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Abstract Open heart surgery is a unique model to study the
interplay between cellular injury, regulation of inflammatory
responses and tissue repair. Stress-inducible heat shock
protein 70-kDa (Hsp70) provides a molecular link between
these events. In addition to molecular chaperoning, Hsp70
exerts modulatory effects on endothelial cells and leukocytes
involved in inflammatory networks. Hsp70 residing in the
intracellular compartment is part of an inhibitory feedback
loop that acts on nuclear factor kappaB (NF-«B). In contrast,
extracellular Hsp70 is recognized by multiple germline-
encoded immune receptors, e.g., Toll-like receptor (TLR) 2,
TLR4, LOX-1, CD91, CD9%4, CCRS and CD40. Hsp70 is
thereby able to enhance chemotaxis, phagocytosis and
cytolytic activity of innate immune cells and stimulate
antigen-specific responses. These apparent contradictory
pro- and anti-inflammatory effects of endogenous Hsp70 in
the context of cardiac surgery are still not fully understood.
An all-embracing model of the compartmentalized effects of
endogenous Hsp70 in the orchestration of inflammatory
responses in cardiac surgery is proposed.
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Abbreviations
ACC aortic cross-clamping

APC antigen-presenting cells
CPB cardiopulmonary bypass
HSP heat shock proteins

IL-1 interleukin-1

IFN-y  interferon-gamma

MHC  major histocompatibility complex

NF-kB nuclear factor kappa B

SIRS systemic inflammatory response syndrome
TGF-f3 transforming growth factor-beta

TLR toll-like receptor

TNF-« tumor necrosis factor-alpha

Introduction

Heat shock proteins (HSP) play a pivotal role in maintaining
the homeostasis of cells and tissues in vertebrates. The
members of the HSP superfamily are categorised based on
their molecular weight (kD), including the small Hsp,
Hsp40, Hsp60, Hsp70, Hsp90 and Hsp110. These subtypes
are expressed in distinct compartments of the cell (e.g.,
nucleus, cytoplasm, endoplasmatic reticulum, mitochondria)
and are associated with various structural proteins (e.g.,
actin, tubulin, procollagens) according to their diverse
functions. For example, HSP are involved in the folding
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and translocation of proteins, regulation of apoptosis,
stabilisation of the cytoskeleton and striated muscle fibers,
quality control of collagen production and protein degrada-
tion (Benjamin and McMillan 1998). The best described
function of HSP is molecular chaperoning: maintenance of
the correct conformation of proteins throughout their
lifespan, from newly synthesized polypeptide chains to
(ir)reversible injury of denatured proteins during oxidative
stress. The synthesis of HSP is regulated by heat shock
transcription factor 1 (HSF1), which can be activated by
noxious stimuli e.g., hyperthermia, ischemia, oxidative and
cytokine-mediated stress. HSP thus render cells more
resilient to increasing levels of cellular stress (Latchman
2001). The Hsp70 class of stress-induced proteins is the
most studied subtype in cardiovascular and inflammatory
disease. Experimental and clinical data suggest that
inducible Hsp70 is a key component of endogenous
pathways that limit the extent of myocardial damage in
ischemia—reperfusion injury after cardiac surgery (Williams
and Benjamin 2000; Lepore et al. 2001).

In addition, Hsp70 has immunoregulatory properties with
both pro- and anti-inflammatory effects in a cross-species
manner. Hsp70 residing in its native compartment (the
cytosol) is able to hamper ongoing pro-inflammatory
signaling cascades, thereby downregulating inflammatory
activity. In contrast, extracellular Hsp70 displays potent
immunostimulatory properties and has therefore been desig-
nated as a “chaperokine” (Asea 2007). The latter is in
agreement with the “danger model” proposed by Matzinger
(Matzinger 2002). This model states that endogenous HSP
are released in the extracellular compartment upon cellular
stress where they contribute to orchestrating inflammatory
responses and tissue repair. In line with this, extracellular
Hsp70 is recognized by a multitude of germline-encoded
immune receptors, including Toll-like receptor (TLR) 2,
TLR4, LOX-1, CD91, CD9%4, CCR5 and CD40. These
ligand-receptor interactions of Hsp70 involve innate as
well as adaptive immune cells, including monocytes,
macrophages, dendritic cells, natural killer cells and T-
lymphocytes (Pockley et al. 2008). Thus, whereas intracel-
lular Hsp70 functions as an anti-inflammatory regulator, its
extracellular action is mainly pro-inflammatory. The current
challenge is to unite these apparent dichotomous immuno-
regulatory effects of Hsp70 on parenchymal and innate/
adaptive immune cells. In this review, an all-embracing
model for the regulation of inflammation and tissue repair
by Hsp70 during the course of cardiac surgery is proposed.

