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The Role of Receptor for Advanced Glycation
Endproducts (RAGE) in Infection

M.A.D. VAN ZOELEN, A. AcHouITI, and T. VAN DER PoLL

Introduction

During evolution, multicellular organisms have developed an impressive arsenal
of defense and repair mechanisms to counteract threats such as infection and
trauma. Such an inflammatory response begins with the detection of the potential
life-threatening event by recognizing so-called danger signals. These signal mole-
cules have been classically divided into: i) Exogenous, pathogen-associated
molecular patterns (PAMPs) [1], which are conserved motifs on pathogens that
are not found in higher eukaryocytes; and ii) endogenous innate danger mole-
cules, also named damage-associated molecular patterns (DAMPs) or alarmins,
which are structurally diverse proteins rapidly released by the host itself during
infection or (sterile) tissue damage [2].

Known PAMPs include lipopolysaccharide (LPS) from the outer membrane of
Gram-negative bacteria, peptidoglycan (present in most bacteria), lipoteichoic
acid (in many Gram-positive bacteria), bacterial DNA, viral DNA/RNA and man-
nans in the yeast cell wall. PAMPs are recognized by pattern recognition receptors
(PRRs), in particular Toll-like receptors (TLRs) and Nod-like receptors (NLRs),
leading to an inflammatory response via several signaling pathways, including
nuclear factor-kappa B (NF-xB) activation and subsequent tumor necrosis factor
(TNF)-o. production.

Examples of putative DAMPs, the endogenous equivalents of PAMPs, are high-
mobility group box 1 (HMGB1), some S100 proteins (SI00A8/A9, S100A12), inter-
leukins such as IL-1a., heat-shock proteins (HSPs), and nucleosomes [3]. DAMPs
can be secreted either actively or passively following necrosis but are not released
by apoptotic cells [4] and have activating effects on receptor-expressing cells
engaged in host defense. DAMPs can also be detected by TLRs and NLRs and
their engagement induces NF-xB activation as well, suggesting that DAMPs and
PAMPs use, at least partially, the same receptors and signaling pathways. Liu et al.
[5] however, propose that the immune system treats DAMPs and PAMPs differ-
ently; they suggest that DAMPs - but not PAMPs - bring CD24-Siglec G/10 into
the proximity of TLRs/NLRs, resulting in repressed DAMP-induced TLR/NLR sig-
naling.

When invaded by pathogens, host defense systems encounter PAMPs from
microorganisms and DAMPs that are released from tissues, which are recognized
by TLRs and NLRs to warn the host of imminent danger. In addition, the multili-
gand receptor for advanced glycation endproducts (RAGE) is regarded as a proto-
typic DAMP receptor that can bind several DAMPs, including HMGB1 and
S100A12 [6]. Other known RAGE ligands include amyloid, B-sheet fibrils, S100B
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and S100P [7]; furthermore, B2 integrins can interact with RAGE [8]. RAGE is
expressed at high levels in the lungs and at low levels in normal adult tissues,
including on cells involved in the innate immune system, e.g., neutrophils, T and
B lymphocytes, monocytes, macrophages, dendritic cells, and endothelial cells
[7]. Engagement of RAGE by its ligands leads to receptor-dependent signaling
and activation of NF-xB and mitogen-activated protein kinase (MAPK) pathways
[7]. Activation of RAGE plays a role in diverse experimentally-induced sterile
inflammatory and infectious diseases, including cecal ligation and puncture
(CLP)-induced abdominal sepsis [9], diabetic nephropathy, delayed type hyper-
sensitivity, type II collagen induced arthritis, hepatic injury, and diabetic athero-
sclerosis [7, 10-12]. This review focuses on new insights into the pathogenesis of
infectious diseases, including sepsis, peritonitis and pneumonia, offered by stud-
ies conducted in the RAGE research field.

RAGE: A Multiligand Receptor

RAGE consists of three immunoglobulin-like regions, a transmembrane domain,
and a highly charged short cytosolic tail that is essential for intracellular signal-
ing [13]. The V domain in the extracellular part of RAGE is essential for binding
of its ligands. Because of its ability to recognize three-dimensional structures
rather than specific amino acid sequences, RAGE can interact with a wide range
of ligands. RAGE was first identified as a receptor for advanced glycation end-
products (AGEs), explaining its name. AGEs are products of the non-enzymatic
glycation and oxidation of lipids, proteins and other macromolecules that appear,
in particular, under conditions of increased availability of reducing sugars and/or
enhanced oxidative stress, especially when molecules turn over slowly and aldose
levels are elevated. Further investigations showed that RAGE can recognize a
diverse array of endogenous molecules that warn the immune system and induce
a defensive immune response; the alarmins or DAMPs.

Putative RAGE Ligands in Infectious Diseases
HMGB1

HMGBI is a non-histone DNA-binding protein that serves as a structural compo-
nent to facilitate the assembly of nucleoprotein complexes in the nucleus [14].
Extracellularly, HMGBI1 functions as a cytokine. In response to inflammatory
stimuli, including PAMPs, HMGBI1 can be actively released into the extracellular
environment from a variety of cells including monocytes, macrophages, endothe-
lial cells, enterocytes, pituicytes, dendritic cells, and natural killer cells [14].
HMGBI can also be passively secreted into the extracellular milieu when cells die
in a non-programmed way (necrosis), whereas apoptotic cells modify their chro-
matin so that HMGBI binds irreversibly and consequently is not released [4].
During infectious diseases, increased HMGB1 concentrations may be due to
active as well as passive release. Detection methods of HMGBI1 that are currently
used (and published) do not distinguish between these (and possible other) dif-
ferent forms of HMGBI1. More studies are necessary to: 1) Report the biological
activity of (different forms of) HMGBI; and 2) develop HMGBI1 ELISA assays that
can distinguish between these (possibly also functionally) different forms of
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HMGBI1. Most investigations on HMGBI and infection involve sepsis, the second
leading cause of death in non-coronary intensive care units (ICUs) and the 10%
leading cause of death overall. Patients with severe sepsis display elevated circu-
lating HMGBI levels [15-17] and HMGBI is predominantly released at the site of
infection; patients with pneumonia and those with peritonitis showed increased
concentrations in fluid obtained from the bronchoalveolar space and abdomen,
respectively [17]. In an animal model of CLP-induced sepsis, the kinetics of
HMGBI secretion in vivo was delayed and more sustained when compared with
the release of pro-inflammatory cytokines, like TNF-c, IL-13 and IL-6 [18, 19].
Similarly, various interventions that inhibit HMGBI activity or production, such
as anti-HMGBI1 antibodies, the A-box segment of HMGBI, ethyl pyruvate, and
nicotine, reduced CLP-induced sepsis and/or LPS lethality even if treatment was
delayed for many hours, up to one day after the challenge [20, 21]. An implicated
crucial event in sepsis pathophysiology is apoptosis of immune cells, playing a
major role in immunosuppression and lethality [22]. HMGB1 seems to be a
downstream factor of apoptosis in the final common pathway to organ damage in
severe sepsis as indicated by observations that prevention of lymphocyte apopto-
sis improved survival after CLP [23], whereas anti-HMGBI1 treatment reduced
lethality in the same model without influencing apoptosis [19]. This indicates that
HMGBI secretion is a relatively late event in sepsis that contributes significantly
to a worsened outcome. In addition, it has been reported that very pure HMGB1
does not have cytokine-inducing capacity itself, but activates cells indirectly by
first acquiring immune stimulating CpG DNA [24], which is released in the
bloodstream during bacterial sepsis. However, a recent study reported that
HMGBI1-mediated induction of macrophage cytokine production requires bind-
ing to TLR4, and that binding and signaling are dependent on a molecular mech-
anism that requires cysteine in position 106 within the B box [25]. Together these
data indicate that HMGB1 may exert pro-inflammatory effects in a direct TLR4-
dependent way and an indirect way via binding of DAMPs and other agonistic
molecules.

S100A12

S100A12 is a calcium binding protein expressed in the cytoplasm of neutrophils,
where it comprises 5 % of the total protein content. Furthermore, SI00A12 - also
known as EN-RAGE (extracellular newly identified ligand of RAGE) or myeloid-
related protein (MRP)-6 - is found in monocytes and lymphocytes and provokes
pro-inflammatory responses in endothelial cells [26]. Although many RAGE
ligands are promiscuous with regard to receptor use, SI00A12 has only been
shown to bind to RAGE. S100A12 expression is high in inflammatory diseases
such as atherosclerosis, rheumatoid arthritis, Crohn’s disease, Kawaski disease,
and cystic fibrosis. Within the lungs, S100A12 and RAGE are increased during
acute lung injury (ALI) [26]. SI00A12 expression may reflect activation of neutro-
phils during pulmonary inflammation and may contribute to endothelial activa-
tion via binding to RAGE [26].

B2 integrins

Recruitment of leukocytes to the site of infection is an essential step in host
defense during infectious diseases against invading pathogens. RAGE plays a role
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in the regulation of cell migration in several ways. First of all, RAGE is a counter-
receptor for integrins on leukocytes; in particular, RAGE has been identified as a
binding partner for the 32 integrins, Mac-1 and p150, 95 [8]. Second, by the inter-
action of RAGE with P2 integrin-mediated leukocyte recruitment in vivo: RAGE”
mice displayed a diminished number of adherent inflammatory cells on the peri-
toneum after CLP [9] and a reduction in neutrophil influx in the peritoneal cavity
after thioglycollate peritonitis [8]. Interestingly, HMGB1 can activate lateral (in
cis) RAGE-Mac-1 interactions on the leukocyte cell surface, enhancing Mac-1-
intercellular adhesion molecule (ICAM)-1-dependent adhesion and migration
[27] (Fig. 1, indicated by the blue line and blue “+”). Furthermore, a recent report

HMGB1

S100A12
other $100 proteins?
other DAMPs?

INFLAMMA-
TORY
RESPONSE

release of
inflammatory
cytokines,

expression
of VCAM-1,
ICAM-1
and RAGE
ICAM-1

Fig. 1. Putative involvement of the receptor for advanced glycation endproducts (RAGE) during infection.
The damage-associated molecular patterns (DAMPs), high-mobility group box 1 (HMGB1) and S100A12, are
released during infection [15, 17, and unpublished data] and bind to and activate RAGE. It has to be deter-
mined whether other S100 proteins and other DAMPs are RAGE ligands (indicated as purple shapes)
released during infection. It would be interesting to investigate whether RAGE can directly bind to, become
activated and mount a first immune reaction after ligation with specific PAMPs as well. Engagement of
RAGE by its ligands results in receptor-dependent signaling and activation of NF-xB leading to a pro-inflam-
matory response; the signaling pathway is largely unknown. In addition, RAGE interacts as an endothelial
(and epithelial) adhesion receptor with the leukocyte integrin, CD11b/CD18 (Mac-1) (lower section) [8]. Fur-
thermore, lateral (in cis) RAGE-Mac-1 interaction on the leukocyte surface is mediated by HMGB1 and acti-
vates Mac-1-intercellular adhesion molecule (ICAM)-1 dependent adhesion and migration and augments
leukocyte recruitment [27] (indicated by the blue line and blue “+"). Moreover, a recent report shows that
endothelially expressed RAGE acts in concert with ICAM-1 in mediating 3, integrin—dependent leukocyte
adhesion during acute trauma—-induced inflammation [28] (indicated by the green line and green “+”").
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shows that endothelial expressed RAGE acts in concert with ICAM-1 in mediating
B, integrin-dependent leukocyte adhesion during acute trauma-induced inflam-
mation [28] (Fig. 1, indicated by the green line and green “+”).

RAGE: A Signal Transducing Receptor

The signaling cascade(s) of RAGE - induced by engagement of its various ligands
- that ultimately activates NF-xB is largely unknown. The predicted cytosolic
portion of RAGE, consisting of 43 amino acids, is short compared to other PRRs,
the TLRs and IL-1 receptors, and does not include a known signaling domain or
motif. A RAGE mutant lacking this intracellular tail does not activate NF-xB and
behaves like a dominant negative, preventing pro-inflammatory cytokine release
from macrophages. These data indicate a critical role of this cytosolic portion in
transducing the signal from the cell surface to the nucleus. One possibility is that
RAGE uses as yet unknown adaptors framing a whole ‘new’ signaling cascade to
NF-«B. Another possibility is that the RAGE tail interacts with a Toll/IL-1 recep-
tor (TIR)-containing protein which then recruits the downstream TIR-containing
proteins in a way analogous to TLR-mediated signaling pathways. Finally, RAGE
could transduce signals from the cell surface to the nucleus by bypassing the TIR-
containing adaptor, directly interacting with member(s) of the signaling cascade.

In addition to triggering NF-xB activation, RAGE engagement by its myriad
ligands is linked to an array of signaling pathways, including MAPK family mem-
bers, such as Jun-N-terminal kinase (JNK), p38 and extracellular signal-regulated
kinase (ERK), PI3K/Akt, Rho GTPases, Jak/STAT and Src family kinases [7].

This rather extraordinary variety of observed signals may be due to the broad
expression of RAGE, its diversity of ligands, and possible contaminating elements
in the preparations used in experiments.

Soluble RAGE (sRAGE)

The truncated form of full-length RAGE, soluble RAGE (sRAGE), consists of only
the extracellular ligand-binding domain (V-C-C’) lacking the cytosolic and trans-
membrane domains (i.e., the parts that transfer a signal into the cell) and circu-
lates in the bloodstream. SRAGE has been indicated to be involved in inflamma-
tory processes in several ways. First, SRAGE blood concentrations are associated
with various inflammatory diseases in patients and in rats with experimentally
induced ALI [29]. Furthermore, it is suggested that SRAGE can compete with full
length cell-surface RAGE for ligand engagement, preventing these ligands from
binding to RAGE or other receptors and/or exerting effects otherwise. Exogenous
SRAGE treatment indeed attenuated inflammatory responses in several animal
models, including models of type II collagen-induced arthritis, hepatic injury,
diabetic atherosclerosis, delayed type hypersensitivity, and experimental auto-
immune encephalomyelitis [7]. The involvement of sSRAGE during infection is not
known. Based on experimental studies in rats and in patients with ALI, SRAGE
has been described as a marker of lung injury [29].
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RAGE During Infection

An increasing amount of research suggests a role for RAGE in the pathogenesis of
pneumonia, peritonitis and sepsis, indicating that RAGE (ligand)-directed thera-
pies might offer new treatment opportunities for human disease in the future.

RAGE During Pneumonia

Localization and role of RAGE in the lungs

Recent studies point to an important role of RAGE in the pulmonary compart-
ment in physiological as well as in pathological circumstances. Physiologically,
RAGE is expressed at high basal levels in the lungs relative to other tissues [26,
29-34], suggesting that RAGE may have lung-specific functions distinct from the
role of RAGE in other adult tissues. In particular, although the kidney is dramati-
cally affected by microangiopathy and fibrosis - which is substantially attributed
to RAGE - in patients with diabetes, the lungs, with a significantly higher base-
line RAGE expression than the kidney, remain unaffected. In addition, RAGE has
been found to be specifically localized near the basal cell membrane within alveo-
lar pneumocytes [32, 35, 36]. These two observations raise the question as to
whether RAGE has a function in normal healthy lungs. Indeed, Englert et al. doc-
umented that aged RAGE”" mice develop pulmonary fibrosis-like alterations
spontaneously; lungs from 19 to 24 month-old RAGE”" mice showed increased
collagen staining and displayed increased levels of hydroxyproline relative to wild
type mice [31]. RAGE knockdown in pulmonary fibroblasts increased their prolif-
eration and migration in vitro, suggesting an important protective function of
RAGE in the lungs and that loss of RAGE may be related to functional changes of
pulmonary cell types resulting in fibrotic disease [34]. Another study demon-
strated that RAGE on epithelial cells promoted their adherence to human collagen
(a major component of the alveolar basal lamina) and a spreading morphology,
which may facilitate gas exchange and alveolar stability in vivo [34, 35]. Together,
these data suggest that RAGE plays a role in maintaining lung homeostasis in nor-
mal, healthy lungs. Further studies are needed to unravel the function(s) of pul-
monary RAGE in physiology in more detail.

This putative functional role of RAGE in healthy lungs may be the explanation
for the finding that the inhibition of RAGE signaling attenuates pathological ster-
ile inflammatory responses in diverse non-pulmonary experimental studies
[9-12], whereas in pulmonary non-infectious pathological inflammatory condi-
tions, somewhat conflicting results emerge. Lung injury induced by either bleo-
mycin or hyperoxia is diminished in RAGE”" mice [37, 38], suggesting a deterio-
rating attribution of RAGE. In contrast, Englert et al. showed that RAGE’ mice
developed more severe lung fibrosis after asbestos administration as measured by
histological scoring and total lung hydroxyproline quantification [31]. Of note, in
all these studies, the mice were much younger at the time of sacrifice than the
aged (19-24 month-old) RAGE” mice that developed pulmonary fibrosis sponta-
neously in the experiment by Englert et al. [31]. Interestingly, lung homogenates
and bronchoalveolar lavage (BAL) fluid from patients suffering from idiopathic
pulmonary fibrosis reveal reduced membrane bound (and soluble) RAGE protein
levels compared to healthy donor samples [31, 34].
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RAGE expression during pneumonia

Community-acquired pneumonia (CAP) is distinguished from hospital-acquired
pneumonia (HAP) according to the time of acquisition of pneumonia and the
pathogens involved. The Gram-positive bacterium, Streptococcus pneumoniae, is
the single most frequent pathogen causing CAP, responsible for up to 60 % of
cases; Klebsiella pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and
viruses are isolated in about 10 % of cases each and Mycobacterium tuberculosis
is more prevalent in developing countries. Knowledge of the expression and role
of RAGE in host defense during pneumonia is limited. Morbini et al. observed
increased RAGE expression in patients with interstitial and postobstructive pneu-
monia [32]; this report left unanswered whether patients with bacterial pneumo-
nia were included in the analysis. Notably, two other studies showed that consti-
tutively present RAGE was not upregulated during pulmonary inflammation asso-
ciated with ALI or acute respiratory distress syndrome (ARDS): First, rats with
ALI induced by intratracheally administered LPS displayed no change in the dis-
tribution of RAGE-expressing cells [29]; and second, patients with ARDS did not
have increased pulmonary expression of RAGE [26].

SRAGE has been suggested to be a lung injury marker based on studies in
patients with ALI and on experimental studies in rats [29]. SRAGE was increased
in pulmonary edema fluid and serum from patients with either ALI or ARDS and
with hydrostatic pulmonary edema, and in BAL fluid from rats with either LPS-
or hydrochloric acid-induced ALI [29].

Considering the ubiquitous expression of RAGE in the lungs, its putative
involvement in the regulation of lung inflammation and the somewhat inconsis-
tent findings which currently exist in the literature, we investigated its role during
pneumonia, a major cause of morbidity and mortality world-wide. Recently, we
reported that murine pneumonia induced by S. pneumoniae and by influenza A
virus was associated with an upregulation of intra-alveolar (membrane bound)
RAGE expression [39, 40]. Furthermore, lung tissue of mice intranasally infected
with the K. pneumoniae or with M. tuberculosis also showed increased RAGE
expression (unpublished data). These clinically very different types of pulmonary
infection and the involvement of RAGE therein will be discussed below.

Role of RAGE in pneumonia caused by different pathogens
Levels of the high-affinity RAGE ligand, HMGBI1, were higher in BAL fluid from
patients with pneumonia compared to BAL fluid from healthy controls [17]. In
experimentally induced pneumococcal pneumonia, the presence of RAGE was
detrimental: Mice lacking RAGE had a better survival rate together with a lower
pulmonary bacterial load and decreased dissemination of S. pneumoniae to blood
and spleen compared to wild-type mice [39]. The difference was possibly partially
due to an increased killing capacity of RAGE” alveolar macrophages. Addition-
ally, lung injury and neutrophil recruitment were reduced in the RAGE” mice,
which parallels findings on RAGE as an endothelial counter receptor for the 32
integrin, Mac-1, [8] and the interplay between RAGE and Mac-1 on leukocytes,
required for HMGB1-mediated inflammatory cell recruitment [27]. In addition,
blockade of the RAGE-HMGBI interaction and prevention of the subsequent pro-
inflammatory stimulus might be an explanation for the less severe pulmonary
damage in the RAGE’ mice during S. pneumoniae pneumonia.

Interestingly, in contrast to Gram-positive pneumonia, preliminary data from
our laboratory reveal that RAGE plays a beneficial role in mice during the host
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response to Gram-negative pneumonia (unpublished data). Indeed, RAGE defi-
ciency was associated with increased mortality and increased bacterial outgrowth
and dissemination after K. pneumoniae inoculation (unpublished data). Relative
to wild type mice, lung inflammation was similar and cytokine and chemokine
levels were slightly - if at all - elevated. Moreover, RAGE”- mice showed an unal-
tered response to intranasally instilled Klebsiella LPS with respect to pulmonary
cell recruitment and local release of cytokines and chemokines. Together, these
findings indicate that RAGE contributes to an effective antibacterial host response
during K. pneumoniae pneumonia, whereas RAGE plays an insignificant part in
the lung inflammatory response to either intact Klebsiella or Klebsiella LPS.

It is unclear whether RAGE can also interact with ligands from pathogens. If
so, this could be part of the explanation for our observation that RAGE involve-
ment during Gram-positive and -negative pneumonia had such opposite effects
on mortality. In addition, RAGE-mediated effects on other first-line defense
mechanisms, such as chemotaxis, phagocytosis, killing (including respiratory
burst), may depend on the pathogen and may contribute to the observed effects
in Gram-positive and -negative pneumonia models. However, this remains specu-
lative until investigations have been performed to analyze this interesting issue.

In addition to its potential to cause pandemics, seasonal influenza A virus
infection causes over 200,000 hospitalizations and approximately 41,000 deaths in
the United States annually, being the 7" leading cause of mortality. We demon-
strated that RAGE deficiency resulted in a better outcome from pulmonary influ-
enza A virus infection as indicated by a relative protection from influenza A
virus-induced lethality in mice [40]. This was accompanied by improved viral
clearance and enhanced cellular T cell response and activation of neutrophils,
suggesting that endogenous RAGE impairs the cellular immunity against respira-
tory tract infection with influenza A virus. RAGE ligand, HMGBI, as well as
SRAGE were upregulated in BAL fluid during influenza A virus pneumonia.
Hence, similar to pneumonia induced by the Gram-positive bacterium S. pneumo-
niae, RAGE is detrimental during pneumonia caused by influenza A virus. This is
of particular interest, since it has been suggested that the greatest proportion of
the mortality associated with influenza A virus infection is due to secondary bac-
terial pneumonia, with S. pneumoniae as the most frequent pathogen of the
superinfection. Therefore, RAGE is a potential treatment target in postinfluenza
pneumococcal pneumonia and further research is warranted to investigate this.

