GeroScience (2021) 43:2515-2532
https://doi.org/10.1007/s11357-021-00394-2

REVIEW

q

Check for
updates

Role of heat shock proteins in aging and chronic

inflammatory diseases

Christian R. Gomez

Received: 13 April 2021 / Accepted: 24 May 2021 / Published online: 9 July 2021
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract Advanced age is associated with a decline
in response to stress. This contributes to the establish-
ment of chronic inflammation, one of the hallmarks
of aging and age-related disease. Heat shock pro-
teins (HSP) are determinants of life span, and their
progressive malfunction leads to age-related pathol-
ogy. To discuss the function of HSP on age-related
chronic inflammation and illness. An updated review
of literature and discussion of relevant work on the
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topic of HSP in normal aging and chronic inflam-
matory pathology was performed. HSP contribute
to inflamm-aging. They also play a key role in age-
associated pathology linked to chronic inflammation
such as autoimmune disorders, neurological disease,
cardiovascular disorder, and cancer. HSP may be tar-
geted for control of their effects related to age and
chronic inflammation. Research on HSP functions in
age-linked chronic inflammatory disorders provides
an opportunity to improve health span and delay age-
related chronic disorders.
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Abbreviations

AD Alzheimer’s disease

CVD Cardiovascular disease

DAMP  Danger-associated molecular pattern

HSF1 Heat shock transcription factor
HSP Heat shock proteins

HSPBS oB-crystallin

IL Interleukin

MS Multiple sclerosis

NF-xB  Nuclear factor kappa-light-chain-enhancer
of activated B cells

PD Parkinson’s disease

ROS Reactive oxygen species

SASP  Senescence-associated secretory phenotype

STAT3 Signal transducer and activator of tran-
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TLR Toll-like receptors

TME Tumor microenvironment
TNF Tumor necrosis factor
Introduction

Aging is a complicated process not yet completely
understood. Among many changes [1, 2], accu-
mulation of random unrepaired molecular damage
occurs over time. Caused by reactive oxygen spe-
cies (ROS), as has been proposed by the free radical
theory of aging [3], chronic oxidative stress even-
tually leads to tissue dysfunction, increasing frailty,
and age-related disease. Heat shock proteins (HSP)
are induced not only in response to thermal stress
but also in response to a variety of stressors relevant
to aging and life span [4]. When a cell encounters
a stressor (e.g., infectious agents, radiation, intra-
cellular stress, and stressing metabolic conditions)
and molecular damage occurs, HSP contribute to its
protection. This adaptive response, through mainte-
nance of structural and functional integrity of client
proteins (protein homeostasis), leads to anti-aging
cellular effects [5].

HSP, however, have been involved in the patho-
genesis of numerous diseases [6, 7]. Herein, the
involvement of HSP in age-related chronic inflam-
matory disease is discussed. A special focus will be
on the role of HSP, as components of the age milieu
and their contribution to inflamm-aging, the chronic
low grade of inflammation that also characterizes
the aging process [8]. This approach is also relevant
to understand HSP role in disease and their poten-
tial as therapeutic targets. The study of HSP func-
tions in age-linked chronic inflammatory disorders
provides an opportunity to extend life span and for
design of forefront approaches to diagnose and treat
age-related disease.

Age-related chronic inflammation

Chronic oxidative stress state and chronic low
grade of inflammation are hallmarks of the free
radical theory of aging [3] and inflamm-aging [8],
respectively. Reference to the first concept was just
brought up. In relation to the second point, first,
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it is important to refer to the immune system and
its changes related to the aging process. Tradition-
ally defined as a declining function of the immune
system [9], immunosenescence refers to the effects
of aging on adaptive and innate immunity [10-13].
Most recently, immunosenescence has been rede-
fined: robust measures of immune parameters
(biomarkers) are necessary to describe the state of
immunosenescence in an individual [14]. To be in a
state of good health, individuals must keep check of
numerous components of immunity, including pro-
inflammatory and anti-inflammatory mechanisms. It
is clear that this capacity is lost in the elderly. An
undisputed outcome of immunosenescence is higher
incidence and mortality to infection, autoimmune
diseases, cancer, and neurodegenerative diseases in
the elderly population [9, 14].

In healthy subjects, advanced age is associated
with a hyper inflammatory state [8]. Inflamm-aging
is characterized by elevated circulating levels of
pro-inflammatory mediators, such as the cytokines
interleukin (IL)-6, IL-1P, tumor necrosis factor
(TNF)-a, inflammatory mediator prostaglandin E2,
and anti-inflammatory mediators, including IL-1
receptor antagonist, soluble TNF receptor, and acute
phase proteins (including C-reactive protein and
serum amyloid A) [8]. Many of these inflammatory
mediators have been identified as predictors of all-
cause mortality risk in longitudinal studies of sev-
eral elderly cohorts (reviewed in [15, 16]) and are
indicators of poor prognosis in age-related disorders
[17-21]. Immunosenescence and inflamm-aging
can be understood as highly intertwined processes.
Immunosenescence is induced by inflamm-aging and
vice versa [22]. Establishment of the senescence-
associated secretory phenotype (SASP) is an example
of this interaction. Reference to SASP is also impor-
tant since it stems from complex microenvironmental
interactions between different cellular and molecular
players [10]. Unbalance in the interactions between
factors of SASP leads to immunosenescence and
inflamm-aging. SASP components include cytokines
IL-6 and IL-8, growth factors, and proteases by
senescent cells. These molecules are active modifiers
of the microenvironmental milieu and promote senes-
cence, chronic inflammation, and age-associated dis-
ease [23, 24].