Hsp70 and the myocardium in animal models

A certain degree of ischemic injury of cardiomyocytes,
vascular smooth muscle cells, endothelial cells and con-
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nective tissue cells after open heart surgery is unavoidable.
Aortic cross-clamping (ACC) and cardiopulmonary bypass
(CPB) induce global ischemia of the myocardium. This
affects the integrity of cytoskeletal and contractile proteins
and could compromise cardiac function. The sequence of
cellular events that take place during ischemia can be
divided in consecutive stages ranging from reversible injury
to irreversible injury and ultimately necrosis. In addition,
reperfusion injury can be inflicted after restoration of the
circulation due to changes in cellular metabolism and
associated oxidative stress. Various approaches are
employed in clinical practice to slow down the progression
of ischemic injury (e.g., hyperkalemic cardioplegic solu-
tions, buffers, hypothermia) with the intention to conserve
intracellular energy stores and inhibit lethal cascades within
the cytoplasm (Hearse 1998). The progression of cellular
injury is prevented by the action of molecular chaperones,
including the prototypic Hsp70 class expressed in the
cytosol and nucleus. In addition to maintaining the integrity
of cytosolic proteins and cytoskeleton (Latchman 2001),
Hsp70 promotes cardiomyocyte survival by the con-
servation of antioxidants and inhibition of pro-apoptotic
pathways including caspase- (Suzuki et al. 2002) and Fas-
mediated death cascades (Zhao et al. 2007). The concept of
heat shock preconditioning in order to enhance postische-
mic cardiac function was demonstrated in vivo for the first
time with rats pretreated with hyperthermia 24 h prior to
ischemic challenge. Preconditioning resulted in reduced
levels of biomarkers of myocardial damage in addition to a
faster recovery and improved contractile force of cardiac
tissue (Currie et al. 1988). Soon thereafter, an inverse
relation between the Hsp70 content of myocardial cells and
infarct size was demonstrated (Hutter et al. 1994) and
various transgenic approaches further established that
Hsp70 plays a key role in myocardial protection in
experimental models. For example, overexpression of
inducible Hsp70 in cardiac tissue improved postischemic
cardiac contractility, which inversely correlated with infarct
size (Marber et al. 1995; Plumier et al. 1995). Similar
results were also achieved in mice expressing a hsp70
transgene during brief ischemia (Trost et al. 1998), whereas
it reduced mortality from myocardial infarction after
prolonged ischemia (Hutter et al. 1996). In line with these
results, Asp70 knockout mice did not benefit from pre-
conditioning prior to ischemic challenge (Hampton et al.
2003). The expression of Hsp70 in cardiac tissue has also
been manipulated by germline-independent techniques. For
example, intracoronary infusion of hemagglutinating virus
of Japan (HSV)-liposome—hsp70 constructs was applied in
a rat model of prolonged cardioplegia and hypothermia.
This Hsp70 overexpression resulted in enhanced recovery
of postischemic endothelial (Jayakumar et al. 2000),
mitochondrial and ventricular function (Jayakumar et al.
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2001). Similarly, a rabbit model of ischemia—reperfusion
injury showed that intramyocardial injection of recombi-
nant adenovirus—human—4sp70 constructs resulted in a
twofold reduction in infarct size compared to controls
(Okubo et al. 2001). Thus, upregulation of Hsp70 in
myocardial tissue in experimental models unambiguously
improved salvage of cardiac tissue at risk of ischemic
infarction and improved postischemic cardiac contractility.

Hsp70 and the human heart

Pioneering studies in cardiac surgery showed that even
within a limited period of time, human myocardial tissue
responds to ischemia by increasing the expression of Hsp70
class proteins. Myocardial samples showed upregulation of
Hsp70 transcripts and protein at the end of coronary artery
bypass grafting (Taggart et al. 1997). Studies that included
patients undergoing open heart surgery demonstrated that
Hsp70 levels were increased in roughly 40% of patients after
ACC in either adults (Demidov et al. 1999) or children
(Giannessi et al. 2003). Further analysis showed that this
group predominantly involved patients with a longer period
of preexistant disease or longer CPB time. Patients with
higher preoperative myocardial Hsp70 contents showed
reduced levels of biochemical markers of myocardial injury
postoperatively (Demidov et al. 1999), whereas patients
without perioperative upregulation of myocardial Hsp70
showed an almost twofold increase of biomarkers of
myocardial injury after surgery (Giannessi et al. 2003).
Ischemia—reperfusion injury is an important factor that
contributes to the pathogenesis of postoperative atrial
fibrillation (AF) (Archbold and Curzen 2003). Clinical
studies showed a significant correlation with higher Hsp70
levels in atrial myocardial cells of patients with a postoper-
ative sinus rhythm compared to subjects that developed AF
after surgery (St Rammos et al. 2002), whereas serum Hsp70
levels did not differ between these groups (Mandal et al.
2005). In addition, the identification of a specific Asp70 gene
polymorphism correlated with an increased risk of postop-
erative AF (Afzal et al. 2007). These combined results
strengthen the concept that intracellular Hsp70 mediates
protective effects against ischemic insults in the human
myocardium, but also illustrate interindividual differences in
pre- and postoperative levels of Hsp70. The latter correlates
with cellular tolerance to oxidative stress (Boshoff et al.
2000) and is probably associated with the extent of
preexistent (Rafiee et al. 2003) or perioperative ischemic
stress (Schmitt et al. 2002), in addition to the hsp70
genotype (Storti et al. 2003). Importantly, the cardioprotec-
tive effects of Hsp70 appear to be age-independent (Bartling
et al. 2003), underlining the important physiological role of
this class of household proteins.

Kinetics of Hsp70 upregulation

The time course of Hsp70 induction influences the degree
of functional Hsp70-associated chaperoning activity during
periods of ischemia and reperfusion. Most animal models
used a latent period of 24 h between preconditioning and
ischemic challenge, which is less relevant for human
cardiac surgery. A few studies specifically addressed the
kinetics of Hsp70 upregulation, either in vitro or in vivo. In
rat skeletal muscles, the increase of Hsp70 protein levels
after heat shock occurred between 1-4 and 2448 h in slow
and fast muscles, respectively (Oishi et al. 2002). The
temporal characteristics of Hsp70 upregulation in cardiac
muscle appears to be intermediate between these patterns.
Whole-body hyperthermia in a rat model induced Hsp70
upregulation after 3—72 h, whereas the beneficial effects of
preconditioning on postischemic infarct size was maximal
after 48-72 h (Yamashita et al. 1997). This bimodal
expression pattern was also found in a study in which
bovine aortic endothelial cells were challenged with heat
shock with variable pre- and post-heating times. This
showed that 1-2 h of pre-heating induced optimal Hsp70
upregulation directly post-heating, with peak levels at 5 and
12 h after the start of the experiment (Wang et al. 2003).
These findings suggest that Hsp70 expression is a function
of the duration and level of stress. In line with these results,
accumulating myocardial levels of Hsp70 were found in the
course of open heart surgery with a more than twofold
increase after 2 h (Schmitt et al. 2002). Thus, the lag time
between the onset of ischemia and upregulation of Hsp70 in
human myocardial cells is probably similar to that in
experimental models. This suggests that ischemic precon-
ditioning prior to surgery may induce cardioprotective
effects. Indeed, preconditioning by two short ischemia—
reperfusion cycles before valve replacement surgery re-
duced myocardial ultrastructural damage and improved
cardiac function postoperatively (Li et al. 1999). Together,
these data demonstrate that Hsp70 is induced within a short
period of time after initiation of an ischemic insult in
human myocardial cells and that these de novo synthesized
proteins are able to mediate clinically relevant effects.

