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Abstract
Although heat-shock (cell stress) proteins are commonly considered as being intracellular molecular
chaperones that undertake a number of cytoprotective and cellular housekeeping functions, there is now
a wealth of evidence to indicate that these proteins can be released by cells via active processes. Many
molecular chaperones are secreted, or exist as cell surface proteins which can act as powerful signalling
agonists and also as receptors for selected ligands. Levels of heat-shock (cell stress) proteins in biological
fluids are now being associated with a plethora of clinical conditions, and these proteins therefore have
potential utility as biomarkers of disease and/or response to therapeutic intervention. The present article
summarizes current knowledge relating to extracellular cell stress proteins as biomarkers of human disease.

Background
The technician who inadvertently left the temperature of an
incubator in Ferruccio Ritossa’s (25 February 1936–9 January
2014) laboratory at too high a temperature one late afternoon
in the early 1960s could not have anticipated the impact
that this would have on biology. The elevated temperature
to which Drosophila larvae were exposed overnight induced
the appearance of new puffs in the polytene chromosomes
and these were noticed by Ritossa on the following day.
This was the first evidence that stress can influence gene
transcription and induce the synthesis of new proteins;
however, Ritossa had difficulty publishing these findings [1].
It was not until the early 1970s that the products of these
genes were identified by Alfred Tissières and colleagues,
and for obvious reasons, these gene products were termed
‘heat-shock proteins’ (Hsps) [2]. However, it is now known
that a range of different stressors, other than heat, such as
viral infection, cytokines, oxidative stress, ionizing and UV
irradiation, glucose deprivation or exposure to toxins and
certain metals, also induce the expression of such proteins,
and so a more descriptively correct term for these proteins
might be ‘cell stress’ proteins [3].

It was many years before the relationships between stress-
induced gene transcription and the roles of cell stress
proteins in protein folding and the management of the
intracellular environment were consolidated [2,4,5]. Thus,
by the late 1980s, it was recognized that a proportion of
cellular proteins require help with their folding and that
this was facilitated via the actions of families of proteins
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termed ‘molecular chaperones’ [5], the accepted definition of
which is “a large and diverse group of proteins that share the
property of assisting the non-covalent assembly/disassembly
of other macromolecular structures, but which are not
permanent components of these structures when these are
performing their normal biological functions” [6]. Members
of the molecular chaperone families perform essential cellular
‘housekeeping’ and cytoprotective functions, and enable cells
to function correctly and cope with the plethora of insults and
stresses that exist in the complex and dynamic intracellular
environment (Table 1).

Cell stress proteins are released into the
extracellular environment
The initial reports of the presence of Hsp60 and Hsp70
in the peripheral circulation by Pockley et al. in the late
1990s [7,8] were received with scepticism by the biological
and biochemical communities, as it was unclear how these
proteins could be released from viable cells in the absence
of any cellular damage; given that cell stress proteins do
not express the typical N-terminal signal peptide sequences
that are typically required for secretion. However, ‘non-
classical’ secretion of proteins that lack such sequences has
been observed for a number of proteins such as fibroblast
growth factors 1 and 2 (FGF-1 and -2), interleukin 1
(IL-1), and high mobility group box 1 (HMGB-1); the
mechanisms underlying non-classical secretion pathways
have been reviewed elsewhere [9]. The release of cell stress
proteins from viable cells with an intact plasma membrane
has been attributed to a number of mechanisms, including
exosomal release [10,11], via cholesterol-rich microdomains
[12] and secretary lysosomal endosomes [13], vesicular
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Table 1 Mammalian cell stress response proteins, and their intracellular localization and function

Abbreviations: ER, endoplasmic reticulum; TCP-1, tailless complex polypeptide; Grp, glucose-regulated protein; BiP, immunoglobulin heavy

chain-binding protein; mtHsp70, mitochondrial Hsp70; HSF1, heat-shock factor 1; Apg-1, protein kinase essential for autophagy. Data taken from

[48,49]. Further information on the nomenclature and individual family members has been published elsewhere [37,38].

Major family and members Intracellular localization Intracellular function

Small Hsps

αB-crystallin Cytoplasm Cytoskeletal stabilization

Hsp27 Cytoplasm/nucleus Actin dynamics

Haem oxygenase, Hsp32 Cytoplasm Haem catabolism, antioxidant properties

Hsp60 or chaperonins

Hsp60 Mitochondria Both: bind to partially folded polypeptides and assist correct folding;

assembly of multimeric complexes

TCP-1 Cytoplasm

Hsp70 Hsp70 is involved in the regulation of HSF1 activity and the repression of Hsp

gene transcription

Hsp70 (inducible) Cytoplasm/nucleus All: bind to extended polypeptides; prevent aggregation of unfolded

peptides; dissociate some oligomers; ATP binding; ATPase activityHsc70 (cognate) Cytoplasm/peroxisome

Grp78/BiP ER

mtHsp70/Grp75 Mitochondria

Hsp90 Hsp90 appears to be involved in maintaining the HSF1 monomeric state in

non-stressful conditions; represents 1–2 % of total protein

Hsp90 (α and β) Cytoplasm All: bind to other proteins; regulate protein activity; prevent aggregation of

Grp94/Gp96/Hsp100 ER re-folded peptide; correct assembly and folding of newly synthesized

protein

Hsp110

Hsp110 (human) Nucleolus/cytoplasm Thermal tolerance

Apg-1 (mouse) Cytoplasm Protein refolding

Hsp105 Cytoplasm

transport [14] and ubiquitination-triggered transport [15].
These mechanisms have been reviewed elsewhere [16]. Dying
cells have been found to release free Hsp70, however, in much
smaller amounts than Hsp70 in liposomal vesicles. Despite
the initial scepticism, the precedent for the release of cell stress
proteins and their potential role for intercellular signalling
networks had already been established by others.

In 1989, Hightower and Guidon [17] reported that heat
treatment broadened the spectrum of proteins released
from cultured rat embryo cells, from a small set of
proteins including the constitutively expressed member
of the 70 kDa family of molecules, Hsc70, to include its
inducible counterpart, Hsp70, and Hsp110. The release of
these proteins was shown not to be mediated via the common
secretory pathway, as inhibitors of this pathway (colchicine,
monensin) did not block it [17]. Another of the earliest papers
documenting a physiological release of cell stress proteins
came from Tytell and colleagues in 1986 who reported the
transfer of glia–axon transfer proteins, which include Hsp70,
Hsc70 and Hsp100, from adjacent glial cells into the squid
giant axon [18]. The authors suggested that the release of such
proteins might be a mechanism by which glial cells can protect
adjacent neuronal cells which exhibit a deficient response to
stress.