A relatively understudied component of SASP
are hormones [25]. In normal human liver cells, one
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function of the tumor suppressor p53 is to regulate
expression of cytochrome P450 family 21 subfamily
A polypeptide 2, corticosteroid-binding globulin, and
sex hormone-binding globulin [26]. These proteins
are relevant for the biological actions of steroid hor-
mones and may have antitumor effects [26]. Due to
the tumor suppressive role for sex hormone-related
component of SASP [27], their role on immunosenes-
cence needs to be established. The knowledge gained
will provide understanding on the role of SASP and
its components in modulating immunosenescence,
inflamm-aging, and age-related pathology.

HSP and aging

Because of the aging process, cells undergo a decline
in transcriptional pathways. Changes include a
decreased ability of heat shock transcription factor
(HSF1), master regulator of the heat shock response,
to bind to HSP genes with stress [28]. Due in part
to the concomitant decrease in HSP concentrations
[29], the resulting impaired protein homeostasis of
key clients contributes to the development of age-
related pathology [4]. In the nematode Caenorhab-
ditis elegans, HSP decreased cell death, age-related
pathology, and enhanced life span. HSP suppression,
by downregulation of HSF1, in turn shortened the
life span [30, 31]. This response can be interpreted
as a failed attempt of aging cells to maintain protein
homeostasis.

Although the ability of HSFI to bind to HSP
genes decreases with age, there is evidence of age-
related increased expression of HSP. For example,
in Caenorhabditis elegans, the abundance of several
human HSP homologs (e.g., HSP-16.48, HSP-43,
HSP-17, and SIP-1) increased as nematodes aged
[32]. Moreover, high transcript levels of HSP corre-
lated with lower heat shock resistance, aberrant pro-
teostasis, and shorter life span [32]. In Drosophila,
aging led to the increase of HSPB8 and HSPA [33,
34]. Expression of these HSP predicted life span of
adult flies during normal aging and following heat
or oxidative stress [33]. Likewise, in Ames dwarf
mice liver tissue, a decline of HSF1-DNA binding
activity was accompanied by increase in expression
of HSP, DNAJ, HSPA, and HSPC [35]. However,
in Sprague—Dawley rats, a reduction of basal levels

of HSPA was identified in post-mitotic tissues [36].
This decrease, leading to a reduction in basal lev-
els of HSP, has been interpreted as a causal agent of
tissue damage and promoter of age pathology. Simi-
larly, HSPB1 increased in the brains of aged rhesus
monkeys [37], possibly as a response to higher oxi-
dative stress [37]. HSPB1, HSPAS, and HSPA rise
significantly in late passage human senescent skin
fibroblasts [38]. This elevation has been suggested
as an adaptive response to cumulative intracellular
stress through serial passaging [38]. Age-related
surge in expression of HSP is therefore seen across
the evolutionary scale. It has been postulated that
the weakened heat shock response related to age
could be traced back to HSF1-protein interactions
and concomitant gain of HSP [35]. In this stage,
there is a relevant role for the HSF1I-DNA binding
axis.

Changes in HSP levels in association with
advanced age are a matter of controversy. A sub-
ject of discussion relates to the adaptation of cells to
increased intracellular stress. Relevant to this point
is to take into consideration the age-related decline
in the ability of HSF1 to command the response to
stress. Another intriguing variable to consider relates
to the effect of repeated short periods of mild stress
(hormesis). Known to stimulate the synthesis of HSP,
hormesis improves cells functionality with no inter-
fering with their replicative life span and promotes
anti-aging mechanisms [38]. Although answering to
these questions is not yet possible, some explanation
for the observed discordances can be proposed. Many
authors have suggested that discordances arise from
the fact that HSP functions depend on the situation
triggering their expression, as well as the compart-
ment (intracellular vs. extracellular) in which HSP are
present, and the context defined by a given physiolog-
ical function [39, 40]. On this same regard, and espe-
cially relevant to the pro- versus anti-inflammatory
role of HSP, other context-relevant factors are worth
mentioning. Those include the concentration of HSP,
the timing of exposure to HSP, and physio-pathologi-
cal milieu at the target site [41]. Another explanation
refers to the rate of aging of specific cell populations
[42]. Post-mitotic cells and tissues age at a faster rate
and are no longer able to synthesize HSP due to sub-
stantive damage accumulation [42]. This contributes
to elimination of essential post-mitotic cells, and
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Table 1 HSP expression with aging across species

Species Change in HSP expression References

Caenorhabditis 1 HSP-16.48, HSP-43, [32]
HSP-17, and SIP-1

Drosophila 1 HSPBS, HSPA [33, 34]

Ames dwarf mice 1 DNAIJ, HSPA, and [35]
HSPC

Sprague-Dawley rats | HSPA [36]

Rhesus monkey 1 HSPB1 [37]

Human 1 HSPB1, HSPAS, HSPA  [38]

tissue deterioration [42]. On its side, accumulation of
HSP in mitotic tissues, through blockage of apoptosis,
could impair the elimination of damaged mitotic cells
and contribute to age-related disease [42] (Table 1).