Systemic inflammatory responses after on-pump
cardiac surgery

Cardiac surgery with CPB represents a multifactorial model
of systemic stress, associated with the acute onset of pro-
inflammatory signaling cascades. This originates from, e.g.,
leukocyte contact activation in the extracorporeal circuit,
initiation of tissue plasminogen activator and complement-
mediated cascades (Rubens et al. 2005), tissue damage
associated with thoracotomy (Prondzinsky et al. 2005),
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administration of anaesthetics and analgesics (Hambsch et
al. 2002), perioperative leakage of endotoxins from the gut
(Jansen et al. 1992) and activation of endothelial cells as a
result of ischemia—reperfusion injury. The latter is associ-
ated with the enhanced release of endothelial adhesion
molecules, including soluble intercellular and vascular cell
adhesion molecule-1 (SICAM-1, sVCAM-1) and E-selectin
(Kalawski et al. 1998). Activation of the complement
system after initiation of cardiac surgery has been demon-
strated by a decrease of plasma C3, C4, C5 and C1 inhibitor
and increase of C3d and C5a levels. The alternative
complement pathway via C3d appears to be particularly
boosted by CPB, which can be explained by contact
activation in the extracorporeal circuit (Tarnok et al.
1999). Neutrophils are early responders after an inflamma-
tory insult, which are able to produce potent cytokines and
chemokines including tumour necrosis factor (TNF)-«,
interleukin (IL)-1, IL-6 and IL-8 (Adrie and Pinsky 2000).
Upon activation, they also release reactive oxygen species
and proteases that may damage the microcirculation,
exacerbating local ischemia-reperfusion injury (Palatianos
et al. 2004). Importantly, transcriptional profiles of circu-
lating leukocytes after CPB-assisted (on-pump) cardiac
surgery suggest that the inflammatory focus is localized in
the peripheral tissues, not in the haematopoietic compart-
ment (Tomic et al. 2005). Synergism between this multitude
of pro-inflammatory stimuli can induce a systemic inflam-
matory response syndrome (SIRS), which can occur in up
to 10% of patients after open heart surgery and is associated
with a marked circulatory derangement (Cremer et al.
1996). The extent of immune reactivity changes appears to
be related to the nature of the insult and concurrently with
the clinical outcome. For example, trauma patients experi-
enced a prolonged course of immune hyporesponsiveness
compared to patients that underwent major surgery
(Cavaillon et al. 2005). Thus, instead of a final common
pathway that sets out a preprogrammed inflammatory
course, systemic inflammation is more likely a customized
multicellular response. This concept has also been demon-
strated after on-pump cardiac surgery. The risk of develop-
ing multiorgan failure in SIRS was associated with a longer
CPB and ACC time, in addition to higher postoperative
levels of various pro-inflammatory cytokines (Sablotzki et
al. 2002). Another study showed that a subgroup of patients
that required prolonged mechanical ventilation after cardiac
surgery underwent a longer ACC time and showed
increased systemic levels of IL-6, IL-8, VCAM-1 and
endotoxin (Rothenburger et al. 2003).

Importantly, the myriad of events in the course of
systemic inflammation includes both pro- and anti-inflam-
matory reactivity. This has led to the concept that systemic
inflammatory responses actually represent a dynamic
inflammatory balance in which the initial hyper-inflamma-
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tory phase is followed by a hypo-inflammatory immune
status (Fig. 1). Although the latter phase is associated with
a reduced immune reactivity, also called “immune paraly-
sis”, it is more appropriate to consider these changes as
adaptation of innate and antigen-specific immune cells
(Cavaillon et al. 2005). For the clinical management of
individual patients with systemic inflammation, this means
that temporal characteristics of both pro- and anti-inflam-
matory mediators must be taken into account for an
accurate assessment of the inflammatory risk profile. Anti-
inflammatory effects are mediated by, e.g., IL-10, trans-
forming growth factor (TGF)-{3, IL-4, plasma IL-1 receptor
antagonist (IL-1ra) and soluble TNF receptors (TNF-sr;
Rivera-Chavez et al. 2003; Millo et al. 2004). During on-
pump cardiac surgery, increased IL-8 plasma levels were
accompanied by elevated IL-10 levels at the end of CPB,
followed by IL-1ra and TNF-sr peaks later on (McBride et
al. 1996). Importantly, repeated cytokine measurements
during on-pump cardiac surgery showed that anti-inflam-
matory cytokines are immediately released upon initiation
of surgery (Hiesmayr et al. 1999; Nathan et al. 2000).
Despite this rapid systemic release of anti-inflammatory
mediators, the shift towards a net hypo-inflammatory state
occurs nonetheless later on.

1st phase
hyper-inflammatory

Immune reactivity

~ 2nd

: phase .
hypo-inflammatory _

Fig. 1 The inflammatory balance during cardiac surgery shifts from
hyper-inflammatory (/st phase) to hypo-inflammatory (2nd phase).
The latter phase has also been termed “immune paralysis” due to the
reduced reactivity of both innate and adaptive immune cells. The
diverse range of cytokines and enzymes released during the peri- and
postoperative course contribute to this phenomenon. These proteins
are classified as either pro-inflammatory, e.g., TNF-«, IL-1p3, IL-6,
IL-8 and inducible nitric oxide (iNOS), or anti-inflammatory, e.g., IL-
10, TGF-B, IL-1 receptor antagonist (IL-l1ra) and TNF soluble
receptors (TNF-sr). In the early period, pro-inflammatory cytokines
act synergistically to enhance systemic inflammatory responses (/s¢
phase). Although the systemic release of anti-inflammatory mediators
also occurs rapidly after the inciting stimulus (e.g., start of surgery),
skewing of the net inflammatory balance to a hypo-inflammatory state
is delayed until the postoperative course (2nd phase)
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In contrast to the aforementioned complexity of involved
cyto- and chemokine networks, the clinical management of
deranged systemic inflammatory responses after on-pump
cardiac surgery mainly relies on a single entity: cortico-
steroids (Chaney 2002). Prophylactic corticosteroids in-
duced suppression of pro-inflammatory mediators (Jansen
et al. 1991), release of reactive oxygen species in
polymorphonuclear granulocytes (Bourbon et al. 2004)
and enhanced anti-inflammatory cytokine production (El
Azab et al. 2002; Bourbon et al. 2004). However, their
effect on the clinical outcome after on-pump cardiac
surgery remains controversial (Robertson-Malt et al.
2007). Some groups showed beneficial effects on postop-
erative organ function (Malagon et al. 2005; Halonen et al.
2007; Liakopoulos et al. 2007), whereas others found no
significant differences (Fillinger et al. 2002; Yared et al.
2007) or even worsening of postoperative pulmonary
function in the corticosteroid group (Morariu et al. 2005).
Besides these controversial data on corticosteroids, the
effectiveness and/or safety of novel anti-inflammatory
candidates, e.g., aprotinin (Shaw et al. 2008), human
recombinant-activated protein C (Marti-Carvajal et al.
2008) and anti-TNF-o therapy (Carlet et al. 2008) have
been disappointing. These dissatisfactory results suggest a
lack of insight into essential mechanisms of the multifac-
torial pathogenesis of systemic inflammation. The recently
uncovered immunomodulatory effects of Hsp70 offer a new
perspective on this subject.