RAGE during Abdominal Sepsis

The role of RAGE in abdominal sepsis has been investigated in a limited number
of studies so far. RAGE-deficient mice showed decreased mortality after induction
of polymicrobial sepsis induced by CLP in two reports [9, 41]. Moreover, anti-
RAGE antibody yielded a better survival even when the anti-RAGE therapy was
delayed up to 24 hours after CLP in mice receiving antibiotics [41]. The protective
effect provided by the absence of RAGE was related to a firm inhibition of NF-xB
activation, suggesting that the lack of excessive NF-kB activation in RAGE”- mice
might have contributed to their reduced mortality [9]. In addition, RAGE defi-
ciency resulted in fewer inflammatory cells in the peritoneum [9], which parallels
the results of an earlier investigation by the same group of authors identifying
RAGE as a counter-receptor for the P2 integrin, Mac-1 (CD11b/CD18), and
thereby as a mediator of leukocyte recruitment and adhesion [8]. Furthermore,
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the protective effect of RAGE inhibition in this CLP model could at least in part
be the consequence of the inhibition of one of its ligands, HMGBI. Indeed,
HMGBI is secreted into the circulation after CLP and anti-HMGBI1 antibody led
to increased survival after CLP-induced peritonitis [18].

In the same surgically (CLP)-induced model of sepsis, RAGE deficiency and
anti-RAGE therapy were reported not to affect bacterial outgrowth in the perito-
neum, liver, or spleen [41]. Notwithstanding, a possible role of RAGE in antibac-
terial defense cannot be easily evaluated from this study because host defense
against CLP depends, at least in part, on the extent of intestinal necrosis and the
formation of a local abscess. Also, all mice in this experiment received broad
spectrum antibiotics and bacterial outgrowth was only determined in mice that
survived (i.e., not at predefined time points after CLP). For this reason, we used
our model of abdominal sepsis induced by injection of the Gram-negative bacte-
rium Escherichia coli into the peritoneum [42, 43] to study whether RAGE affects
antibacterial defense. This model is a relevant tool to investigate the role of recep-
tors/mediators in limiting the growth and dissemination of bacteria after a pri-
mary intra-abdominal infection and to assess the contribution of these proteins
to specific immune responses. RAGE expression was upregulated during E. coli
induced sepsis [42]. RAGE deficiency (either pharmacologically using anti-RAGE
IgG antibodies or genetically using RAGE knock out mice) was related to a higher
bacterial load and dissemination [42]. These data indicate that RAGE signaling
contributes to an effective antibacterial response during abdominal sepsis. RAGE
exerted this effect probably indirectly and not via direct interaction with E. coli,
considering the observation that leukocytes from RAGE”- mice had an unaltered
capacity to phagocytose and kill E. coli in vitro. Furthermore, the finding that
deficiency of RAGE in general was associated with an exaggerated host response
during E. coli sepsis [42] on the one hand, and with an attenuated inflammatory
response and better survival in (other) sterile models of intraperitoneal injection
of LPS derived from E. coli [42, 44] on the other hand, suggests that although
RAGE is involved in the immune reaction to E. coli, this function can be compen-
sated for by other receptors in the presence of a growing bacterial load. The high-
affinity RAGE ligand, HMGBI, is secreted into the circulation systemically during
clinical sepsis [16-18] as well as in our experimental sepsis model of E. coli [43].
Importantly, HMGBI has been shown to transduce cellular signals in vitro and in
vivo by interacting with at least three other receptors, i.e., TLR2, TLR4 and TLR9
when HMGBI is complexed with CPG DNA [24, 44, 45]. One possible explanation
for the increased response in the RAGE lacking mice during E. coli sepsis is,
therefore, that the absence of RAGE could facilitate the interaction between
HMGBI and TLR2, TLR4 and/or TLRO.

Evidence of involvement of ligands of RAGE and HMGBI in host defense in E.
coli abdominal sepsis was recently published by our laboratory [43]. Inhibition of
multiple RAGE ligands (by the administration of sRAGE) and inhibition of
HMGBI1 (by the administration of anti-HMGBI1 antibodies) led to an enhanced
bacterial dissemination of E. coli, denoting an advantageous role of RAGE
ligands, including HMGBI, in the antibacterial response during Gram-negative
sepsis.

Interestingly, we recently found that S100A12, another high-affinity ligand of
RAGE, is released systemically in patients during (abdominal) sepsis and also
locally during peritonitis (unpublished data). Additionally, intravenous injection
of LPS in healthy humans raised circulating S100A12 levels, implying that LPS
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might partially contribute to this upregulation during Gram-negative infection.
Payen et al. reported that, in patients with septic shock, mRNA S100A12 expres-
sion by circulating leukocytes was decreased during the recovery phase [46]. One
possible function of S100A12 in host defense during infection and sepsis is its
role as a DAMP. NF-xB mediated expression of pro-inflammatory cytokines and
upregulation of ICAM-1 and vascular cell adhesion molecule (VCAM)-1 on endo-
thelium has been documented in vitro after SI00A12 stimulation [47]. Further-
more, S100A12 could be of benefit for the host during infection and sepsis due to
its (more direct) antibacterial activity. Cole et al. determined that SI00A12 has
activity primarily against Gram-negative bacteria, including E. coli [48]. Because
of the absence of S100A12 in rodents, a potential functional role of SI00A12 dur-
ing sepsis cannot be easily investigated by inhibiting/deleting SI00A12 in ani-
mals. Altogether, the role of SI00A12 during sepsis has yet to be evaluated using
non-rodent models.

Bopp et al. documented that septic patients have elevated circulating sSRAGE
levels and that non-survivors show higher plasma sRAGE concentrations than
survivors, suggesting that sSRAGE is related to severity and clinical outcome in
sepsis [49]. Knowledge on the role of endogenous sRAGE in sepsis is scarce. Hud-
son et al. demonstrated that sSRAGE levels might represent an early marker of
microvascular dysfunction, a phenomenon also present in sepsis [50]. Further-
more, increased sRAGE concentrations in sepsis might represent the acute
inflammatory status as splice variants of RAGE or as split off variants of the cell
surface RAGE, the latter analogous to ICAM-1, another member of the immuno-
globulin superfamily, which is a marker of cellular damage during sepsis. Another
possibility is that systemic sRAGE levels might be elevated in parallel with
HMGB1/S100A12 levels as a counter-system against HMGB1/S100A12 elicited tis-
sue effects. More research is needed to clarify the functional role of sRAGE in
sepsis and its putative role as a new sepsis marker.

Conclusion

The innate immune response is the first line of defense against pathogens. The
experimental studies described herein provide further insight into the role of
RAGE and its ligands in host defense during clinically important infections,
which eventually may contribute to better therapies against specific pathogens.
While interpreting the results from preclinical investigations, one has to keep in
mind that a careful balance between the inflammatory and anti-inflammatory
response is vital in order to survive or recover from a severe infection.

The observation that lack of RAGE is of benefit in one pneumonia model and
detrimental in another, clearly adds to the notion that the way in which RAGE
mediates host defense against different pathogens relies on distinct mechanisms.
It would be highly interesting to evaluate whether RAGE can directly bind to,
become activated, and mount a first immune reaction after ligation with specific
PAMPs. Furthermore, RAGE-mediated effects on other first-line defense mecha-
nisms, such as chemotaxis, killing, phagocytosis and respiratory burst could
depend on the pathogen. As such, targeting RAGE may be ineffective or even
harmful in some infectious conditions. Therefore, more studies are necessary to
justify clinical trials targeting RAGE in patients with severe infections. In this
respect one could think of research on RAGE inhibition in pneumococcal and



The Role of Receptor for Advanced Glycation Endproducts (RAGE) in Infection

13

influenza A viral pneumonia. Additionally, experiments in which RAGE targeting
is delayed until after bacterial/viral infection and combined with antibiotic/anti-
viral therapy should be considered. Moreover, more studies need to be conducted
on the role of RAGE in critical organ derangements involved in the pathogenesis
of severe infection, including activation of the coagulation system and the com-
plement system. RAGE remains a potential yet promising therapeutic target that
awaits further research.
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The Endocannabinoid System: A Janus-faced
Modulator of Inflammation in the Intestinal
Microcirculation

C. LEHMANN, V. CERNY, and M. MATEJOVIC

Introduction

The endocannabinoid system is a signaling system consisting of the cannabinoid
receptors, their endogenous lipid ligands (endocannabinoids), and associated
proteins (transporters, biosynthetic and degradative enzymes). This important
biological system is now known to regulate a plethora of physiological functions
crucial to homeostatic regulation within the body [1].

The Endocannabinoid System

The plant, Cannabis sativa, which contains more than 60 active phytocannabino-
ids, has been widely used for over a millennium as an anticonvulsant, analgesic,
anti-emetic, anti-inflammatory, and immunosuppressant drug. However,
although the therapeutic applications and psychoactive actions of the Cannabis
plant are well documented, knowledge of the pharmacology of this ancient plant
and its active constituents (cannabinoids) has only recently emerged. This under-
standing of the mechanisms of action of cannabinoids has resulted from several
key advances, notably the isolation and characterization of the active phytocan-
nabinoids in the Cannabis plant, including that of the primary psychoactive phy-
tocannabinoid in Cannabis, A9-tetrahydrocannabinol (THC) [2, 3] and evidence
for, and identification of, specific cannabinoid receptors and the endogenous
ligands that activate these receptors [4, 5].

Two cannabinoid receptors, members of the superfamily of G protein coupled
receptors (GPCRs), have now been cloned. CBI1 receptors (CB1R), the primary
target for the psychotropic actions of the phytocannabinoid, THC, are the most
abundant receptors in the mammalian brain and presynaptic CBI1R activation
inhibits neurotransmitter release in the brain and peripheral nerves. Postsynaptic
CBIR are also present in a variety of non-neural peripheral tissues and cells,
including the vasculature and gut, and activation of these receptors can produce
hypotension and regulate emesis and feeding. CB2 receptors (CB2R) are
expressed primarily in cells of the immune and hematopoietic systems [6], but
have also been indentified in selected areas of the central nervous system (CNS)
[7], in nonparenchymal cells of the cirrhotic liver [8], in the endocrine pancreas
[9], and in bone [10]. Both cannabinoid receptors regulate a variety of central
and peripheral physiological functions, including neuronal development, neuro-
modulatory processes, energy metabolism, and respiratory and cardiovascular
functions including the microcirculation [11]. More recently, additional evidence
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has emerged suggesting that, in addition to the transient receptor potential vanil-
loid 1 (TRPV1) ion channel, there are additional non-CBI1R/CB2R that may medi-
ate some of the modulatory effects of cannabinoids and their endogenous ligands
[12]. Notable among these are the orphan receptors, GPR55 and GPR18, both of
which have been suggested as candidates for the endothelial cannabinoid receptor
that mediates anandamide (AEA) and abnormal cannabidiol (abn-CBD)-depen-
dent vasorelaxation in microvasculature and peroxisome proliferator-activated
receptors (PPARs). PPAR receptors, which include isotypes (o, & and ), are
expressed by distinct cell types and are associated with the regulation of lipid
metabolism and inflammation [13]. Several recent experimental lines of evidence
identify cannabinoid receptors as potential novel therapeutic targets for many
fields in medicine [14, 15].

CBIR and CB2R are activated by phytocannabinoids, synthetic cannabinoids,
and endocannabinoids. Synthetic cannabinoids that bind to either CBIR or CB2R
include not only compounds structurally similar to phytocannabinoids, but also
analogs with different chemical structures including classic and non-classic can-
nabinoids and aminoalkylindoles [2, 3]. The most frequently used cannabinoid
ligands are agonists (including endogenous agonists) and inverse agonists (Table 1).
Inverse agonists exert opposite pharmacological effects to those of a receptor ago-
nist [4-6].

Endocannabinoids are endogenous arachidonate derivatives. The two most
well characterized endocannabinoids are AEA and 2-arachidonoyl glycerol (2-
AG), both of which are fatty acid amides (FAAs). In addition, N-arachidonoyldo-
pamine (NADA) has also been shown to behave as a cannabimimetic compound
[8], although its pharmacology is as yet poorly understood. Other endogenous
FAAs are called endocannabinoid-like compounds because they do not activate
CBRs but seem to have an entourage effect, i.e., they may potentiate the activity
of AEA or 2-AG at their receptors by inhibiting their degradation [9]. The actions

Table 1. Cannabinoid ligands

Agonists

CB1R/CB2R (B2R selective
‘Classical’ cannabinoids ‘Classical’ cannabinoid
e A’ — THC ® JWH-133

— partial agonist
— efficacy CB1>CB2
e HU 2010
— high CB1R/CB2R affinity
— full CB1R/CB2R agonist

Inverse agonists

(BIR selective
Diarylpyrazoles
® SR 141716A
o AM251

Endogenous agonists

® Anandamide (AEA)
— moderate CBTR>CB2R affinity
— partial agonist, efficacy CB1R> CB2R

Aminoalkylindoles
® WIN55212-2

(B2R selective
Diarylpyrazoles
® SR 144528
o AM 630

® 2-Arachidonoylglycerol (2AG)
— moderate CB1R/CB2R affinity
— high CB1R/CB2R efficacy
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of AEA and 2-AG at CBIR and CB2R, account for many of the actions of the
endocannabinoid system. AEA and 2-AG are produced ‘on demand’ through mul-
tiple biosynthetic pathways, which include key agents such as the N-acylphospha-
tidylethanolamines (NAPE)-hydrolyzing phospholipase D (NAPE-PLD) for AEA,
palmitylethanolamide (PEA), and oleoylethanolamide (OEA), and the sn-1-spe-
cific diacylglycerol lipase for 2-AG [16]. Other enzymes are also important, espe-
cially in the formation of AEA [17]. The transport of AEA is highly cholesterol-
dependent and cholesterol could be an important component of the AEA trans-
port machinery; the possible link between the endocannabinoid system and cho-
lesterol metabolism may be of great importance for critically ill patients [18].
Degradation of endogenous cannabinoids also occurs through multiple routes,
which include fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase as
major hydrolytic enzymes that have an important role in the inactivation of
endocannabinoids, especially AEA [19].

CB1 and CB2 receptors are G protein coupled receptors, and are recognized by
a variety of ligands with preferential coupling to Gj,, proteins to activate multiple
downstream signaling pathways, although CBIR coupling to other G proteins has
also been reported. As a consequence of Gy, coupling, activation of CBR leads to
inhibition of adenyl cyclase and reduction in cAMP accumulation in many tis-
sues. Additionally, CB1 and CB2 receptors regulate the phosphorylation and acti-
vation of different members of the family of mitogen activated protein kinases
(MAPKs) [20]. Adding to the complexity of cannabinoid receptor signaling,
recent studies have indicated that, at least with respect to CBIR, different ligands
can induce the receptor to couple to specific signaling pathways more strongly
than others. This phenomenon is referred to as stimulus trafficking or functional
selectivity [20].

Control of CBR-mediated signaling is affected by several factors, both extra-
and intra-cellular, that appear to promote the specificity of cannabinoid signaling
and confine cannabinoid responses in a spatial and temporal fashion [20]. More-
over, several studies have show that CB1R-mediated signaling shares a common
pool of G proteins with adrenergic, somatostatin, insulin-like growth factor
(IGF)-1, and opioid receptors [21]. The specific insertion of GPCRs within differ-
ent membrane compartments also shapes signaling selectivity. Another charac-
teristic of cannabinoid signaling adaptation is the variation in the magnitude and
kinetics of CBIR desensitization and downregulation documented in the brain
[22], all of which support the concept that prolonged exposure to cannabinoids
may result in different adaptation profiles in vivo. The density of receptors also
plays an important role in the amplitude of response to partial and full cannabi-
noid agonists [20].

Evidence has accumulated lately for a variety of mechanisms that influence
CBR signaling, which allow for diversification and for specificity in cannabinoid-
mediated responses. However, the physiological (and even clinical) implications
of such complexity is difficult to determine due to several extracellular (e.g.,
ligand profile, timing and location of ligand release, co-activation of other GPCR
ligands, extracellular environment) and intracellular (e.g., expression of different
signaling partners, post-transcriptional and post-translational modifications) fac-
tors. Obviously, the ligand profile is crucial in dictating the cellular response and
subsequently the response to manipulation of the endocannabinoid system.
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Cannabinoid Receptors and Sepsis

The endocannabinoid system is upregulated during local and systemic inflamma-
tion, e.g., sepsis [23], and endocannabinoids released from macrophages, den-
dritic cells, platelets and parenchymal cells in response to inflammatory stimuli
and oxidative stress are present in elevated levels in the sera of patients and ani-
mals in septic shock [24]. CB2Rs are present on macrophages, neutrophils and
lymphocytes and activation of these receptors has been generally associated with
anti-inflammatory and immunsuppressive effects. In particular, 2-AG has been
shown to inhibit cytokine production, including tumor necrosis factor (TNF)-o
released from lipopolysaccharide (LPS)-treated rat microglial cells [25] and
murine macrophages [26] and IL-2 secretion in activated murine splenocytes
[27]. However, in contrast to these studies, others have reported pro-inflamma-
tory effects of endocannabinoid CB2R activation, which was abolished by treat-
ment with a selective CB2R antagonist [28]. In 2009, two papers were published
in the Journal of Immunology [29] and PLoS ONE [30], studying the impact of
CB2R modulation on survival and other parameters in experimental sepsis (cecal
ligation and puncture model). Although both groups used CB2R knockout mice,
the studies yielded opposite results. Tschép et al. found that following sepsis,
CB2R knockout mice had a higher mortality and the administration of the selec-
tive CB2R agonist, GP1a, improved survival of wild-type mice [29]. In contrast,
Csoka et al. showed that CB2R knockout mice had a better survival from sepsis
than wild-type mice [30].

With respect to the contribution of CBIR to inflammation and sepsis, the data
are also unclear although several studies have suggested that activation of CB1R
located on the presynaptic terminals of autonomic nerves or the vascular walls
may contribute to the hypotension associated with septic shock. However, the
contribution of CBIR in this action was also called into question, when LPS still
produced an acute hypotension response in CBIR or CBIR/CB2R knock-out
mice.

Inflammation and the Intestinal Microcirculation

Impairment of the microcirculation represents a key event in the pathophysiology
of sepsis [31-34]. Effects on all components of the microcirculation, including
smooth muscle cells, endothelial cells, leukocytes and red blood cells (RBCs) have
been identified and lead to a severely dysfunctional microvasculature with subse-
quent organ dysfunction and organ failure. The intestinal microcirculation is
involved early in the course of sepsis [35]. Intestinal hypoperfusion occurs fre-
quently during the disease development and reperfusion may result in an addi-
tional release of pro-inflammatory mediators into the systemic circulation. This
enhances the systemic inflammatory response syndrome and contributes to early
multiple organ failure and death [35]. Intestinal mucosal hypoperfusion may also
cause a breakdown of gut epithelial barrier function thus releasing bacteria and
their toxins into the systemic circulation (bacterial translocation) creating a ‘gut-
derived’ septic state [35]. In the late phase of sepsis with predominant immuno-
suppression, a new infectious challenge may cause late multiple organ failure and
death. Therefore, the intestinal microcirculation has been suggested as acting as
the “motor” of multiple organ failure in systemic inflammation. Consequently, the
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study of the intestinal microcirculation is relevant in two aspects: As a pathophys-
iological origin and as a therapeutic target in severe systemic inflammation. Iden-
tification of therapies that can target the different cellular and inflammatory com-
ponents of the compromised intestinal microcirculation in sepsis to reduce
microcirculatory dysfunction is essential in order to preserve barrier function,
ensure adequate tissue oxygenation, maintain immune function, and provide a
conduit for the delivery of drug therapies to cell targets. However, improvement
of the intestinal microcirculation is difficult to achieve in the acute phase of
severe systemic inflammation and sepsis. While vasoconstriction is the physiolog-
ical response in this microvascular area (centralization of the circulation, redistri-
bution of the cardiac output to the vital organs), therapeutic vasodilation may
deteriorate the macrocirculation. Given that therapeutic escalation of cardiac out-
put to improve organ perfusion is also limited (physiological high cardiac output
during systemic inflammation and early sepsis), several approaches are employed
at different stages of sepsis progression (Fig. 1). These strategies include: Patho-
gen removal (strategy A), modulation of receptors and mediator release (strategy
B), and adjuvant therapy (strategy C). However, while pathogen removal (strategy
A) is necessary in every case, it does not guarantee a positive outcome. Strategy
C (adjuvant therapy) is necessary in many cases, but does not directly influence
the pathomechanisms of sepsis. Therefore, modulation of receptors and mediator
release (strategy B), represents the best option for the development of novel
approaches to improve the intestinal microcirculation in sepsis. As the endocan-
nabinoid system contributes to the regulation of vascular function via a CB1R-
mediated response, as well as having immune modulatory roles via CB2R, modu-
lation of the endocannabinoid system may be useful to improve the intestinal
microcirculation in sepsis.

The limitation to the therapeutic utility of cannabinoids is the occurrence of
psychoactive effects due to the activation of brain cannabinoid CBIR [36]. How-
ever, the Cannabis plant contains a number of non-psychotropic cannabinoids of
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Fig. 1. General approaches in sepsis therapy. A: Inhibition of inflammatory trigger; B: Modulation of
receptors and mediators; C: substitution/adjuvant therapy
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pharmacological interest, which retain some pharmacological, and potentially
therapeutic actions; these include cannabigerol, cannabichromene, tetrahydro-
cannabivarin, and cannabidiol [1]. Among these compounds, the most exten-
sively studied is cannabidiol, which has antioxidant, anti-inflammatory, and
immunomodulatory effects [37]. Furthermore, a considerable number of syn-
thetic cannabinoids are now available that lack psychotropic effects [38, 39].
Additionally, an increasing number of new cannabinoid ligands continue to be
developed that do not cross the blood brain barrier, thus avoiding the possibility
of behavioral effects. In addition to these ligands, increasing evidence suggests
that use of allosteric modulators that bind to receptor sites on cannabinoid recep-
tors that are distinct from those of endocannabinoids holds considerable promise
for modulating endocannabinoid system activity.

