been
believed then that Pol II were recruited to transcriptionally activated genes and so
were void in transcriptionally inactive or unproductive genes.

In the traditional model, transcriptional activation initiates the recruitment of
RNA Pol II and general transcription factors to the promoter of activated genes to
form a pre-initiation complex (Fig. 2) [67]. The TATA box binding protein (TBP) of
TFIID binds to and bends the promoter to unwind the double strand of DNA. Using
the template DNA strand, de novo synthesis of the RNA molecule begins as RNA
Pol II incorporates incoming nucleoside triphosphate (NTP) and is translocated
downstream from the TSS (+1). However, the affinity between the promoter ele-
ments and RNA Pol II prevents the enzyme from being released from the promoter
and requires an accumulation of energy to break the energy barrier [68]. In bacterial
transcription, the kinetic energy exerted spent breaking such energy barrier is
explained by the scrunching model [68]. In the model, DNA is considered to be a
flexible element and the downstream DNA is scrunched into the active site of
enzyme and returned to its original position. The reiteration of these actions, namely,
the scrunching and relaxation of the DNA, generates small RNA fragments in the
range of 2–10 nt, called abortive initiation [68, 69]. The stress energy combined with
the stable RNA–DNA hybrid formation in the enzyme–nucleic acid complex permits
RNA Pol to overcome the energy barrier and move downstream of the gene body.
The promoter-escaped RNA Pol II complex enters transcriptional elongation, in
which more processive polymerization of NTP is carried out to mature the nascent
RNA molecule. In the transcriptional termination, Pol II transcribes the Poly A site,
and the RNA sequence is recognized and cleaved for polyadenylation [70–72]. In
another model, the Nrd1, Nab3, Sen1 complex induces the elongation complex to be
dissociated [72].

In the late 2000s along with the development of genome-wide analyses, it was
found that a majority of Pol II is already bound to a large number of protein-coding
genes at the 50 end, as in Drosophila hsp70, even before gene activation (Fig. 2)
[15, 18, 34]. This phenomenon is called RNA Pol II promoter-proximal pausing.
Using ChIP-seq for Pol II in Drosophila and mice demonstrated the enrichment of
Pol II in TSS, and using RNA-seq in Drosophila showed that small RNA molecules
are generated from the TSS-engaged Pol II [15, 18]. Since these findings, numerous
studies have reported various regulatory elements that are important for controlling
the paused Pol II in the TSSs.

Because hsp70 is the first gene shown to harbor Pol II in the TSS, many findings
that are important for understanding Pol II promoter-proximal pausing have been
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produced from studies of the transcriptional regulation of the Drosophila hsp70
genes (Fig. 3). Pol II pausing is mediated by DSIF and NELF [34]. In theDrosophila
hsp70 gene, NELF is co-localized with Pol II at the promoter-proximal region,
causing Pol II to be paused at around +25 from the TSS and released upon hsp70
activation [24]. NELF is composed of four subunits, NELF-A, NELF-B, NELF-C/D,
and NELF-E, and it makes extensive contacts with Pol II, DSIF, and the nascent
RNA [26]. For example, NELF-E and NELF-A interact with the nascent RNA and
DSIF to collaborate in establishing Pol II pausing. DSIF is also known to co-localize
with NELF and Pol II at the hsp70 gene during inactive transcription [24, 32,
73]. Knock-down and immunodepletion of DSIF and NELF weaken Pol II pausing
at hsp70 gene in vivo and in vitro, respectively [24, 74]. In transcriptional activation,
DSIF remains as a complex with elongating Pol II while NELF dissociates from the
TSS of hsp70 [34]. Interestingly, NELF knock-down interferes with the transcription
of many genes both in humans and inDrosophila [23, 38, 75], which implies that Pol
II promoter-proximal pausing is required for productive transcription. In fact, Pol II
promoter-proximal pausing has been shown to be important for proper capping and
gene activation [23, 36]. Rather than being an inhibitory step that delays transcrip-
tion, it is another rate-limiting step that is preparatory and necessary for signal-
induced and synchronized transcriptional activation [1, 32, 34, 39]. Supporting this,
recent kinetic studies of Pol II pausing have demonstrated that Pol II pausing occurs
during transcriptional initiation not only in resting genes but also in transcriptionally
activated genes. In other word, transcriptional activation doesn’t eliminate Pol II
pausing but shortens the pausing duration [76, 77]. In addition to DSIF and NELF,
TRIM28 has been shown to stabilize and regulate Pol II promoter-proximal pausing
in the human HSP70 gene (HSPA1B) (Fig. 3) [1, 10, 78]. In HSPA1B, Pol II pausing
occurs at around +70, and TRIM28 is indirectly or directly associated with the
non-template DNA in proximity of the pausing site [10]. In vitro, TRIM28 depletion
alleviates Pol II promoter-proximal pausing at HSPA1B [10]. The G-quadruplex
structure of the non-template DNA in the TSS of HSPA1B has also been reported to
stabilize the pausing [28], suggesting that the G-C richness of TSS regulates the
translocation rate of Pol II. Studies have consistently reported that Pol II is paused
and tends to be backtracked to the G–C rich sequence for the formation of a more
thermodynamically stable DNA–RNA hybrid [18].