Hsp70 is systemically released after cardiac surgery

Besides its function as a molecular chaperone in cardiac
tissues, Hsp70 is also involved in the orchestration of
inflammatory responses after cardiac surgery. These Hsp70-
mediated immunomodulatory effects were predicted by the
“danger model” originally described by Matzinger in 1994.
This model states that endogenous substrates released in the
course of cellular injury are able to activate antigen-
presenting cells (APC). Through a diverse set of non-
foreign danger signals, distressed tissues can thereby direct
immune responses and tissue repair (Matzinger 2002).
Extracellular Hsp70 may be a molecular link between
myocardial injury and the pathogenesis of postoperative
systemic inflammatory responses. In line with this concept,
in vitro data show that necrotic but not apoptotic cell death
resulted in abundant release of various heat shock proteins
including Hsp70 (Basu et al. 2000). Furthermore, stressed
and gradually dying cells markedly upregulated Hsp70,
resulting in enhanced release after cell death (Saito et al.
2005). Others showed that Hsp70 can be released by
stressed hematopoietic cells in exosomes generated from
multivesicular bodies (Bausero et al. 2005) through a

specialised secretory apparatus (Lancaster and Febbraio
2005). A similar pathway for Hsp70 in myocardial cells
during oxidative stress (Gupta and Knowlton 2007) remains
to be demonstrated.

Systemic release of Hsp70 in humans has been demon-
strated after myocardial infarction (Dybdahl et al. 2005;
Satoh et al. 2006) and coronary artery bypass grafting
(Dybdahl et al. 2002). On-pump cardiac surgery was
associated with higher postoperative levels of Hsp70
compared to off-pump surgery (Dybdahl et al. 2004;
Szerafin et al. 2008). This difference may be explained by
increased leukocyte and tissue damage or the increased
complexity of surgical procedures in the on-pump group.
Elevated systemic levels of Hsp70 have also been demon-
strated in plasma during sepsis (Wheeler et al. 2005) and
after major surgery (Kimura et al. 2004). Moreover, higher
Hsp70 plasma levels correlated with worsened clinical
outcome in various critical conditions (Wheeler et al. 2005;
Ganter et al. 2006). In all these studies, Hsp70 levels
showed only a transient increase after the insult, whereas
the extent of systemic Hsp70 release correlated with the
degree of cellular injury. Distinct from this pattern, pro-
inflammatory cytokine levels remained elevated for pro-
longed periods. This is consistent with the concept that
extracellular Hsp70 is a danger signal in the course of tissue
injury that extinguishes after discontinuation of the inciting
insult. Together, these data supplement the danger model
with additional mechanisms by which Hsp70 could be able
to fine tune immune responses in cellular stress.

Extracellular Hsp70 activates innate immune cells

Hsp70 shows major histocompatibility complex (MHC)-
independent immune reactivity, indicating that this activity
cannot solely be explained by chaperoning of immunogenic
peptides. Indeed, extracellular Hsp70 whole protein or
peptides specifically interact with a diverse range of
transmembrane immune receptors. Many cell-surface struc-
tures involved in Hsp70-mediated signaling have been
identified in the recent years, including TLR2, TLR4,
LOX-1, CD91, CDY%4 (C-type lectin), CD40 and chemokine
receptor CCRS. These transmembrane or membrane-asso-
ciated immune receptors are differentially expressed on
various cell types (Fig. 2). They belong to the family of
pattern recognition receptors (TLR2, TLR4), are involved
in the uptake of antigens by antigen-presenting cells (LOX-
1, CD91) or mediate co-stimulatory signals (CCRS, CD40).
Thus, Hsp70 may exert immunomodulatory effects on
multiple levels in inflammatory networks. The potential
pro- versus anti-inflammatory effects of this molecule may
be dependent of, e.g., cell type, simultaneous signaling
cascades, the level of intracellular oxidative stress and the
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Oxidative stress

CD9%4
O IFNy
Perforin @

Cellular
injury
-~ N\

Hsp70
release

Immune mediated -
cytotoxicity

Fig. 2 Differential expression of germline-encoded immune receptors
that recognise extracellular Hsp70. This heterogenous group includes
TLR2, TLR4, LOX-1, CD91, CD9%4, CCR5 and CD40 expressed on
antigen-presenting cells (APC), natural killer (NK) cells, cytotoxic T
cells (CTL) and T-helper cells (Th1/Th2). They communicate the
“danger signal” provided by Hsp70 during in the course of cellular
stress. Their integrated function is discussed in the text

(sub)cellular localisation of Hsp70. Tightly controlled
experiments with highly purified Hsp70 are to be used to
evaluate these signaling events, since recombinant Hsp70 is
mainly produced by genetically engineered Escherichia coli
strains. These protein preparations may be contaminated by
bacterial cell wall contaminants with immunostimulatory
potency, e.g., lipopolysaccharide (LPS) or lipoproteins
(Gao and Tsan 2003). The LPS content can be assessed
by the Limulus amebocyte lysate assay, whereas residual
LPS activity is inhibited by, e.g., polymyxin B, lipid A or
lipid IVa treatment (Tsan and Gao 2004). Alternatively,
thermal denaturation or trypsin pretreatment can be per-
formed to confirm loss of immunostimulatory activity of
Hsp70 preparations (Rico et al. 2002). Another approach is
to compare the signaling activity of Hsp70 peptides to
irrelevant polypeptide sequences (Gross et al. 2003a).