Cell stress proteins have now been reported to be released
from a wide range of cells including insulin-secreting β

cells, rat cortical astrocytes, a human neuroblastoma cell
line, a human keratinocyte-derived cell line, cultured vascular
smooth muscle cells, murine and human prostate cancer
cells and B cells (reviewed in [19]). With regards to the
presence of cell stress proteins in the peripheral circulation,
in 1977, a group of Australian scientists identified an
immunoregulatory factor in the serum of women in the
first trimester of pregnancy [20,21]. However, the molecular
nature of this ‘early pregnancy factor’ was not identified until
1994, when it was shown to be human chaperonin (Cpn)10
(Hsp10) [22].

Cell stress proteins are present in the
peripheral circulation in health and disease
The reports of the presence of Hsp60 and Hsp70 in the
peripheral circulation [7,8] stimulated new interest in this area
and the development of a range of enzyme immunoassays for
measuring cell stress proteins in extracellular compartments.
It is worth mentioning that most commercially available
enzyme immunoassays for cell stress proteins are optimized
for free Hsp70 in buffer, but not for Hsp70 in the serum,
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Table 2 Circulating cell stress proteins as biomarkers of disease

Stress protein Condition Key findings Reference(s)

Hsp10 Periodontitis Lower plasma levels in periodontal disease and treatment increases these.

Post-treatment levels correlate with markers of clinical improvement

[50]

Hsp27 Renal disease Elevated serum and urine levels in chronic kidney disease [51]

Autoimmunity Serum levels may be a novel marker for diabetic neuropathy in patients with Type 1

diabetes

[52]

Hsp60 Stress Association between elevated levels of Hsp60, low socioeconomic status and social

isolation in males and females, and with psychological distress in women

[53]

Cardiovascular disease Elevated serum levels in patients with renal and peripheral vascular disease and

individuals with borderline hypertension. Serum levels in individuals with

hypertension are similar to normotensive controls

[25,28,54,55]

Elevated levels present in coronary eluates after myocardial infarction [56]

Serum levels increase with accumulating features of the metabolic syndrome in

postmenopausal women

[57]

Endothelium-dependent vasodilator function is impaired in children with detectable

levels of serum Hsp60. Circulating Hsp60, or factors that stimulate the expression

and systemic release of Hsp60, may contribute to the initiation of arterial disease in

early life

[58]

Association between higher levels of plasma Hsp60 in subjects with clinically manifest

cardiovascular disease and those with a history of myocardial infarction in diabetes

mellitus

[29]

Infections Plasma Hsp60 levels are elevated in HIV-infected patients. Although levels reduce

after anti-retroviral therapy, they remain higher than uninfected controls. Hsp60

levels correlate with viral load, CD4+ T-cell counts, and circulating soluble CD14 and

lipopolysaccharide levels

[59]

Periodontitis A larger proportion of patients with periodontal disease exhibit intermediate levels of

plasma Hsp60 compared with controls. Treatment has no influence on levels

[50]

Atherogenic dyslipidaemia and elevated circulating Hsp60 levels are linked and

associated with periodontal pathology

[60]

Autoimmunity Serum Hsp60 levels correlate with time required for remission from flare-ups in

patients with juvenile idiopathic arthritis

[61]

Hsp70 Surgery/trauma Plasma Hsp70 levels markedly increase in patients undergoing liver resection and are

associated with postoperative infection, hepatic ischaemic time and the degree of

postoperative organ dysfunction

[62]

Hsp70 is released into the circulation following coronary artery bypass grafting [63]

Cardiovascular disease Elevated serum levels in patients with renal and peripheral vascular disease and

individuals with borderline hypertension. In contrast, serum levels in hypertension

are similar to normotensive controls

[25,28,54]

Low serum levels at baseline predict the development of atherosclerosis in individuals

with established hypertension

[27]

Increased serum levels associated with low risk of coronary artery disease [64]

Increased circulating levels may be associated with the progression of atrial fibrillation

and its recurrence after catheter ablation

[65]

Serum levels correlate with the severity of atherosclerosis in patients with carotid

artery disease and chronic lower limb ischaemia. Putative role for circulating Hsp70

in the development of arterial calcification

[66]

Infections Serum levels positively associated with the degree of inflammation in an elderly

population living in a remote area in Cameroon, where infection and parasitosis are

endemic

[67]

Positive correlations between serum levels and inflammatory markers [31]

Serum Hsp70 levels in patients with chronic hepatitis are higher than controls, but

lower than in patients with liver cancer

[34]
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Table 2 Continued

Stress protein Condition Key findings Reference(s)

Pregnancy Serum levels are lower in normal human pregnancy, but elevated in transient

hypertension of pregnancy, in pre-eclampsia and in superimposed pre-eclampsia.

Increased serum levels reflect systemic inflammation, oxidative stress and

hepatocellular injury in pre-eclampsia

[30,68,69]

Asthma Induced sputum and plasma Hsp70 levels could serve as a useful marker for assessing

airway obstruction in patients with asthma

[70]

Renal Disease Elevated urinary Hsp70 levels in stage 4 and 5 chronic kidney disease [51]

Autoimmunity Plasma Hsp70 levels are high in patients with Type 1 diabetes [71,72]

BiP Periodontitis Lower circulating levels of BiP (Grp78) in periodontal disease as compared with

controls. Treatment has no influence on levels

[50]