Nucleosome and chromosome architecture are also important element in the
regulation of Pol II promoter-proximal pausing in HSP genes (Fig. 3). The enrich-
ment of nucleosome occupancy downstream of the promoter-proximally paused Pol
II and the absence of nucleosome occupancy in the Pol II paused site have been
reported, suggesting competition and mutually exclusive binding of Pol II with
nucleosomes to DNA [23, 56, 79–81]. The nucleosome that is highly concentrated
in the proximity of paused Pol II in the downstream is called the +1 nucleosome
[79]. Some studies have suggested that nucleosome remodelers control Pol II
pausing. Recently, facilitates chromatin transcription (FACT), a nucleosome
remodeler and elongation factor, has been shown to regulate Pol II pausing in HSP
genes [82]. In addition, GAGA, a short sequence motif in the Drosophila hsp70
promoter, is important for establishing Pol II pausing [83]. Interestingly, GAGA is
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the binding site of the trithorax-like (Trl) protein complex, which recruits NURF, a
nucleosome remodeler that facilitates transcription and Pol II pausing release by
decondensing nucleosomes [84, 85]. Interestingly, nucleosomes are dramatically
and rapidly released from the activated hsp70 gene in Drosophila and depletion of
nucleosomes depends on GAGA factor, poly(ADP)-ribose polymerase (PARP), and
HSF1 [56]. It has not been determined whether this is conserved in humans because
studies have found evidence for the exchange of nucleosomes rather than their
eviction from diverse genes that are regulated by Pol II pausing, including HSP70
in humans. In fact, another Drosophila study suggested exchange rather than
eviction, indicated by the accumulation of H2A.Z/v, a hyper-acetylated variant of
H2A and H3 trimethylated at lysine 4 (H3K4me3) in hsp70 upon transcriptional
activation [86].

Some other interesting aspects of Pol II promoter-proximal pausing at hsp genes
are the involvement of small interfering RNA species in the regulation of pausing
(Fig. 3). In one study, Dicer and Argonaute (AGO) protein KD increased the
expression of HSP70 and HSP68 [87]. The effects of the processing of promoter-
proximal RNAs on Pol II pausing are not known. The small RNA molecules
generated by Pol II pausing are about 30–50 bps, and Pol II pausing at hsp70 in
Drosophila has a half life of 5 min, based on a study that used GFP-tagged Pol II
in vivo [88]. It is thought that the quite a number of aborted short transcripts could be
generated during the inactive state of transcription, and their role in establishing Pol
II pausing awaits further investigation.

3 HSF1 in Pol II Pause Release and Gene Expression
at HSP70

HSP plays important roles in the cell. They are chaperone proteins in protein quality
control, assisting the folding and refolding of other proteins [60]. In addition, they
participate in various cellular pathways, including immune responses, autophagy,
and transcription [89, 90]. When the protective function of these proteins becomes
necessary, their induction is almost instantaneous within a few seconds. HSF1 is
composed of an N-terminal DNA-binding domain, a coiled-coil domain, a regula-
tory domain, and a transactivation domain [62, 63]. HSF1 is present as an inactive
monomer in a complex with other chaperone proteins, such as Hsp70 and Hsp90 in
the cytosol [91]. The regulatory domain is heat-sensitive and becomes unfolded at
higher temperatures. This structural change can induce the packing of the coiled-coil
domain for trimerization [62]. Elevated temperatures in the cytosol are sensed by
HSF1, resulting in the formation of an HSF1 trimer, released from Hsp70 and
Hsp90, which inhibit HSF1 activation (Fig. 4). HSF1 trimer is translocated into
the nucleus and binds to its binding sites on HSP genes (Fig. 4). Several phosphor-
ylation sites are known, including S230 and S326, whose phosphorylation activates
HSF1 [63].
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HSF1 is a master transcription factor for the expression of HSP genes. Binding of
an HSF1 trimer to the HSE on the promoter of HSP70, transcription is activated. It is
now thought that the activation is mainly attributable to the reverse of Pol II
promoter-proximal pausing to resume transcription (Fig. 4). The energy barrier for
overcoming the pausing appears to be lowered by HSF1 binding to the promoter. It is
known that HSF1 recruits diverse transcription factors to the activated HSP70 gene,
including P-TEFb, PARP1, and p300 (Fig. 4). P-TEFb is the key transcription factor
to release promoter-proximally paused Pol II and is recruited by HSF1 [92]. A
chemical inhibitor of HSF1, which perturbs the interaction between P-TEFb and
HSF1, interferes with the transcriptional activation owing to HSF1 [93]. In in vitro
biochemical analyses, when recombinant HSF1 purified from bacteria is incubated
with the DNA segment including the promoter and early gene body of HSP70 gene,
it increases the recruitment of pre-initiation complex such as Mediator, TBP,
P-TEFb, and TFIIE to the DNA [10]. In addition, HSF1 contacts TBP and TFIIB