Massa et al. showed that CB1Rs mediate intrinsic protective signals that coun-
teract pro-inflammatory responses in the large intestine [40]. Intrarectal infusion
of 2,4-dinitrobenzene sulfonic acid (DNBS) and oral administration of dextran
sulfate sodium induced stronger inflammation (tissue myeloperoxidase activity)
in CBIR-deficient mice (CB1R-/-) than in wild-type littermates (CB1R+/+).
Treatment of wild-type mice with the specific CBIR antagonist, N-(piperidino-1-
yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-pyrazole-3-carboxamide
(SR141716A), mimicked the phenotype of CB1R-/- mice, showing an acute
requirement of CBIR for protection from inflammation. Consistently, treatment
with the cannabinoid receptor agonist, R(-)-7-hydroxy-A6-tetra-hydrocannabinol-
dimethylheptyl (HU210), or genetic ablation of the endocannabinoid-degrading
enzyme fatty acid amide hydrolase (FAAH) resulted in protection against DNBS-
induced colitis.

In the small intestine, involvement of CB1Rs in the control of intestinal motil-
ity during croton oil-induced inflammation was recently evidenced. Izzo et al.
showed that pharmacological administration of cannabinoids was able to delay
gastrointestinal transit in croton oil-treated mice [41]. Increased levels of CBIR
expression in inflamed jejuna may contribute to this protective effect. However,
this work was not able to reveal a physiologically protective action of the endoge-
nous cannabinoid system against enteritis, since administration of the CBIR
antagonist, SR141716A, alone failed to specifically worsen inflammation-induced
gut hypermotility.

In contrast to the findings of beneficial effects of CB1R activation on intestinal
inflammation, rimonabant - a CB1R antagonist - also showed potentially benefi-
cial anti-inflammatory effects which were similar to those evoked by cannabinoid
receptor agonists. These paradoxical effects do not seem to be mediated by can-
nabinoid receptors. Rimonabant reduced indomethacin-induced intestinal ulcers
to a similar extent in wild-type, and in CB1R knock-out mice [42]. These effects
appear to be mediated by down-regulation of inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-2 [43]. It is important to highlight that the
effect of rimonabant seems to be specific to that compound, and is not shared by
other CBIR antagonists, such as AM215 [44]. Of note, rimonabant, which was
being marketed for weight loss but being tested for improving cardiovascular out-
comes, induced a level of serious neuropsychiatric effects that was deemed unac-
ceptable by regulatory authorities, and both the drug and the trial were abruptly
terminated [45].

Recent evidence also highlights the role of CB2Rs in intestinal inflammation.
In the LPS model of intestinal hypermotility in the rat, the control of intestinal
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motility was mediated almost completely by CB2R-mechanisms; hypermotility
was normalized by a CB2R, but not by a CBIR agonist [46]. The CB2R agonist,
JHWO015, reduced motility in the inflamed gut (crotonoil-induced ileitis), but not
in control mice [47].

Protection against inflammatory stimuli may be provided through direct acti-
vation of cannabinoid receptors, or indirectly through the use of FAAH or endo-
cannabinoid membrane transporter (EMT) inhibitors, which prevent anandamide
inactivation. D’Argenio et al. reported significant elevation of anandamide levels
in the colon of DNBS-treated mice [48]. The EMT inhibitor, VDM-11, further
increased anandamide levels and concomitantly abolished inflammation, whereas
the FAAH inhibitor, N-arachidonoyl-serotonin (AA-5-HT), did not affect endo-
cannabinoid levels and was less efficacious at attenuating colitis [48]. More
recently, this protective effect of the inhibitors of endocannabinoid inactivation
was confirmed by experiments in CBIR- and CB2R-deficient mice. Thus blocking
FAAH and EMT with URB597 and VDM11, respectively, protected against trini-
trobenzene sulphonic acid (TNBS)-induced colitis in wild type but not in CB1R-
or CB2R-deficient mice. Interestingly, the combination of VDMI11 and URB597
was not superior to either given alone, suggesting a lack of additive effect [49].

Direct observations of the intestinal microcirculation under the influence of
therapeutic modulation of the endocannabinoid system in experimental sepsis,
e.g., by intravital microscopy, have not yet been published. Using intravital
microscopy, Ni et al. studied how cannabinoid receptor agonists interfered with
leukocyte rolling and adhesion in an experimental autoimmune encephalomyeli-
tis (EAE) model using six to eight week old C57BL/6 mice [50]. The results dem-
onstrated that EAE increased leukocyte rolling and firm adhesion in the brain,
and that this increased leukocyte/endothelial interaction could be attenuated by
administration of WIN 55212-2 (CBI1R and CB2R agonist). Furthermore, use of
selective antagonists for the CBIR (SR 141716A) and the CB2R (SR144528) in this
study demonstrated that the cannabinoid’s inhibitory effects on leukocyte/endo-
thelial interactions can be mediated by activating the CB2R.

We carried out a series of experiments to study the impact of CB1R and CB2R
modulation on leukocyte activation and capillary perfusion within the intestinal
microcirculation during experimental endotoxemia. Our findings suggest that
CBIR stimulation during endotoxemia may decrease leukocyte activation whereas
CB2R inhibition is able to reduce leukocyte activation (Kianian et al.: Effects of
CB2 receptor modulation on the intestinal microcirculation in experimental sep-
sis. Proceedings of the 19th Symposium on the Cannabinoids. ICRS, Lund, Swe-
den. 2010). Reduced leukocyte activation within the intestinal microcirculation
correlated with improved functional capillary density, a marker of microvascular
perfusion. Similar results were obtained in a model of polymicrobial sepsis - the
colon ascendens stent peritonitis (CASP)-induced sepsis model. The results
regarding the CB2R were surprising as the literature suggests an anti-inflamma-
tory effect of CB2R activation (see above). Based on these results we hypothesize
that reciprocal modulation of the endocannabinoid system - CBIR stimulation
and CB2R inhibition - has an anti-inflammatory effect (attenuation of leukocyte
activation and improvement of capillary perfusion) in sepsis.
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Conclusion

Taken together, the evidence suggests that release of endocannabinoids and acti-
vation of cannabinoid receptors occurs during intestinal inflammation and sepsis
and that manipulation of the endocannabinoid system may represent an impor-
tant therapeutic target in managing sepsis and microcirculatory disturbances.
However, it remains essential to resolve whether activation of cannabinoid recep-
tors is pro- or anti-inflammatory in sepsis and which receptor subtypes (CB2R
and/or CBIR or non-CBI1R/CB2R) are individually or collectively involved in
mediating these actions.
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Introduction

Ischemia/reperfusion injury triggers a burst of reactive oxygen species (ROS) that
in turn lead to the expression of a number of pro-inflammatory genes. The subse-
quent serious inflammatory response maintains a vicious cycle of cell death
finally causing organ damage [1]. Acute myocardial ischemia and ischemic stroke
are the leading causes of morbidity and mortality worldwide. In the perioperative
setting, patients with multiple comorbidities still have a high risk of morbidity
and mortality, although multiple therapeutic strategies have been investigated to
reduce the incidence of major cardiovascular events [2, 3]. Because most major
adverse events show an unpredictable onset in an individual patient, the number
needed to treat - or to prevent an event - is very high. Specifically, a considerable
proportion of ischemic episodes may occur postoperatively on the intensive care
unit (ICU) because of hemodynamic instability or oxygenation problems. There-
fore, evaluating the effectiveness of any pre-treatment with a potent organ protec-
tive intervention is extremely difficult in most patients. In contrast, cardiac sur-
gery with cross-clamping of the ascending aorta results in predictable ischemia/
reperfusion injury. Similarly, predictable ischemia/reperfusion injury happens
following organ transplantation and trauma leading to postoperative organ insuf-
ficiency. Many experimental techniques have been shown to profoundly modify
the extent of ischemia/reperfusion injury. However, very few of these techniques
have reached clinical practice because of lack of effectiveness when applied to
patients with comorbidities and co-medications [4]. Therefore, the development
of new strategies to prevent and to attenuate ischemia/reperfusion injury contin-
ues to be the focus of extensive research.

An interesting approach to this problem is ischemic preconditioning. The most
promising clinical candidates for ischemic preconditioning are angina preceding
myocardial infarction or transient ischemic attacks preceding a full stroke; these
sub-lethal stressors are thought to enhance the tolerance of the organ to cope
with the subsequent ischemic event. However, the clinical applicability of local
ischemic preconditioning is limited by the need to induce ischemia in the vulner-
able target organ, a process that itself may aggravate organ injury and dysfunc-
tion. A more clinically relevant stimulus is exerted by remote ischemic precondi-
tioning as a powerful, innate protection where ischemia of non-vital tissue pro-
tects remote organs against ischemia/reperfusion injury. Most recently, a newly
conceived idea of applying a remote conditioning stimulus after the onset of
ischemia but prior to reperfusion - remote ischemic postconditioning — may fur-
ther emerge as a strategy to ameliorate the deleterious sequelae of an unpredict-

J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2011
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able ischemia/reperfusion injury, such as acute myocardial infarction or ischemic
stroke.

Remote Ischemic Preconditioning
Proposed Mechanisms (Fig. 1)

The initial study suggesting that one vascular bed could confer protection on
another vascular bed came from Przyklenk et al. in 1993 [5]. Using anesthetized
dogs, they showed that a brief period of myocardial ischemia achieved by four 5
min cycles of coronary artery occlusion protected local and remote myocardium
from 60 min sustained myocardial ischemia/reperfusion injury. Subsequent stud-
ies have demonstrated that brief ischemia of non-vital organs and tissues, e.g.,
kidney, small intestine, and skeletal musculature, reduces ischemia/reperfusion
injury of remote organs, e.g., heart, kidney, liver, and brain. The actual mecha-
nisms of signal transduction from the remote tissue to the target organ, however,
remain to be fully elucidated.

Humoral mediators and neural pathways

The hypothesis that remote ischemic preconditioning is accomplished by humoral
factors that are washed out into circulating blood during reperfusion was fuelled
by a study reporting that cardiac protection was transferred from rabbits that had
undergone remote ischemic preconditioning to non-preconditioned rabbits
undergoing sustained myocardial ischemia/reperfusion injury simply by whole
blood transfusion [6]. Thus, remote ischemic preconditioning generates one or
more humoral mediators that are released into the circulation and subsequently
travel to the remote target organs [7]. Convincing evidence in support of a
humoral mechanism for remote ischemic preconditioning was provided by Kon-
stantinov et al. who found that remote ischemic preconditioning of a recipient
animal led to protection against ischemia/reperfusion injury in the denervated
donor heart taken from a brain-dead donor pig [8].

Endogenous substances such as opioids [9], endocannabinoids [10, 11], aden-
osine [12], bradykinin [13], and calcitonin-gene related protein [14] are sup-
posed to be released from the remote organ during remote ischemic precondi-
tioning and to be transferred to target organs with the blood stream. In addition
to the hypothesis of humoral factors, an earlier study by Gho et al. showed that
ganglion blockade with hexamethonium abolished cardioprotection by mesen-
teric artery occlusion suggesting that neural pathways were involved in transfer-
ring the preconditioning stimulus [15]. This finding developed into the hypothe-
sis that there is kind of a neuronal reflex arc with an afferent signal from the
remote organ during ischemia that stimulates the efferent signal to the target
organ. Again, adenosine, bradykinin, and calcitonin gene-related peptide have
been reported as important mediators within this neural pathway, especially in
the afferent loop.

It should be emphasized that adenosine and bradykinin play an important role
in this suggested neural pathway [13]. Liem et al. suggested that adenosine is ini-
tially released in the preconditioned remote tissue which subsequently triggers a
neural pathway leading to adenosine release in the remote organ (heart) [12]. A
recent experimental study has provided confirmatory evidence that an intact neu-
ral pathway is required for the sensory afferent neural signaling from the precon-
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Fig. 1. Pathways of remote ischemic preconditioning. The humoral hypothesis states that endogenous
mediators (e.g., adenosine, bradykinin, opioids, calcitonin gene-related peptide (CGRP), endocannabino-
ids, angiotensin) produced in the remote organ, e.g., skeletal musculature, enter the blood stream and
activate their respective receptors in the distant organ, e.g., heart. The neural hypothesis proposes that
ischemic preconditioning at the remote organ generates endogenous substances (e.g., adenosine, bra-
dykinin or CGRP), which then activate a neural circuit in which the efferent nerve terminates at the dis-
tant target organ and mediates protection. The third hypothesis is based on a systemic response which
modulates inflammation, apoptosis, and endothelial function. The following mechanism for remote
ischemic preconditioning at the distant organ has been suggested: Remote ischemic preconditioning
triggers intracellular signal pathways converging on the mitogen activated protein kinase (MAPK) stress
signal pathway including protein kinase C (PKC)-6/¢€. This in turn activates heat shock proteins and p38
MAPK which results in immediate protection through activation of mitochondrial Kyp,-channels and
inhibition of apoptosis. Activation of p38 MAPK also results in delayed protection via activation of the
transcription factor hypoxia-inducible factor-1o pathway and translocation of nuclear factor-kappa B
(NF-xB) to the nucleus and synthesis of the proteins inducible nitric oxide synthase (iNOS) and hemo-
xygenase (HO)-1. Reactive oxygen species have also been suggested to be involved in the protection
achieved by remote ischemic preconditioning.

ditioned limb, as the cardioprotective effects by remote ischemic preconditioning
were abolished by dissecting the femoral and sciatic nerves [16].

Signal transduction pathways involved in conferring protection on the target
organ undergoing sustained ischemia

Once the cardioprotective signal has been conveyed from the remote precondi-
tioned organ (e.g., upper limb) to the target organ (e.g., heart), intracellular sig-
nal pathways are triggered via G-protein-coupled receptors for adenosine, brady-
kinin, opioids, angiotensin, and endocannabinoids converging on the mitogen-
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activated protein kinase (MAPK) stress signal pathway [17, 18]. This in turn acti-
vates p38 MAPK, which results in immediate protection through activation of
mitochondrial K,pp channels [19] and heat shock proteins [20]. Activation of p38
MAPK also results in delayed protection after translocation of nuclear factor-
kappa B (NF-«B) to the nucleus and expression of inducible nitric oxide synthase
(iNOS) and hemoxygenase-1 [21]. Whether remote ischemic preconditioning is
also involved in activation of pro-survival kinases of the reperfusion injury sal-
vage kinase pathway and inhibition of the mitochondrial permeability transition
pore remains to be determined.

Other studies have revealed further potential underlying mechanisms of
remote ischemic preconditioning. A study by Weinbrenner and colleagues sug-
gested a possible beneficial signaling role for ROS in the setting of remote ische-
mic preconditioning. These authors discovered that a free radical scavenger was
able to abolish the protection elicited by remote ischemic preconditioning [22].
Recent experimental studies have further implicated the transcription factor, hyp-
oxia-inducible factor (HIF)-1o [23], and erythropoietin [24] as potential media-
tors of remote ischemic preconditioning-induced cardioprotection. A further
mechanism could be the ability of remote ischemic preconditioning to mediate
the release of fibrinolytic substances, e.g., tissue-type plasminogen activator,
which is known to be released from the endothelium during mechanical compres-
sion of a vessel [25].

Remote Ischemic Preconditioning in Healthy Volunteers

MacAllister’s group [26-28] studied the effect of remote ischemic precondition-
ing on endothelial ischemia/reperfusion injury in human volunteers. In vivo
endothelial ischemia/reperfusion injury was induced by 20 min of upper limb
ischemia caused by inflating a blood pressure cuff to 200 mmHg followed by
deflation (reperfusion). Venous occlusion plethysmography was used to assess
forearm blood flow in response to acetylcholine. The vasodilating response to
acetylcholine was attenuated by endothelial injury in control volunteers. Remote
ischemic preconditioning applied to the contralateral arm was able to prevent the
attenuation of the vasodilating effect of acetylcholine, thus reducing the endothe-
lial dysfunction in the target limb with ischemia/reperfusion injury. The same
experimental model has been used to evaluate the concept of delayed protection
by remote ischemic preconditioning, in which preconditioning conferred an
improvement in endothelial dysfunction in the opposite upper limb 24 h and 48 h
later [27].

In addition to release of humoral circulating factors and neural pathways, Kon-
stantinov et al. demonstrated that remote ischemic preconditioning also has anti-
inflammatory effects that might be relevant to its effectiveness [29]. In healthy
volunteers, remote ischemic preconditioning suppressed pro-inflammatory gene
expression in circulating leukocytes. Genes encoding key proteins involved in
cytokine synthesis, leukocyte chemotaxis, adhesion and migration, innate immu-
nity signaling pathways, and apoptosis were all suppressed within 15 min (early
phase) and still further after 24 h (late phase - second window). Very recently, the
same group reported that the observed changes in gene expression lead to func-
tional changes in neutrophils, including reduced adhesion and apoptosis [30].
This effect may contribute to the protective effect of remote ischemic precondi-
tioning against ischemia/reperfusion injury and may have further implications in
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other inflammatory settings. Transient limb ischemia with remote ischemic pre-
conditioning administered before a prolonged ischemic insult has systemic pro-
tective effects against ischemia/reperfusion injury in human volunteers.

Remote Ischemic Preconditioning in Patients

With many experimental data and studies in human volunteers demonstrating
the effectiveness of transient limb ischemia to induce distant organ protection,
the potential of this procedure as a clinical intervention was suggested. Evolving
evidence from clinical studies currently points to the effectiveness of remote
ischemic preconditioning in different settings of ischemia/reperfusion injury
(Table 1).

Cardiac surgery

Cardiac surgery with cardiopulmonary bypass (CPB) is generally associated with
a predictable incidence of myocardial, neurological, and renal ischemia/reperfu-
sion injury leading to an increased risk of postoperative myocardial stunning,
neurological deficits, and acute renal failure. Cardiac surgery is further associated
with a substantial systemic inflammatory response and oxidative stress, which
contribute to multiple organ dysfunction syndrome [31].

Table 1. Human studies on remote ischemic conditioning in healthy volunteers and patients

Study Ischemia/reperfusion Stimulus Endpoints n

Kharbanda ~ UL-l — endothelial ULl Endothelial dysfunction | 14
(2002) [26]  dysfunction (3 x 5 min)

Shimizu UL-I systemic inflammation ~ UL-| Neutrophil adhesion | 5
(2010) [30] (3 x 5 min) exocytosis |, phagocytosis |

Zhou (2010)  Congenital heart UL-I Troponin | |, 60
[20] surgery (3 x 5 min) Inotropic support |,

Lung function 1, Inflammatory
cytokines |, Heat shock protein-70 1

Hausenloy Coronary artery bypass UL-I Troponin T | 57
(2007) [32]  surgery (3 x 5 min)
Ali (2007) Abdominal aortic LL-I Troponin | {, 82
[35] aneurysm surgery (2x10 Myocardial infarction |,

min) Renal dysfunction |
Walsh (2010) Carotid endarterectomy LL-I Neurological impairment | 70
[39] (2 x 10

min)
Hoole (2009) Elective percutaneous UL-I Troponin | |, 242
[40] coronary intervention (3 x 5 min) Major adverse cardiac & cerebral

events |

Botker (2010) ST-elevation myocardial UL-I Myocardial salvage 1, 333
[44] infarction (3 x 5 min) Infarct size at 1 month |

Remote postconditioning

UL-I = upper-limb ischemia; LL-1 = lower-limb ischemia
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These adverse effects are amplified in children undergoing congenital cardiac sur-
gery, in which aortic cross-clamping and CPB are usually sustained, and complete
circulatory arrest may be used during complex procedures. The first clinical study
of remote ischemic preconditioning by transient limb ischemia showed reduced
myocardial injury, reduced inotropic support, and improved lung function using
a randomized study design involving 37 children (20 control, 17 remote ischemic
preconditioning) undergoing congenital cardiac surgery. A subsequent study in
60 infants undergoing repair of ventricular septal defects (30 control, 30 remote
ischemic preconditioning) confirmed the beneficial effects of limb remote ische-
mic preconditioning in terms of increased tolerance against myocardial and pul-
monary ischemia/reperfusion injury and attenuation of systemic inflammatory
response syndrome (SIRS) [20].

In a similar proof-of-principle study enrolling 57 adults undergoing elective
coronary artery bypass graft (CABG) surgery and receiving predominantly
cross-clamp fibrillation for myocardial protection, Hausenloy et al. showed the
protective effect of remote ischemic preconditioning by limb ischemia [32]. The
endpoint was troponin release, which was significantly lower in the remote ische-
mic preconditioning group (n = 27) than in the control group (n = 30). Recently,
the effectiveness of remote ischemic preconditioning has been further suggested
in adult patients undergoing CABG, when cold-blood [33] or crystalloid cardio-
plegia [34] was used instead of cross-clamp fibrillation for myocardial protec-
tion.

Thus, remote ischemic preconditioning reduces myocardial injury in children
and adults undergoing cardiac surgery. However, the clinical relevance of these
findings has yet to be defined, and large studies are underway to address this
issue. A review of ClinicalTrials.gov in September 2010 yielded 18 registered stud-
ies that are using limb ischemia in cardiac surgery to assess the effects of remote
ischemic preconditioning on myocardial, cerebral, and renal protection.

Non-cardiac surgery

In major vascular surgery, the surgical procedure results in ischemia/reperfusion
injury to vital organs directly, but many patients also suffer from acute myocar-
dial infarction perioperatively. The ability of remote ischemic preconditioning to
protect the heart and kidneys was investigated in a clinical trial of patients under-
going elective aortic aneurysm repair [35]. Remote ischemic preconditioning was
induced by intermittent femoral artery occlusion and reperfusion in 82 patients
(41 controls, 41 remote ischemic preconditioning). The results were remarkable.
Remote ischemic preconditioning reduced the incidence of myocardial injury by
27 %, the incidence of myocardial infarction by 22 %, and decreased renal impair-
ment by 23 %. Two further studies by Walsh et al., however, showed controversial
results in terms of renal injury in this kind of surgery [36, 37].

In patients undergoing decompression spine surgery for cervical spondylotic
myelopathy, remote ischemic preconditioning has been found to improve neuro-
logical outcome and to reduce release of serum protein S-100B and neurone spe-
cific enolase indicating less spinal cord ischemia/reperfusion injury [38]. Carotid
endarterectomy is the preferred treatment modality for symptomatic carotid ste-
nosis, but is also associated with major cerebral complications. In a small pilot
study (30 control, 25 remote ischemic preconditioning), Walsh et al. recently
found less neurological impairment if patients were preconditioned using 10 min
of lower limb ischemia/reperfusion [39]. Again, large-scale trials are required to
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determine whether remote ischemic preconditioning confers clinical benefits in
these high-risk non-cardiac surgical patients.