The prototypic Toll-like receptor (TLR) family were the
first receptors to be associated with Hsp70. The TLR family
consists of multiple members, in which each subtype
recognises specific ligands, e.g., TLR2 (triacylated lip-
oproteins), TLR4 (LPS), TLRS (flagellin) and TLRY (CpG
DNA). Binding of TLR ligands and subsequent signaling
cascades converge on transcription factors nuclear factor
kappaB (NF-kB) and AP-1 (Takeda and Akira 2004).
Activation of transcription factor NF-kB acts as a function-
al switch and is central to the initiation of inflammatory
responses by innate cells, e.g., neutrophils, macrophages
and dendritic cells (DC). TLR-mediated intracellular sig-
naling cascades induce IkB kinase activity and degradation
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of I-kB, the inhibitory subunit of NF-kB. This ultimately
results in the translocation of active NF-kBp50/p65 hetero-
dimers from the cytosol to the nucleus. The p65 subunits
bind to promotor regions on the chromosome which
enables the transcription of various pro-inflammatory
molecules and enzymes, e.g., TNF-«, IL-1(3, IL-6 and
inducible nitric oxide synthase (iNOS; Lee and Kim 2007).
Purified Hsp70 demonstrated similar cytokine-inducing
effects on human monocytes, which could be abrogated
by interfering with NF-«kB transactivation. Importantly, the
potency of Hsp70-induced cytokine production was similar
to that of LPS (Asea et al. 2000). These effects were
dependent on the co-expression of membrane-bound pro-
tein CD14 with TLR2 or TLR4 (Asea et al. 2002) and
adaptor molecule MyD88. The latter protein binds to the
cytoplasmic tail of ligand-activated TLR that contains the
Toll/IL-1 receptor domain, which is pivotal for intracellular
signaling (Vabulas et al. 2002). Moreover, expression of
TLR2 and TLR4 showed synergistic effects on NF-kB
promotor activity and IL-6 production in response to
Hsp70. Functional effects of Hsp70 on dendritic cells were,
e.g., enhanced synthesis of pro-inflammatory cytokines and
upregulation of MHC class II and CD86 co-stimulatory
molecules (Asea et al. 2002). In these experiments,
interference by contaminating LPS was prevented by either
boiling Hsp70 preparations (Vabulas et al. 2002) or
polymyxin B pretreatment (Asea et al. 2002).

In concordance with the danger paradigm, these immu-
nomodulatory effects were mainly exerted by the stress
inducible form of Hsp70 (Bethke et al. 2002). Another
study showed that Hsp70 purified from liver cell lysates
induced secretion of IL-13, TNF-o« and IL-12 by murine
macrophages (Basu et al. 2000). Similarly, neutralizing
antibodies directed against Hsp70 abrogated the stimulatory
effects of necrotic cell lysates on pro-inflammatory cyto-
kine production by human monocytes (El Mezayen et al.
2007). Thus, Hsp70 released after cellular injury was highly
effective in the priming of monocytes, macrophages and
DC. Whether this is the result of infection, trauma or
ischemia/reperfusion injury, extracellular Hsp70 could
thereby participate in a positive feedback loop in inflam-
matory circuits (Quintana and Cohen 2005). This concept
can be extended by cross-species interactions with micro-
bial Hsp70, as various reports showed that non-self Hsp70
molecules are also recognized by TLR. In other words,
endogenous Hsp70 released by infection-associated tissue
damage and microbial Hsp70 may synergistically induce
stimulatory effects on innate immune cells. For example,
Mycobacterium tuberculosis-derived Hsp70 induced NF-
kB activity in a human endothelial cell line through either
TLR2 or TLR4 and stimulated production of pro-inflam-
matory cytokines (e.g., TNF-«, IL-6) by macrophages
(Bulut et al. 2005). Others showed that Toxoplasma gondii
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Hsp70 induced upregulation of co-stimulatory molecules
(e.g., CD40, CD80, CD86) on DC via TLR4-mediated
signaling (Aosai et al. 2006). As mentioned earlier,
microbial Hsp70 chaperoning of small amounts of LPS
(Bausinger et al. 2002; Gao and Tsan 2003) or flagellin (Ye
and Gan 2007) may contribute to such immunostimulatory
effects. In any case, the capacity of Hsp70 to chaperone
immunogenic microbial substrates adds up to its immuno-
modulatory properties.

In addition to phagocytic cells involved in antigen
presentation, natural killer (NK) cells also demonstrated
reactivity to extracellular Hsp70 (Multhoff et al. 1997). NK
cells are a distinctive subset of innate cells, which are
capable of producing cytokines (e.g., IFN-y), exert direct
cytotoxicity towards target cells (e.g., via perforin) and
mediate antibody-dependent cellular cytotoxicity (Farag
and Caligiuri 2006). Hsp70 binding to NK cells involved
transmembrane protein CD94 which belongs to the C-type
lectin class of NK receptors. More specifically, CD9%4
recognised a 14-mer sequence termed TKD from the C-
terminal substrate-binding domain of Hsp70 (Gross et al.
2003a). This human-specific Hsp70 peptide stimulated NK
cytolytic activity (Multhoff et al. 2001), enhanced upregu-
lation of its receptor CD94 (Gross et al. 2003b) and NK cell
chemotaxis (Gastpar et al. 2004). Through Hsp70-regulated
NK activity, these cells can either directly participate in
immune surveillance (Elsner et al. 2007) or serve as
adjuvants in antigen-specific immune responses (Massa et
al. 2005). Together, these findings showed that Hsp70
released in the extracellular space, derived from either host
or pathogen, positively regulates activation of innate
immune cells.