Fig. 4 Pol II pause releasing elements at HSP70. HSF1 is associated with Hsp70 and Hsp90 in
the cytosol as an inactive complex. Thermal increase or various stresses can change the conforma-
tion of HSF1 to be released from Hsp70/Hsp90 for homo-trimerization and HSF1 becomes hyper-
phosphorylated. HSF1 trimer enters the nucleus and binds to the HSE of HSP70 promoter, which
triggers dramatic changes in the many elements involving diverse proteins, nucleosomes, and
nucleic acids in the promoter and TSS. These factors that are important to release Pol II from the
pause site of HSP70 are depicted. TOP2B dimer is shown as a pair of scissors and DNA double
strand break as a lightening sign. Nucleosome repositioning or sliding is shown in a blue bar with
arrows on both ends under a nucleosome (Nucl). A protein phosphorylation is shown in a black star
mark; acetylation of nucleosome by p300 in -COCH3. Three categories of involved factors by main
functions are shown in light pink (Pol II processivity factors: NELF, DSIF, P-TEFb), light green
(DNA topology and repair proteins: TOP2B, ATM, DNA-PK, γH2AX, TRIM28), and light blue
(nucleosome remodelers: FACT, SWI/SNF, GAGA, NURF, p300, PARP) background
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in the pre-initiation complex [94]. P-TEFb phosphorylates the C-terminal domain of
RPB1, the largest subunit of Pol II, at Ser2 (S2 Pol II), DSIF, and NELF, which is a
critical event for Pol II pause release. Phosphorylated NELF dissociates from the
paused Pol II complex for release, while phosphorylated DSIF remains in the Pol II
elongation complex as an activator. HSF1 triggers the reformation of pausing
inducing-proteins and Pol II for processive elongation through P-TEFb as well as
the modulation of chromatin architecture through SWI/SNF, PARP, and p300
[89, 95, 96] (Fig. 4). P300 is a histone acetyl-transferase that modulates chromosome
accessibility and acetylates HSF1 for DNA binding at HSP70 [97]. Nucleosome
remodeling factor SWI/SNF is important for the expression of human and Drosoph-
ila hsp70, necessary for transcriptional elongation [58, 95, 98]. HSF1 recruits
SWI/SNF and mediates nucleosome rearrangement to favor processive Pol II elon-
gation [58, 95]. PARP is a DNA repair enzyme that mediates the poly-ADP
ribosylation of proteins. During transcriptional activation at hsp70 in Drosophila,
PARP is recruited, and the inhibition of PARP hinders nucleosome dissociation and
transcription [56]. In the same organism, activated PARP recruits Mi-2 for hsp70
transcriptional activation [99]. In humans, PARP1 is recruited by HSF1, which is
important for the redistribution of PARP1 in DNA repair and transcription
[96]. PARP1 catalyzes the poly-ADP ribosylation of nucleosomes and loosens
them to increase accessibility [100, 101].