HSP and age-related chronic inflammation

To discuss the role of HSP on age-related inflam-
mation, first is important to refer to their role in the
inflammatory response. According to the danger
theory, innate immune responses can be triggered
by molecules released by stressed or damaged tis-
sues, also referred to as danger-associated molecu-
lar pattern (DAMP) [43]. HSP were originally clas-
sified as DAMPs, but biological features of these
proteins including lack of molecular patterns, down-
regulation of inflammatory signaling by some HSP
receptors, and anti-inflammatory responses fol-
lowing immunization with HSP disqualify them as
DAMPs [44, 45]. Several articles, in which the con-
taminants were effectively removed, namely, LPS,
did not provide supportive evidence to a pro-inflam-
matory function for HSP [45]. These findings must
call our attention to the role of HSP as DAMPs and
their mechanistic involvement in inflammation in
general. It seems that to dissect the reactivity of the
immune system in conditions such as tissue dam-
age, infection, or homeostasis, interactions to HSP
in combination with DAMPs should be considered.
Through CD14, and toll-like receptors (TLR), HSP
regulate the expression of mediators of inflamma-
tion such as pro-inflammatory cytokines [46—49].
For example, in human monocytes, HSPD1 induced
the secretion of IL-6, TNF-a, and granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) [50].
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In another study, HSPA, through CD14 activation,
stimulated expression of IL-1, IL-6, and TNF-«
[51]. In general, evidence supports direct involve-
ment of HSP in inflammation through signaling
pathways involved in host response to pathogens,
stressors, or physio-pathological processes.

An additional point worth discussion refers to the
link between oxidative stress and inflammation. A
relevant contribution to aging theory is the term oxi-
inflamm-aging [52]. Among key arguments support-
ing this integrative theory of aging, researchers have
identified a role for the transcription factor nuclear
factor kappa-light-chain-enhancer of activated B cells
(NF-xB) in aging immune cells [52]. Through its
involvement on multiple aspects of innate and adap-
tive immune functions, NF-kB and members of its
family of transcription factors serve as key regula-
tors of the inflammatory response [53]. HSP regulate
activation of NF-xB, particularly in immune cells. For
example, in RAW 264.7 murine macrophages, NF-xB
activation was attenuated by heat shock in a dose- and
time-dependent manner [54]. Likewise, in human
lymphoma cells, HSPA blocked nuclear transloca-
tion of NF-«xB in response to inflammatory cytokines
[55]. Similarly, in alveolar macrophages obtained
from patients with active pulmonary tuberculosis,
overexpression of HSPA decreased IkB-o phospho-
rylation, decreased activity the p65 subunit of NF-«B,
and reduced TNF-a and IL-6 release [56]. Upregu-
lated expression of HSP, via its regulatory effects on
NF-xB, may suppress the effects of chronic inflamma-
tion and could be explored as an anti-aging alternative.

Immune cells, due to their capacity to produce oxi-
dant and inflammatory compounds, lead to oxidative-
inflammatory stress of the organism, which affects the
rate of aging. HSP contribute to the balance between
pro- and anti-inflammatory signals. Maintenance of
this balance contributes to healthy age. If imbalance
is maintained over time, a likely outcome is develop-
ment and progression of disease. Having discussed
these basic concepts, let us focus on specific exam-
ples related to the involvement of HSP on age-associ-
ated pathology linked to chronic inflammation.

Role of HSP in cardiovascular disease

Heat shock proteins have immunomodulatory
roles, including their participation in resolution of
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inflammatory responses. They are also a regula-
tory component of age-related chronic inflamma-
tion. Because of their critically relevant involvement
in these processes, functional or dysfunctional HSP
have been linked to numerous age-related maladies
[57]. Atherosclerosis is a chronic cardiovascular con-
dition, characterized by progressive accumulation of
inflammatory scar tissue within the walls of arteries.
Among clinical manifestations of atherosclerosis, car-
diovascular disease (CVD) remains the leading cause
of mortality within the elderly and burdens the health
system with high socioeconomic costs. Not only
originated from a lipid imbalance, atheroma forma-
tion includes a complex set of factors. Among them,
HSP and their immunomodulatory effects contribute
with inflammatory processes relevant to the develop-
ment of atherosclerotic plaques [58]. Extracellular
HSP, activated in the heart in response to numerous
physiological or pathological stresses, seem cardio-
protective [59]. Numerous HSP [i.e., HSPC, HSPA,
HSPD1, and aB-crystallin (HSPB5)] have been iden-
tified as cardiokines, a term used to define a number
of proteins secreted from the heart with profound
local and global effects [60]. Through their regulatory
effects on expression of diverse cell types including
cardiomyocytes, neurons, monocytes, macrophages,
and endothelial cells, HSP exert regulatory influence
on the inflammatory response, thought to be one of
the chief mechanisms in the process of atherosclero-
sis [61].