Extracellular Hsp70 enhances antigen-presentation

Antigen-specific T-cell-mediated immune responses are
primed by APC, which provide T-cell receptor interactions
via MHC/peptide complexes, in addition to costimulatory
(signal 2) and polarizing signals (signal 3; Kalinski et al.
1999). As Hsp70 contains both protein chaperoning as well
as immunomodulatory domains, this protein displays high
potential for promoting antigen-specific responses. Pioneer-
ing experiments demonstrated that Hsp70/peptide com-
plexes were able to induce MHC class I-restricted CD8+
T-cell responses (““cross-presentation”; Blachere et al. 1997).
Since then, Hsp70 has been demonstrated to chaperone a
large variety of immunogenic peptides with its peptide-
binding pocket, e.g., tumor, viral, parasitic and other
antigens (reviewed in Srivastava 2002). Cross-presentation
of chaperoned peptides on MHC class I molecules requires
a mechanism that transports these peptides across the lipid
bilayer (Castellino et al. 2000). The «2-macroglobulin

receptor CD91 has been proposed as the receptor for Hsp70
on macrophages and DC, mediating proximal events before
the transport of extracellular peptides through the endo-
somal and cytosolic compartment (Basu et al. 2001).
Another candidate transmembrane receptor for Hsp70 is
the scavenger receptor LOX-1. It has been proposed that
CD91 and LOX-1 are the principle Hsp70 receptors on
macrophages and DC, respectively (Delneste et al. 2002).
In addition to activation of CDS8+ T-cell responses,
enhanced MHC class II-dependent CD4+ T-cell reactivity
through either endogenous (Mycko et al. 2004; Wang et al.
2006), or microbial (Tobian et al. 2004) Hsp70 was
demonstrated. It is unclear whether similar endocytic
receptors are involved in Hsp70-mediated presentation of
exogenous peptides on MHC class II.

The identification of CD91 and LOX-1 as Hsp70
receptors complements data discussed earlier concerning
the potent immunostimulatory Hsp70-mediated effects of
necrotic cell lysates (Basu et al. 2000). However, other
transmembrane proteins are more likely to mediate the
potent adjuvant effects of Hsp70 on APC, shifting the
immune balance away from tolerance (Millar et al. 2003).
This could be provided by a combined action with TLR2
and/or TLR4 expressed on antigen-presenting cells as
previously described (Asea et al. 2000, 2002; Vabulas et
al. 2002). Peptide-loaded Hsp70 also stimulated intracellu-
lar signaling through CD40 (Becker et al. 2002), which
may act synergistically with chemokine receptor CCRS5
(Whittall et al. 2006). These data further set the outlines of
a mechanistic framework for a “danger model” in cardiac
surgery, with a central role for stress-induced Hsp70 that
crossed the lipid bilayer (Dybdahl et al. 2002, 2004).

Intracellular Hsp70 disrupts NF-kB signaling

Whereas the effects of extracellular Hsp70 are integrated by
transmembrane receptors, intracellular Hsp70 is able to
directly intervene with inflammatory signaling pathways. A
schematic overview of Hsp70 modulation of intra- and
extracellular inflammatory pathways is represented in
Fig. 3. In contrast to their extracellular counterparts,
intracellular Hsp70 appears to act inhibitory on NF-«B
promotor activity. This has been demonstrated with various
cell types from different ancestry in vitro. For example,
hsp70 mRNA-specific antisense oligonucleotides abrogated
the inhibitory effects of heat shock preconditioning on LPS-
induced NF-kB translocation in rat brain glial cells
(Feinstein et al. 1996). Transfection of rat neonatal
cardiomyocytes with an adenoviral Asp70 construct signif-
icantly reduced LPS-induced iNOS upregulation and the
release of creatine kinase (Lau et al. 2000). Interestingly,
intracellular signaling activity of NF-kB induced upregula-
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Fig. 3 Interplay of the effects of
extracellular (transmembrane,
indirect) versus intracellular (di-
rect) Hsp70 effects, which con-
verge on transcription factor
nuclear factor kappaB (NF-«kB).
Depending on the cell type and
inflammatory context, stimula-
tory (receptor-mediated) or in-
hibitory (intracellular) Hsp70
effects may dominate

tion of HSF1 and Hsp70 (Hamilton et al. 2004), possibly
due to NF-kB signaling-associated oxidative stress (Adrie
and Pinsky 2000). Heat shock protein-mediated negative
feedback on NF-kB activity could thereby represent an
important immunoregulatory pathway (Ammirante et al.
2008). The intracellular anti-inflammatory effects of Hsp70
may involve inhibition of IkB kinase (IKK) activity by
binding to its regulatory IKK<y subunit (Ran et al. 2004). In
addition, Hsp70 may prevent degradation of I-kBx (Yoo et
al. 2000; Weiss et al. 2007) or interfere with NF-«kB p65
translocation from the cytosolic to the nuclear compartment
(Tang et al. 2007). For example, Hsp70 may adhere to the
active subunit of NF-kB after its dissociation from I-kBo
whilst acting as molecular chaperone or prevent transloca-
tion to the nucleus by physically occluding nuclear pore
complexes. Hsp70 could also influence more proximal
signaling cascades. One study showed that the mitogen-
activated protein kinases (MAPK) pathway, which includes
extracellular signal-regulated kinase (ERK), p38 kinase and
c-jun N-terminal kinases (JNK), was not affected by Hsp70
(Shi et al. 2006). In contrast, Hsp70 was demonstrated to
bind and switch off tumor necrosis factor receptor-associ-
ated factor 6 (TRAF6; Chen et al. 2006), an important
intermediate in TLR signaling and subsequent NF-kB
activation (Lee and Kim 2007). The precise nature of the
mechanisms involved in Hsp70 modulation on NF-«xB
activity remains to be elucidated. Furthermore, other
members from the extensive HSP family could also
contribute to this process (Park et al. 2003; Lee et al.
2005). Whereas our knowledge of this feature of Hsp70 is
still in its infancy, it appears to have been exploited by
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intracellular pathogens. Transfection of virulent 7. gondii
strains with antisense Asp70 oligonucleotides increased NO
synthesis and NF-kB translocation in host macrophages and
also reduced the parasite burden in infected mice (Dobbin et
al. 2002). In this scenario, protozoan Hsp70 could have
interfered with NF-kB signaling at the nucleocytosolic
interface in murine splenocytes, leading to an impaired host
resistance. Thus, whether the inflammatory balance is shifted
to pro- or anti-inflammatory responses most likely depends
on the localisation of Hsp70 relative to the lipid bilayer.