In addition to these protein and nucleosome factors, Pol II pause release atHSP70
involves DNA topoisomerase IIβ (TOP2B)-mediated DNA double strand break
(DSB) and DNA damage response (DDR) signaling [10, 33] (Fig. 4). TOP2B-
mediated DSB and DDR signaling for transcriptional activation were first identified
in estrogen- and androgen-receptor gene activation, about a decade ago, in humans
[102–104]. TOP2B-mediated DSB has been mapped to the promoter of these genes
upon transcriptional activation [103]. Interestingly, this TOP2B-mediated DSB is
considered important for the activation of stress-inducible genes, including HSP70
in humans [1, 10, 33, 39, 40, 105]. In the release of paused Pol II at HSP70, TOP2B
is recruited and DDR signaling is triggered throughout the entire TSS and gene body
[33]. Inhibiting TOP2B reduces the efficiency of Pol II pause release, transcriptional
elongation, and DDR signaling [33, 40]. In a previous study, DDR signaling was
visualized in the gene body through ChIP-seq analyses of γH2AX a phosphorylated
variant (at Ser139) of histone 2A, which is indicative of DSB-induced DDR [33, 40],
and phosphorylated TRIM28 at Ser824 [1, 33]. TRIM28, which stabilizes Pol II
pausing in the inactive state of transcription, becomes phosphorylated at Ser824 by
ATM and DNA-dependent protein kinase (DNA-PK) during Pol II pause release at
HSP70 [10, 54] (Fig. 4). In fact, TRIM28 phosphorylation at Ser824 by ataxia
telangiectasia-mutated (ATM) is known to be involved in DSB repair, and it is
one of the first events that follow the incident of DSB [106]. The inhibition of ATM
with a small chemical interferes with Pol II translocation to the gene body and
γH2AX accumulation at HSP70 [1, 10, 33]. This signifies that DSB and DDR
signaling are required for Pol II pause release and active transcription at HSP70
[1, 33, 39]. Importantly, this TOP2B-mediated DSB and DDR signaling are required
for Pol II pause release in other stress genes, including neurotransmitter- and serum-
inducible genes [33, 40].
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The function of TOP2B-mediated DSB and DDR signaling for transcriptional
activation and elongation remains unclear and requires further investigation. How-
ever, it is speculated that DNA torsion in relation to the nature of the helical structure
of double stranded DNA is generated during Pol II translocation for transcriptional
activation [30, 107–109] (Fig. 3). In vitro biochemical studies have established that
supercoiling is generated by elongating Pol II, that is, negative and positive
supercoiling upstream and downstream of the motor protein, respectively [30, 108,
109] (Figs. 3 and 4). These studies have also shown that topoisomerases play an
important role in resolving the torsional stresses. Consistently, a biophysical study
demonstrated that RNA Pol is a torque-resistant enzyme, although it stalls over a
certain threshold of torque [30, 31]. These findings suggest that torsional stresses
may contribute to Pol II promoter-proximal pausing, and these must be resolved to
allow Pol II processivity upon Pol II pause release (Figs. 3 and 4). It is difficult to
map TOP2B on the genome, but when it is trapped in human genome using
etoposide, a TOP2B poison that induces the formation of TOP2B-DNA adduct, it
is enriched in the TSS of a large number of genes [110]. According to the canonical
understanding, a TOP2B dimer cuts the DNA double strand, removes the positive
supercoiling, and reseals the broken DNA. These three steps occur instantaneously
without any need for DNA repair signaling [105, 111, 112]. It is interesting that
TOP2B catalysis induces DDR signaling in the transcriptional activation of HSP70
and other stimulus-inducible genes, because this may imply a persistent DNA break
rather than the canonical catalysis of TOP2B [105, 113]. In fact, a recent study
showed that TOP2B causes spontaneous DSB for abortive catalysis during the
transcriptional activation of estrogen receptor genes [113, 114]. It remains to be
determined whether this abortive TOP2B catalysis is responsible for DDR signaling
in HSP70 transcription, and if so, what is the cellular mechanism to repair it
alongside active transcription and Pol II elongation.

Although HSF1 binding triggers dramatic changes in the protein network and
nucleosomal environment, described above, whether it signals or induces TOP2B
activation is not yet known. However, HSF1 binding appears to be sufficient to
induce DDR signaling in the gene body presumably through TOP2B-mediated DSB
[10]. The inhibition of the interaction between HSF1 and P-TEFb, for example,
using a small chemical does not block the phosphorylation of TRIM28 at Ser824,
indicating that TOP2B-induced DSB and DDR occur simultaneously with HSF1
binding before Pol II pause release by P-TEFb [10]. It remains to be determined how
HSF1 binding to the HSP70 promoter can regulate the catalytic activity of TOP2B.

4 Discussion

HSP70 is a model gene representative for RNA Pol II promoter-proximal pausing
and pause release and has been intensively studied for the phenomenon. HSF1 is
almost the only transcriptional activator required to stimulate this gene in vitro
[10, 62, 63, 91], which makes HSP70 an ideal in vitro system for studying
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regulations. In addition, the straightforward and controllable method to induce gene
activation that is feasible to visualize (in the case of Drosophila) and quantify has
contributed to many wonderful in vitro studies that have helped to elucidate tran-
scriptional regulation in HSP70 [10, 33, 56, 57, 115]. Therefore, it is important to
take the lessons and findings from the transcriptional activation of HSP70 to apply,
test, and evaluate other signal-inducible genes utilizing Pol II pausing to understand
the general and gene-specific mechanisms of Pol II pausing and pause release
regulation.

In the current model, Pol II promoter-proximal pausing is induced by the central
pausing factors, DSIF and NELF. These factors interact with Pol II and with nascent
RNA (for NELF) to interfere with Pol II translocation downstream along the gene
(Fig. 3) [24–26]. TRIM28 stabilizes Pol II pausing by directly or indirectly binding
non-template DNA [10]. The G-quadruple structure of the non-template DNA in the
HSP70 TSS is a nucleic acid element that contributes to the formation of Pol II
pausing [28]. In addition, the +1 nucleosome is likely to function as a roadblock by
supporting a local heterochromatin structure [34, 79, 80, 116] (Fig. 3).