Grp94 Autoimmunity Plasma Grp94 (Gp96) levels are high in patients with Type 1 diabetes [71,72]

plasma or other body fluids. It is also a matter of debate
as to whether liposomal cell stress proteins can be detected
using the standard detergents that are typically included
in commercial enzyme immunoassay kits. These have led
to a number of reports associating levels of cell stress
proteins with a number of conditions and diseases (Table 2),
including cancer (Table 3). An immediate issue relating to
these studies is the need to ensure that the commercial assay
kits and the ‘in-house’ assays that have been used have been
properly validated for the analysis of the relevant analytes
in the biological fluid which is under investigation [23].
Such information is not always apparent, and differences
in the levels of Hsp70 which is measured by commercial
and ‘in-house’ enzyme immunoassays have been reported
[24]. This is an important issue, as serum and plasma are
complex and subject to a number of ‘matrix’-related effects
which might influence accurate measurements in biological
samples. One should also be mindful of the presence of
circulating anti-cell stress protein antibodies in the peripheral
circulation which might also influence the measurements
made, although we have not found this to be the case [7,8,25–
28]. The analysis of biological fluids has revealed a plethora of
relationships between circulating cell stress protein levels and
the clinical and physiological status of an individual (Tables 2
and 3), and these studies have the potential to provide new
insight into the role of circulating cell stress proteins in
the induction, progression and resolution of disease. For
example, the association between higher levels of plasma
Hsp60 in subjects with clinically manifest cardiovascular
disease and those with a history of myocardial infarction in
diabetes mellitus suggests that secreted Hsp60 may play a
role in the cardiovascular pathology associated with diabetes
[29]. The lower serum Hsp70 levels in normal human
pregnancy might be suggestive of as yet unknown regulatory
mechanisms that are aimed at maintaining immune tolerance
in pregnancy [30]. However, further studies are required in
order to establish these proteins as robust biomarkers of
disease. Although Hsp70 is involved in inflammation of
infectious origin, the inter-individual variation in measured
levels appears to preclude the use of serum Hsp70 levels as an

approach for distinguishing patients from healthy subjects in
this context [31].

Circulating cell stress proteins as
biomarkers of disease in cancer
There have been a number of particularly interesting and
potentially important findings relating to the presence of
circulating cell stress proteins in cancer, and a potential
relationship between cell stress protein levels with tumour
volume and response to treatment [32,33] (Table 3). The
capacity of cell stress protein measurements to distinguish
inflammatory events from specific disease states has recently
been demonstrated. The Multhoff group has reported that
serum Hsp70 levels in patients with liver cancer are
significantly higher than a control group without liver disease,
and (importantly) are also higher than individuals with
chronic hepatitis [34]. Furthermore, a subgroup of patients
with liver cirrhosis who subsequently developed liver cancer
revealed higher serum Hsp70 levels than patients with liver
cirrhosis alone [34]. In addition, Dutta et al. [35] have
reported that serum Hsp70 levels are significantly elevated in
patients with pancreatic cancer, compared with both healthy
controls and individuals with chronic pancreatitis. These data
indicate that serum Hsp70 levels can distinguish between
inflammatory events/disease and cancer, and that circulating
Hsp70 might be of value as a biomarker for cancer.

Another potential use for circulating cell stress proteins
as biomarkers relates to the finding that serum Hsp70
measurements could be used to monitor the pharmacological
effects of Hsp90 inhibitors in the clinical setting, especially
in those situations when access to tumour tissue is not
possible [36]. The use of Hsp90 inhibitors for the treatment
of cancers such as myeloma, breast, prostate and lung
cancer, melanoma, gastrointestinal stromal tumours and acute
myeloid leukaemia is currently under great scrutiny. The
activity of Hsp90 inhibitors is currently assessed on the
basis of Hsp70 induction in peripheral blood mononuclear
cells using Western blot analysis. However, this approach is

C©The Authors Journal compilation C©2014 Biochemical Society



1748 Biochemical Society Transactions (2014) Volume 42, part 6

Table 3 Extracellular cell stress proteins as biomarkers of disease in cancer

Stress protein Tumour Key findings Reference

Hsp27 Ovarian Serum Hsp27 levels are increased in epithelial ovarian cancer and correlate with

peritoneal metastases. Serum Hsp27 levels may be used as a potential additional

indicator for peritoneal metastases and the response of patients to treatment

[73]

Breast Significant differences in the profiles of Annexin V+ , CD66+ , BCRP1+ and Hsp27+

microparticles are present in breast cancer patients with lymph node metastases, as

assessed using flow cytometry

[74]

Lung Serum levels of Hsp27 are significantly elevated in patients with non-small-cell lung

cancer diagnosed at an early or at an advanced stage when compared with healthy

control groups. Furthermore, levels can distinguish between early and advanced stage

disease

[75]

Hsp70 Leukaemia Levels of plasma Hsp70 reflect overall tumour load and patients with higher levels of

plasma Hsp70 have significantly shorter survival in acute myeloid leukaemia and acute

lymphoblastic leukaemia. Circulating Hsp70 might therefore be a biomarker for poor

prognosis?

[76]

Plasma Hsp70 levels above the median in chronic myeloid leukaemia are associated with

a higher rate of progression to the accelerated/blast phase, and a tendency toward

shorter survival. Plasma Hsp70 could be a potential marker for predicting disease

progression in patients with chronic phase in chronic myeloid leukaemia

[77]

Colorectal Serum levels of Hsp70 and mortalin are independent variables, and high serum levels of

mortalin (mitochondrial Hsp70, Grp75, HSPA9) is a risk factor for shorter survival of

patients with colorectal cancer. The concurrence of high serum Hsp70 and mortalin

levels is associated with rapid disease progression

[78]

Serum Hsp70 levels have potential as a stage-independent prognostic marker in

colorectal cancer without distant metastasis

[79]

Head and neck Plasma Hsp70 levels are significantly higher in mice bearing membrane Hsp70 positive

FaDu human squamous cell carcinomas of the head and neck, and these correlate with

tumour volume. Radiation-induced tumour regression is associated with significantly

decreased Hsp70 levels, and these return to those of control animals after complete

remission

[32]

Serum Hsp70 levels are significantly higher and associated with tumour volume in

patients with squamous cell carcinoma of the head and neck. Following surgery and

radiotherapy, Hsp70 levels dropped without tumour relapse in the follow-up period.