Immunomodulatory effects of Hsp70 in vivo

Hsp70 influences innate and adaptive immune responses in
an intricate manner in vitro. Experimental models of organ
dysfunction and/or systemic inflammation in vivo may
provide less ambiguous clues about these immunomodula-
tory effects of Hsp70. HSF1 is an important molecular
switch in the transactivation of Hsp70 gene expression
(McMillan et al. 1998; Ahn et al. 2001). Hsfl knockout
mice not only failed to upregulate Hsp70 protein synthesis
after heat shock, but also showed a markedly reduced
survival rate in an experimental model of endotoxemia.
This increased mortality correlated with significantly higher
systemic levels of TNF-o (Xiao et al. 1999). These results
suggest that the heat shock response is involved in the
regulation of inflammatory cytokine production, which has
been further evaluated in a TNF-a-induced model of
systemic inflammation and intestinal organ injury. Heat
shock preconditioning induced enhanced intestinal Hsp70
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expression, reduced the release of pro-inflammatory medi-
ators and diminished TNF-a-induced intestinal damage.
However, these beneficial effects of heat shock were lost in
hsp70 knockout mice (Van Molle et al. 2002). Similarly, in
an experimental model of endotoxemia Asp70~ mice
showed elevated systemic levels of TNF-oc and IL-6, in
addition to increased lung injury and mortality rate. The
damaged tissue showed enhanced NF-kB activity, demon-
strated by prolonged p65 binding activity and gradual reduc-
tion of inhibitory I-kBx levels (Singleton and Wischmeyer
2006). In a different approach, targeted disruption of Asp70
transcripts in the ventrolateral medulla was used in rat model
of endotoxemia to assess the protective role of Hsp70 on
circulatory indices during systemic inflammation. Bilateral
injection of an antisense Asp70 oligonucleotide abrogated the
beneficial effects of heat shock preconditioning on circula-
tory failure, which was associated with modulation of NF-kB
activity (Chan et al. 2004). Together, these results suggest
that a normal boost of Hsp70 synthesis in the course of
systemic inflammation reduces NF-kB activity at the
intracellular level, inhibits the release of pro-inflammatory
molecules and thereby prevents extensive parenchymal
injury and fatality.

Importantly, this concept holds relevance for cardiac
surgery and CPB-induced inflammatory responses. Admin-
istration of amino acid glutamine enhanced Hsp70 expres-
sion and reduced lung injury in the course of sepsis
(Singleton et al. 2005). Similarly, preoperative glutamine
administration in an experimental model of cardiopulmo-
nary bypass enhanced Hsp70 expression in various tissues
and reduced systemic levels of IL-6, IL-8 and NO species
(Hayashi et al. 2002). Whereas these generally anti-
inflammatory effects of Hsp70 are likely to be exerted in
the intracellular compartment, there is only limited data on
the effects of extracellular endogenous Hsp70 in vivo. In
one approach, tail shock was applied to increase plasma
Hsp70 levels in rats, followed by a subcutaneous bacterial
challenge. Stressed animals showed elevated systemic
Hsp70 levels and faster resolution of the local inflammatory
response. Interestingly, this was associated with increased
Hsp70 levels at the inflammatory site and potentiated local
NO production (Campisi et al. 2003). This suggests that
Hsp70 is not solely a global danger signal, but also
provides site-specific directions to inflammatory cells. This
is in agreement with the finding that Hsp70 is able to bind
to endothelial cells (Theriault et al. 2005), thereby
providing a potential homing signal for leukocytes during
(systemic) inflammatory responses. The beneficial effects
of preconditioning on local inflammation could be replicat-
ed by direct administration of exogenous Hsp70 (Campisi
et al. 2003), which has been further evaluated in a rat model
of endotoxemia. In this study, administration of mammalian
Hsp70 before and after E. coli LPS injection decreased and

increased mortality, respectively (Kustanova et al. 2006).
The former may be explained by neutralization of circulat-
ing LPS and thereby limitation of pro-inflammatory
signaling. The latter finding may be explained by synergis-
tic effects of Hsp70 on TLR signaling, consistent with its
function as a danger signal.

The first steps of the extrapolation of these results to
humans have been realised by human genetics studies. The
genes hsp70—1 (HSPA1A), hsp70-2 (HSPAI1B) and Asp70-
Hom (HSPA1L) are located on the MHC class III region on
chromosome 6 (Ito et al. 1998). The first two genes encode
for the stress inducible Hsp70 forms, the latter gene for its
constitutively expressed counterpart (Singh et al. 2006).
Association studies have exploited polymorphic loci within
these genes to study their effect on clinical outcome. One
study evaluated the correlation between Hsp70 polymor-
phisms and cytokine levels and outcome after major
trauma. They showed that polymorphisms in the genes
HSPA1B and HSPAIL correlated with higher IL-6 and
prolonged elevations of TNF-o« serum levels, whereas the
latter also correlated with an increased risk of progression
to multiple organ failure (Schroder et al. 2003). Another
study assessed the risk of developing septic shock in the
course of pneumonia. They showed that the presence of a
specific HSPA1B genotype inferred a 3.5-fold risk to
progress to this critical clinical condition (Waterer et al.
2003). Subsequent data suggest an indirect link between
this HSPA1B polymorphism and the levels of LPS induced
transcripts encoding for inducible Hsp70 in monocytes
(Temple et al. 2004). Together, these data suggest that
polymorphic loci in genes that encode for Hsp70 variants
control the level of expression which subsequently affects
modulation of systemic inflammatory responses and the
clinical course after widespread tissue damage. However,
others found no correlation between Hsp70 polymorphisms
and outcome of critically ill patients (Bowers et al. 2006).
Reported associations between polymorphisms and disease
must be interpreted with caution due to inconsistent results
(Hirschhorn et al. 2002; Lohmueller et al. 2003). Hence,
additional clinical studies are needed to confirm the
association between Hsp70 polymorphisms and the out-
come of inflammatory disease.