HSF1 is a key transcriptional activator for HSP70. This single-protein molecule
functions as a signaling molecule from the cytosol, where it senses extracellular
signals, into the nucleus where it binds to the promoters of target genes to activate
them (Fig. 4). Pol II promoter-proximal pause release is initiated upon HSF1
binding. HSF1 has a variety of binding partners in the cell. Among these, P-TEFb,
a master Pol II pause release factor, is also recruited by HSF1 [92, 93, 117], which
recruits and interacts with Mediator protein through its transactivation domain
[118]. Mediator is a large scaffolding protein that makes numerous contacts and
has interactions with elements in the enhancer, promoter, and gene body (Fig. 1)
[119, 120]. Transcription activator binding induces structural changes in Mediator,
altering its properties and binding partners, which is crucial for productive gene
activation [11, 121]. P-TEFb interacts with Mediator that accounts for the acceler-
ated transcription [120, 121]. Pol II, DSIF, and NELF phosphorylation by P-TEFb is
crucial for Pol II pause release [34, 73] (Fig. 4). The phosphorylation alters the
protein dynamics and propels the Pol II early elongation complex downstream.
However, the nucleosome structure must become permissive for Pol II processivity,
and the nucleosome remodelers function on this matter. PARP1, p300, NURF, and
SWI/SNF are involved in relaxing or rearranging nucleosomes to favor transcription
[56, 97, 115, 122] (Fig. 4).

Recent findings suggest that DNA topology also helps regulate Pol II promoter-
proximal pausing and pause release [33, 40, 105, 112]. In vitro, the DNA double
helix, unwound by the transcription bubble, imposes positive and negative
supercoiling ahead and behind the transcribing Pol II [30, 108]. It remains unclear
whether torsional stress occurs to induce Pol II pausing in vivo, as has been shown
in vitro, and if so, to what extent this happens. Setting aside this unresolved question,
it has been demonstrated that TOP2B plays an important role in Pol II pause release
at HSP70 and other stimulus-inducible genes [33, 40, 105] (Fig. 4). The transcrip-
tional activating signal that is propagated by HSF1 to express the HSP70 gene
appears to trigger the catalytic activity of TOP2B, independent of P-TEFb function

HSF1 Controls HSP70 Gene Activation 501



[10, 39]. This suggests that the DNA break and damage response signaling during
Pol II pause release and transcriptional activation is a parallel signaling pathway to
the P-TEFb-mediated one (Fig. 5). Consistent to this observation, some studies have
reported that TOP2B is phosphorylated and phosphorylated TOP2B is catalytically
active [123–125]. Although the nature and function of TOP2B phosphorylation is
less defined and debatable, these studies suggest that TOP2B phosphorylation might
be modulated during the resting state of transcription and upon HSF1 binding to the
promoter. The kinases that are responsible for TOP2B phosphorylation is not clearly
known because TOP2B is not co-immunoprecipitated with any particular kinases
while protein kinase C, casein kinase II, and the viral lysate do phosphorylate
TOP2B [124, 126–128]. The connection between HSF1 and TOP2B must be better
understood as well as the exact mechanisms of TOP2B regulation during transcrip-
tional activation.

Fig. 5 Three mechanical layers that regulate Pol II pausing and pause release at HSP70. Pol
II pausing and pause release are controlled by a diverse group of transcription factors and elements.
They can be categorized to regulate the translocation or processivity of Pol II, the chromatin
environment, or DNA topology and repair function. These three mechanical layers of regulation
cooperate to coordinate transcriptional pausing and the resumption of productive transcription in the
promoter-proximal site. HSF1, the central transcriptional activator of HSP70, drives the resumption
by recruiting other transcriptional activators and triggering reversal reactions in the pre-existing
players. The outcome of HSF binding to the HSP70 promoter is Pol II pause release and an efficient
production of HSP70 mRNA
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5 Conclusions

Pol II promoter-proximal pausing is a newly identified rate-limiting step in tran-
scriptional regulation in metazoan cells. HSP70 is a model gene for the study of the
mechanisms of Pol II pausing and pause release. HSF1-mediated transcriptional
activation provokes a series of downstream events that allow Pol II release from the
pausing site, which involves regulations that modulate Pol II and nucleosome
dynamics, as well as the topological state of the DNA (Fig. 5). These three elements
in Pol II pause release appear to be common features in signal-induced gene
activation and need to be further elucidated to understand the regulation of gene
expression in metazoans.
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Induction of HSPA1A and Autophagy
by SARS-CoV-2: Combined Potential
Influence on Pregnancy Outcome

SARS-CoV-2, HSPA1A and Pregnancy

Ariana M. Witkin and Steven S. Witkin

Abstract

Introduction The current viral pandemic, called coronavirus infectious disease-
2019 (COVID-19), is caused by the severe acute respiratory syndrome-coronavirus
-2 (SARS-CoV-2). The consequences for pregnant women of becoming infected
with this virus remain incomplete. There is a potential role for the inducible 70 kDa
heat shock protein (HSPA1A) in the initiation of SARS-CoV-2 infection and for
virus-induced pregnancy alterations. In here, we aim to present what is known about
the influence of infection with known coronaviruses on pregnancy, the role of
HSPA1A in coronavirus infections and speculation of how SARS-CoV-2-induction
of HSPA1A could affect human gestation.

Methods Publications on heat shock protein involvement in coronavirus infections,
pregnancy outcomes in response to past or current coronavirus epidemics and the
role of HSPA1A in pregnancy progression and parturition were reviewed. The
participation of HSPA1A in SARS-CoV-2-related pathology in pregnant women is
proposed.