Hsp70 is therefore a potential biomarker for tumours and for monitoring the clinical

outcome of radiotherapy. High levels were associated with high levels of membrane

Hsp70 expression on tumour cells

[33]

Liver Serum Hsp70 levels in patients with liver cancer are significantly higher than a control

group without liver disease, and individuals with chronic hepatitis. A subgroup of

patients with cirrhosis who subsequently developed liver cancer exhibited higher

serum Hsp70 levels than those patients with cirrhosis that did not progress to cancer

[34]

Pancreatic Plasma Hsp70 levels were significantly higher in the blood of mice bearing membrane

Hsp70 positive spontaneous pancreatic ductal adenocarcinomas, and these correlated

with tumour volume. Radiation-induced tumour regression was associated with

significantly decreased Hsp70 levels, and these returned to those of control animals

after complete remission

[32]

Serum Hsp70 levels are significantly increased in patients and may be useful as an

additional biomarker for the detection of pancreatic cancer

[35]

Lung Serum levels of Hsp70 are significantly elevated in patients with non-small-cell lung

cancer diagnosed at an early or at an advanced stage when compared with healthy

control groups

[75]

Membrane Hsp70 Membrane Hsp70 expression correlates with an improved overall survival in patients with

colon and gastric carcinomas, whereas it is negatively associated with survival in

patients with lower rectal and squamous cell carcinoma

[44]
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laborious, only semi-quantitative and difficult to implement
in the clinic [36].

This is an opportune time to highlight the issue of
nomenclature for the cell stress protein families of molecules.
Although this has previously been discussed in an article
proposing new guidelines for the nomenclature of the human
Hsps in detail elsewhere [37], the literature continues to
remain unclear, especially in the case of the 70 kDa family of
molecules. The human Hsp70 (gene) family consists of at least
eight members, only three of which show stress-inducible
expression [38]. Of the 13 protein members of the family,
two closely linked genes, referred to as Hsp70-1 and Hsp70-
2, are the major stress-induced members [38]. Although some
evidence implicates Hsp70-2 in human cancer, the cytosolic
stress-induced Hsp70-1 is the predominant form which is
overexpressed in cancer [38]. It is therefore likely that it is this
form of the molecule which is being measured in the studies
that have been reported to date. However, the precise identity
of the analyte being reported upon needs to be verified using
information on the specificity of the antibodies that are being
used in the assays.

Membrane Hsp70: a ‘third’ moonlighting
function for the 70 kDa cell stress protein
Another potentially important finding is that serum Hsp70
levels are associated with a high expression of a membrane
form of Hsp70 on tumours in patients with squamous cell
carcinoma of the head and neck [33]. Gabriele Multhoff and
colleagues discovered the selective expression of a membrane
form of Hsp70, the major stress-inducible member of the
70 kDa Hsp family, on the plasma membrane of tumour
cells (but not normal tissue) using a unique monoclonal
antibody (mAb, cmHsp70.1) [39–41]. The expression of
membrane Hsp70 has now been detected on a broad panel
of cancer cell lines, including all of the human and murine
breast cancer cells that have been tested (data not shown),
and the density of membrane Hsp70 on cancer cells is
increased by treatments such as radio(chemo)therapy [42].
An ongoing screening program of over 1000 patients with
various solid tumours in the Multhoff laboratory is revealing
that more than 50 % of all patients bear a membrane Hsp70-
positive tumour. Membrane Hsp70 is also highly expressed
in metastatic disease [43], and its expression is associated
with an unfavourable prognosis and a reduced overall
survival in patients with rectal carcinoma and squamous cell
carcinoma [44]. Membrane Hsp70 expression is therefore
a universal, selective tumour-specific marker of ‘aggressive’
disease. However, the clinical prognosis of patients is better
when they bear Hsp70 positive tumours that preferentially
metastasize via the liver (colon and gastric carcinoma) [44].

Membrane Hsp70 acts as a target recognition structure
for the induction of antibody-dependent cellular cytotoxicity
(ADCC) using a unique mAb which is specific for the
membrane form of Hsp70 (cmHsp70.1 mAb) [41], and
for activated natural killer (NK) cells [45] via its selective

internalization of NK cell-derived serine protease granzyme
B (GrB) [46]. It has been proposed that the better survival
of patients with tumours that metastasize via the liver results
from the fact that hepatic NK cells can recognize and kill
Hsp70 membrane-positive tumour cells [44]. It has also
been shown that the binding of recombinant human GrB
to membrane Hsp70 on human and murine cancer cells and
its perforin-independent endocytic uptake induces selective
killing of cancer cells [43,47]. Membrane Hsp70 therefore has
great potential as a tumour targeting molecule and the use
of serum Hsp70 as surrogate biomarker for its expression on
tumours would greatly assist the development and delivery
of new therapeutic strategies that target this unique form of
the 70 kDa cell stress protein.

Conclusions
Levels of Hsps in biological fluids have been associated with a
plethora of clinical conditions. These proteins could therefore
act as indicators, drivers and/or moderators of disease
processes and have potential utility as biomarkers of disease.
Although it continues to remain difficult to distinguish
‘cause’ from ‘effect’, it appears that cell stress proteins have
potential as diagnostic and predictive biomarkers of disease.
The current challenge is to establish the clinical potential
of these proteins, and it is possible that cell stress protein
profiles rather than levels of individual proteins will be the
way forward.

Acknowledgement

We thank the Biochemical Society for organizing the Focused

Meeting on The Biological and Biomedical Consequence of Protein

Moonlighting (London, 29–30 July 2014).

Funding

The John van Geest Cancer Research Centre is supported by

the John and Lucille van Geest Foundation and European

Regional Development Fund (ERDF) via Healthcare and Bios-

cience iNET. G.M. is supported in part by the Deutsche

Forschungsgemeinschaft (DFG) [grant numbers SFB824/2 B4,

DFG INST95/980-1FUGG, INST411/37-1FUGG], the DFG Cluster of

Excellence: Munich-Centre for Advanced Photonics (MAP), the

Bundesministerium für Forschung und Technologie [BMBF Innovative

Therapies grant number 01GU0823; BMBF m4 Spitzencluster, grant

number 16EX1021C; BMBF Kompetenzverbund Strahlenforschung

grant number 02NUK038A], European Union [grant number EU-

CELLEUROPE 315963] and the Wilhelm-Sander Stiftung [grant

number 2012.078.1].