Since atherosclerosis is primarily a chronic inflam-
matory disease, the involvement of HSP is of special
relevance. HSPB1 seems to have a cardio-protective
role as lower levels of this HSP in atherosclerotic cor-
onary arteries were inversely correlated with increas-
ing plaque progression and age [62—65]. Patients with
high incidence of stenosis had lower HSPB1 com-
pared to those free of atherosclerosis [62]. Moreover,
high serum HSPBI1 levels predicted for better cardio-
vascular outcomes [62]. In support of the potential
of HSPBI1 as a therapeutic target for atherosclerosis,
in an experimental mouse model of atherosclerosis,
exogenous administration of HSPB1 levels reduced
lesion progression and promoted features of plaque
stability [62]. HSPB1 may also serve as a marker of
age. A prospective, nested, case-controlled study of
healthy participants of the Women’s Health Study
who subsequently developed myocardial infarc-
tion, ischemic stroke, or cardiovascular death was

established [64]. Baseline HSPB1 plasma levels
were inversely associated with age, but not with
other established cardiovascular risk factors or with
development of future CVD [64]. Limitations of the
study included a female only population, relatively
advanced age of participants, and a potential moder-
ately advanced stage of coronary atherogenesis.

The aforementioned findings should encourage
researchers to further study the potential for HSP as
markers of the rate of aging, life span, and age-related
pathology linked to chronic inflammation. As has
been demonstrated for other HSP (e.g., HSPA) [42],
this is an area of active investigation and promising
prospects. Recent findings show that chronic whole-
body heat treatment led to a robust expression of
HSP, relieved atherosclerotic lesions, cardiometa-
bolic abnormalities, and enhanced survival through
the life span [66]. These findings were accompanied
by replacement of SASP by an anti-inflammatory
response related to the Sirtuin (SIRT1)-HSF1-HSP
molecular axis [66]. Interventions restarting the anti-
inflammatory response of HSP may therefore have a
strong curative effect on age-related atherosclerotic
lesions, via restoration of immunoinflammatory bal-
ance in blood vessels.

Not only HSPB1 displays potential as an anti-
atherosclerosis factor. Extracellular HSPB6 was
secreted from adult rat cardiomyocytes through
exosomes [67], which are vesicular structures. Using
this route of secretion, HSPB6 exerted a wide range
of inflammatory or immunosuppressive effects [68]
related to proliferation, migration, and tube forma-
tion on human umbilical vein endothelial cells. These
effects were mediated by activation of the receptor
for the angiogenic vascular endothelial growth factor
(VEGF). Similarly, in vivo, relative to non-transgenic
hearts, capillary density was significantly enhanced
in HSPB6-overexpressing hearts [67]. These findings
need careful consideration because angiogenesis of
capillaries may destabilize atherosclerotic plaques,
which leads to plaque rupture and acute coronary
syndrome. Similarly, extracellular HSPB1 levels were
elevated in coronary blood effluents of patients or
mouse hearts undergoing global ischemia [69]. Neu-
tralizing antibodies against HSPB1 suppressed myo-
cardial nuclear factor NF-kB activation, reduced IL-6
production, and improved cardiac function in mouse
hearts [69]. TLR2 knockout or TLR4 mutation abol-
ished NF-xB phosphorylation and reduced production
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of pro-inflammatory mediators induced by extracel-
lular HSPB1 in human coronary vascular endothe-
lial cells [69]. Over the basis of these findings, it has
been proposed that extracellular HSPB1 plays a role
in mediating post ischemic myocardial inflamma-
tory response and cardiac dysfunction. In this case, a
potential therapeutic avenue to treat patients undergo-
ing cardiac surgery with obligatory global ischemia
could be based on target suppression of myocardial
inflammatory responses through blockage of extracel-
lular HSPB1.

HSP in neuroinflammation

Neuroinflammation is a known feature of different
acute (ischemic stroke and traumatic brain injury)
and chronic neurodegenerative diseases (Alzheimer’s
(AD) and Parkinson’s (PD)). Inflammation within the
brain or spinal cord may be initiated in response to a
variety of factors, including infection, traumatic brain
injury, toxic metabolites, or autoimmunity. Increase
in the incidence of neurodegenerative diseases, due
in part to the aging population [70], is a prevalent
problem of public health. Neuroinflammation also
provides a relevant scenario for discussion of the
involvement of HSP in age-related pathology [71,
72]. In the elderly, inflamm-aging is one of the con-
tributors to neurodegenerative diseases. Age-related
chronic inflammation modulates central neuronal
immune cell activity and reactivity [73]. Unsurpris-
ingly, the term neuro-inflamm-aging alludes to this
phenomenon [74]. HSP have gained recognition in
terms to their role in the development of neuroinflam-
mation based on their ability to regulate proteosta-
sis, modulate neuronal survival, and because of their
immunomodulatory properties [75].