Results SARS-CoV-2 is the virus responsible for the worldwide pandemic of the
disease called COVID-19. The virus probably originated in bats and is genetically
similar to two other coronaviruses responsible for epidemics that occurred earlier in
the twenty first century, Middle East Respiratory Virus (MERS)- CoV and SARS-
CoV. SARS-CoV-2 as well as SARS-CoV bind primarily to angiotensin-converting
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enzyme 2 (ACE2), a cell surface receptor that is abundantly expressed on type II
lung alveolar cells. The virus has also been detected in the gastrointestinal tract and
the systemic circulation, indicating that infection is not limited to the upper respira-
tory tract or solely to ACE2 binding. SARS-CoV-2 infection induces expression of
HSPA1A. At least 2 SARS-CoV-2 proteins inhibit autophagy as a mechanism to
promote its persistence and ability to proliferate. HSPA1A induction also inhibits
autophagy and may further promote viral infection. In pregnant women the inhibi-
tion of autophagy by HSPA1A has been proposed as a mechanism to trigger
parturition, both prematurely and at term. In addition, HSPA1A detection correlates
with an increased susceptibility to pregnancy complications. The occurrence of a
symptomatic SARS-CoV-2 infection in pregnant women has been associated with
an elevated incidence of preterm birth. There is also evidence that SARS-CoV-2 may
infrequently pass from mother to fetus prior to delivery.

Conclusion We propose that initiation of studies to measure levels of HSPA1A in
the circulation of SARS-CoV-2-infected pregnant women may be of value in
predicting the length of gestation. Similarly, detection of HSPA1A in amniotic
fluid and cord blood may be useful in assessing the likelihood of transplacental
passage of the virus. Based on results of these investigations, protocols to limit
HSPA1A induction following SARS-CoV-2 infection might be beneficial in asso-
ciation with other treatments to limit adverse consequences for pregnant women.

Keywords Autophagy · Coronavirus · COVID-19 · Heat shock protein · HSPA1A ·
Pregnancy · SARS-CoV-2

Abbreviations

ACE2 Angiotensin-converting enzyme 2
COV Coronavirus
COVID -19 Coronavirus infectious disease 2019
Grp78 78 kDa glucose-regulated protein
HSPA1A The inducible 70 kDa heat shock protein
MERS Middle east respiratory virus
mTORC1 mammalian target of rapamycin complex 1
SARS Severe acquired respiratory syndrome
TLR4 Toll-like receptor 4

1 Introduction

SARS-CoV-2 (severe acquired respiratory syndrome-coronavirus-2) is a newly
identified coronavirus responsible for the 2019 pandemic disease called COVID-
19. Coronaviruses are members of the Corona virinae subfamily, part of the

510 A. M. Witkin and S. S. Witkin



Coronaviridae family of enveloped single strand RNA viruses in the order
Nidovirales. Among the four members of this subfamily, Alpha – and Beta-
coronaviruses infect mammals while Gamma – and Delta-coronaviruses mainly
infect birds. SARS-CoV-2, along with the two other Coronaviruses involved in
earlier twenty first century epidemics – SARS-CoV and MERS-CoV (Middle East
Respiratory Syndrome-Coronavirus) -are Betacoronaviruses. All three viruses are
likely to have originated in bats, infected intermediate mammalian hosts, and then
mutated to become capable of infecting humans [1]. The SARS-CoV-2 virus
genome is 88% identical to that of two bat viruses, 79% identical with the SARS-
CoV genome and about 50% identical with MERS-CoV [2]. The infection is
initiated by binding of the viral external spike glycoprotein to receptors on host
tissues. The main cell surface receptor for both SARS-CoV and SARS-CoV-2 is
angiotensin-converting enzyme 2 (ACE2). It is abundantly expressed on type II
alveolar cells in the lung, explaining the pulmonary manifestations of infection.
ACE2 is also present on airway epithelial cells, fibroblasts, endothelial cells and
macrophages [3–5]. Dipeptidyl peptidase 4 is the major receptor for MERS-CoV
[4, 5]. However, it is believed that coronavirus spikes may be capable of binding to a
broad range of molecules on cell surfaces that initiate their attachment and eventual
entry into the cell [6].

2 Heat Shock Protein Expression

Two members of the 70 kDa heat shock protein family, the inducible 70 kDa heat
shock protein (HSPA1A) and the 78 kDa glucose-regulated protein (GRP78), have
both been shown to react with the spike protein of different coronaviruses and
facilitate infection [6, 7]. Both SARS-CoV and SARS-CoV-2 have also been
identified in the circulation of infected individuals [8–10] and SARS-CoV-2 repli-
cation in the gastrointestinal tract of hospitalized individuals has been reported [11].