References
1 Ritossa, F.A. (1962) A new puffing pattern induced by temperature shock

and DNP in Drosophila. Experientia 18, 571–573 CrossRef

C©The Authors Journal compilation C©2014 Biochemical Society

http://dx.doi.org/10.1007/BF02172188


1750 Biochemical Society Transactions (2014) Volume 42, part 6

2 Tissières, A., Mitchell, H.K. and Tracy, U. (1974) Protein synthesis in
salivary glands of Drosophila melanogaster: relation to chromosome
puffs. J. Mol. Biol. 84, 389–398 CrossRef PubMed

3 Ashburner, M. (1970) Patterns of puffing activity in the salivary gland
chromosomes of Drosophila. V. Responses to environmental treatments.
Chromosoma 31, 356–376 CrossRef PubMed

4 Ananthan, J., Goldberg, A.L. and Voellmy, R. (1986) Abnormal proteins
serve as eukaryotic stress signals and trigger the activation of heat shock
genes. Science 232, 522–524 CrossRef PubMed

5 Hemmingsen, S.M., Woolford, C., van der Vies, S.M., Tilly, K., Dennis, D.T.,
Georgopoulos, C.P., Hendrix, R.W. and Ellis, R.J. (1988) Homologous plant
and bacterial proteins chaperone oligomeric protein assembly. Nature
333, 330–334 CrossRef PubMed

6 Ellis, R.J. (2005) Chaperone function: the orthodox view. In Molecular
Chaperones and Cell Signalling (Henderson, B. and Pockley, A.G., eds),
pp. 3–21, Cambridge University Press, Cambridge CrossRef

7 Pockley, A.G., Bulmer, J., Hanks, B.M. and Wright, B.H. (1999)
Identification of human heat shock protein 60 (Hsp60) and anti-Hsp60
antibodies in the peripheral circulation of normal individuals. Cell Stress
Chaperones 4, 29–35 CrossRef PubMed

8 Pockley, A.G., Shepherd, J. and Corton, J. (1998) Detection of heat shock
protein 70 (Hsp70) and anti-Hsp70 antibodies in the serum of normal
individuals. Immunol. Invest. 27, 367–377 CrossRef PubMed

9 Chimini, C. and Rubartelli, A. (2005) Novel pathways of protein secretion.
In Molecular Chaperones and Cell Signalling (Henderson, B. and Pockley,
A.G., eds), pp. 45–60, Cambridge University Press, New York CrossRef

10 Gastpar, R., Gehrmann, M., Bausero, M.A., Asea, A., Gross, C., Schroeder,
J.A. and Multhoff, G. (2005) Heat shock protein 70 surface-positive tumor
exosomes stimulate migratory and cytolytic activity of natural killer cells.
Cancer Res. 65, 5238–5247 CrossRef PubMed

11 Bausero, M.A., Gastpar, R., Multhoff, G. and Asea, A. (2005) Alternative
mechanism by which IFN-γ enhances tumor recognition: active release
of heat shock protein 72. J. Immunol. 175, 2900–2912 CrossRef PubMed

12 Broquet, A.H., Thomas, G., Masliah, J., Trugnan, G. and Bachelet, M.
(2003) Expression of the molecular chaperone Hsp70 in
detergent-resistant microdomains correlates with its membrane delivery
and release. J. Biol. Chem. 278, 21601–21606 CrossRef PubMed

13 Mambula, S.S. and Calderwood, S.K. (2006) Heat shock protein 70 is
secreted from tumor cells by a nonclassical pathway involving lysosomal
endosomes. J. Immunol. 177, 7849–7857 CrossRef PubMed

14 Evdonin, A.L., Martynova, M.G., Bystrova, O.A., Guzhova, I.V., Margulis,
B.A. and Medvedeva, N.D. (2006) The release of Hsp70 from A431
carcinoma cells is mediated by secretory-like granules. Eur. J. Cell Biol.
85, 443–455 CrossRef PubMed

15 Evdonin, A.L., Guzhova, I.V., Margulis, B.A. and Medvedeva, N.D. (2004)
Phospholipase C inhibitor, U73122, stimulates release of hsp-70 stress
protein from A431 human carcinoma cells. Cancer Cell Int. 4, 2
CrossRef PubMed

16 Frostegård, J. and Pockley, A.G. (2005) Heat shock protein release and
naturally-occurring, exogenous heat shock proteins. In Molecular
Chaperones and Cell Signalling (Henderson, B. and Pockley, A.G., eds),
pp. 195–219, Cambridge University Press, Cambridge CrossRef

17 Hightower, L.E. and Guidon, P.T. (1989) Selective release from cultured
mammalian cells of heat-shock (stress) proteins that resemble glia–axon
transfer proteins. J. Cell. Physiol. 138, 257–266 CrossRef PubMed

18 Tytell, M., Greenberg, S.G. and Lasek, R.J. (1986) Heat shock-like protein
is transferred from glia to axon. Brain Res. 363, 161–164
CrossRef PubMed

19 Pockley, A.G. and Multhoff, G. (2008) Cell stress proteins in extracellular
fluids: friend or foe? Novartis Found. Symp. 291, 86–95

20 Morton, H., Rolfe, B. and Clunie, G.J. (1977) An early pregnancy factor
detected in human serum by the rosette inhibition test. Lancet 1,
394–397 CrossRef PubMed

21 Noonan, F.P., Halliday, W.J., Morton, H. and Clunie, G.J. (1979) Early
pregnancy factor is immunosuppressive. Nature 278, 649–651
CrossRef PubMed

22 Cavanagh, A.C. and Morton, H. (1994) The purification of early-pregnancy
factor to homogeneity from human platelets and identification as
chaperonin 10. Eur. J. Biochem. 222, 551–560 CrossRef PubMed

23 Multhoff, G. and Hightower, L.E. (2011) Distinguishing integral and
receptor-bound heat shock protein 70 (Hsp70) on the cell surface by
Hsp70-specific antibodies. Cell Stress Chaperones 16, 251–255
CrossRef PubMed

24 Njemini, R., Demanet, C. and Mets, T. (2005) Comparison of two ELISAs
for the determination of Hsp70 in serum. J. Immunol. Methods 306,
176–182 CrossRef PubMed

25 Pockley, A.G., de Faire, U., Kiessling, R., Lemne, C., Thulin, T. and
Frostegård, J. (2002) Circulating heat shock protein and heat shock
protein antibody levels in established hypertension. J. Hypertension 20,
1815–1820 CrossRef

26 Pockley, A.G. and Frostegård, J. (2005) Heat shock proteins in
cardiovascular disease and the prognostic value of heat shock
protein-related measurements. Heart 91, 1124–1126 CrossRef PubMed

27 Pockley, A.G., Georgiades, A., Thulin, T., de Faire, U. and Frostegård, J.
(2003) Serum heat shock protein 70 levels predict the development of
atherosclerosis in subjects with established hypertension. Hypertension
42, 235–238 CrossRef PubMed