Many age-related neurodegenerative disorders
are characterized by accumulation of toxic protein
aggregates in neurons. Proteins such as AP and tau
in AD, a-synuclein in PD, or huntingtin in Hun-
tington’s disease are landmarks of these diseases.
These toxic protein aggregates are not cleared in the
elderly as neurodegenerative diseases progress, con-
tribute to immunosenescence on microglia and mac-
rophages, and can initiate a chronic inflammatory
response [74]. The accumulation of misfolded pro-
teins increases constantly in the brain during aging
and may conduce to the elevation of the basal HSP
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as has been reported in aging rodents [76—79]. This
information, however, must be carefully interpreted
because a downregulation of HSPB1 has also been
described in brains of old mice [77]. Despite this
controversy, it may be postulated that HSP signal-
ing is involved in brain aging. As such, modulation
of HSP levels may serve as a strategy to delay onset
of central nervous system disease.

Acute brain injuries such as ischemic stroke [80]
and ischemia/reperfusion injury [81] modify the
expression of HSP. Likewise, altered expressions
of HSP have been detected in the brains of patients
with chronic inflammatory diseases such as AD and
PD [82-84]. Primarily, through their proteostatic
and immunomodulatory activities, HSP would be
neuroprotective. The neuroprotective roles of HSP
include effects on the pro-inflammatory environ-
ment and reduction of protein aggregation associ-
ated with neurological diseases. For example, in
microglial cells, HSPB1 inhibited the activation
of NF-kB and reduced expression of TNF-a [85].
Similarly, in astroglial cell cultures, treatment with
lipopolysaccharide and interferon gamma was asso-
ciated with an increased synthesis of HSPA [86].
These findings imply that HSP, after being taken up
by brain cells, would confer resistance to develop-
ment of inflammatory pathology through their influ-
ence of immune function.

Multiple sclerosis (MS) is a multifocal inflamma-
tory disease with autoimmune etiology affecting the
CNS. In this disease, the target is myelin and the mye-
lin-producing cell, the oligodendrocyte. A pathologic
hallmark of MS is presence of inflammatory demy-
elinating lesions [87]. Another salient feature of this
disease is high levels of HSPBS5 in pre-active lesions
of stressed oligodendrocytes [88]. HSPBS, produced
by oligodendrocytes, activates regulatory microglial
responses during MS [89]. A comprehensive gene
expression analysis of HSPBS5-induced transcript
changes showed that human microglia expressed
immune-regulatory mediators, known to suppress
inflammation and to promote immune tolerance and
tissue repair [89]. Additional evidence in support of
the protective role of anti-HSP immune responses in
MS was suggested by a study showing HSP antibod-
ies in sera of relapsing MS and not in progressive MS
[90]. Similar findings were reported in juvenile RA.
In this case, only the relapsing disease featured HSP
T cell responses (e.g., juvenile chronic arthritis: T cell
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reactivity to human HSP60 in patients with a favora-
ble course of arthritis) [91]. Over the basis of these
findings, reactive MS lesions exhibit a beneficial anti-
inflammatory response, which can be interpreted as
an effort to restore tissue homeostasis.

Presented evidence in animal models demon-
strates that HSP regulate the inflammatory response
in the brain. Indeed, data suggests that HSP are a
basic mechanism of defense when brain neurons are
exposed to harmful insults [92]. If the pro- or anti-
inflammatory effects of HSP will protect neurons
from age-related neurodegeneration will depend on
many factors inherent to the biology of these proteins.
Relevant to neurodegenerative disease are variables
such as secretion of HSP to the extracellular compart-
ment, different cell surface receptors, their combina-
tion present on the surface of brain cells, beneficial
versus harmful outcomes of the inflammatory pro-
cess, and specific effects of intra- and extracellular
HSP [93]. Other points to consider refer to whether
HSP attenuate cerebral injury when applied post-
insult, the limit of their protection, and how general
effects are when different neurodegenerative diseases
are taken into consideration. Additional research will
shed light on the protective role of HSP in controlling
excessive protein aggregation, neuroinflammation,
and neuron survival during brain aging and in neuro-
degenerative disease.

HSP and autoimmunity

Overexpression of HSP in inflamed tissues and their
presence in the extracellular space are features rele-
vant to their immunogenicity [94]. In fact, exported
HSP are highly immunogenic in nature, and the
immune response to these proteins has been observed
in various inflammatory and autoimmune diseases
[95]. HSP mediate autoimmunity by their ability to
stimulate various immunocytes, in particular regu-
latory T cells that act to suppress immune response
[96, 97]. HSP also promote autoimmunity by driv-
ing peptide-specific immune responses [98]. Addi-
tionally, HSP can generate antigen-specific T cell
responses [99]. In this last case, peptides including
HSP are internalized, proceeded, and presented by
antigen-presenting cells to the major histocompatibil-
ity complex.