Conclusions

The aforementioned data can be summarized in the
following model. Cardiac surgery with cardiopulmonary
bypass infers oxidative stress to myocardial tissue. This
induces rapid Hsp70 upregulation which aids in the
preservation of myocardial tissue and postoperative con-
tractility of cardiac muscle. The level of induced Hsp70 in
the cytosolic compartment depends on the duration and
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total level of cellular stress (Wang et al. 2003). Hence,
increasing levels of ischemia—reperfusion injury result in
elevated cytosolic Hsp70 concentrations. This also means
that with increasing levels of stress, more Hsp70 will be
released from injured or necrotic cells (Saito et al. 2005).
Indeed, plasma levels of Hsp70 are associated with the
extent of surgical stress (Dybdahl et al. 2004; Cavaillon et
al. 2005; Szerafin et al. 2008). Ischemia—reperfusion injury
and the imperative degree of tissue damage ensued from
surgical intervention set off pro-inflammatory systemic
responses (Cremer et al. 1996), among others mediated by
extracellular endogenous Hsp70 (Dybdahl et al. 2002). As
such, the extent of surgical stress determines the systemic
pro-inflammatory input of extracellular Hsp70. This protein
is a potent stimulator of NF-kB-mediated transcription of
pro-inflammatory cytokines (e.g., TNF-«, IL-6) by leuko-
cytes through the interaction with TLR2, TLR4, CD94 and
other receptors (Asea et al. 2002; Vabulas et al. 2002; Gross
et al. 2003a). Hsp70 thereby enhances phagocytosis, uptake
of foreign antigens and expression of co-stimulatory
molecules. These actions, in combination with chaperoning
of immunogenic peptides by Hsp70, enhance antigen-
specific responses by T cells (Millar et al. 2003; Wang et
al. 2006).

Although this suggests that Hsp70 exerts predominantly
pro-inflammatory effects, experimental models of systemic
inflammation showed that abrogation of Hsp70 results in
increased organ dysfunction and mortality (Xiao et al.
1999; Van Molle et al. 2002; Singleton and Wischmeyer
2006). Indeed, intracellular Hsp70 shows inhibitory activity
on pro-inflammatory NF-kB signaling cascades, by either
inhibiting IkB kinase, stabilisation of I-kBo or preventing
NF-kB p65 translocation (Feinstein et al. 1996; Yoo et al.
2000; Ran et al. 2004; Tang et al. 2007; Weiss et al. 2007).
The net effect on the inflammatory balance is dependent on
the compartment in which Hsp70 exerts its dominant
effects, which in turn depends on the extent of tissue
injury. This is schematically represented in Fig. 4. In
localized injury, e.g., focal infection, mild trauma or minor
surgery, systemically released Hsp70 acts stimulatory on
innate immune cells. These cells home to the inflammatory
focus (Tomic et al. 2005) via upregulated endothelial
adhesion molecules and increased local concentrations of
Hsp70 (Campisi et al. 2003; Chase et al. 2007) bound to the
plasma membrane (Arispe et al. 2004; Theriault et al. 2005;
Vega et al. 2008). Through these mechanisms, Hsp70 is
able to direct organ-specific (e.g., cardiac) inflammatory
responses. In the absence of cytosolic stress in circulating
inflammatory cells, there is little Hsp70-mediated suppres-
sion of NF-«kB, and the net outcome is pro-inflammatory.

In contrast, systemic stress (e.g., cardiopulmonary
bypass, sepsis) ensues signaling by extracellular Hsp70
via transmembrane receptors that converge on NF-«kB as
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Fig. 4 Model of the compartmentalized immunomodulatory effects of
Hsp70 during localized versus systemic inflammatory stress. a In
localized tissue damage (e.g., focal infection, mild trauma, minor
surgery) Hsp70 is released in the extracellular space and circulation.
Through recognition by transmembrane germline-encoded immune
receptors (e.g., TLR4) on innate immune cells, cytosolic pro-
inflammatory signaling cascades are ensued. This results in activation
of IkB kinase (IKK), release of NF-kB from its inhibitory subunit
(IkB) and transcription of pro-inflammatory products (e.g., TNF-c,
IL-183, IL-6). Furthermore, Hsp70 bound on the surface of endothelial
cells (EC) in the inflammatory focus serves as a site-specific marker
for circulating leukocytes. In this localized scenario, Hsp70 exerts
mainly pro-inflammatory effects on the inflammatory balance. b In
systemic inflammatory stress (e.g., on-pump cardiac surgery, sepsis)
Hsp70 is not only released in the extracellular space, but also
upregulated in the cytosol of leukocytes. In this intracellular com-
partment, Hsp70 is able to inhibit IKK activity, prevent degradation of I-
kBoa and interfere with translocation of NF-kB to the nucleus. These
actions counteract TLR-mediated pro-inflammatory signaling and there-
by prevent widespread, uncontrolled immune activation. As the latter is
associated with circulatory failure and multi-organ dysfunction, the
endogenous Hsp70 response thereby prevents the deleterious consequen-
ces of deranged systemic inflammation. In this systemic scenario, Hsp70
exerts mainly anti-inflammatory effects on the inflammatory balance
through inhibition of pro-inflammatory signaling in leukocytes

well as the upregulation of intracellular Hsp70 in inflam-
matory cells (Oehler et al. 2001; Schroder et al. 2003;
Temple et al. 2004). In this scenario, the intracellular
inhibitory effects of Hsp70 on NF-«kB signaling overrule
pro-inflammatory signals mediated by innate immune
receptors. This mechanism inhibits amplification of pro-
inflammatory signaling cascades in deranged conditions of
“whole body stress” and inflammatory dysregulation. This
reduces the risk of deteriorating effects of systemic
inflammation to take place (e.g., circulatory failure, organ
dysfunction). This model could also explain the more
pronounced effects of on-pump cardiac surgery on
postoperative downregulation of immune reactivity, com-
pared to off-pump surgery (Borgermann et al. 2007;



Hsp70 and cardiac surgery

127

Hadley et al. 2007). Enhanced stress-induced Hsp70
upregulation in inflammatory cells during CPB abrogates
NF-kB signaling, thereby leading to immune hyporespon-
siveness. Thus, this proposed model of the compartmental-
ized effects of Hsp70 during systemic inflammatory
responses and tissue damage provides a fundamental basis
for the unstable clinical course of patients after cardiac
surgery. Future results from in vivo experimental models
and clinical studies on the association between Hsp70
effects and modulation of systemic inflammation may be
incorporated in this model.
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