28 Pockley, A.G., Wu, R., Lemne, C., Kiessling, R., de Faire, U. and Frostegård,
J. (2000) Circulating heat shock protein 60 is associated with early
cardiovascular disease. Hypertension 36, 303–307 CrossRef PubMed

29 Shamaei-Tousi, A., Stephens, J.W., Bin, R., Cooper, J.A., Steptoe, A.,
Coates, A.R., Henderson, B. and Humphries, S.E. (2006) Association
between plasma levels of heat shock protein 60 and cardiovascular
disease in patients with diabetes mellitus. Eur. Heart J. 27, 1565–1570
CrossRef PubMed

30 Molvarec, A., Rigo, Jr, J., Nagy, B., Walentin, S., Szalay, J., Fust, G., Karadi,
I. and Prohászka, Z. (2007) Serum heat shock protein 70 levels are
decreased in normal human pregnancy. J. Reprod. Immunol. 74,
163–169 CrossRef PubMed

31 Njemini, R., Lambert, M., Demanet, C. and Mets, T. (2003) Elevated
serum heat-shock protein 70 levels in patients with acute infection: use
of an optimized enzyme-linked immunosorbent assay. Scand. J.
Immunol. 58, 664–669 CrossRef PubMed

32 Bayer, C., Liebhardt, M.E., Schmid, T.E., Trajkovic-Arsic, M., Hube, K.,
Specht, H.M., Schilling, D., Gehrmann, M., Stangl, S., Siveke, J.T., Wilkens,
J.J. and Multhoff, G. (2014) Validation of heat shock protein 70 as a
tumor-specific biomarker for monitoring the outcome of radiation
therapy in tumor mouse models. Int. J. Radiat. Oncol. Biol. Phys. 88,
694–700 CrossRef PubMed

33 Gehrmann, M., Specht, H.M., Bayer, C., Brandstetter, M., Chizzali, B.,
Duma, M., Breuninger, S., Hube, K., Lehnerer, S., van Phi, V. et al. (2014)
Hsp70: a biomarker for tumor detection and monitoring of outcome of
radiation therapy in patients with squamous cell carcinoma of the head
and neck. Radiat. Oncol. 9, 131 CrossRef PubMed

34 Gehrmann, M., Cervello, M., Montalto, G., Cappello, F., Gulino, A., Knape,
C., Specht, H.M. and Multhoff, G. (2014) Heat shock protein 70 serum
levels differ significantly in patients with chronic hepatitis, liver cirrhosis,
and hepatocellular carcinoma. Front. Immunol. 5, 307 CrossRef PubMed

35 Dutta, S.K., Girotra, M., Singla, M., Dutta, A., Otis Stephen, F., Nair, P.P.
and Merchant, N.B. (2012) Serum HSP70: a novel biomarker for early
detection of pancreatic cancer. Pancreas 41, 530–534 CrossRef PubMed

36 Dakappagari, N., Neely, L., Tangri, S., Lundgren, K., Hipolito, L., Estrellado,
A., Burrows, F. and Zhang, H. (2010) An investigation into the potential
use of serum Hsp70 as a novel tumour biomarker for Hsp90 inhibitors.
Biomarkers 15, 31–38 CrossRef PubMed

37 Kampinga, H.H., Hageman, J., Vos, M.J., Kubota, H., Tanguay, R.M.,
Bruford, E.A., Cheetham, M.E., Chen, B. and Hightower, L.E. (2009)
Guidelines for the nomenclature of the human heat shock proteins. Cell
Stress Chaperones 14, 105–111 CrossRef PubMed

38 Murphy, M.E. (2013) The HSP70 family and cancer. Carcinogenesis 34,
1181–1188 CrossRef PubMed

39 Multhoff, G., Botzler, C., Wiesnet, M., Eissner, G. and Issels, R. (1995)
CD3− large granular lymphocytes recognize a heat-inducible
immunogenic determinant associated with the 72-kD heat shock protein
on human sarcoma cells. Blood 86, 1374–1382 PubMed

40 Multhoff, G., Botzler, C., Wiesnet, M., Muller, E., Meier, T., Wilmanns, W.
and Issels, R.D. (1995) A stress-inducible 72-kDa heat-shock protein
(HSP72) is expressed on the surface of human tumor cells, but not on
normal cells. Int. J. Cancer 61, 272–279 CrossRef PubMed

41 Stangl, S., Gehrmann, M., Riegger, J., Kuhs, K., Riederer, I., Sievert, W.,
Hube, K., Mocikat, R., Dressel, R., Kremmer, E. et al. (2011) Targeting
membrane heat-shock protein 70 (Hsp70) on tumors by cmHsp70.1
antibody. Proc. Natl. Acad. Sci. U.S.A. 108, 733–738 CrossRef PubMed

42 Gehrmann, M., Pfister, K., Hutzler, P., Gastpar, R., Margulis, B. and
Multhoff, G. (2002) Effects of antineoplastic agents on cytoplasmic and
membrane-bound heat shock protein 70 (Hsp70) levels. Biol. Chem.
383, 1715–1725 PubMed

43 Gehrmann, M., Stangl, S., Kirschner, A., Foulds, G.A., Sievert, W., Doss,
B.T., Walch, A., Pockley, A.G. and Multhoff, G. (2012) Immunotherapeutic
targeting of membrane hsp70-expressing tumors using recombinant
human granzyme B. PLoS ONE 7, e41341 CrossRef PubMed