Whether upregulation of HSP in chronically
inflamed tissues represents a beneficial response to
disease or plays a role in pathogenesis of autoimmune
diseases remains unclear [100]. Multiple sclerosis is
considered a standard model of an autoimmune dis-
ease with involvement of chronic inflammation, and
HSP. Due to destruction of myelin, there is accumula-
tion of antibodies to this protein along with accumu-
lation of immune cells, and immune mediators [101].
The inflammatory and oxidative environment leads
to overexpression of HSP [101]. On one hand, HSP,
as has been observed for HSPA, through its binding
to immunogenic peptides, promote local inflamma-
tion and autoimmunity. However, HSPA can prevent
accumulation of protein aggregates [102], act as an
anti-apoptotic factor [103], and halt neurodegenera-
tion and autoimmunity. In this case, HSPA protects
glial cells and neurons of the CNS against the effects
of inflammation and subsequent neurodegeneration.
Over the basis of these findings, HSP may be pro-
posed as a tool to combat the development of MS.
However, this approach should be carefully consid-
ered due to the role of HSP on autoimmune reactions,
a characteristic of this disease.

Regardless of the exposed limitations relevant
to the treatment of MS, capability of HSP to target
antigen-presenting cells and elicit cross-presentation
can be exploited as a strategy to downregulate inflam-
mation and autoimmunity. Active immunization with
full-length HSP suppressed inflammation [97, 104,
105]. This evidence let researchers to propose that
HSP could be considered as components of vaccines
to prevent or suppress autoimmune diseases [39, 106].
In support of this idea, immunization with HSPDI
was effective in preventing inflammation in pre-clin-
ical models of autoimmune diseases such as arthritis
[97, 107-109], type I diabetes [110], atherosclerosis
[96, 97], and autoimmune-like psoriasis [106]. Auspi-
cious results of active immunization using HSP have
also been observed in rheumatoid arthritis patients
[111]. Over the basis of these findings, research has
been stimulated into the development of therapeutic
HSP-based peptide vaccines for the restoration of
immune tolerance in inflammatory diseases.

Another point relevant to this discussion relates
to the ability of HSP to trigger immune responses
leading to the production of autoantibodies. HSP are
released from tissues in patients with inflammatory
diseases or autoimmune disorders. This stimulates
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humoral responses and the production of anti-HSP
autoantibodies and autoreactive cells against HSP
[112]. In general, presence of autoantibodies to
human antigens from organs and tissues is strongly
influenced by diverse variables including age, gender,
and disease [113]. For autoantibodies found elevated
in the elderly, their presence seems to be an adap-
tive response to damaged tissue and high exposure to
apoptotic cells rather than an autoimmune response
[114]. Anti-HSP autoantibodies have been detected in
the serum of healthy individuals [115, 116]. Regard-
ing HSP, levels of HSPD1 and HSPA declined with
age in the serum of elderly subjects, and no signifi-
cant age-related change was observed for HSPD1 or
HSP65 autoantibody levels [117]. Anti-HSPA anti-
bodies, however, tended to increase with age [117].
To explain some of these discordances, it has been
proposed that age-related increased immunogenicity
to HSP arises from the reactivity of the immune sys-
tem not only to autologous HSP but also to homologs
from pathogen sources known to be persistently
expressed in infections in aged patients. In addition,
post-translation modifications resulting from the age
process would make HSP immunogenic, thus stimu-
lating autoantibody production. As a result, HSP
immunogenicity will increase with advanced age
[118].

Although autoantibodies against HSP have been
identified in various autoimmune diseases [106],
their physio-pathological role and value for pre-
dicting disease progression is a matter of debate.
Autoantibodies against HSP, in part by reduction of
expression of pro-inflammatory mediators and stimu-
lation of anti-inflammatory mediators, were protec-
tive against progression of arthritis [119]. However,
increased levels of autoantibodies to HSPD1, HSPA,
and HSPC were not predictive of disease progression
in rheumatoid arthritis patients [120]. Surprisingly,
the authors of this study found that serum levels of
autoantibodies against HSPA inversely correlated
with serum levels of TNF-a [120]. Much like HSP,
autoantibodies against HSP contribute to the regula-
tion of immune responses. Critical questions needing
answers in terms of the role of anti-HSP autoantibod-
ies include elucidation of their participation as deter-
minants of disease immunogenicity, or their ability
to induce adaptive responses. Another point of dis-
cussion pertains to the upstream age-specific media-
tors that initiate the cascade of events that lead to
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immunosuppression in context of anti-HSP autoanti-
bodies. It can be argued that disease-specific-associ-
ated autoantibodies against HSP may be an important
point to consider for development of more effective
individualized prognostication and allogeneic cell-
based immunotherapy for age-related disease. Use
of HSP as markers and application of HSP as vac-
cines must take into consideration their heterogeneity,
immune escape roles of HSP, as well as their involve-
ment in aspects related to chronic inflammation.

HSP and cancer

Genetic, environmental, and life style factors involved
in the initiation, progression, and metastasis of can-
cer drive stress responses. Sources include those
from intracellular (e.g., overexpression of oncopro-
teins, altered cellular metabolism, aneuploidy, and
genomic instability) or external (e.g., microenviron-
ment) origin. A good matter for discussion relates to
the contributing roles of external sources of stress.
The tumor microenvironment (TME) is defined by
the interactions between cancer cells, local com-
ponents of the tumor stroma, immunocytes, and
exposure to extracellular metabolic conditions [24,
121-123]. The interactions occuring within the TME
determine tumor growth, invasion, and metasta-
sis [124-126], contribute to the natural selection of
aggressive clones, and drive tumor establishment and
progression.