Infection of most cells with viruses, including coronaviruses, induces the expres-
sion of heat shock proteins as a universal response of the transition to
non-physiological conditions. The infection of a cell line with SARS-CoV has
been shown to result in a large up-regulation of HSPA1A production
[12]. HSPA1A accumulation is followed by its release into the extracellular milieu.
Although HSPA1A lacks a consensus secretory signal to aid its passage through the
cell membrane it is released from cells by an active mechanism involving transit
through an endolysosomal compartment [13]. Once released from cells, the extra-
cellular HSPA1A activates pro-inflammatory cytokine production [14]. In addition,
HSPA1A binds to peptides present in the extracellular environment. In the case of
viral infection, the peptides are derived from disrupted cells and contain both host
and viral antigens. The association of HSPA1A with exogenous peptides increases
the antigenicity of both the peptide and HSPA1A [15, 16]. Depending on the
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particular circumstances and specificity of the antibody and cell-mediated immune
response, this may either be beneficial or detrimental to the host.

3 Heat Shock Protein and Autophagy

Another consequence of coronavirus infection is the induction of autophagy.
Autophagy is an intracellular process present in almost all cells that maintains
intracellular homeostasis. Long-lived, misfolded or aggregated proteins as well as
defective organelles such as mitochondria and inflammasomes become sequestered
in a double-membraned structure called an autophagosome. The autophagosome
fuses with a lysosome and the autosomal contents are degraded by lysosomal
enzymes. The resulting amino acids, fatty acids, carbons and nitrogen are returned
to the cytoplasm for reutilization by the cell [17]. Autophagy, by sequestering and
removing nascent viral components from the cytoplasm, also functions as a compo-
nent of the innate immune system [18]. In addition, induction of autophagy in cells
capable of antigen presentation – dendritic cells, B lymphocytes, macrophages –

results in the display on the cell surface of degraded peptide fragments. These are
recognized by T lymphocytes and result in induction of acquired, antigen-specific
cell-mediated immunity [19]. However, several viruses, including coronaviruses,
have evolved mechanisms to subvert this process and, instead, to utilize autophagy
for viral proliferation. Two SARS-CoV proteins, NSP6 and PLP2, have been shown
to function as autophagy inducers but, concomitantly, to inhibit the fusion of
autophagosomes with lysosomes and, thereby, prevent the elimination of the virus
[20, 21]. This subverts the ability of host cells to prevent viral replication as well as
thwarts development of acquired anti-viral immunity.

Under most conditions, the induction of the HSPA1A stress response inhibits
autophagy [22, 23]. An intracellular complex, mammalian target of rapamycin
complex 1 (mTORC1) that inhibits the induction of autophagy, is activated as a
consequence of HSPA1A induction. The activated mTORC1 also up-regulates heat
shock factor 1 to further stimulate HSPA1A gene transcription [24]. The HSPA1A-
induced inhibition of autophagy has a major influence on pregnancy [25, 26]. It has
been proposed that a normal trigger for parturition in a pregnancy that has proceeded
to term is the up-regulation of HSPA1A and the associated inhibition of autophagy
in uterine myometrial cells [26]. Excessive or abnormally high HSPA1A production
as a consequence of infection can interfere with the essential housekeeping functions
of autophagy during gestation and increase susceptibility to pregnancy complica-
tions such as preeclampsia, intrauterine growth restriction and premature delivery.
The association between extracellular HSPA1A and an increased likelihood of
adverse pregnancy outcomes has been reviewed [25].

Thus, the HSPA1A-induced inhibition of autophagy following its induction by
SARS-CoV-2 infection may both facilitate viral persistence and replication and
increase susceptibility to preterm birth.

512 A. M. Witkin and S. S. Witkin



4 SARS-COV-2 in Pregnancy and Parturition

Earlier investigations of pregnant women infected with SARS-Co-V and MERS-
CoV, although limited in number, suggest the potential for virus-related adverse
maternal and neonatal outcomes [27, 28]. Pregnancy-associated consequences of
SARS-CoV and MERS-CoV infection have been recently summarized [29]. Among
7 pregnant women who became infected with SARS-CoV in their first trimester,
4 (57.1%) had a spontaneous abortion. Four of 5 women (80%) who were infected
after 24 weeks gestation had a preterm delivery [27]. In 5 additional cases [29],
2 babies (40%) were delivered prior to term. Furthermore, pregnant women positive
for SARS-CoV had worse clinical outcomes compared to women who were not
pregnant [30]. Of 11 documented MERS-CoV pregnancy-associated symptomatic
infections there were two fetal demises, and 3 preterm deliveries (27.3%). The
combined data for pregnant women infected with SARS-CoV or MERS-CoV
strongly suggests that pregnant women infected with COVID-19 and their neonates
may similarly be at elevated risk for pregnancy-related complications.