C©The Authors Journal compilation C©2014 Biochemical Society

http://dx.doi.org/10.1016/0022-2836(74)90447-1
http://www.ncbi.nlm.nih.gov/pubmed/4219221
http://dx.doi.org/10.1007/BF00321231
http://www.ncbi.nlm.nih.gov/pubmed/5489366
http://dx.doi.org/10.1126/science.3083508
http://www.ncbi.nlm.nih.gov/pubmed/3083508
http://dx.doi.org/10.1038/333330a0
http://www.ncbi.nlm.nih.gov/pubmed/2897629
http://dx.doi.org/10.1017/CBO9780511546310
http://dx.doi.org/10.1379/1466-1268(1999)004
elax protect $
elax <$0029:IOHHSP
elax protect $
elax >$2.3.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/10467106
http://dx.doi.org/10.3109/08820139809022710
http://www.ncbi.nlm.nih.gov/pubmed/9845422
http://dx.doi.org/10.1017/CBO9780511546310
http://dx.doi.org/10.1158/0008-5472.CAN-04-3804
http://www.ncbi.nlm.nih.gov/pubmed/15958569
http://dx.doi.org/10.4049/jimmunol.175.5.2900
http://www.ncbi.nlm.nih.gov/pubmed/16116176
http://dx.doi.org/10.1074/jbc.M302326200
http://www.ncbi.nlm.nih.gov/pubmed/12682040
http://dx.doi.org/10.4049/jimmunol.177.11.7849
http://www.ncbi.nlm.nih.gov/pubmed/17114456
http://dx.doi.org/10.1016/j.ejcb.2006.02.008
http://www.ncbi.nlm.nih.gov/pubmed/16584808
http://dx.doi.org/10.1186/1475-2867-4-2
http://www.ncbi.nlm.nih.gov/pubmed/14989758
http://dx.doi.org/10.1017/CBO9780511546310
http://dx.doi.org/10.1002/jcp.1041380206
http://www.ncbi.nlm.nih.gov/pubmed/2918030
http://dx.doi.org/10.1016/0006-8993(86)90671-2
http://www.ncbi.nlm.nih.gov/pubmed/3947949
http://dx.doi.org/10.1016/S0140-6736(77)92605-8
http://www.ncbi.nlm.nih.gov/pubmed/65512
http://dx.doi.org/10.1038/278649a0
http://www.ncbi.nlm.nih.gov/pubmed/313010
http://dx.doi.org/10.1111/j.1432-1033.1994.tb18897.x
http://www.ncbi.nlm.nih.gov/pubmed/7912672
http://dx.doi.org/10.1007/s12192-010-0247-1
http://www.ncbi.nlm.nih.gov/pubmed/21165727
http://dx.doi.org/10.1016/j.jim.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16253267
http://dx.doi.org/10.1097/00004872-200209000-00027
http://dx.doi.org/10.1136/hrt.2004.059220
http://www.ncbi.nlm.nih.gov/pubmed/16103532
http://dx.doi.org/10.1161/01.HYP.0000086522.13672.23
http://www.ncbi.nlm.nih.gov/pubmed/12900429
http://dx.doi.org/10.1161/01.HYP.36.2.303
http://www.ncbi.nlm.nih.gov/pubmed/10948094
http://dx.doi.org/10.1093/eurheartj/ehl081
http://www.ncbi.nlm.nih.gov/pubmed/16762985
http://dx.doi.org/10.1016/j.jri.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17296233
http://dx.doi.org/10.1111/j.1365-3083.2003.01341.x
http://www.ncbi.nlm.nih.gov/pubmed/14636423
http://dx.doi.org/10.1016/j.ijrobp.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24521683
http://dx.doi.org/10.1186/1748-717X-9-131
http://www.ncbi.nlm.nih.gov/pubmed/24912482
http://dx.doi.org/10.3389/fimmu.2014.00307
http://www.ncbi.nlm.nih.gov/pubmed/25071768
http://dx.doi.org/10.1097/MPA.0b013e3182374ace
http://www.ncbi.nlm.nih.gov/pubmed/22158074
http://dx.doi.org/10.3109/13547500903261347
http://www.ncbi.nlm.nih.gov/pubmed/19747088
http://dx.doi.org/10.1007/s12192-008-0068-7
http://www.ncbi.nlm.nih.gov/pubmed/18663603
http://dx.doi.org/10.1093/carcin/bgt111
http://www.ncbi.nlm.nih.gov/pubmed/23563090
http://www.ncbi.nlm.nih.gov/pubmed/7632945
http://dx.doi.org/10.1002/ijc.2910610222
http://www.ncbi.nlm.nih.gov/pubmed/7705958
http://dx.doi.org/10.1073/pnas.1016065108
http://www.ncbi.nlm.nih.gov/pubmed/21187371
http://www.ncbi.nlm.nih.gov/pubmed/12530536
http://dx.doi.org/10.1371/journal.pone.0041341
http://www.ncbi.nlm.nih.gov/pubmed/22829941


The Biological and Biomedical Consequences of Protein Moonlighting 1751

44 Pfister, K., Radons, J., Busch, R., Tidball, J.G., Pfeifer, M., Freitag, L.,
Feldmann, H.J., Milani, V., Issels, R. and Multhoff, G. (2007) Patient
survival by Hsp70 membrane phenotype: association with different
routes of metastasis. Cancer 110, 926–935 CrossRef PubMed

45 Multhoff, G., Botzler, C., Jennen, L., Schmidt, J., Ellwart, J. and Issels, R.
(1997) Heat shock protein 72 on tumor cells: a recognition structure for
natural killer cells. J. Immunol. 158, 4341–4350 PubMed

46 Gross, C., Koelch, W., DeMaio, A., Arispe, N. and Multhoff, G. (2003) Cell
surface-bound heat shock protein 70 (Hsp70) mediates
perforin-independent apoptosis by specific binding and uptake of
granzyme B. J. Biol. Chem. 278, 41173–41181 CrossRef PubMed

47 Gehrmann, M., Doss, B.T., Wagner, M., Zettlitz, K.A., Kontermann, R.E.,
Foulds, G., Pockley, A.G. and Multhoff, G. (2011) A novel expression and
purification system for the production of enzymatic and biologically
active human granzyme B. J. Immunol. Methods 371, 8–17
CrossRef PubMed

48 Pockley, A.G. (2001) Heat shock proteins in health and disease:
therapeutic targets or therapeutic agents? Exp. Rev. Mol. Med. 3, 1–21
CrossRef

49 Pockley, A.G. (2003) Heat shock proteins and their role as regulators of
the immune response. Lancet 362, 469–476 CrossRef PubMed

50 Shamaei-Tousi, A., D’Aiuto, F., Nibali, L., Steptoe, A., Coates, A.R., Parkar,
M., Donos, N. and Henderson, B. (2007) Differential regulation of
circulating levels of molecular chaperones in patients undergoing
treatment for periodontal disease. PLoS ONE 2, e1198 CrossRef PubMed

51 Lebherz-Eichinger, D., Ankersmit, H.J., Hacker, S., Hetz, H., Kimberger, O.,
Schmidt, E.M., Reiter, T., Horl, W.H., Haas, M., Krenn, C.G. and Roth, G.A.
(2012) HSP27 and HSP70 serum and urine levels in patients suffering
from chronic kidney disease. Clin. Chim. Acta 413, 282–286
CrossRef PubMed