The heat shock response contributes to cancer
development [100]. As proof of that, intracellular
HSP, though to originate from folding stress of key
client proteins during malignant transformation, are
abundantly expressed in most of cancer cells and
promote their growth and survival [127-129]. Addi-
tionally, HSP have been detected in the serum of
patients with several types of cancer [130-136]. This
evidence, on one side, illustrates the high level of
dependency of cancer cells on a large supply of HSP.
In fact, cancer cells have been considered “addicted
to chaperones,” as a stable increase in HSP allows for
oncogenic protein accumulation and tumor progres-
sion [137]. On the other side, once more, the pre-
sented evidence underscores the relevance of HSP
localization on cancer etiology. This point deserves
more discussion, on light of evidence showing that
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HSP accumulate at the surface of tumor cells, where
they can also affect the oncogenic process [138].
Through their modulatory actions, HSP contrib-
ute to the survival of cancer cells [139]. HSP regu-
late apoptotic cell death induced during normal pro-
cesses such as cell division and cellular aging. HSP
also determine the fate of tumor cells in response to
cellular damage and oncogenic development. HSP are
engaged in apoptosis and cellular senescence [127].
For example, relative to young individuals, mitotic
tissues in the elderly have higher basal levels of HSPA
[42]. Due to blockage of apoptosis, the consequent
division of damaged cells can contribute to cancer.
On the contrary, post-mitotic tissues in the elderly
tissues experience a reduction of HSPA basal levels
[42]. The effects in this case are also deleterious as
essential post-mitotic cells are eliminated, which
leads to tissue deterioration. The mechanisms lead-
ing to cell survival mediated by HSP relate to their
known functional properties. For example, through
its chaperoning property, HSPD1 directly binds and
stabilizes survivin, an anti-apoptotic protein [140].
Through a similar mechanism, HSPD1 stabilizes the
anti-apoptotic mediator clusterin [141]. Oncogenic
roles of HSP are also related to their ability to form
multiprotein complexes, which in turn override cell
death mechanisms such as those involved in cell cycle
checkpoints [140]. Of special relevance due to its
involvement not only in apoptosis but also in the pro-
cess of cellular senescence is the formation of a com-
plex between HSP and tumor protein P53 [139, 140].
Independent of their anti-apoptotic role, HSP
promote tumorigenesis by regulating cell signaling
related to the generation of metabolites. Examples
include effects on mitochondrial ATP [142], and pro-
duction of ROS. Reactive oxygen species contribute
to tumor progression through accumulation of cellular
damage [143]. HSP not only drive tumor progression
signaling but also stimulate tumor suppression [144],
cancer cell migration, invasion, and metastasis [145].
The involvement of HSP as tumor survival factors
remains a matter of active discussion, as it has been
discovered that they can act as pro-apoptotic media-
tors. Through their ability to bind proteins involved
in the apoptotic pathway [146], or by activation of
apoptotic mediators [147], HSP may promote cell
death in tumor cells. Thus, through their pro- or anti-
apoptotic properties, HSP contribute to the survival
of cancer cells and to tumor progression. In general,

HSP are considered as oncoproteins. However, more
research is needed to exactly establish their role in
oncogenesis.

HSP and tumor-associated inflammation contrib-
ute to the manifestation of many hallmarks of cancer
[148]. It is generally understood that chronic inflam-
mation causes tissue injury, which in turn promotes
tissue proliferation. Oxi-inflamm-aging, through its
effects on cancer cells and other components of the
TME such as stromal fibroblasts, immunocytes, and
metabolites, causes damage to normal cells, leads
to DNA damage and mutation, increases expression
of HSP, and promotes tumor progression. On this
regard, a role for NF-xB signaling has been identi-
fied as key in the modulation of the pro-inflammatory
status by intracellular HSP in tumor cells. Through
activation by direct interaction and modulation of ser-
ine-dependent phosphorylation of IkB kinase, cyto-
solic HSPD1 mediated enhanced NF-xB in cervical
adenocarcinoma HeLa S3 cells [143]. Similarly, at a
steady state, the B16 murine melanoma cell line con-
stitutively released HSPD1 to the extracellular space.
These cells had additionally increased expression
of numerous pro- and anti-inflammatory cytokines,
chemokines, and chemokine receptors through sign-
aling mediated by TLR2 and activation of the tran-
scription factor signal transducer and activator of
transcription 3 (STAT3) [149]. Consistent with the
involvement of HSP as a factor of tumor aggressive-
ness via persistent activation of mediators in inflam-
mation, B16 cells, which are highly metastatic, had
higher expression of TLR2 and had elevated baseline
activation of STAT?3, relative to low metastatic B16-
F1 cells [149]. These findings provide evidence to the
role of HSP in promoting a TME supportive of a pro-
inflammatory milieu and tumor progression.