In visceral organ transplantation, the donor organ is subjected to substantial
ischemia before reperfusion in the recipient. Reduction of ischemia/reperfusion
injury might, therefore, improve graft function and survival. This idea has been
translated into clinical trials, and studies are underway in renal and liver trans-
plantation to test the potential of remote ischemic preconditioning to reduce graft
injury and to improve outcome.

Percutaneous coronary intervention

Hoole et al. extended the concept of remote conditioning to show, in a prospec-
tive, randomized controlled trial including 242 patients, that remote ischemic
preconditioning before elective percutaneous coronary intervention was associ-
ated with reduced troponin release, less procedure-related ischemic chest discom-
fort, and fewer electrocardiographic (EKG) findings of coronary ischemia [40].
Perhaps the most intriguing finding was a reduction in major adverse cardiac and
cerebral events at 6 months (4 versus 13 patients; hazard ratio 0.28). These data
suggest that the systemic effects of remote ischemic preconditioning by even a
short intervention might have secondary beneficial effects. In contrast to local
coronary ischemic preconditioning by repetitive balloon inflation and deflation,
which may be effective, but also contributes to repetitive endothelial trauma and
emboli of thrombotic debris, transient limb ischemia by remote ischemic precon-
ditioning is non-invasive and has been shown to have no adverse effects.

Remote Ischemic Postconditioning

The clinical application of ischemic preconditioning is hampered by the require-
ment to intervene before the onset of acute ischemia, which in most instances,
such as acute myocardial infarction or stroke, is clearly not possible. In order to
circumvent this problem, the concept of ischemic postconditioning has evolved.
Postconditioning is defined as a short and repeated interruption of blood flow
during reperfusion and has been successfully applied to attenuate ischemia/reper-
fusion injury in the heart, brain, spinal cord, kidney, liver, muscle, lung and intes-
tines in experimental settings [41]. Clinical trials have also revealed the beneficial
effect of direct ischemic postconditioning on myocardial infarction in patients
undergoing percutaneous coronary intervention [42]. But again, direct coronary
ischemic conditioning by repetitive balloon inflation and deflation leads to repeti-
tive endothelial trauma. In this respect, remote ischemic postconditioning by
transient limb ischemia has emerged as an alternative to attenuate cardiac reper-
fusion injury. Andreka et al. demonstrated that applying intermittent limb ische-
mia at the end of a sustained period of myocardial ischemia reduced myocardial
infarct size assessed by cardiac magnetic resonance imaging (MRI) [43]. Using
the in vivo model of endothelial dysfunction, Loukogeorgakis et al. showed that
remote ischemic postconditioning is also feasible and effective in humans [28],
suggesting a huge clinical potential in patients with unpredictable ischemia/
reperfusion injury, such as acute myocardial infarction or stroke. More impor-
tantly, a randomized trial enrolled 333 patients with an acute ST-elevation myo-
cardial infarction who received remote ischemic postconditioning or control
intervention in the ambulance during transfer for revascularization by primary
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percutaneous intervention [44]. The primary endpoint of myocardial salvage
assessed by nuclear scintigraphy was significantly increased in the intervention
group. Remote ischemic postconditioning may even have the potential to amelio-
rate adverse left ventricular remodeling, heart failure, and mortality. However,
large-scale trials are necessary to establish the effects of remote ischemic postcon-
ditioning on relevant clinical endpoints and future research that addresses other
organ systems to identify beneficial effects of remote ischemic pre- and post-con-
ditioning, particularly in critically ill patients with microcirculatory failure,
impaired tissue oxygenation or regional ischemia, is urgently needed. In addition,
patients suffering from global ischemia/reperfusion following successful resusci-
tation from cardiac arrest, cardiogenic or hemorrhagic shock may benefit from
remote conditioning. But again, convincing evidence from experimental and clin-
ical studies is still lacking.

Overview of Potential Clinical Settings for Remote Ischemic
Conditioning

Considering the current literature, remote organ protection may be feasible in the
following clinical settings:

® Remote ischemic preconditioning
- Protecting vital organs during cardiac surgery requiring CPB
- Protecting the brain during neurosurgical procedures and carotid endarter-
ectomy
- Protecting heart, kidney and intestine during major vascular surgery
- Protecting donor organs before excision and transport
- Reducing myocardial injury during elective percutaneous coronary inter-
vention
® Remote ischemic postconditioning
- Patients with acute myocardial infarction and ischemic stroke
- ICU patients with impaired tissue oxygenation, microcirculatory failure or
regional ischemia (kidney, liver, small intestine)
- ICU patients after global ischemia/hypoperfusion following cardiac arrest,
cardiogenic shock or hemorrhagic shock

Conclusion

Remote ischemic preconditioning has been rapidly translated from experimental
discovery (‘bench-side’) into encouraging proof-of-principle human studies using
surrogate endpoints (‘bedside’). Further studies are underway to define the
potential clinical use of remote ischemic preconditioning in other organs, e.g.,
brain, kidney, and liver. However, large-scale, multicenter, prospective random-
ized phase III studies that are adequately powered to show effects on relevant
clinical endpoints will be needed to change practice. Since remote conditioning
can also be applied effectively during the ischemic phase and early into reperfu-
sion, limb ischemia may also be beneficial when performed after the onset of
index ischemia, while patients are being transferred to reperfusion therapy
remote ischemic postconditioning. Although the outlook for this clinical method
seems promising, current enthusiasm generated by these studies should be used
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to encourage studies that deal with the exact dose of ischemia needed, and the
influence of age, co-medications, or comorbidities on the effectiveness of remote
ischemic pre- and post-conditioning.
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Hypoxia-inducible Factors and the Prevention
of Acute Organ Injury
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Introduction

Hypoxic preconditioning has long been considered as organ-protective, and its
clinical usage has been suggested in elective procedures, such as coronary surgery
and organ transplantation. Although the mechanisms have not been clearly eluci-
dated, it has been postulated that changes in cell-membrane composition and
upregulation of various cellular protective mechanisms are responsible for a bet-
ter tolerance of acute injury. Remote preconditioning (i.e., hypoxic stress in one
organ conferring resistance to acute hypoxia in other organs) suggests organ
cross-talk, perhaps mediated by cytokines and the immune system.

Increased expression of heme-oxygenase (HO)-1, heat-shock proteins (HSP),
growth factors such as vascular endothelial factor (VEGF), and erythropoietin
(EPO) are among the numerous adaptive responses to sublethal injury that are
believed to participate in tissue tolerance during subsequent stress. EPO, for
instance, is a ubiquitous pleiotropic survival and growth factor that attenuates
experimental acute injury in various organ systems, including neuronal, retinal,
cardiac, renal, and hepatic tissues. Its clinical efficacy, though suggested in criti-
cally ill patients, is yet to be defined [1].

The expression of these protective mediators and many others is regulated by
hypoxia-sensing mechanisms through the induction and stabilization of so called
hypoxia-inducible factors (HIF) [2]. In this chapter, we will outline the control
and action of HIF as key regulators of hypoxic adaptive response, and particularly
examine HIF expression during hypoxic stress. We shall discuss recently devel-
oped measures that enable HIF signal modification and describe their potential
use in conferring tissue tolerance during incipient organ injury.

HIF Regulation and Action

HIFs are heterodimers (Fig. 1), composed of a constitutive B-subunit (HIF-f)
and one of three different oxygen-dependent and transcriptionally active o-sub-
units, among which HIF-1o and -2a are acknowledged as promotors of hypoxia
adaptation, whereas the role of HIF-30. remains unclear. Under normoxia, HIF-
o subunits are constantly produced, but not allowed to accumulate, since they
are rapidly hydroxylated by oxygen-dependent HIF prolyl-4-hydroxylase
domain enzymes (PHD), subsequently captured by the ubiquitin ligase Von-
Hippel-Lindau protein (VHL), and degraded by the proteasome. Under oxygen
deficiency, PHD activity is reduced, HIF-o. accumulates within the cytosol,

J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2011
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Fig. 1. A schematic display of hypoxia-inducible factor (HIF) regulation and biological action. Prolyl-4
hydroxylases (PHDs) serve as oxygen sensors and under normoxic conditions promote degradation of
HIF-o isoforms in the proteasome following binding with the ubiquitin ligase, Von-Hippel-Lindau pro-
tein (VHL). Hypoxia inhibits PHDs and leads to HIF-o. accumulation with HIF-, and the o3 heterodi-
mer translocates into the nucleus, binds with hypoxia-response elements (HRE) and activates numerous
genes important in cell metabolism, proliferation and survival. Many of these genes play a central role
in injury tolerance and promotion of tissue oxygenation, such as erythropoietin (EPO), vascular endo-
thelial growth factor (VEGF), inducible NO synthase (iNOS), heme oxygenase (HO)-1, glucose trans-
porter-1, or carbonic anhydrase (CA)-9. Underscored is the inactivation of the HIF-HRE axis by hypoxia,
which can be mimicked by carbon monoxide (functional anemia) or by transition metals like cobaltous
chloride. Hypoxia-mimetic PHD inhibitors (PHD-I) are potent newly developed measures in the induc-
tion of the HIF-HRE axis. For simplicity, numerous additional factors involved in HIF regulation and
action are not included in this cartoon and the reader is referred to comprehensive reviews such as ref-
erences [3, 12].

of-dimers are formed, translocate into the nucleus, and bind to hypoxia response
elements (HREs) in the promoter enhancer region of genes, which are subse-
quently transactivated [2-4].

The biological effects of the more than 100 acknowledged HIF target genes are
multiple, and include key steps in cell metabolism and survival. Many of the HIF-
target genes constitute a reasonable adaptation to hypoxia, such as erythropoiesis
(EPO), increased glucose uptake (glucose transporter-1), switch of metabolism to
glycolysis (several key enzymes of glycolysis), increased lactate utilization (lactate
dehydrogenase), angiogenesis (VEGF), vasodilation (inducible nitric oxide syn-
thase [iNOS]), removal of protons (carbonic anhydrase 9), and scavenging of free
radicals (HO-1) [2-4].
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Biological and Therapeutic Modes of HIF Activation

Every cell type has the potential to upregulate HIF, principally by the inhibition
of PHD, under conditions when cellular oxygen demand exceeds oxygen supply,
namely under cellular hypoxia. However, the threshold and extent of HIF activa-
tion may depend on the hypoxic stimulus and cell type involved. To some extent,
these cellular variations may reflect different expression of various PHD isoforms
in different tissues [5-7].

As HIF stimulation may potentiate hypoxia tolerance, studies were conducted
to explore its clinical application. Widespread experimental hypoxic stimuli are
listed in Table 1, all acting principally by the control of HIF-o degradation, initi-
ated by PHDs. Except for carbon monoxide exposure, which is currently being
tested in patients, none of these stimuli seems suitable for preconditional HIF
activation in humans.

Apart from hypoxic stabilization, widely proven in vivo, HIF activation has
also been demonstrated to occur under normal ambient oxygen tensions, mostly
in cell cultures challenged with cytokines and growth factors. However, under
stress, oxygen demand likely is increased, thus possibly leading to intracellular
hypoxia even in cells kept under room air. For technical reasons, it is probably
impossible to rule out such local cellular hypoxia that may exist predominantly
within the mitochondria. Beyond this academic distinction between true cellular
hypoxia and normoxia, it is important to recognize that clinical conditions, like
inflammation, infection and sepsis, may lead to HIF activation. Thus, theoreti-
cally, cytokines or growth factors could be used for preconditional HIF activation
in humans.

Table 1. Modes of

- Stimulus/Agent Remarks Potential
HIF signal enhance- Clinical
ment Applications

Inhibition of PHDs by the induction of cellular physiologic hypoxia
Hypoxic chamber depressed systemic PO,
(e.g., 8% 0, in ambient air)

Carbon monoxide admixture to  functional anemia v
ambient air normal systemic PO,
Anemia normal systemic PO,
Arterial clamping normal systemic PO,
Chemical inhibition of PHDs by hypoxia-mimetics
CoCl, (interferes with Fe?*) non-specific
Mimosine (2-oxoglutarate non-specific
analogue)
Other patented PHD inhibitors  specific v
Molecular biology techniques
Von-Hippel-Lindau non-specific
knockout
PHD siRNA transfection PHD-specific
PHD: prolyl hydroxylase Constitutively active HIF-ot organ-specific v
transgenes

domain enzyme
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Although not a reasonable therapeutic intervention, strong and stable normoxic
HIF activation can be achieved by deletion of the VHL gene, which is a constant
phenomenon in Von Hippel Lindau Disease and in renal clear cell carcinoma, and
is also encountered in other tumors. Transgenic animals with VHL knockout
serve to test the potential of HIF activation in ischemic/hypoxic diseases (C
Rosenberger, unpublished data) [8]. Additional experimental probes for enhanc-
ing HIF signal are by transfection with PHD siRNA [9] or with the generation of
constitutively active HIF-o. transgenes [10].

So-called hypoxia mimetics block PHD activity, thus upregulating HIF under
normoxia. PHDs require 2-oxoglutarate and ferrous iron as co-substrates. Non-
specific PHD inhibitors are either 2-oxoglutarate analogues or interfere with Fe?*.
Recently, more specific PHD inhibitors (PHD) have been synthesized [11], and
are currently being tested in animal and human studies.

Figure 1 represents a simplistic scheme of the canonical HIF regulation and
action. Recent discoveries underscore a host of additional compound biological
pathways, associated with the regulation of the HIF signal, including the control
of HIF synthesis, HIF controlling PHD synthesis, putative competing/intervening
impacts of HIF-30. and PHD-3, cross-talk of HIF and other key regulators of gene
expression (STAT, p-300 and others), further modification of HIF-o. activity at the
level of DNA hypoxia-responsive elements by small ubiquitin-like modifiers
(SUMO) and factor inhibiting HIF (FIH), and the effect of reactive oxygen species
(ROS), NO and Krebs cycle metabolites on HIF degradation. These complex path-
ways are beyond the scope of this review, and the interested reader is referred to
additional references [3, 5, 12-18].

HIF Expression under Hypoxic Stress and Tissue Injury

The kidney serves as an excellent example for understanding HIF expression
under hypoxic stress. Renal oxygenation is very heterogeneous, with PO, falling
to levels as low as 25 mmHg in the outer medulla under normal physiologic con-
ditions and to even lower values in the papilla [3, 4, 19]. Changes in renal paren-
chymal microcirculation and oxygenation have been thoroughly investigated in
acute and chronic renal disorders [19, 20]. Finally, the complex renal anatomy in
which different cell types are in close proximity to regions with comparable ambi-
ent oxygenation, enables comparisons of cellular HIF response.

Interestingly, HIF expression is below detection threshold by immunostaining in
the renal medulla, despite low physiologic ambient oxygenation.! Conceivably, this
reflects the plasticity of HIF control to adjust for ‘physiologically normal’ oxygena-
tion (i.e., adjusted rates of HIF-o. generation and degradation under normal condi-
tions.

Enhanced renal HIF-a is noted in rodents subjected to hypoxia or to inhaled
carbon monoxide (chemical hypoxia) [21], and in hypoxic isolated perfused kid-
neys [22]. Different cells express diverse HIF isoforms: Whereas tubular segments

1 It should be emphasized that this statement regarding negative HIF immunostaining in the nor-
mally hypoxic medulla relates to kidneys perfusion-fixed in vivo without an interruption of renal
oxygenation before fixation. Other modes of tissue harvesting for HIF determination, either by
immunostaining or by molecular biology techniques may be falsely positive, as hypoxia-induced
inhibition of PHD activity is instantaneous, and may lead to HIF-o. stabilization even over short
periods of hypoxia
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express HIF-1a, HIF-20. is principally produced by vascular endothelial and inter-
stitial cells [21-23]. Interestingly, HIF-dependent genes are also selectively
expressed in different cell types. For instance HIF-2-triggered EPO generation is
specifically found in interstitial cells in the deep cortex [24]. In hypoxic isolated
perfused kidneys, attenuation of severe medullary hypoxia by the inhibition of
tubular transport markedly enhanced HIF expression, probably underscoring a
window of opportunity to generate HIF and HIF-mediated adaptive responses
only under moderate and sublethal hypoxic stress [22]. This pattern is consistent
with HIF expression at the border of renal infarct zones only, indicating that
dying cells within the critically ischemic region are incapable of mounting a hyp-
oxia adaptive response [25].

We also found that HIF-o isoforms are stabilized in acute hypoxic stress, pre-
dominantly in the cortex in rhabdomyolysis-induced kidney injury [26], in the
outer stripe of the outer medulla following ischemia and reperfusion [27, 28], or
in the inner stripe and inner medulla following the induction of distal tubular
hypoxic injury by radiocontrast agent, or after the inhibition of prostaglandin or
NO synthesis or with their combinations [23]. Outer medullary HIF stabilization
is also noted in chronic tubulointerstitial disease [29] and in experimental diabe-
tes [30], again spatially distributed in areas with proven hypoxia. HIF was also
detected in biopsies from transplanted kidneys [31]. Thus, HIF immunostaining
is chronologically and spatially distributed in renal regions with abnormally low
PO,.

Normal mice subjected to warm ischemia and reperfusion display limited
injury only, as compared with extensive damage in HIF (+/-) mice [32]. Thus, the
importance of mounting an HIF response during hypoxic stress is undeniable.

Hypoxia-driven HIF stabilization during hypoxic stress has been encountered
in other organs as well. HIF-1o. and PHD-2 expression increased in the neonatal
rat brain following hypoxia [33] and HIF was detected in the hypoxic subendo-
cardium [34] and in the ischemic liver [27]. HIF is also found within hypoxic
regions in tumors, and may play an important role in tumor progression via
upregulation of growth promoting and angiogenic factors [35].

Potential Usage of HIF Modulation in Clinical Practice

The impact of HIF stimulation on the expression of HIF-dependent tissue-protec-
tive genes led to the expectation that timely upstream HIF stimulation may have
great potential in the protection of endangered organs by downstream induction
of protective genes [12]. Indeed, repeated systemic hypoxia, for instance, results
in enhanced expression of renal HIF and HIF-dependent genes and attenuates
warm-ischemic injury [36].

The use of hypoxia-mimetic PHD inhibitors is a promising potential new treat-
ment option in diseases such as myocardial infarction, stroke, renal or liver
injury, peripheral vascular disease, or severe anemia. Studies with PHD inhibitors
and other manipulations of HIF upregulation favor this hypothesis [11].

Anemia

Specific PHD inhibitors induce HIF-20. expression in interstitial fibroblasts in the
deep cortex [24], enhance erythropoietin generation, and were found to provoke
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erythrocytosis in primates [37]. Phase 2 clinical trials in patients with chronic
kidney disease are currently under way, studying the effect of oral PHD inhibitors
as potential substitutes to EPO injection.

Acute Kidney Injury

The potential protective impact of HIF upregulation by PHD inhibitors has been
extensively studied in acute kidney injury. In isolated kidneys perfused with low-
oxygen containing medium, pre-treatment with a PHD inhibitor improved renal
blood flow and attenuated medullary hypoxic damage [38]. Conditional inactiva-
tion of VHL in mice (hence HIF stabilization) resulted in tolerance to renal ische-
mia and reperfusion [8] and to rhabdomyolysis-induced acute kidney injury
(Rosenberger C, unpublished data). Whereas gene transfer of negative-dominant
HIF led to severe damage in the normally hypoxic renal medulla in intact rats,
transfer of constitutively active HIF (HIF/VP16) induced expression of various
HIF-regulated genes and protected the medulla against acute ischemic insults
[39]. Furthermore, in rats and mice subjected to warm ischemia and reflow, PHD
inhibitors and carbon monoxide pre-treatment (i.e., functional anemia) markedly
attenuated kidney damage and dysfunction [32, 40]. Donor pre-treatment with a
PHD inhibitor also prevented graft injury and prolonged survival in an allogenic
kidney transplant model in rats [41]. Finally, rats preconditioned by carbon mon-
oxide, displayed reduced cisplatin renal toxicity, with attenuation of renal dys-
function and the extent of tubular apoptosis and necrosis [42]. Taken together, all
these observations indicate that HIF stabilization seemingly is a promising novel
interventional strategy in acute kidney injuries [12].

Myocardial Injury

Activation of the HIF system has also been found to be cardioprotective. In a
model of myocardial ischemia in rabbits, pre-treatment with a PHD inhibitor
induced robust expression of HO-1 and markedly attenuated infarct size and
myocardial inflammation [43]. In another report, PHD inhibitors did not reduce
infarct size, but improved left ventricular function and prevented remodeling
[44]. In the same fashion, selective silencing of PHD-2 with siRNA 24 h before
global myocardial ischemia/reperfusion in mice reduced the infarct size by 70 %
and markedly improved left ventricular systolic function [9]. Remote precondi-
tioning by intermittent renal artery occlusion also resulted in cardiac protection,
conceivably through PHD inhibition [45].

Enhanced levels of PHD-3 were traced in the hibernating myocardium [34]
and in end-stage heart failure in humans, associated also with elevated HIF-30
[46] (which may act as a competitive inhibitor of active HIF-o. isoforms [14]).
Thus, PHD inhibitors may conceivably also be beneficial in these disorders.
Finally, cardioprotection during heat acclimation is also mediated in part by HIF
upregulation [47], providing another potential situation for the administration of
PHD inhibitors.

Neuronal Injuries

The effect of PHD inhibitors has also been assessed in disorders of the central
nervous system. In vitro, rotenone-induced neuronal apoptosis was attenuated
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and autophagy increased, as the result of enhanced HIF following deferoxamine
administration [48]. In vivo, PHD inhibitors have shown promising results in the
attenuation of ischemic stroke [49], and might be neuroprotective in metabolic
chronic neurodegenerative conditions [50]. However, studies showing inhibition
of PHD-1 by ROS suggest non-HIF-mediated neuronal protection under normo-
xic conditions [51].

Lung Injury

Preterm lambs developing respiratory distress syndrome display upregulation of
PHDs with a reciprocal fall in HIF-o isoforms and HIF-dependent VEGF [53].
This observation implies that PHD inhibitors might have therapeutic potential in
this clinical setup.

Liver Disease

Hepatic HIF-1a. is upregulated following warm ischemia [27], and is required for
restoration of gluconeogenesis in the regenerating liver [52], implying yet another
potential use for PHD inhibitors in acute liver disease.