52 Gruden, G., Bruno, G., Chaturvedi, N., Burt, D., Schalkwijk, C., Pinach, S.,
Stehouwer, C.D., Witte, D.R., Fuller, J.H. and Perin, P.C. (2008) Serum
heat shock protein 27 and diabetes complications in the EURODIAB
prospective complications study: a novel circulating marker for diabetic
neuropathy. Diabetes 57, 1966–1970 CrossRef PubMed

53 Lewthwaite, J., Owen, N., Coates, A., Henderson, B. and Steptoe, A.
(2002) Circulating human heat shock protein 60 in the plasma of British
civil servants. Circulation 106, 196–201 CrossRef PubMed

54 Wright, B.H., Corton, J., El-Nahas, A.M., Wood, R.F.M. and Pockley, A.G.
(2000) Elevated levels of circulating heat shock protein 70 (Hsp70) in
peripheral and renal vascular disease. Heart Vessels 15, 18–22
CrossRef PubMed

55 Xu, Q., Schett, G., Perschinka, H., Mayr, M., Egger, G., Oberhollenzer, F.,
Willeit, J., Kiechl, S. and Wick, G. (2000) Serum soluble heat shock
protein 60 is elevated in subjects with atherosclerosis in a general
population. Circulation 102, 14–20 CrossRef PubMed

56 Schett, G., Metzler, B., Kleindienst, R., Amberger, A., Recheis, H., Xu, Q.
and Wick, G. (1999) Myocardial injury leads to a release of heat shock
protein (hsp) 60 and a suppression of the anti-hsp65 immune response.
Cardiovasc. Res. 42, 685–695 CrossRef PubMed

57 Nahas, E.A., Nahas-Neto, J., Orsatti, C.L., Tardivo, A.P., Uemura, G.,
Peracoli, M.T. and Witkin, S.S. (2014) The 60- and 70-kDa heat-shock
proteins and their correlation with cardiovascular risk factors in
postmenopausal women with metabolic syndrome. Cell Stress
Chaperones 19, 559–568 CrossRef PubMed

58 Halcox, J.P.J., Deanfield, J., Shamaei-Tousi, A., Henderson, B., Steptoe, A.,
Coates, A.R.M., Singhal, A. and Lucas, A. (2005) Circulating human heat
shock protein 60 in the blood of healthy teenagers: a novel determinant
of endothelial dysfunction and early vascular injury. Arterioscler Thromb.
Vasc. Biol. 25, e141–e142 CrossRef PubMed

59 Anraku, I., Rajasuriar, R., Dobbin, C., Brown, R., Lewin, S.R. and Suhrbier,
A. (2012) Circulating heat shock protein 60 levels are elevated in HIV
patients and are reduced by anti-retroviral therapy. PLoS ONE 7, e45291
CrossRef PubMed

60 Rizzo, M., Cappello, F., Marfil, R., Nibali, L., Marino Gammazza, A., Rappa,
F., Bonaventura, G., Galindo-Moreno, P., O’Valle, F., Zummo, G. et al.
(2012) Heat-shock protein 60 kDa and atherogenic dyslipidemia in
patients with untreated mild periodontitis: a pilot study. Cell Stress
Chaperones 17, 399–407 CrossRef PubMed

61 Wu, C.T., Ou, L.S., Yeh, K.W., Lee, W.I. and Huang, J.L. (2011) Serum heat
shock protein 60 can predict remission of flare-up in juvenile idiopathic
arthritis. Clin. Rheumatol. 30, 959–965 CrossRef PubMed

62 Kimura, F., Itoh, H., Ambiru, S., Shimizu, H., Togawa, A., Yoshidome, H.,
Ohtsuka, M., Shimamura, F., Kato, A., Nukui, Y. and Miyazaki, M. (2004)
Circulating heat-shock protein 70 is associated with postoperative
infection and organ dysfunction after liver resection. Am. J. Surg. 187,
777–784 CrossRef PubMed

63 Dybdahl, B., Wahba, A., Lien, E., Flo, T.H., Waage, A., Qureshi, N.,
Sellevold, O.F., Espevik, T. and Sundan, A. (2002) Inflammatory response
after open heart surgery: release of heat-shock protein 70 and signaling
through toll-like receptor-4. Circulation 105, 685–690 CrossRef PubMed

64 Zhu, J., Quyyumi, A.A., Wu, H., Csako, G., Rott, D., Zalles-Ganley, A.,
Ogunmakinwa, J., Halcox, J. and Epstein, S.E. (2003) Increased serum
levels of heat shock protein 70 are associated with low risk of coronary
artery disease. Arterioscler Thromb. Vasc. Biol. 23, 1055–1059
CrossRef PubMed

65 Kornej, J., Reinhardt, C., Kosiuk, J., Arya, A., Hindricks, G., Adams, V.,
Husser, D. and Bollmann, A. (2013) Response of circulating heat shock
protein 70 and anti-heat shock protein 70 antibodies to catheter ablation
of atrial fibrillation. J. Transl. Med. 11, 49 CrossRef PubMed

66 Krepuska, M., Szeberin, Z., Sotonyi, P., Sarkadi, H., Fehervari, M., Apor, A.,
Rimely, E., Prohászka, Z. and Acsady, G. (2011) Serum level of soluble
Hsp70 is associated with vascular calcification. Cell Stress Chaperones
16, 257–265 CrossRef PubMed

67 Njemini, R., Smitz, J., Demanet, C., Sosso, M. and Mets, T. (2011)
Circulating heat shock protein 70 (Hsp70) in elderly members of a rural
population from Cameroon: association with infection and nutrition.
Arch. Gerontol. Geriatr. 53, 359–363 CrossRef PubMed

68 Molvarec, A., Prohászka, Z., Nagy, B., Szalay, J., Fust, G., Karadi, I. and
Rigo, Jr, J. (2006) Association of elevated serum heat-shock protein 70
concentration with transient hypertension of pregnancy, preeclampsia
and superimposed preeclampsia: a case-control study. J. Hum.
Hypertens. 20, 780–786 CrossRef PubMed

69 Molvarec, A., Szarka, A., Walentin, S., Beko, G., Karádi, I., Prohászka, Z.
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