Reports on the occurrence and consequences of SARS-CoV-2 infection in preg-
nant women have been increasing. Although many of the investigations contained
only incomplete characterization and analysis of cases, the accumulating data
suggests an association between SARS-CoV-2 infection and a higher rate of adverse
pregnancy outcomes as compared to uninfected women. A retrospective review of
outcomes in 9 symptomatic pregnant women in China, all admitted in their third
trimester, identified 4 cases of preterm labor (44.4%), two of which were preceded
by premature preterm rupture of membranes (PPROM) [31]. In addition, 2 mothers
had pregnancy-associated hypertension or preeclampsia. A second study from China
of 9 SARS-CoV-2 infected pregnant women showed similar results [32]. Preterm
delivery occurred in 6 cases (66.7%), 3 of which were preceded by PPROM. In both
studies, all neonates were negative for SARS-CoV-2 by throat swabs. One of the
most comprehensive investigations on pregnancy-related consequences of SARS-
CoV-2 infection is from the United Kingdom [33]. It involved the analysis of
427 pregnant women with a confirmed SARS-CoV-2 infection. Only 62% of the
women proceeded to delivery and of these 27% had a preterm delivery. The
detection of viral RNA occurred in 5% of newborns. In contrast, a study of
675 pregnant women in New York City, 10.4% of whom were SARS-CoV-2
positive, did not show an association between virus positivity and preterm birth.
Furthermore, none of the babies were SARS-CoV-2 positive [34].

Although there is no evidence of trans-placental transmission of SARS-CoV or
MERS-CoV from mother to baby, other coronaviruses that infect humans and cause
only mild cold-like symptoms have been reported to be vertically transmitted
[35]. Evidence of vertical transmission of SARS-CoV-2 from symptomatic mothers
to their neonates has been reported but remains inconclusive. There have been
2 separate reports from China that identified a total of 3 neonates who were positive
for IgM antibodies to SARS-CoV-2 in their cord blood [36, 37]. Since IgM is not
passed from mother to baby through the placenta prior to delivery [38] the finding of
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IgM anti-SARS-CoV-2 is presumptive evidence of in utero fetal infection. However,
if the placenta had been damaged during gestation, IgM from the mother might have
been transferred to the fetal circulation, providing an alternate explanation for these
observations. None of the neonates were positive for the virus in throat swabs,
adding to the inconclusiveness of the IgM findings. There have also been reports
of a few neonates who tested positive for SARS-CoV-2 in their nasopharynx by gene
amplification [39–41]. A more recent review of 179 newborns from SARS-CoV-2-
infected mothers found evidence of viral transmission in 8 babies (4.5%), 5 by gene
amplification and three by the presence of anti-SARS-CoV-2 IgM [42].

Mounting data suggests that pregnant women are at increased risk of morbidity,
including severe respiratory complications, compared to their non-pregnant coun-
terparts, following infection with SARS-CoV-2 [33, 34, 43]. In general, pneumonia
in pregnancy is known to be associated with preterm labor, premature rupture of
membranes, intrauterine fetal demise, intrauterine growth restriction and neonatal
death.

5 Individual Variations in Manifesttions of Infection

The manifestations of SARS-CoV-2-infection vary widely. Some people remain
completely asymptomatic and unaware of their infection, while others develop a
wide range of symptoms from fever, muscle aches, cough, sore throat, stomach ache,
diarrhea, and anosmia, to life threatening pulmonary complications. These individ-
ual differences are likely due to a combination of factors: genetic variation in the
structure, prevalence and location of host receptors for SARS-CoV-2 on cell sur-
faces, differences in the production and activity of anti-viral immune system com-
ponents, and the rapidity and specificity of innate and acquired immune responses to
infection. A functional polymorphism in a gene critical for induction of autophagy
(ATG16L1) has been shown to increase the likelihood of a preterm birth, especially
when accompanied by a polymorphism in a second gene (TLR4) influencing the
extent of a pro-inflammatory immune response [44]. The time period from labor
initiation to delivery is also shortened in women with an altered ATG16L1 gene
[45]. HSPA1A, in addition to inhibiting autophagy, binds to the Toll-like receptor
4 (TLR4) protein resulting in its increased activation [46]. Strikingly, among
pregnant women, the occurrence of preterm delivery is increased in those with a
symptomatic SARS-CoV-2 infection [47], while asymptomatic pregnant women
infected with the virus seem to have an uneventful course and deliver a healthy
baby at term [48]. This dichotomy may change as more asymptomatic pregnant
women are tested for SARS-CoV-2. However, presently it appears that only follow-
ing a high level of virus proliferation and dissemination is the pregnancy in jeopardy.
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6 Conclusions

Given associations between HSPA1A levels, pro-inflammatory immune activity,
inhibition of autophagy and induction of preterm birth, it would be of interest to
initiate investigations to compare concentrations of HSPA1A in sera from asymp-
tomatic and symptomatic SARS-CoV-2 infected pregnant women who deliver
prematurely and at term. These studies have yet to be performed. This would
allow the determination as to whether HSPA1A quantitation could aid in predicting
pregnancy outcome. In addition, the measurement of HSPA1A levels in amniotic
fluid and cord blood may prove to be sensitive indicators of maternal-fetal viral
transmission. Should HSPA1A determination be of clinical utility in predicting
susceptibility to adverse pregnancy-related outcomes, inclusion of therapies to
modulate HSPA1A production or its consequences may be useful adjuncts to other
therapies.
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