Peripheral Vascular Disease

In a model of limb ischemia in mice, PHD inhibitors enhanced HIF expression
and downstream VEGF and VEGF-receptor Flk-1, leading to improved capillary
density, indicating a potential therapeutic use of PHD inhibitors in promoting
angiogenesis in ischemic diseases, such as severe peripheral vascular disease [54].
Transfection with HIF-1o,, combined with PHD inhibitor-treated bone marrow-
derived angiogenic cells increased perfusion, motor function, and limb salvage in
old mice with ischemic hind limbs [55]. Results of a phase-1 study in patients
with critical limb ischemia indicate that transfection with a constitutively active
form of HIF-1o might also promote limb salvage [10]. Further clinical trials with
PHD inhibitors are currently under way in burn wound healing and salvage of
critically ischemic limbs.

Oxidative Stress

Enhanced cellular ROS concentrations, as happens with shock and tissue hypoxia,
result in increased PHD activity, and this effect is antagonized by ROS scavengers
[15]. This situation may lead to HIF de-stabilization and inadequate HIF response
to hypoxia. For example, hypoxia-mediated HIF expression in the diabetic renal
medulla is substantially improved by the administration of the membrane-perme-
able superoxide dismutase mimetic tempol [30]. It is, therefore, tempting to
assume that ROS scavengers, as well as PHD inhibitors may improve tissue adap-
tive responses to hypoxia, coupled with oxidative stress. However, contradicting
evidence exists, indicating that ROS might trigger HIF in the absence of hypoxia.
This has been suggested by studying liver tissue in acetaminophen-induced liver
injury, before the development of overt liver injury and hypoxia [56], and in aged
well-fed animals [57]. The role of HIF stimulation during oxidative stress there-
fore needs further assessment.
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Important Considerations

HIF stimulation is not all-protective. The wide range of HIF-dependent genes,
and its tight cross-communication with other key regulators of gene expression
[13, 58, 59] raise concern regarding concomitant non-selective activation of pro-
tective as well as harmful systems. Among potential unwanted outcomes is the
enhancement of tumor growth [60], promotion of fibrosis [61] or the induction
of pre-eclampsia in pregnant women [62]. Indeed, whereas HIF activation is con-
sidered renoprotective in acute kidney injury, it may play a role in the progres-
sion of chronic kidney disease and certainly is an important factor in the promo-
tion of renal malignancy [3, 20].

Diverse characteristics and distribution patterns of different PHDs [5-7] and
particular actions of various PHD inhibitors [11, 37] might enable selective
manipulation of the HIF system in a more desired way, selectively favoring
advantageous HIF-dependent responses in preferred tissues. Furthermore, it is
believed that activation of adverse responses requires protracted HIF stimulation,
whereas short-term and transient HIF activation might suffice to activate tissue-
protective systems without continuing induction of harmful systems. However,
this concept needs confirmation in clinical trials.

Conclusion

Elucidating the mechanisms involved in HIF-mediated cellular responses to acute
hypoxic stress has led to the discovery of novel potential therapeutic options for
the prevention or attenuation of tissue injury. The non-selective enhancement of
gene expression by current modes of HIF augmentation warrants caution, since
undesired enhancement of certain genes may be hazardous.

We anticipate that in the coming years the use of PHD inhibitors and other
stimulants of the HIF system will be tested in many clinical scenarios associated
with critical care and emergency medicine, while HIF silencing strategies may be
tested in chronic diseases, such as malignancies and disorders with enhanced tis-
sue scarring.
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Are Microparticles Reliable Deleterious Effectors
in Septic Coagulopathy?

X. DELABRANCHE, E. Tori, and F. MEZIANI

Introduction

Hemostasis has evolved from an archaic innate defense system that maintains
vascular integrity by a tightly regulated equilibrium between procoagulant and
anticoagulant as well as profibrinolytic and antifibrinolytic systems. This defense
system acts by preventing intravascular coagulation (thrombosis), repairing vas-
cular lesion (hemostasis and fibrinolysis), and limiting pathogen invasion.

Systemic activation of blood coagulation during sepsis has been described for
a long time in its most explosive clinical expression, purpura fulminans, with dis-
tal purpura and necrosis, diffuse bleeding, and death. It is now established that
blood coagulation is one part of a systemic inflammatory response during sepsis,
and that blood coagulation occurs with dual consequences: (1) limitation of path-
ogen diffusion; and (2) deposition of platelet-rich clots and fibrin in microvessels
resulting in the thrombotic microangiopathy involved in the multiple organ fail-
ure syndrome. Thus, the host response is deregulated and excessive with
increased thrombin generation and increased fibrinolysis, resulting in a major
disorder termed ‘coagulopathy’.

In this chapter, we will describe this deregulation-induced-coagulopathy and
discuss the emerging role of microparticles that display pro- and anticoagulant
patterns and offer new insights into host-pathogen interactions.

How is Coagulopathy Initiated during Sepsis?

This question includes both ‘how does the host initiate hemostasis?” and ‘how
does the pathogen activate blood coagulation?’.

Hemostasis

Clot formation is determined by flow conditions and cellular interactions (endo-
thelial cells, platelets, erythrocytes, monocytes and neutrophils) with matrix (col-
lagen) and proteins (blood coagulation factors and cofactors, and inhibitors).

Platelet and endothelial cell activation and microparticle release

Normal hemostasis is triggered by two major events: Subendothelial collagen
exposure and endothelial cell activation. Collagen is the most potent platelet ago-
nist, enabling rolling and adhesion, cytoskeleton contraction, membrane remod-
eling, secretion of a- and dense-granules and (auto-)activation. Cellular activa-
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tion allows calcium influx, and the activation of various calcium-dependent pro-
teases, such as calpains or caspases, which in turn cleave the cytoskeleton [1].
Membrane remodeling occurs with reorganization of asymmetric phospholipid
distribution, protein-lipid raft domain formation and blebbing [2]. In addition to
membrane remodeling, with phosphatidylserine exposure at the outer leaflet,
endothelial cell activation results in encrypted tissue factor (TF) expression and
secretion of ultra-large von Willebrand factor multimers (UL-vWF) from Weibel-
Palade bodies. Microparticles are ultimately released and constitute a reservoir of
bioactive mediators involved in inflammation and thrombosis [3]. Microparticles
were first described in the 1960s as platelet fragments with procoagulant activity.
Specific to their cellular origin, microparticles can transfer receptors, organelles,
mRNA and other proteins to target cells. They also constitute a secretion pathway
for several cytokines, such as mature interleukin (IL)-1B. As mediators of cellular
communication, microparticles are actors and possible mediators in the interplay
between thrombosis and inflammation, a process previously described for vascu-
lar injury during inflammatory diseases [4]. The multiple properties of micropar-
ticles and the variety of their possible cellular targets suggest they have a key-role
in cell reprogramming and tissue remodeling with physiological or pathological
consequences. Microparticles could, therefore, play a major role in propagating
procoagulant activity in sepsis. In the vascular compartment, including the arte-
rial wall, the particular settings of sepsis and the tuning abilities of microparticles
point to the endothelium as a pivotal target [5].

Initiation of thrombin generation: Role of tissue factor

Initiation of thrombin generation supervenes after binding of negatively-charged
factor (F)VII to TF and phosphatidylserine, leading to auto-activation of FVIIa.
Small amounts of FVIIa activate FX, and FXa promotes the generation of traces
of thrombin (FIla) by cleavage of prothrombin (FII). UL-vWF enables platelet
adhesion under high shear-stress and fibrinogen allows aggregation after GPyyy,
activation. Thrombin is a multipotent molecule with different targets according to
its molecular environment. Linked to phosphatidylserine, FIla activates cofactors
FV and FVIII, whereas when linked to platelet GPy,, it promotes activation of
platelet FXI [6]. Plasma Fxa (not bound to phosphatidylserine) is captured by TF
pathway inhibitor (TFPI) and protein S as a TFPI cofactor. This complex inacti-
vates cellular TF and stops FVIIa generation. It is now well established that
microparticles are a source of active TF [7], and that these TF-bearing micropar-
ticles are able to transfer functional TF to various vascular cells such as neutro-
phils and platelets [8, 9]. TF-bearing microparticles have been identified in
human meningococcal disease [10] and may originate from cells with inducible
TF expression (endothelial cells, monocytes).

Amplification of thrombin generation: The Josso’ loop

While initiation of thrombin generation by TF is partly inhibited by TFPI, the
Josso’ loop becomes the main thrombin generation pathway. Explosive thrombin
generation during the propagation phase is not TF-dependent, but occurs on the
membrane of activated platelets, with activation of platelet-exposed FXI (of
megacaryocytic origin) by GPy,,-bound FIla. FXIa activates FIX, and the assem-
bly of the tenase complex (FIXa-FVIIIa) generates FXa from FX allowing the for-
mation of the prothrombinase complex able to cleave FII into thrombin. GPy,,-
FXI(a)-bearing microparticles released after platelet activation constitute an addi-
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tional catalytic surface for tenase assembly and propagation of procoagulant
effectors. Thrombin generates soluble fibrin monomers from fibrinogen, which
are transformed into an insoluble fibrin network by FXIIIa, a transaminase gener-
ated by Flla cleavage at the fibrin surface. The resulting fibrin network retains
erythrocytes and activated platelets [6] in a wide-mesh net with persistent low
flow resupply of ‘fresh’ factors enabling thrombus growth [11].

A renewed role for the ‘contact’ pathway

Inorganic phosphates can form linear polymers linked by energy-rich phospho-
anhydride bonds of more than 100 residues. Polyphosphates are a major source of
energy for prokaryotes and lower eukaryotes, and are present in platelet dense-
granules. In contrast to FXII activation in the ‘contact-phase’, it is now well estab-
lished that the TF (extrinsic) pathway is the relevant process in physiological
thrombin generation [12]. Physiological FXI activation is under thrombin depen-
dence at the platelet surface through the Josso’ loop. The ‘intrinsic pathway’ is of
importance at the laboratory level to explore hemophilia using the activated par-
tial thromboplastin time (aPTT) where the ‘contact activator’ is glass or kaolin.
Polyphosphates are now recognized as physiological ‘contact activators’ impli-
cated in the rapid generation of traces of FVa and thrombin. In addition, poly-
phosphates abrogate the action of TFPI as a regulator of thrombin generation and
modify the clot into a strengthened structure [13].

Host-induced Hemostasis

Hemostasis is a ‘primitive’ line of defense against pathogens, as are innate immu-
nity and the complement system. All three are finely tuned and are interdepen-
dent. The global response is a systemic inflammatory response syndrome (SIRS),
with fever, chills, hypotension, drowsiness, oliguria. Clinical presentations range
from sepsis to septic shock, and result from an equilibrium between pathogenic-
ity and host responses. This means that septic shock, the most severe presenta-
tion with persistent hypotension despite fluid resuscitation and vasopressors and
leading to organ dysfunction, is due to overwhelming host responses rather than
to high bacterial virulence.

In contrast to the physiological mechanisms of hemostasis, thrombin genera-
tion is not limited to one point but is multifocal rather than disseminated. In sep-
sis, endothelial cell damage is also the primum movens, with subendothelial colla-
gen denudation, cellular membrane remodeling with TF and phosphatidylserine
exposure, and secretion of UL-vWF. Platelets are recruited at sites of multifocal
lesions, thrombin is generated. Microthrombi in small vessels are responsible for
ischemic lesions. Dissemination of this procoagulant activity occurs by at least
two complementary mechanisms. The first is monocyte recruitment as a major
source of TF [14], and the second is cellular membrane blebbing and microparti-
cle formation (Fig. 1). In septic states, microparticles disseminated in the blood
are from endothelial cells, monocytes, platelets, and erythrocytes [15]; the
respective contributions of these microparticles are not yet known. Circulating
TF-bearing microparticles are well characterized during meningococcemia in
humans [10], and have been found in a cohort of patients with septic shock irre-
spective of the causative agent (personal data). The elevation in microparticle lev-
els probably enables multiple fusion events that promote microparticle-mediated
cellular cross-talk [4]. Neutrophilic integrin, oy, (Mac-1), can activate platelet
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Fig. 1. Thrombin generation during sepsis. Plasma membranes of endothelial cells and monocytes are
reorganized with externalization of phosphatidylserine (PhtdSer) and encrypted tissue factor (TF)
expression allowing factor VIl activation (FVIla) and thrombin (Flla) generation at the cell surface. Bleb-
bing occurs, with release of microparticles bearing TF, resulting in an increased surface for procoagulant
reactions. Platelet adhesion and aggregation also supervene with release of microparticles; platelets
and microparticles bear GP,,,, a cofactor for FXI activation by thrombin, leading to a propagation phase
with high levels of thrombin generation and fibrin formation. Endothelial TF-bearing microparticles
allow transfer of TF to polymorphonuclear leukocytes (PMN), increasing TF dissemination. LPS: lipopoly-
saccharide; PMN: polymorphonuclear leukocyte

GPy,, in neutrophil-platelet aggregates. In an amplification loop, Mac-1-bearing
microparticles obtained after ex vivo stimulation of human neutrophils by lipo-
polysaccharide (LPS), platelet activating factor (PAF) or phorbol myristate acetate
(PMA) were also demonstrated to be platelet activators [16]. Although not yet
proven, the role of microparticles in disseminating procoagulant activity not only
via TF-bearing microparticles but also via GPy,,-FXIa-bearing microparticles is
highly evocative.

Pathogen-induced Hemostasis

Direct activation of host hemostasis by pathogens can coexist with the host
response. Whereas the latter is a defense mechanism (even if overwhelming and
resulting in thrombotic disorders that contribute to organ failure), the former is
aggressive. As reported above, microorganisms are rich in polyphosphates, which
can allow (auto-)activation of FXII to FXIIa. FXIla can in turn not only initiate
thrombin generation via the ‘contact phase’ but also activate complement, brady-
kinin formation (and increased vascular permeability) and vascular matrix
remodeling. Bacterial polyphosphate is about 200 residues and is more potent
than platelets (75-100 residues) at activating FXII. Polyphosphates are hydro-
lyzed by phosphatases with a plasma half-life of about 2 hours [17].

Two bacteria highlight the direct action of pathogens on hemostasis, Bacillus
anthracis and Yersinia pestis. Anthrax is due to a non-motile Gram-positive
spore-forming bacterium, B. anthracis. The disease is now rare, but this bacte-
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rium can be used as a biological weapon. Inhalation of spores results in pneumo-
nia with pleural effusion, and thrombotic and hemorrhagic disorders. InhAl, a
bacterial secreted zinc metalloprotease, is responsible for coagulopathy with
direct activation of FX and FII (independently of FXIIa and TF-FVIIa), fibrin
deposition [18], inhibition of ADAMTS13 (disintegrin-like metalloproteinase that
limits vWF multimer size) with the consecutive formation of platelet-rich
thrombi, and hemorrhage via the degradation of vWF by an independent proteo-
lytic mechanism [19]. Moreover, this coagulopathy seems not to result from the
total amount of circulating bacteria (referred to as ‘quorum sensing’) but rather
from their spatial localization (‘quorum acting’) [18].

Y. pestis is a Gram-negative bacterium that expresses outer membrane aspartyl
proteases referred to as omptins. Their enzymatic activity requires rough LPS (with
short O-antigen side chains) [17]. The most studied member of the omptin family
is Pla from Y. pestis (responsible for the plague). Pla has many effects on host
hemostasis and is responsible for virulence and pathogenicity [17]. Pla activates
thrombin generation by direct protealytic conversion of FVII to FVIIa and inhibi-
tion of TFPI. Hemostatic ‘containment’ due to protective fibrin deposits allows Y.
pestis to escape inflammatory cells and phagocytosis. After bacterial growth, Pla
activates fibrinolysis/matrix proteolysis by direct activation of plasminogen, cleav-
age of plasminogen activator inhibitor-1 (PAI-1) and thrombin-activatable fibrino-
lysis inhibitor (TAFI), and inhibition of a,-antiplasmin, resulting in lymph node
remodeling (lymphadenitis, necrosis, hemorrhage and thrombosis) and bacterial
dissemination. Dysplasminogenemia (Ala®'—Thr) is a common feature affecting
nearly 2 % of the Chinese, Korean and Japanese population. Although plasminogen
activity is reduced to 10 %, these populations are ‘positively-selected’ by lower
responsiveness to Y. pestis infection. Knock-out mice for plasminogen and fibrino-
gen depict similar patterns of protection against Y. Pestis, confirming the clinical
relevance of this bacterial-induced fibrinolysis [20]. Other Gram-negative bacteria
also have omptins, with PgtE (Salmonella enterica serovar typhimurium) and Kop
(Klebsiella pneumoniae) strictly selective for PAI-1 inactivation [21].

Why is Hemostasis not Efficiently Regulated During Sepsis?

Thrombin generation and fibrinolysis are regulated locally and temporally with
complex interactions (Fig. 2). Under physiological conditions, platelet aggregation
and adhesion, initiation of thrombin, and amplification are controlled by tuned
mechanisms relying on specific inhibitors, namely TFPI, activated protein C
(APC) and antithrombin. Secondary clot lysis is also regulated by plasmin/o,-
antiplasmin and TAFL Under high shear stress, adhesion is reduced but UL-vWF
multimers are present. UL-vWF multimers are cleaved into lower molecular
weight fragments by a specific plasma enzyme, ADAMTS13.

Regulation of thrombin generation is controlled by APC with protein S as a
cofactor. Bound to endothelial thrombomodulin, FIla activates PC-EPCR (endo-
thelial protein C receptor), and APC-protein S inactivates FVa thus limiting
thrombin generation. Moreover, thrombin dissemination is prevented by its bind-
ing to plasma antithrombin, a serpin (serine protease inhibitor), recruited in the
endothelial vicinity by glycosaminoglycans.

Reperfusion occurs by defacing the fibrin network. Circulating tissue-type
plasminogen activator (t-PA) is bound to PAI-1 and is unable to cleave free plas-
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Fig. 2. Regulation and fibrinolysis/matrix remodeling. Tissue factor (TF)-initiation of blood coagulation
is quickly downregulated by TF pathway inhibitor (TFPI) on endothelial and monocyte cell surfaces as
on microparticles. Endothelial protein C receptor (EPCR)-bound protein C is activated by thrombin-
thrombomodulin complex and activated protein C (APC) inhibits FVa limiting the propagation phase.
EPCR-bound APC also regulates nuclear factor-kappa B (NF-kB), with cytoprotective effects on endothe-
lial cells and monocytes. Infusion of recombinant APC (rhAPC) induces blebbing and release of EPCR-
microparticles that allow protein C activation with anticoagulant and cytoprotective activity dissemina-
tion in vitro.

Fibrinolysis denotes fibrin network defacing by plasmin, resulting in fibrin degradation products
(including D-dimers). Fibrin-bound plasminogen is activated by tissue-type plasminogen activator (t-PA)
dissociated from its natural inhibitor, plasminogen activator inhibitor-1 (PAI-1). Clot fibrinolysis is
delayed by removal of C-terminal lysine residues from fibrin by activated thrombin activatable fibrinoly-
sis inhibitor (TAFla). TAFI is activated by the thrombin-thrombomodulin complex. Matrix remodeling
results from plasminogen activation by urokinase-type plasminogen activator (u-PA) linked to a specific
receptor, u-PAR.

minogen. Plasminogen binds fibrin at lysine C-terminal moieties. t-PA has a
greater affinity for fibrin-bound plasminogen than for PAI-1, allowing t-PA
driven activation of plasminogen into plasmin. Fibrin-bound plasmin defaces the
fibrin network into D-dimers as fibrin degradation products. Released plasmin is
inactivated by o,-antiplasmin (a serpin). Fibrinolysis is delayed after lysine-
removal from fibrin by activated TAFI resulting in limited plasminogen binding
sites. TAFI is activated by the thrombomodulin-thrombin (TM-FIIa) complex,
and has an important role in inflammation, not only by limiting fibrinolysis but
also as a carboxypeptidase involved in inhibition of bradykinin and C5a [22].
In addition to reperfusion, pericellular matrix remodeling occurs when plas-
minogen is activated by urokinase-type plasminogen activator (u-PA) bound to a
glycosyl-phosphatidyl-inositol (GPI)-anchored receptor, u-PAR. u-PAR is also
associated with FXII activation, bradykinin generation from high molecular
weigh kininogen, and endothelial cellular activation. The net action of u-PAR is
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plasmin-dependent matrix proteolysis, vasodilation mediated by endothelial
nitric oxide (NO) and prostacyclin (PGI,), and bradykinin-dependent capillary
leakage.

Controlled hemostasis implies that a single endothelial lesion induces the
hemostatic waterfall at one point of the vascular tree, regulation occurs with inhi-
bition of the TF pathway, inactivation of FVa and reperfusion by plasmin. In con-
trast, sepsis promotes multifocal phenotypic changes in the endothelium. The
endothelial surface becomes pro-inflammatory and prothrombotic. Cell adhesion
molecules (ICAM-1, VCAM-1) and membrane TF are upregulated whereas
thrombomodulin and EPCR synthesis are decreased [23]. In parallel, endothelial
cells become capable of recruiting and activating platelets. Endothelial damage is
no longer localized and thrombin generation and platelet activation occur at dif-
ferent sites and at different times in the course of the disease.

The prime mechanism for thrombin generation deregulation is consumption
of inhibitors by ongoing thrombin generation, which occurs through multiple
ways. Platelet adhesion to subendothelial collagen and aggregation are increased
at sites of endothelial lesion because of reduced blood flow as a result of hypoten-
sion and rheologic disturbances and of high amounts of UL-vWF that occur from
the inhibition of ADAMTS13 by thrombin and granulocyte elastase. During sep-
sis, TFPI has a key role in downregulating thrombin generation, and is quickly
reduced by consumption, direct degradation by granulocyte elastase and some-
times by bacterial products (e.g., Pla), [17, 24]. Moreover, free protein S availabil-
ity is decreased because of the inflammatory response that leads to the elevation
in plasma C4b binding protein, a multimeric plasma protein S transporter.

Antithrombin is a ’negative-phase’ protein in inflammatory responses and its
synthesis is downregulated during inflammation. Loss of glycosaminoglycans due
to endothelial cell damage reduces antithrombin activity. Moreover, antithrombin
is degraded by granulocyte elastase. Activation of the protein C pathway requires
thrombomodulin and EPCR. Thrombomodulin is widely expressed on various
cell types (endothelial cells, platelets, neutrophils, monocytes, astrocytes)
whereas EPCR is expressed on endothelial cells of large vessels (but not in the
microvasculature), monocytes and neutrophils. During sepsis, impaired activa-
tion of protein C has been described with low levels of plasma APC [23]. Neutro-
phil-derived enzymes are able to cleave thrombomodulin, resulting in increased
soluble thrombomodulin in plasma and lower activation of TAFI and protein C.
Soluble thrombomodulin levels have been correlated with severity and prognosis
of sepsis. In addition, C-reactive protein (CRP), which is able to downregulate
thrombomodulin and EPCR, may contribute to the deficient APC pathway.
Recently, in an experimental model, EPCR was also shown to be involved in FVIIa
clearance with caveolin-dependent intracellular internalization and trafficking
[25].