As a result of aging, HSP levels, antigenicity, and
the normal tissue milieu are altered. These conditions
will set the stage for the onset of chronic inflamma-
tion and tumor progression. This article referred to
the roles of HSP in the regulation of intracellular
signaling involved in inflammation. In addition, one
should also consider HSP’s immune functions related
to many aspects of malignant progression such as cell
to cell communication [150, 151], antigenic presenta-
tion [152], and immunoescape [153]. Understanding
HSP modes of action in oncogenic transformation,
particularly in tumor inflammation, will enhance their
therapeutic potential.

@ Springer
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Conclusions

Through the common effort to address the role
of aging as a major contributing factor for most
chronic diseases, the field of geroscience has recently
emerged. Defined as an interdisciplinary arena that
aims to understand the relationship between aging
and age-related diseases and disabilities [154], a pri-
ority of geroscience is addressing chronic diseases
[155]. By increasing the understanding of aging biol-
ogy, novel forms to improve health span and delay
age-related chronic diseases will emerge. Among the
main pillars of geroscience research, inflammation,
responsiveness to stress, epigenetics, metabolism,
macromolecular damage, proteostasis, and stem cells
are proposed as drivers of the aging process [154,
155]. Advances in knowledge of the contributing
role of HSP to chronic inflammation and age-related
pathology are consistent with their involvement as
mechanistic drivers of aging.

Because of their potential to favorably alter the
onset or progression of multiple chronic diseases
affecting the elderly, HSP are worth considering as
therapeutic agents by geroscientists. As we have dis-
cussed, HSP are involved in many cellular processes
related to the physiopathology of CVD, neurodegen-
eration, autoimmunity, and cancer (Fig. 1). Indeed,
understanding of the fundamental mechanisms by
which HSP contribute to aging has led to signifi-
cant advancements in therapeutic interventions of
these diseases. Life style interventions such as aero-
bic exercise and caloric restriction have proven suc-
cessful in reducing age-related pathology, though

Fig. 1 HSP in aging Stress
and chronic inflamma-
tory diseases. Age leads

to unbalance of cellular

responses to stress mediated A
by HSP. This contributes to
the establishment of chronic
inflammation (inflamm-
aging) and to age-associated
pathology linked to chronic

inflammation. Life style or
pharmacological interven-
tions aimed at restoring
HSP functions provide an
opportunity for improving
outcomes in life span and
various pathologies

Age-related loss of
HSP homeostasis
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increase in antioxidant effects, as well as counteract-
ing the effects of age on the expression of HSP [36,
156, 157]. Likewise, pharmacological agents may
help to reduce the effects of age on accumulation of
defective and toxic proteins, with concomitant effects
on the life span. Among them, plant medicinal com-
pounds such as salicylate, resveratrol, curcumin, and
celastrol activate HSF1, and its stress signaling cas-
cade [158, 159] to promote salutary effects on aging,
chronic inflammatory diseases, and neurodegenera-
tion among other diseases [159, 160]. Similar effects
have been observed when several small molecules,
known to induce HSP, have been utilized in experi-
mental models [161-163], and in a good number of
clinical studies [164]. For instance, some small mole-
cule compounds including those competitively inhib-
iting ATP hydrolysis of HSP90 and subsequent matu-
ration of client proteins have been tested in phase I
or II clinical trials for diverse types of cancer [128,
164, 165]. Versatility of interaction between some
HSP, leading to formation of oligomeric species, has
been exploited for development of small compounds
with ability to target various age-related diseases in
clinical trials for CVD [166, 167], neurodegeneration
[75, 168, 169], and autoimmune diseases [95, 106]. In
many of these studies, the therapeutic response was
associated to production of anti-inflammatory media-
tors and decreased expression of inflammatory medi-
ators [97, 170-173].

HSP thus effectively induce immunoregulation
and suppress disease in clinical trials. These effects
are in part due to shift from a pro-inflammatory state
to an anti-inflammatory state, which sets the stage

Age-related pathology
linked to inflammation:
* Cardiovascular disease
* Neuroinflammation

* Autoimmune diseases

* Cancer

* Life style interventions (e.g., aerobic exercise,
caloric restriction)

* Pharmacological agents (e.g., plant medicinal
compounds, small molecule compounds)
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for regulatory adaptive immune responses. Over the
basis of these observations, it can be proposed that
HSP have a crucial role in disease-protective immu-
noregulation [97]. A general principle also emerges
from these studies: The reduced capacity to maintain
HSP homeostasis with advanced age contributes to a
decreasing resistance to chronic diseases. On the con-
trary, restoring HSP expression will likely contribute
to effective HSP-mediated immunoregulation. As sci-
entists [57] have suggested, fine adjustment of HSP-
related therapy including refinement related to over-
coming issues related to disease-specific expression
of HSP vs. its ubiquitous expression in non-disease
tissues, off target effects on client proteins, and selec-
tivity of targeted downstream pathways are issues rel-
evant to the observed toxicity of current HSP inhibi-
tors in clinical trials. Answer to these questions will
improve the success of therapy based on HSP as
reflected by the concomitant beneficial outcomes in
life span and various pathologies.
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