Two forms of circulating EPCR are present in the plasma of septic patients:
Soluble EPCR (SsEPCR) released by enzymatic cleavage and membrane-bound on
microparticles EPCR (mpEPCR) [26]. sEPCR is able to capture protein C, thereby
preventing activation by TM-FIla, and inactivating APC. mpEPCR is released in
response to treatment with recombinant APC (drotrecogin alfa [activated]). APC-
EPCR-bound microparticles remain biologically active. In vitro, they promote
inactivation of FVa with anticoagulant effects and cleave protease-activated recep-
tor (PAR)-1, the thrombin receptor. Endothelial cytoprotection has been reported
through different pathways triggered by APC-EPCR-microparticles [27]. In vivo,
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recombinant APC’s cytoprotective effects were evidenced in a baboon model of
heatstroke with reduced IL-6, soluble thrombomodulin and TF-bearing micropar-
ticle release. Unfortunately, this model did not allow investigation of mortality
[28]. Altogether, these observations suggest that microparticles are a key storage
pool in the tuning of hemostatic balance.

The antithrombotic activities of microparticles would be overwhelmed by their
procoagulant ones when microparticles are released under high thrombotic con-
ditions with a major increase in TF induction at the cell surface, as observed dur-
ing sepsis. Indeed, in purified monocyte suspensions, thrombomodulin anticoag-
ulant activity and TF coexist at the surface of microparticles, but when released
by LPS treatment, TF activity is predominant on microparticles [29]. Pharmaco-
logical treatment of septic shock by APC infusion could be of value by counter-
balancing the procoagulant microparticles bearing TF and GPy,,, through the gen-
eration and delivery of anticoagulant and anti-inflammatory EPCR-bearing
microparticles.

Impairment of fibrinolysis regulation is of importance during sepsis and septic
shock. PAI-1 is secreted by injured endothelial cells with inhibition of t-PA and
TAFI is activated by Flla-thrombomodulin complex allowing fibrin growth. While
thrombin is overproduced and fibrin deposition occurs, the consumption of pro-
coagulant factors limits clot formation. Thereafter, fibrinolysis is induced with
massive clot lysis, reperfusion and massive and diffuse bleeding. Interestingly,
several cellular models have shown that o3, exposed at the endothelial and neu-
trophil microparticle surface can interact with u-PA, plasminogen and metallop-
roteases (MMP)-2 and -5, suggesting a role in fibrinolysis and in local tissue
remodeling [16, 30]. u-PA/u-PAR bearing microparticles of endothelial cell origin
can promote a disseminated fibrinolytic potential with activation of plasminogen
on platelets, fibrin, fibronectin or extracellular matrix, suggesting their possible
role in further vascular leakage [31].

Why and How to Treat Septic Coagulopathy?
Coagulopathy and Organ Dysfunction

Clinical evidence of thrombotic microangiopathy during sepsis is less frequent
than the biological diagnosis of ‘coagulopathy’ on laboratory test, questioning the
rationale for treatment. Do we have to correct laboratory values or treat thrombi
and necrosis? Biological criteria for overt or non-overt disseminated intravascular
coagulopathy (DIC) were defined in 2001 by the International Society on Throm-
bosis and Hemostasis but they are not helpful in therapeutic decision making.
Trials aimed at the pharmacological control of DIC point to a more complex vas-
cular pathology.

Overview of (Disappointing) Therapies to Modulate Thrombin Generation in Sepsis

Negative results in large clinical trials with TFPI and antithrombin substitution
have been reported. In the Optimist trial (recombinant TFPI, Tifacogin), exces-
sive bleeding was observed with no advantage in mortality [32]. Reviewing the
pathophysiogical role of TFPI in regulation of the initiation of thrombin, one can
suppose that TFPI substitution was applied at a late step not allowing control of
the amplification phase. The Kybersept trial (antithrombin, with or without hepa-
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rin) was also negative [33], but patients with overt-DIC and not treated with con-
comitant heparin seemed to have improved prognosis in a secondary analysis
[34]. This treatment is not yet recommended by the Surviving Sepsis Campaign,
and a novel recombinant antithrombin molecule is under investigation.

Recombinant APC (drotrecogin alfa [activated]) reduced 28-day mortality in a
large trial (PROWESS) unrelated to DIC diagnosis, but results with this agent
were disappointing in pediatrics and low-risk of mortality patients (ADDRESS).
This treatment is, therefore, still controversial, and a new trial is ongoing
(PROWESS-SHOCK). In line with the observation that the prognostic value of
APC treatment might not be related to its anticoagulant effect, fundamental data
argue for a cytoprotective effect of APC [27].

Microparticles as a Therapeutic Target in Septic Coagulopathy

Because microparticles constitute a real storage pool of vascular effectors in the
vessel, one could argue that their therapeutic control might prove beneficial. Dif-
ferent methods could be investigated: Modulation of pro/anticoagulant micropar-
ticles via APC infusion [27], mechanical removal by hemofiltration, and/or
enhancement of physiological clearance by reticuloendothelial cells.

Indeed, although bearing phosphatidylserine, which is a signal for phagocyto-
sis, microparticles seem to survive longer than their parental apoptotic cell, prob-
ably because of their size, which does not allow optimal exposure of a cluster of
senescence signals. Dasgupta et al. [35] recently described a major role of lactad-
herin in the removal of phosphatidylserine-expressing platelet microparticles
from human plasma. Lactadherin is a macrophage opsonin that mediates the
clearance of apoptotic lymphocytes. Knock-out lactadherin (-/-) mice show
increased levels of circulating platelet microparticles and a hypercoagulable state;
lactadherin supplementation restores the normal clearance of microparticles.
There are currently no data on the effect that microparticle clearance has on the
hemostatic balance under physiological or pathological settings.

Using the hypothesis that an efficient cut-off can be obtained, one could sug-
gest the removal of deleterious microparticles from plasma during renal replace-
ment therapy by continuous hemofiltration. Patients with chronic renal failure
have a peak of microparticle generation at the beginning of hemodialysis (with
increased risk of circuit thrombosis), followed by a decrease below their baseline
at the end of the session suggesting a direct removal [36]; a similar pattern is
observed during septic shock (personal data).

Conclusion

Hemostasis is a complex and finely tuned equilibrium that controls the interac-
tions between vascular cells and proteins. Thrombin generation and clot forma-
tion are followed by restoration of vascular integrity and reperfusion. Microor-
ganisms disturb the intricate control pathways and disrupt the balance by target-
ing both pro- and anticoagulation. The clinical presentation reflects this deregu-
lation with microthrombi and organ failure on one hand, and the occurrence of
diffuse bleeding in the other hand. In sepsis, microparticles released from acti-
vated cells (endothelial cells, platelets, and leukocytes) are another example of
this duality. These microparticles are able to disseminate a prime procoagulant
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phenotype but this might prove beneficial. Indeed, TF-bearing microparticles can
support thrombin generation and transfer of functional TF to target cells, such as
granulocytes and platelets. On the other hand, recombinant APC can reverse this
effect, with EPCR-bearing microparticles able to disseminate a cytoprotective and
anticoagulant message to target cells. The role of microparticles in fibrinolysis is
the next challenging issue in our understanding of microparticles as vascular
effectors in sepsis. Therapeutic interventions to control thrombin generation have
been disappointing despite a good rationale for treatment. More precise compre-
hension of the mechanisms involved and the emerging role of microparticles as
modulators of the pro/anticoagulation equilibrium could reveal novel therapeutic
options.
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The Inflammatory Potential of Fibrin(ogen)
and its Degradation Products

C. JENNEWEIN, N. TRAN, and K. ZACHAROWSKI

Introduction

Coagulation is a constant attendant of inflammation and is fundamental to con-
fine infection and/or the inflammatory response to a limited area. Coagulation is
tightly controlled by various factors, such as tissue factor (TF), finally activating
thrombin, which cleaves fibrinogen to initiate fibrin clot formation. Systemic
inflammatory response syndrome (SIRS) and sepsis remain a major health con-
cern on intensive care units (ICUs) in the western world often ending in multiple
organ dysfunction and death. The pathogenesis of both systemic disorders are
attributed to an uncontrolled inflammatory response and dysregulated coagula-
tion, the latter often causing disseminated intravascular coagulation (DIC),
microvascular failure and multiple organ dysfunction [1, 2]. Fibrin(ogen) degra-
dation products, D-dimers, Bf15-42 and soluble fibrin are increased in septic
patients with organ dysfunction [3, 4], but the contribution of these fragments to
the pathogenesis of sepsis remains unclear.

This chapter provides a state-of-the art review of the inflammatory potential of
fibrinogen, fibrin and their degradation products. The entire cross-talk of inflam-
mation and coagulation is extensively reviewed in [5-8].

Fibrinogen and Fibrin Structure

Fibrinogen, a 340 kDa glycoprotein synthesized in the liver, is composed of two sets
of three polypeptide chains: Aa, Bf and . The chains are connected by disulfide
bridges at their N-termini composing the central E nodule, whereas the C-termini
of BB and 7y form the two outer D domains. During coagulation, thrombin cleaves
fibrinogen releasing the N-termini of Ao (Aal-16, fibrinopeptide A (FpA)) and of
BB (BB1-15, FpB). This initiates fibrin clot formation by polymerization [9, 10].

Fibrinolysis is mainly controlled by plasmin, which cleaves fibrin resulting in
D dimers, D and E fragments, B315-42 and smaller mostly o chain fragments [11,
12]. Figure 1 schematically displays the structure of fibrin(ogen) and its cleavage
sites.

Inflammatory Potential of Fibrinogen and Fibrin

Fibrinogen and fibrin affect inflammation by modulating leukocyte adhesion on
the one hand and by altering cytokine/chemokine expression of leukocytes and

J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2011
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Fig. 1. Structure of fibrin(ogen) and its cleavage sites. During coagulation thrombin cleaves fibrinogen
(marked by dotted lines) releasing the fibrinopeptides (Fp) A and B thereby triggering fibrin polymeri-
zation. Proteolysis of fibrin by plasmin (broken lines mark plasmin cleavage sites) generates various
fibrin fragments, such as D dimer, D and E fragment, Bf315-42 and o chain fragments.

endothelial cells on the other. Leukocyte adhesion is mostly attributed to binding
of fibrin(ogen) to various integrins and adhesion molecules, such as o f3; or o,
(CD11¢/CD18) [13, 14]. The leukocyte integrin, oy, integrin (also named mac-
rophage antigen-1 (Mac-1) or CD11b/CD18), is one of the main fibrinogen recep-
tor recognizing specific sequences within the y chain of the D nodule that medi-
ates leukocyte migration [15, 16]. By binding to the intercellular adhesion mole-
cule-1 (ICAM-1) of endothelial cells, fibrinogen acts as a bridging molecule
enhancing leukocyte-endothelial interaction [17], which is augmented by induc-
tion of ICAM-1 expression in response to fibrinogen and fibrin [18]. Although
there is a lot of evidence for fibrin(ogen)-dependent leukocyte adhesion, in vivo
studies have shown that leukocytes and platelets do not readily accumulate on
fibrin clots either because of soluble fibrinogen [19] or plasminogen binding to
the surface of fibrin clots [20].

However, in addition to affecting leukocyte adhesion to the endothelium,
fibrinogen and fibrin also modulate the inflammatory response of peripheral
blood mononuclear cells (PBMCs) and endothelial cells by regulating cytokine
and chemokine expression. Thus, fibrin exposure to endothelial cells induced
expression of the chemokine interleukin (IL)-8 in a time- and concentration-
dependent manner [21]. In PBMCs, fibrin(ogen) induced production of tumor
necrosis factor (TNF)-o., IL-1P, IL-6 and reactive oxygen species (ROS). Increased
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Fig. 2. Inflammatory potential of fibrinogen and fibrin. Following trauma and/or infection, thrombin is
activated and coagulation is induced. Fibrinogen is converted to fibrin, which in turn is degraded by
plasmin. Fibrinogen and fibrin modulate the inflammatory response by affecting leukocyte recruitment,
adhesion and migration but also by inducing cytokine/chemokine expression. Fp: fibrinopeptide; ICAM:
intercellular adhesion molecule; IL: interleukin; Mac-1: macrophage antigen 1; MCP: macrophage che-
moattractant protein; MIP: macrophage inflammatory protein; PAI: plasminogen activator inhibitor; PKC:
protein kinase C; ROS: reactive oxygen species; VE-cadherin: vascular endothelial-cadherin.

IL-1B in response to monocyte adhesion to fibrin(ogen) was mediated by Mac-1,
protein kinase C (PKC), and nuclear factor-kappa B (NF-«xB) [14]. Moreover,
fibrinogen exposure to macrophages induced chemokine expression, i.e., macro-
phage inflammatory protein-1 (MIP-1), MIP-2 and macrophage chemoattractant
protein-1 (MCP-1), which was abolished in macrophages derived from C3H/He]
mice. These mice express a mutant form of Toll-like receptor 4 (TLR4) indicating
that fibrinogen acts via TLR4 signaling [22] (Fig. 2).

The importance of fibrin(ogen) and its fragments during inflammation is sup-
ported by various knock out studies. Fibrinogen deficient mice showed abrogated
macrophage adhesion to the peritoneal cavity and reduced MCP-1 and IL-6
expression in response to thioglycolate. Whereas intraperitoneally administered
thrombin induced macrophage adhesion, protease activated receptor (PAR)-1
deficient mice revealed no reduction in adhesion upon thioglycolate exposure
[23]. This strongly indicates the involvement of fibrin(ogen) and its fragments,
while excluding direct thrombin effects or at least thrombin effects mediated via
PAR-1 signaling. Moreover, the thrombin inhibitor, hirudin, gave greater protec-
tion against renal injury and inflammation in a mouse crescentic glomerulone-
phritis model than PAR-1 deficiency. Hirudin significantly reduced crescent for-
mation, CD4 T cell and macrophage infiltration as well as fibrin deposition [24].
PAR-1 deficiency also reduced these parameters, but to a lower extent, suggesting
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that fibrin(ogen) and/or its fragments also contribute to inflammation and injury.
Taken together, this indicates the involvement of fibrin and/or its fragments in
modulating an immune response independently of any direct inflammatory
effects of thrombin.

Inflammatory Potential of Fibrin Fragments

As mentioned above, various fragments are generated during coagulation and
fibrinolysis. Initiation of clotting comprises the release of fibrinopeptides A (FpA)
and B (FpB). Furthermore, fibrin-digestion by plasmin generates D and E frag-
ments and also smaller fragments, like the immunosuppressive peptide, Bf15-42.

Pro-Inflammatory Effects of Fibrin Fragments

In contrast to the other described fragments, FpA and B are released during the
cleavage of fibrinogen by thrombin during the first step of coagulation, namely
during fibrin formation. There is only little evidence for an inflammatory poten-
tial of fibrinopeptides, although FpB and probably FpA increased MCP-1 expres-
sion and caused neutrophil chemotaxis in vitro and in vivo [25, 26]. However, fur-
ther evidence is needed to assess potential inflammatory activity of FpA and B.

Fibrin fragments have been of greater interest so far, especially since fibrin
degradation products such as D-dimers or Bf15-42 are increased in septic
patients with DIC. D-dimers are generated by plasmin digestion of fibrin and
used as a marker of fibrinolysis and DIC in humans, and there is little evidence
of an immunomodulatory function. Exposure to D-dimers induced IL-1f, IL-6,
PAI and TF expression in a promonocytic leukemia cell line, NOMO-1 [27], and
also in peripheral blood monocytes [28]. It is unknown whether D fragments fur-
ther affect inflammation, e.g., by activating the endothelium.

In rat peritoneal macrophages, fibrin fragment E and fibrinogen fragment E,
but not fragment D, were capable of inducing IL-6 and IL-1f3 production probably
by a CD11c or o chain-mediated mechanism [29]. Moreover, adherent fibrin frag-
ment E induced IL-1 production in the human monocytic cell line, THP-1 [30].
In addition to studies with physiological fibrin fragment E, the biological activity
of fibrin fragment E has often been assessed by a fragment named NDSKII (N ter-
minal disulfide knot IT). NDSKII is synthetically generated via cleavage of fibrino-
gen by cyanogen bromide and following digestion with thrombin. The resulting
complex shows nearly the same composition as physiological fibrin fragment E
(fibrin fragment E: Aa17-78, BB15-122 and y1-62; NDSKII: Aa17-51, B15-118,
v1-78 [31, 32]), also exposing the BB15-42. Bach et al. studied the interaction of
NDSKII with human umbilical vein endothelial cells (HUVECs). Binding assays
revealed that interaction was dependent on the B15-42 region, since NDSK (gen-
erated after cyanogen bromide digestion without thrombin cleavage) that did not
expose Bf15-42 showed no affinity. Moreover, NDSKII associated with vascular-
endothelial cadherin (VE-cadherin) [33], triggering leukocyte migration. Analyz-
ing the underlying mechanism revealed that lymphocyte migration depended on
VE-cadherin and was inhibited by BB15-42, whereas monocyte and neutrophil
migration was mediated by binding of the o.-chain of NDSKII to CD11c [34]. Fur-
ther investigation is required to elucidate the full pro-inflammatory activity of
fibrin degradation products.
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The Anti-inflammatory Peptide, B315-42 (or FX06)

BB15-42, a fragment of the N-terminal 8 chain, is generated by plasmin cleavage
of fibrin. In contrast to the other fragments described so far, Bp15-42 (also
named FX06) has anti-inflammatory potential and is of major interest as a prom-
ising new therapeutic agent. Administration of B315-42 protects the myocardium
against ischemia/reperfusion injury demonstrated by reduced infarct size and
reduced leukocyte accumulation. Interestingly, the protective effect was abrogated
in fibrinogen deficient mice suggesting that BB15-42 reduces fibrinogen depen-
dent inflammation. Indeed, by competing with NDSKII for the VE-cadherin bind-
ing site, BB15-42 abrogates NDSKII-induced leukocyte recruitment [34] (Fig. 3).
Based on this study, B15-42 was tested in a multicenter phase IIa clinical trial to
investigate whether it would limit infarct size in patients with ST-segment eleva-
tion myocardial infarction when given as an adjunct to percutaneous coronary
intervention. FX06 significantly reduced the size of the necrotic core zone of
infarcts whereas total infarct size at 5 days, assessed by late gadolinium-enhanced
cardiac magnetic resonance imaging, was not significantly different between the
control and FX06-treated groups [35].

In a pig model of hemorrhagic shock, FX06-treated animals showed improved
pulmonary and circulatory function. FX06 further reduced neutrophils in the
myocardium, liver and small intestine and also IL-6 plasma levels, protecting
heart, lung, liver and small intestine from shock [36]. In addition to competing

IL-1p3,
IL-6, PAI

recruitment

m

&

Y

a

=

T
o

Fng

E'”f""?"‘-—-l!

leukocyte
|_| leukocyte recruitment and + o
recruitment migration !
IL-1p, IL-B
B542 p190RNOGAP \\stress <£
o + '"""\i/\\
y endothelial cell
endothelial barrier
vascular leak function j:} macrophage
O monocyte

Fig. 3. Inflammatory potential of fibrin fragments. Monocytes show increased interleukin (IL)-18, IL-6
and plasminogen inhibitor activator (PAl) expression upon D-dimer exposure via an as yet unknown
receptor. Fibrin fragment E induces leukocyte recruitment and migration by binding to vascular endo-
thelial-cadherin (VE-cadherin) as well as cytokine expression in macrophages. The immunosuppressive
peptide, BB15-42, attenuates fibrin fragment E (FnE)-dependent leukocyte recruitment and stress-
induced vascular leak by inhibiting Rho kinase activation and subsequent junction opening.



The Inflammatory Potential of Fibrin(ogen) and its Degradation Products

67

with NDSKII and thereby reducing leukocyte migration, BB15-42 also functions
as a signaling molecule. In two different shock models - dengue shock syndrome
and a lipopolysaccharide (LPS)-induced shock model - B15-42 preserved endo-
thelial barrier function by inhibiting stress-induced opening of the junctions
between endothelial cells. Cell-cell contact between endothelial cells is mainly
formed by VE-cadherin, which in turn is under the control of RhoGTPases regu-
lating actin dynamics and junction stability. Rho kinase is activated in response
to stress, e.g., inflammation, and causes loss of the endothelial barrier function.
FX06 prevented Rho kinase activation by dissociating Fyn from VE-cadherin
which in turn associates to pl90RhoGAP. Therewith, BB15-42 preserved stress-
induced junction opening [37]. This mechanism may also be responsible for
reduced leukocyte migration, although further evidence is needed. However,
FX06-treated animals had improved survival rates and reduced hemoconcentra-
tion and fibrinogen consumption [37]. As a result, BB15-42 also attenuated ische-
mia/reperfusion injury in a cardiac transplant model [38].

Conclusion

There is strong evidence that fibrin fragments play an important role in inflam-
matory conditions such as sepsis. Notably, septic patients with organ dysfunction
show enhanced plasma levels of fibrin fragments. This suggests that fibrin frag-
ments may also be a consequence as well as a further trigger of DIC within the
pathophysiology of organ dysfunction. Therefore, we suggest that novel therapeu-
tic approaches are feasible to modulate the effects of fibrin fragments either by
utilizing the anti-inflammatory potential of BB15-42 or by inhibiting pro-inflam-
matory fragments, such as fibrin fragment E, with antibodies or their signaling
pathways. Whether fibrin fragments are useful as biomarkers warrants further
investigation.
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Heparin-induced Thrombocytopenia in the ICU:
An Overview

Y. SAKR

Introduction

Heparin, a negatively charged glycosaminoglycan (3000 - 30,000 Da), is an antico-
agulant released by mast cells and basophils during the normal clotting process
[1]. Heparin is widely used for the treatment and prophylaxis of thromboembolic
diseases in medical and surgical patients [1]. Heparin-induced thrombocytopenia
(HIT) is one of the most serious adverse events associated with this drug. HIT is
an immune-mediated, prothrombotic complication that occurs with unfractiona-
ted heparin (UFH) and to a lesser extent with low-molecular-weight heparin
(LMWH) [2]. The fundamental paradox of HIT results from a platelet-activating
immune response triggered by the interaction of heparin with a specific platelet
protein, platelet factor 4 (PF4) [3].

In this chapter, we review current knowledge about the pathophysiology, epi-
demiology, clinical manifestations, and treatment of HIT in the intensive care
unit (ICU).

Pathophysiology of HIT

Heparin causes mild platelet aggregation in vivo, especially in patients with acti-
vated platelets, resulting in increased platelet sequestration in the spleen and
thrombocytopenia [1]. Thrombocytopenia can be triggered via non-immune and
immune mechanisms. Clinically, two types of HIT can be differentiated: HIT type
I, a benign non-immune condition; and HIT type II, an immune-mediated syn-
drome caused by an antibody to the PF4/heparin complex.

Non-immune HIT, or HIT type I, is a self-limiting condition without any major
complications that occurs in 10-30 % of patients within 4 days after exposure to
heparin. Heparin binds to PF4 with high affinity and inhibits adenylcyclase. This
leads to a decrease in intracellular cyclic adenosine monophosphate (cAMP) lev-
els with subsequent reduction in the platelet activation threshold and mild plate-
let aggregation and thrombocytopenia [4, 5]. HIT type I may occur in patients
with sepsis, burn injuries, and vascular diseases, probably due to platelet hyperre-
activity in these conditions [4, 5]. Thrombocytopenia in HIT type I is usually
mild and platelet counts rarely decrease below 100,000/ul [6]. Heparin adminis-
tration should be continued and no specific therapy is required.

Immune-mediated HIT type II is a disorder initiated by an immunological
response to heparin exposure and is characterized by an absolute or relative
thrombocytopenia with a paradoxically increased incidence of thrombosis (Fig. 1)

J.-L. Vincent (ed.), Annual Update in Intensive Care and Emergency Medicine 2011
DOI 10.1007/978-3-642-18081-1, © Springer Science+Business Media LLC 2011
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Fig. 1. Schematic representation of the pathogenesis of HIT (see text for details). From [5] with permis-
sion. PF: platelet factor; PMPs: platelet microparticles.

[1]. The major antigen responsible for this syndrome is PF4, which is synthesized
by megakaryocytes and stored in platelet ai-granules. Upon platelet activation,
PF4 is released and binds anionic glycosaminoglycans on cell surfaces. The main
function of PF4 is to inhibit the formation of megakaryocytes and angiogenesis,
as well as modulating the immune response. Considerable amounts of PF4 are
released after trauma, inflammation, surgical trauma, and in neoplasm [7]. In
HIT type II, heparin infusion displaces PF4 and produces structural changes on
it, leading to the formation of a PF4/heparin complex. This complex is recognized
as a ‘foreign’ antigen and triggers an immune response, which is characterized by
the release of IgG antibodies that bind to the PF4/heparin complexes with subse-
quent clustering of the platelet Fc-receptors (FcyRIla, FcyRIIIa) resulting in plate-
let activation. This may lead to overt arterial thrombosis, historically, called “the
white clot syndrome”. Activated platelets can also fragment into prothrombotic
microparticles and stimulate venous thrombosis [5, 8]. In addition, HIT anti-
bodies may bind to Fc receptors on monocytes which produces significant quan-
tities of tissue factor, stimulating thrombosis [5, 9]. HIT antibodies may promote
thrombosis through platelet adhesion to the vessel wall and formation of platelet-
leukocyte aggregates [5, 10]. Davidson et al. [11] reported elevated levels of von
Willebrand factor and soluble thrombomodulin in patients with HIT type II, sug-
gesting that endothelial cell damage with the consecutive loss of its physiologic
antithrombotic properties may contribute to the thrombotic risk.

Heparin molecules bind PF4 in proportion to the length of the polysaccharide
chain. This explains the higher frequency of HIT among patients treated with
UFH than among those treated with LMWH [12]. The amount of anti-PF4/hepa-
rin antibodies produced is determined not only by the dose and structure of
heparin but also by the amount of circulating PF4. In some clinical situations,
such as cardiac surgery, the relatively abundant circulating PF4 and heparin
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increase the risk of immunization [7]. PF4 bound in vivo to cell surface glycos-
aminoglycans can be immunogenic and could explain why healthy individuals
may be positive for anti-PF4/heparin antibodies [13]. In fact, not all patients who
have heparin antibodies develop platelet activation and clinically relevant HIT.
After termination of heparin therapy, the platelet count increases within 4 to 14
days [14]. HIT antibodies are transient, generally disappearing within 4 months.
(15]

HIT type II is the most important clinical entity and will be discussed in the
following sections. For simplicity, we will refer to HIT type II simply as HIT.

Epidemiology

The frequency of HIT in heparin-exposed patients is highly variable. Heparin
preparation is one influential factor with bovine UFH being the most common
trigger followed by porcine UFH [12]. HIT occurs less commonly in patients
receiving LMWH. The incidence of HIT is 1-5 % when UFH is used but < 1%
with LMWH [12]. Females are more likely to develop HIT than males and postop-
erative patients have a higher incidence of HIT than have medical ICU patients
[16]. Heparin dosage also plays an important role. Prophylactic doses of heparin
increase the risk of antibody formation, whereas clinical manifestations occur
more in patients receiving therapeutic doses [16]. Only a small proportion, at
most 5 % to 30 %, of patients who form HIT-IgG will develop clinical HIT [12, 17].

The incidence of HIT varies from 0 % in pregnant women receiving LMWH to
5 % in patients undergoing orthopedic surgery receiving UFH [18]. Despite the
relatively high prevalence of anti-PF4/heparin antibodies in patients undergoing
cardiac surgery, the incidence of HIT in this patient population is about 2.4 %
[18]. The formation of anti-PF4/heparin antibodies varies from 2 to 5 % in cardi-
ology patients, from 15 to 30 % in patients undergoing orthopedic surgery, and
up to 30 to 70 % in patients undergoing cardiac surgery [19]. Several studies have
assessed the frequency of HIT in ICU patients [3]; the incidence of HIT in ICU
patients is generally less than 2 %.

Clinical Manifestations

HIT is a clinicopathological syndrome with one or more clinical events (throm-
bocytopenia with or without thrombosis) temporally related to heparin adminis-
tration and caused by HIT antibodies [20]. The clinical manifestations of HIT are
discussed below.

Onset

In patients with HIT, thrombocytopenia typically occurs 5-10 days after initia-
tion of heparin therapy (typical onset HIT) as the immune system requires sev-
eral days to produce sufficient amounts of anti-PF4/heparin antibodies [21].
Thrombocytopenia that occurs more than 10 days after exposure to heparin is
probably caused by other factors, such as sepsis. In some exceptional cases, inva-
sive procedures, such as surgical interventions, may promote seroconversion and
release of PF4 after long periods of exposure to heparin [21].
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In the so called ‘rapid onset’ HIT, thrombocytopenia occurs within 24 hours of
exposure to heparin, mostly due to the presence of anti-PF4/heparin antibodies
after prior exposure to heparin within the previous 100 days [15]. The onset of HIT
in these cases is usually accompanied by fever, shivering, and skin lesions at the
injection sites within 30 minutes after heparin administration [3]. Some patients
also develop acute respiratory or cardiac dysfunction, manifested as hypertension,
tachycardia, angina pectoris, or dyspnea. These manifestations may suggest pulmo-
nary embolism because of the sudden pronounced platelet activation [3, 15].

In some patients, HIT may occur after termination of heparin therapy. Throm-
botic events or low platelet counts may draw attention to the presence of HIT.
This ‘delayed onset’ HIT is associated with large numbers of anti-PF4/heparin
antibodies, which lead to platelet activation in the absence of heparin [3]. This
entity may be clinically relevant in patients who are discharged early from the
hospital after surgical interventions.

Thrombocytopenia

Thrombocytopenia is the first sign of HIT in 85-90 % of patients who have a
decrease in platelet count below 150,000/ul or a reduction of more than 50 %
from the baseline platelet count [3]. Platelet count usually falls to values between
40,000 to 80,000/ul. In only 5-10 % of cases, does the platelet count reach a nadir
below 20,000/ul [22], and in such cases other possible causes of thrombocytope-
nia should be considered.

Thrombocytopenia is a common laboratory abnormality in critically ill
patients. Prospective data from 329 adult surgical ICU patients during one year
showed that 41.3 % had a platelet count less than 150,000/ul at some point [23].
The most common etiology of thrombocytopenia in critical illness is sepsis
(around 48 %), although 25 % of ICU patients have more than one cause [24].
Drug-induced thrombocytopenia must be considered, since several medications
can cause thrombocytopenia and critically ill patients usually receive numerous
medications [25]. Possible causes of thrombocytopenia are shown in Box 1.

Box 1. Differential diagnosis of thrombocytopenia in the I1CU

Sepsis and healthcare-associated infections

Drug-induced thrombocytopenia: e.g., GP IIb/llla inhibitor, thrombolytic agents, and antibiotics
(e.g., vancomycin)

Perioperative fluid resuscitation

Disseminated intravascular coagulation (DIC)

Massive transfusion

Intravascular devices: ECMO, IABP, LVAD and pulmonary catheter

Liver disease/hypersplenism

Pulmonary embolism

Immune thrombocytopenias

Diabetic ketoacidosis

Cancer-associated DIC, primary bone marrow disorder

Antiphospholipid syndrome and systemic lupus erythematosis

EDTA-induced pseudothrombocytopenia

ECMO: extracorporeal membrane oxygenation; IABP: intra-aortic balloon pump; LVAD: left ventricular
assist device; EDTA: ethylenediaminetetraacetic acid
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Thrombotic Complications

HIT is associated with thrombotic complications in 30-70 % of cases. These may
develop without significant thrombocytopenia in 159% of patients [18]. In
patients with symptomatic deep vein thrombosis (DVT) after initiation of hepa-
rin therapy, HIT cannot be excluded even in the absence of thrombocytopenia.
Thrombotic events occur around three days before the onset of thrombocytope-
nia in 40 % of HIT patients [26]. The risk of thrombosis correlates, however, to
the magnitude of relative thrombocytopenia [26].

The most common thrombotic complications in patients with HIT include
DVT (50 %) and pulmonary embolism (25 %) [27]. Other less common complica-
tions include myocardial infarction, cardiovascular accidents, arterial occlusive
lower limb ischemia, sinus vein thrombosis, mesenteric venous or arterial occlu-
sion, and skin necrosis [28]. Venous thrombosis is 4 to 10 times higher than arte-
rial thrombosis [3, 27].

Other Complications of HIT

The risk of bleeding in patients with HIT is relatively low, even at a platelet count
of less than 20,000/ul [3]. However, bleeding can occur due to thrombocytic dys-
function, such as in patients with uremia. Wester et al. [29] compared 20 patients
with HIT to 20 ICU patients without HIT as a control group. Although patients
with HIT had a higher incidence of bleeding than the control group (85 vs. 35 %),
bleeding in the HIT patients occurred under heparin therapy and was not directly
related to thrombocytopenia.

In a median of 8 days after the onset of heparin therapy, 10 to 20 % of patients
with HIT develop skin lesions in the form of erythematous nodules, subcutane-
ous plaques, or necrotic lesions [30]. Skin lesions occur equally after treatment
with UFH or LMWH [30].

Scoring System for HIT

The ‘4 T’s’ scoring system is based on thrombocytopenia, timing of onset, throm-
bosis, and absence of other causes (Table 1) and allows evaluation of the pretest
probability of HIT [31]. Patients with low pretest scores (< 4 points) are unlikely
to be positive for HIT antibodies (0 to 1.6 %), whereas patients with intermediate
(4-5 points) and high (> 5 points) scores are more likely to test positive (21.4 %
to 100 %) [32]. The evaluation of this scoring system showed a high negative pre-
dictive value in the general population and in ICU patients, with low scores being
suitable for ruling out HIT in most clinical situations [32].

Laboratory Diagnosis of HIT

In patients with suspected HIT, diagnosis can be established by laboratory testing
for the presence of HIT antibodies. Two types of assays are available: Functional
and antigen assays.
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Table 1. The 4 T's score [32]

4 T Category

Thrombocytopenia

Time to platelet
count decrease®

Thrombosis or
other sequelae

Other causes of

Score
2

Platelet count decrease
>509% or platelet nadir
>20 x 10%/L

Clear onset between days
5-10 or platelet count
decrease <1 day (prior
heparin exposure within
100 days)

New thrombosis (con-
firmed); skin necrosis; acute
systemic reaction postintra-
venous heparin

None apparent

1

Platelet count decrease
30-50 % or platelet nadir
10-19 x 10°/L

Consistent with decrease
between days 5-10, but
not clear (e.g., missing
platelet counts); onset after
day 10

Progressive or recurrent
thrombosis; non-necrotizing
(erythematous) skin lesions;
suspected thrombosis (not
proven)

Possible

0

Platelet count
decrease < 30 % or
platelet nadir < 10
X 10°/L

Platelet count
decrease <4 days
without recent
exposure

None

Definite

thrombocytopenia

* First day immunizing heparin exposure considered day zero; the day the platelet count begins to
decrease is considered the day of onset of thrombocytopenia.

Functional Assays

These assays are based on in vitro activation of platelets as evidence for the pres-
ence of relevant IgG-HIT antibodies [20]. Heparin-induced platelet activation
(HIPA) and serotonin release assays (SRA) are examples of these tests. Washed
platelets from healthy volunteers are mixed with patient serum and then incubated
with low and high concentrations of heparin. In the presence of HIT antibodies,
platelets are activated in low concentrations of heparin. This activation can be
detected using radioactive serotonin (e.g., SRA) or visually (e.g., HIPA) [19].

The strength of functional assays is their very high specificity, if the appropri-
ate controls are performed. Whether these tests can reach 100 % sensitivity
depends on the ‘gold standard’ against which they are compared. Moreover, func-
tional assays are technically demanding (selected platelet donors, washed plate-
lets, internal controls, radioactivity), have a high turn-around time, and are per-
formed by only a minority of experienced laboratories [19].

Antigen Assays

Enzyme-linked immunoassays (ELISA) are the tests most commonly used to
detect HIT antibodies. These assays non-specifically detect IgG, IgA, and IgM
antibodies against PF4/heparin. The results are analyzed photometrically and an
optical density higher than 0.4 is considered as positive [3]. ELISA is highly sensi-
tive due to its ability to detect a broad range of HIT antibodies. However, the
specificity of ELISA is lower compared to functional assays [3].

Particle gel immunoassay (PaGIA) is another antigen assay that may be used to
detect HIT antibodies. The ID-heparin/PF4 antibody test (ID-Micro Typing Sys-
tem DiaMed®) is a PaGIA, in which a PF4/heparin-coated synthetic polymer is
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used. The agglutination of HIT antibodies in patient serum leads to the formation
of bands on the gel matrix. The results can be obtained after 20 minutes. The sen-
sitivity and specificity of this test lies between the functional tests and the ELISA
[33]. PaGIA may be used, therefore, as a rapid screening test, pending the results
of functional assays [33].

The particle immunofiltration assay (PIFA) is another screening test which
involves the use of PF4-coated colored polymer particles. This test, however, has
relatively low performance in terms of specificity and sensitivity [34].

Interpretation of the Results of Laboratory Assays

As mentioned above, antigen assays are highly sensitive. These tests can be used,
therefore, to exclude the presence of HIT. However, positive results do not con-
firm the diagnosis or reflect the risk of thrombotic events [35]. Increasing the
ELISA optical density threshold from 0.4 to 1 may increase the specificity of
ELISA from 65 to 83 % [36]. The combination of functional and antigen assays
has the highest performance in terms of specificity and sensitivity [3]. Laboratory
assays may help to establish the diagnosis of HIT. However, not all PF4/heparin
antibodies are pathologic. Only a subset of patients with positive antigen assays
has platelet activating antibodies, of which only a few patients develop thrombo-
cytopenia and subsequent thrombosis [37]. Hence, this spectrum can be
described as an ‘iceberg model’, with clinical HIT as the tip of the iceberg [37].
The diagnosis of HIT should be established taking into consideration clinical
manifestations and laboratory evidence [38].

Management of Patients with HIT
General Measures

If there is a clinical suspicion of HIT, all heparin should be stopped, including
heparin used to ‘flush’ intravascular catheters, and regional use for dialysis and to
coat catheters [16, 19]. In patients with strongly suspected or confirmed HIT who
do not have active bleeding, prophylactic platelet transfusions are not indicated
because this will lead to subsequent platelet activation and increased risk of
thrombosis without a net increase in platelet count [16].

Alternative Anticoagulation

The highest risk of new, progressive, or recurrent thrombosis occurs in the first
few days after stopping heparin. Alternative therapeutic anticoagulation should
be initiated based on a high clinical suspicion and not delayed while awaiting
confirmatory laboratory testing or because of thrombocytopenia [39]. When
treatment was delayed pending laboratory confirmation of the diagnosis within a
clinical trial setting, the incidence of new thrombosis was approximately tenfold
higher than during the subsequent period of treatment with a direct thrombin
inhibitor [40]. Therapeutic options include direct thrombin inhibitors and factor
Xa inhibitors. Oral thrombin and factor Xa inhibitors, such as dabigatran, rivaro-
xaban und apixaban, are not yet approved in patients with HIT [18]. The choice
of alternative anticoagulant depends upon availability, associated medical condi-
tions, and the preference of the medical staff.
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Heparinoids

These are direct factor Xa inhibitors, of which danaproid is the only available
preparation established for use in patients with HIT. Danaproid is a mixture of low
molecular sulphated gylcosaminoglycans: Heparan, dermatan, and chondroitin
sulfate [18]. It inhibits thrombin formation primarily through inhibition of factor
Xa. The anti-Xa activity of danaparoid has a half-life of 24 hours. The bioavailabil-
ity reaches almost 100 % after intravenous or subcutaneous administration with a
reliable dose-response curve. Anti-Xa levels (target, 0.5-0.8 anti-Xa U/ml) may be
used to guide danaparoid therapy. Monitoring anti-factor Xa activity is important
in patients with renal dysfunction, as danaparoid is partially excreted in the urine
[3]. To avoid overdosage, monitoring of factor Xa activity is also recommended in
patients with extremely low or high body weight, life-threatening thrombosis,
bleeding complications, and in critically ill patients with marked organ dysfunc-
tion or comorbidity [3].

Cross reactivity with HIT IgG antibody may occur in less than 10 % of cases
and cannot be predicted by in vitro testing prior to onset of therapy [41]. Dana-
paroid blocks HIT antibody-induced platelet aggregation and thromboxane B2
production and has been shown to be an effective alternative anticoagulant in
patients with HIT [41]. In some instances, HIT IgG antibody’s cross reaction may
have clinical consequences. Laboratory testing for cross reactivity should be
reserved, however, for suspected cases, such as those who develop thrombotic
complications during danaparoid therapy or when thrombocytopenia persists for
more than 4 days after onset of therapy. Another anticoagulant should be consid-
ered if the diagnosis is confirmed [3, 41]. The disadvantage of danaparoid ther-
apy is its relatively prolonged kinetics in the absence of a specific antidote. Over-
dosage, as manifested by increased anti factor Xa activity (> 2 IE/ml) may lead to
serious bleeding complications and increased mortality rates [4]. Adequate dos-
ing and monitoring of patients at risk is, therefore, mandatory to avoid subse-
quent complications. Danaparoid was withdrawn from the US market in April
2002, but remains available for treatment and/or prevention of HIT-thrombosis in
several other jurisdictions, e.g., Canada, Europe, Japan, Australia, and New Zea-
land.

Direct thrombin inhibitors
These substances directly inhibit thrombin. Lepirudin, argatroban und bivaliru-
din are available for use in patients with HIT.

® Lepirudin: Lepirudin is a recombinant hirudin (found in the saliva of the
medicinal leech, Hirudo medicinalis) derived from genetically produced
yeasts. It is approved and available in the USA, Canada, Europe, and Austra-
lia for treatment of thrombosis complicating HIT [42]. Lepirudin binds to
thrombin and inhibits its prothrombotic activity. The activated partial
thromboplastin time (aPTT) should be targeted at 1.5 to 2.0 times the
patient’s baseline aPTT or the mean laboratory normal range. After intrave-
nous administration, lepirudin reaches a peak level within 15 minutes and
plasma levels maintain a steady state for 1-2 hours [3, 43]. To avoid over-
dosage and bleeding complications some authors suggest starting intrave-
nous infusion without bolus administration, unless fulminant thrombosis is
present [3]. Dose adjustment is required in patients with renal dysfunction,
as the drug undergoes renal elimination.
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In 30 % of patients who are treated with lepirudin, anti-hirudin IgG antibodies
may develop. This was not found to be associated with higher risk of thrombo-
sis, bleeding, or anaphylactic reactions, thus, lepirudin administration should
not be discontinued for this reason [3]. Anaphylactic reactions due to lepiru-
din therapy are rarely observed. The risk of anaphylaxis can be reduced by
avoiding bolus doses [3]. The risk of bleeding was also found to be increased
with simultaneous use of acetylsalicylic acid [44]. Therefore, acetylsalicylic
acid therapy should be avoided during concomitant therapy with direct throm-
bin inhibitors.

Argatroban: Argatroban is a synthetic L-arginine derivative. It reversibly
inhibits both soluble and clot-bound thrombin and has a half-life of 50 min-
utes after intravenous administration. The infusion rate should be adjusted
to target the aPTT at 1.5 to 3 times of initial levels. Reduced infusion rates
are appropriate in patients with heart failure, multiple organ system failure,
severe anasarca, and during the early post-cardiac surgery period. In
patients with hepatic dysfunction, the half-life increases up to 6 hours, as
argatroban undergoes hepatobiliary excretion [3]. This is particularly rele-
vant in ICU patients because of the common occurrence of hepatic perfusion
abnormalities in the ICU setting [3, 45]. Argatroban is contraindicated in
patients with liver cell failure [3, 45].

The advantage of argatroban over LMWH and danparoid is the absence of
cross reactivity, as argatroban does not posses molecular similarity to hepa-
rin. In addition, antibody formation does not occur, which is an advantage
compared to lepirudin [46]. Nevertheless, the incidence of thromboembolic
complications was shown to be higher in patients treated with argatroban
than in those who were treated with lepirudin or danaparoid. This was
explained, however, by the shorter duration of argatroban therapy compared
to lepirudin [40].

Bivalirudin: Bivalirudin is a synthetic congener of hirudin. It exerts its anti-
coagulant effect through direct thrombin inhibition. The half-life of bivaliru-
din is 25 minutes after intravenous administration and increases to up to 4
hours in patients with renal failure undergoing dialysis. Only 20 % of the
drug is excreted in the urine, whereas 80 % undergoes enzymatic proteolysis
[47]. Bivalirudin therapy can be monitored by aPTT or the activated clotting
time (ACT). In the absence of a specific antidote, hemofiltration, hemodialy-
sis, or plasmapharesis may be effective therapeutic options [48]. This drug is
approved in the USA, Canada, Europe, Australia, New Zealand, and Latin
America for anticoagulation during percutaneous transluminal coronary
intervervention (PCI); in the USA it is also approved for PCI with provi-
sional use of glycoprotein IIb/IIla antagonist therapy, and for patients with,
or at risk of HIT (or HIT with thrombotic complications) undergoing PCI; it
is also approved in Canada for patients with, or at risk of HIT (or HIT with
thrombosis syndrome) undergoing cardiac surgery. In Germany, bivalirudin
is not approved in HIT patients but is used ‘off-label’ in special situations,
such as anticoagulation during cardiac surgery in patients with HIT [47].

The anticoagulant effect of bivalirudin is similar to other available alterna-
tive anticoagulants with a reduced risk of bleeding [47]. In patients with
renal or hepatic dysfunction, bivalirudin therapy is advantageous, as it
undergoes enzymatic proteolysis in addition to renal excretion. Cross reac-
tivity with HIT antibodies has not been reported [3].
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Fondaparinux

Fondaparinux is a synthetic, heparin analog, pentasaccharide anticoagulant. It
enhances factor Xa inhibition by binding to antithrombin III. The half-life is 18
hours, so that it should be administered only once per day [49]. The dose
response curve is linear. Fondaparinux undergoes predominant renal excretion
and is, therefore, contraindicated in patients with terminal renal failure [50]. The
anticoagulant effect of fondaparinux is more potent than enoxaparin [49]. The
risk of bleeding is not increased as compared to LMWH [49].

Patients treated with fondaparinux develop anti-PF4/heparin antibodies with a
similar frequency to those treated with LMWH [12], but fondaparinux-induced
HIT appears to be exceptionally rare. This is probably because of its short poly-
saccharide chain of 10-12 saccharides and subsequently weak platelet activating
potential [50]. In the USA, fondaparinux is approved in patients with HIT for
prophylaxis and treatment of thromboembolic diseases. In Germany, this drug is
approved for prophylaxis after major orthopedic surgery. The anti-factor Xa
activity of fondaparinux can be useful in patients under warfarin therapy who
require alternative anticoagulation preoperatively. The risk of microvascular
thrombosis and lower limb gangrene is increased in some patients with HIT who
receive concomitant therapy with warfarin and direct thrombin inhibitors (vide
infra) [50]. Fondaparinux can be used, therefore, in the transient phase until war-
farin therapy is withdrawn, to reduce the risk of thromboembolic complications
in these patients [50]. The use of fondaparinux in ICU patients with renal insuffi-
ciency and multiorgan failure is not recommended because of the significant risk
of accumulation [3].

Heparin and Vitamin K Antagonist Therapy in Patients with HIT

To avoid possible bleeding complications with alternative anticoagulants in the
absence of specific antidotes, patients with known HIT may be treated with hepa-
rin for short periods, such as those undergoing surgery using a heart-lung
machine [6]. However, this should only be considered when heparin has not been
administered within the previous 100 days to avoid the occurrence of rapid onset
HIT. In addition, the presence of anti-HIT antibodies should be excluded and use
of heparin should be avoided during the perioperative period [6].

Vitamin K antagonist therapy is contraindicated in patients with HIT because
of the increased risk of thrombosis in the presence of thrombocytopenia. In these
patients, vitamin K antagonist therapy may induce lower limb venous gangrene
or severe skin necrosis. This occurs a few days after the onset of vitamin K antag-
onist therapy [39, 51]. Treatment with vitamin K antagonists is associated with a
rapid decrease in protein C concentration, which has a short half-life of 6 hours,
whereas serum levels of procoagulant coagulation factors (Factors II, VII, IX, X)
remain high during the first days of therapy. This imbalance between pro- and
anticoagulant favors a prothrombotic state [4]. Use of vitamin K antagonist ther-
apy should be postponed until the platelet count has recovered substantially and,
thereafter, started at a low dose [16]. Alternative anticoagulants should be used
during thrombocytopenia and should be continued until the platelet count has
reached a stable plateau and the international normalized ratio (INR) has reached
the intended target range, with a minimal overlap of 5 days [14, 16]. For patients
receiving a vitamin K antagonist at the time of diagnosis of HIT, use of vitamin
K is recommended [16, 39, 51].
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The Challenge of Diagnosis and Treatment of HIT in the ICU

Anti-thrombosis prophylaxis is a keystone in the management of critically ill
patients. In German ICUs, 99 % of patients receive prophylactic anticoagulants,
88 % receive LMWH and 45 % receive UFH during the ICU stay [52]. HIT is,
therefore, a major concern in ICU patients. Nevertheless, thrombocytopenia is a
common occurrence in 30-50 % of ICU patients, so that diagnosis of HIT repre-
sents a major challenge [53]. Common reasons for thrombocytopenia in these
patients include sepsis, adverse effects of drugs, transfusion reactions, and major
surgical procedures [54]. The development of thrombotic complications under
heparin therapy is, therefore, a better indicator of a diagnosis of HIT than
uncomplicated thrombocytopenia [3]. Repeated occlusion of hemodialysis filters
and necrotic or erythematous skin lesions at the site of heparin injections may
also be an important sign of HIT [3, 53]. In this context, the use of HIT scores,
such as the 4 T’s score, may be helpful in establishing the diagnosis (vide supra).
In uncomplicated cases with a low probability of HIT, heparin administration
should not be discontinued and further laboratory testing is not required. In
patients where HIT is moderately or strongly suspected, heparin administration
should be stopped pending the results of laboratory testing, and alternative anti-
coagulation should be initiated [3]. Even though platelet activation (functional)
assays are more specific for detecting HIT antibodies than antigen tests, neither
test is completely specific for HIT, which is considered a clinicopathological syn-
drome (vide supra).

Summary and Conclusion

HIT is an immune-mediated, prothrombotic complication that occurs with UFH
and to a lesser extent with LMWH. HIT is a clinicopathologic syndrome with one
or more clinical events (thrombocytopenia with or without thrombosis). The
diagnosis of HIT can be established by laboratory testing for the presence of HIT
antibodies. The combination of functional and antigen assays has the highest per-
formance in terms of specificity and sensitivity. Alternative therapeutic anticoag-
ulation should be initiated based on high clinical suspicion and not delayed while
waiting for confirmatory laboratory testing or because of thrombocytopenia.
Therapeutic options include direct thrombin inhibitors and factor Xa inhibitors.
The choice of alternative anticoagulant depends upon availability, associated
medical conditions, and preferences of the medical staff. The diagnosis of HIT in
the ICU is a major challenge as thrombocytopenia is prevalent in these patients
and generally caused by conditions other than HIT. In this context, the use of the
4 T’s score may be helpful in establishing the diagnosis and management of these
patients.
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Iron Deficiency in Critically Il Patients:
Highlighting the Role of Hepcidin

N. HEMING, P. MONTRAVERS, and S. LASOCKI

Introduction

Iron is a paradoxical element, essential for living organisms but also potentially
toxic. Indeed, iron has the ability to readily accept and donate electrons, intercon-
verting from soluble ferrous form (Fe?*) to the insoluble ferric form (Fe**). This
capacity allows iron to play a major role in oxygen transport (as the central part
of hemoglobin) but also in electron transfer, nitrogen fixation or DNA synthesis,
all essential reactions for living organisms. Indeed, iron deficiency is the main
cause of anemia [1] as well as a cause of fatigue [2, 3] and decreased effort capac-
ity [4, 5]. However, despite a high frequency of anemia among critically ill
patients, with 60 to 66 % being anemic at intensive care unit (ICU) admission [6,
7], to date little is known about iron deficiency and iron metabolism in critically
ill patients [8]. The interaction between inflammation and iron metabolism inter-
feres with the usual iron metabolism variables and renders this metabolism diffi-
cult to investigate [9, 10].

The recent discovery of hepcidin (the master regulator of iron metabolism) has
shed new light on the regulation of iron homeostasis and has helped our under-
standing of complex clinical situations, such as those observed in critically ill
patients, where several regulatory circuits interfere with iron metabolism [11].
The purpose of this article is to review iron metabolism and anemia in critically
ill patients as well as the role of hepcidin, and to discuss the indications for iron
supplementation in these patients.

Iron Metabolism Overview and the Role of Hepcidin

Although iron is essential for life, it may also be toxic because of its capacity to
react with oxygen and to promote the production of free radicals. This duality is
found in human pathology: Iron deficiency (because of poor iron intake, abnor-
mal blood losses etc...) presents with anemia and fatigue; whereas iron overload
(mainly in hereditary hemochromatosis and following repeated blood transfu-
sions) induces multiple organ dysfunctions (including liver fibrosis, cirrhosis,
cardiomyopathy, diabetes...). This explains why iron homeostasis must be finely
tuned to avoid both deficiency and excess.

Iron turnover in the organism occurs almost in a closed circuit (Fig. 1). Indeed,
global iron turnover through losses (because of bleeding or cell desquamation)
and dietary uptake (by duodenal cells) is only 1 to 2 mg per day, compared to
approximately 3 to 4 g of iron contained in the organism. In fact, most of the iron
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Fig. 1. Distribution of iron in the body. Erythrocytes contain almost two thirds of all body iron. Any
blood loss may thus lead to direct iron loss. Serum iron, representing less than 1/10% of the total iron
content, is very limited at any time compared to the daily amount of iron needed for erythropoiesis.
Hepatocytes and tissue macrophages are the main sites of iron storage. Iron is absorbed by intestinal
cells through the duodenal metal transporter (DMT-1 apical transporter) and exported into the blood
circulation via ferroportin.

available for erythropoiesis comes from the catabolism of senescent red blood
cells (RBCs) by macrophages in the reticuloendothelial system (called eythropha-
gocytosis). As shown in Figure 1, more than two-thirds of the body’s iron content
is incorporated into hemoglobin, either in bone marrow erythroid progenitors or
in circulating RBCs. Once aged, these RBCs are internalized and hemoglobin is
degraded in tissue macrophages. Iron is then transferred to the macrophage cyto-
sol and either released into the blood flow or stored in ferritin molecules. In the
plasma, transferrin binds newly released iron to allow its mobilization from stor-
age sites (mainly the spleen and to a lesser extent the liver) to utilization sites
(mainly the bone marrow). Erythropoiesis requires about 25 to 30 mg of iron
daily. It has to be stressed that the amount of iron present in the plasma at any
time is small (about 3 mg) compared to the daily amount of iron needed for
erythropoiesis. Iron metabolism is therefore finely tuned, with hepcidin being
central to its regulation [12].

Hepcidin is a small 25 amino acid peptide mainly produced by the liver. It is
produced as an 84 amino acid pre-pro-peptide. Pro-hepcidin has been shown to
be biologically inactive. Hepcidin acts by binding to ferroportin, which is the sole
known iron exporter [13]. The binding of hepcidin to ferroportin induces its
internalization and degradation in the cytosol, which prevents the release of
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intracellular iron [13]. Ferroportin is mainly expressed in macrophages and duo-
denal cells, allowing, respectively, iron recycling (after eythrophagocytosis) and
iron absorption from the digestive lumen (after internalization of iron through
natural resistance-associated macrophage protein [nRAMP]/duodenal metal
transporter [DMT1]). Induction of hepcidin synthesis may thus lead to iron-
restricted erythropoiesis (by inhibiting the release of iron from macrophages to
the bone marrow) and to dietary iron deficiency (by inhibiting the uptake of
iron from the digestive duodenal cells). Hepcidin acts as a ‘hyposideremic’ hor-
mone, aimed at inhibiting iron absorption and reducing the level of iron in the
blood.

Because hepcidin plays this central role in iron metabolism regulation, its syn-
thesis is finely regulated (Fig.2) [11, 12]. Hepcidin synthesis is induced by iron
overload and inflammation, whereas iron deficiency, hypoxia and erythroid
expansion repress its synthesis. The molecular mechanisms implicated in these
complex regulations are not fully understood (see [12] for review), but the induc-
tion of hepcidin synthesis by inflammation has been shown to be interleukin
(IL)-6 dependent [14]. This interaction between hepcidin and inflammation

Erythropoiesis stimulation

« Erythropoietin Iron overload
« Bleeding...
. LiVer .
Iron deficiency ' Inflammation
Hepcidin P

Apo-Tf / ele

°? Fe-Tf
. Ferroportin
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Fig. 2. Regulation of iron metabolism in anemia of the critically ill patient. Two opposite stimuli regu-
late hepcidin, which is the master regulator of iron metabolism. Hepcidin binds to ferroportin, inducing
its internalization and destruction, thus avoiding iron export. Inflammation induces hepcidin synthesis,
while iron deficiency, blood spoliation and erythropoiesis stimulation repress it. A low hepcidin level is
required to allow iron export and its utilization for erythropoiesis. Apo-Tf: apotransferrin; Tf-Fe: transfer-
rin bound iron
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makes hepcidin the principal agent responsible for the iron-restricted erythropoi-
esis observed during chronic diseases, ultimately leading to the ‘anemia of
chronic disease’ (or anemia of inflammation) [15, 16]. On the other hand, hepci-
din synthesis is repressed by both iron deficiency and stimulation of erythropoie-
sis [11, 12]. Although the precise mechanisms involved in the repression of hepci-
din are not fully understood, it appears that matriptase 2, a membrane-bound
serine protease expressed in hepatocytes, seems to play a key role in repressing
hepcidin synthesis in iron deficiency conditions [17]. Repression of hepcidin by
erythropoiesis stimulation is even less well understood, but seems to involve
bone marrow erythropoietic activity rather than erythropoietin itself [18, 19].
Hypoxia-inducible factor (HIF) or CCAAT enhancer binding protein-alpha path-
ways have also been proposed [12]. In human pathology, little is known. Growth
differentiation factor 15, a member of the transforming growth factor (TGF)-3
family produced by late erythroblasts, has been found in high levels in patients
with beta-thalassemia syndromes and has been shown to repress hepcidin syn-
thesis [20]. These two opposite stimuli are found in the anemia of critically ill
patients, as discussed below.

Implication of Iron Metabolism in the Anemia of the Critically Ill:
Hepcidin as a Diagnostic Tool?

Anemia is not only very frequent among critically ill patients, it is also associated
with increased transfusion rates and worse outcomes (increased length of stay,
increased mortality) [6, 7]. However, recent recommendations have led to a
decrease in transfusion triggers [21]. Nowadays, anemia is present at ICU dis-
charge in at least 75 % of all patients when considering their last measured hemo-
globin levels [22]. Furthermore, anemia may also be prolonged after discharge,
with a median time to recovery of 11 weeks and more than half of the patients
still anemic 6 months after ICU discharge [23]. There is, therefore, need for a bet-
ter understanding of the mechanisms of anemia in the critically ill and an evalua-
tion of therapeutic options.

The two main contributing factors for anemia in the critically ill are inflamma-
tion and iron deficiency, which have opposite effects on iron metabolism (see
above). Until recently, inflammation, rather than iron deficiency, was considered
to play the major role. Indeed, the iron profile of critically ill patients constantly
shows hallmarks of anemia of inflammation. However, this topic has not been
considered a matter of great interest in the past, with few studies undertaken [9].
Inflammation is frequent in critical illness, whatever the underlying pathology.
The anemia of critically ill patients is indeed similar to the anemia of inflamma-
tion, with blunted erythropoietic response and activation of RBC destruction by
macrophages [15, 24]. Low serum iron and high ferritin levels constitute the typi-
cal iron profile of critically ill patients and are indicative of an inflammatory iron
profile [25, 26]. Because ferritin synthesis is induced by inflammation (through
IL-1) independently of the level of iron stores, elevated ferritin levels are no lon-
ger indicative of iron stores in the context of inflammation [10]. Thus, despite an
iron profile that mimics iron overload (with high ferritin levels), iron deficiency
may exist in these critically ill patients.

Indeed, daily blood losses are far from negligible, either through repeated
blood sampling [6, 27], surgical site bleeding, other invasive procedures (drain-
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Table 1. Biological variables of iron metabolism

Iron deficiency ~ Anemia of Iron deficiency and
inflammation inflammation

Bone marrow iron AN A Y
Iron AN AN AN
Transferrin A7 AN NtoN
Transferrin saturation A AN AN
Ferritin AN A7 Ntod
Percentage of hypochromic red blood 22 Ntod A7
cells
Reticulocyte hemoglobin content AN NorN N
Erythrocyte zinc protoporphyrin A7 Nto? A7
sTfR rr) AN 2
sTfR/log ferritin T A 72
Hepcidin AN A7 NtoN
C-reactive Protein N A7 7

sTfR: soluble transferrin receptor; N: normal; N: decreased; @ increased

age, catheter placement, renal replacement therapy...) or occult bleeding [26]. The
median blood loss for anemic critically ill patients has been estimated to be as
high as 128 ml per day [26]. This may represent a median iron loss as high as 64
mg per day. As daily iron intake is less than 20 fold iron losses, iron deficiency
could easily appear in critically ill patients.

Iron deficiency may thus coexist with inflammation. In addition, iron defi-
ciency is not infrequent in the general population [28], and also in the elderly [3,
29] or patients suffering from heart failure [30]. The frequency of iron deficiency
on ICU admission may thus be around 35 % [31, 32]. However, the diagnosis of
iron deficiency is difficult in the context of inflammation because the usual indi-
cators of iron deficiency are no longer valid [9, 10]. Because inflammation
induces ferritin synthesis, serum ferritin levels are no longer indicative of iron
stores. New biological markers are thus required for the diagnosis of iron defi-
ciency in the context of inflammation (Table 1) [10]. Below are the main biologi-
cal markers that can be used:

® Percentage of hypochromic RBCs. These hypochromic RBCs result from iron-
restricted erythropoiesis. Schematically, a value of > 10 % hypochromic
erythrocytes (normal < 2.5 %) is indicative of iron-restricted erythropoiesis
over the past 3 months (this being the RBC lifespan).

e Reticulocyte hemoglobin content. Reticulocyte hemoglobin content below
28 pg is also indicative of iron-restricted erythropoiesis over the past 2 to
3 days (this being the lifespan of reticulocytes). Recently, a low reticulocyte
hemoglobin content on admission was shown to be associated with higher
transfusion rates in critically ill patients [32].
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® Erythrocyte zinc protoporphyrin (ZPP). During erythropoiesis, Fe is nor-
mally incorporated into protoporphyrin IX to form heme. In iron deficiency,
zinc is substituted for iron, leading to the formation of ZPP. Increased eryth-
rocyte ZPP is thus indicative of iron deficiency.

® Soluble transferrin receptor (sTfR). Transferrin receptors allow the internali- "
zation of iron into erythroid progenitor. Their synthesis is increased as bone
marrow erythropoietic activity increases. When iron supply is insufficient, a
truncated form of transferrin receptor appears in the serum. sTfR is thus
indicative of iron-deficiency anemia. This marker is widely proposed, how-
ever there is no gold standard for its measurement.

® sTfR/log ferritin ratio (called the ferritin index). This is proposed as a
marker to differentiate between anemia of inflammation and the combined
situation of iron deficiency and anemia of inflammation, taking into account
the “uncovered need for iron” on the one hand and the “iron stores” on the
other [15].

Complex algorithms combining all these variables have been proposed for the
diagnosis of iron deficiency in the presence of inflammation [10, 15]; however,
none are clinically validated and the cut-off values for each variable are unknown.
Moreover, all but sTfR cannot be used after recent blood transfusion.

Being central to iron metabolism, hepcidin may be a marker of iron deficiency,
even in the presence of inflammation. Indeed, using animal models, we and oth-
ers have demonstrated that hepcidin can be repressed despite inflammation
[33-35] and that this repression is associated with spleen iron mobilization [34].
These observations reinforce the concept that iron deficiency may coexist with
anemia of inflammation [15]. Measurement of hepcidin concentrations may thus
be helpful for the diagnosis of iron deficiency in the context of inflammation.
Additionally, many hepcidin assays have been recently developed [36]. Most stud-
ies evaluating the use of hepcidin concentrations to diagnose iron deficiency dur-
ing inflammation have used ELISA-based values showing virtually undetectable
levels [35] or normal values [37, 38] of hepcidin despite inflammation (supposed
to increase hepcidin synthesis). Measurement of hepcidin concentrations could
be accurate in the diagnosis of iron deficiency in critically ill anemic patients
using a cut-off value of less than 130 ng/l [38].

Is There a Place for Iron Supplementation or Treatment in Critically
lll Patients?

Because iron deficiency may coexist with inflammation in critically ill patients [9,
10, 32, 38] and because iron may be mobilized from spleen stores in the presence
of inflammation [34, 35], one could propose that iron be given to critically ill
patients.

Because blood transfusion is not an option to fully correct the anemia in criti-
cally ill patients [6, 21], the use of alternatives such as erythropoiesis-stimulating
agents or iron has been suggested. Erythropoiesis-stimulating agents have already
been studied in the critically ill. They have not been shown to be useful [39] and
are beyond the scope of this review. In addition, iron deficiency may concern up
to 40 % of critically ill patients [10, 31, 32, 38]. Iron may thus be needed not only
for erythropoiesis but also to correct all the disorders associated with iron defi-
ciency, having been shown to improve functional capacity in women [40] and in
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cardiac patients [41]. However, iron is also a toxic compound with the ability to
induce oxidative stress or to promote bacterial growth and may thus not be suit-
able in the ICU context. Indeed, free iron may induce oxidative stress through the
Fenton reaction. Large amounts of iron, exceeding the transferrin iron-binding
capacity, may thus be toxic by inducing the release of free iron and causing oxida-
tive stress. This probably explains the increased mortality associated with large
amounts of iron administration (around the DL50) observed in an animal model
of peritonitis [42]. However, no increase in oxidative stress has been demon-
strated in human practice [43]. There is also a link between iron and infection,
with iron being needed for bacterial growth. The decrease in serum iron concen-
tration may be a defense mechanism against bacterial proliferation. However,
bacteria have developed mechanisms for iron acquisition including the release of
siderophores. The respective affinity for iron between transferrin and sideropho-
res is probably what matters [44]. In clinical studies, this link between iron and
infection has essentially been supported by experimental data on microorganisms
and retrospective studies in hemodialysis patients showing an association
between hyperferritinemia and the likelihood of infection. However, available
observational studies in postoperative or critically ill patients show no associa-
tion between intravenous iron administration and risk of infection [45]<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>