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Abstract

Sepsis is a life-threatening syndrome caused by a pathological host response to an infection that even-
tually, if uncontrolled, leads to septic shock and ultimately, death. In sepsis, a massive aggregation of
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPS)
cause a cytokine storm. The endothelial glycocalyx (eGC) is a gel like layer on the luminal side of the
endothelium that consists of proteoglycans, glycosaminoglycans (GAG) and plasma proteins. It is synthe-
sized by endothelial cells and plays an active role in the regulation of inflammation, permeability, and
coagulation. In sepsis, early and profound injury of the eGC is observed and circulating eGC components
correlate directly with clinical severity and outcome. The activity of the heparan sulfate (HS) specific glu-
curonidase Heparanase-1 (Hpa-1) is elevated in sepsis, resulting in shedding of heparan sulfate (HS), a
main GAG of the eGC. HS induces endothelial barrier breakdown and accelerates systemic inflammation.
Lipopolysaccharide (LPS), a PAMP mainly found on the surface of gram-negative bacteria, activates TLR-
4, which results in cytokine production and further activation of Hpa-1. Hpa-1 shed HS fragments act as
DAMPs themselves, leading to a vicious cycle of inflammation and end-organ dysfunction such as septic
cardiomyopathy and encephalopathy. Recently, Hpa-1's natural antagonist, Heparanase-2 (Hpa-2) has
been identified. It has no intrinsic enzymatic activity but instead acts by reducing inflammation. Hpa-2
levels are reduced in septic mice and patients, leading to an acquired imbalance of Hpa-1 and Hpa-2 pav-
ing the road towards a therapeutic intervention. Recently, the synthetic antimicrobial peptide 19-2.5 was
described as a promising therapy protecting the eGC by inhibition of Hpa-1 activity and HS shed frag-
ments in animal studies. However, a recombinant Hpa-2 therapy does not exist to the present time. Ther-
apeutic plasma exchange (TPE), a modality already tested in clinical practice, effectively removes
injurious mediators, e.g., Hpa-1, while replacing depleted protective molecules, e.g., Hpa-2. In critically
ill patients with septic shock, TPE restores the physiological Hpa-1/Hpa-2 ratio and attenuates eGC break-
down. TPE results in a significant improvement in hemodynamic instability including reduced vasopressor
requirement. Although promising, further studies are needed to determine the therapeutic impact of TPE
in septic shock.
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List of abbreviations

APTT Activated partial thromboplastin time
BDNF Brain-derived neurotrophic factor
CD Cluster of differentiation
COVID-19

Coronavirus disease-2019
DAMPs Damage associated molecular patterns
DIC Disseminated intravascular coagulation
eGC Endothelial glycocalyx

Hpa-1 Heparanase-1

Hpa-2 Heparanase-2

HS Heparan sulfate

ICAM-1  Intracellular adhesion molecule-1
IL Interleukin

INR International normalized ratio

LPS Lipopolysaccharide

MD2 Lymphocyte antigen 96

NAH Non-anticoagulant heparin

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

PAMPs Pathogen associated molecular patterns

PGC-1a  PPARYy coactivator-1a

PPAR Peroxisome proliferator-activated receptors
PRR Pattern-recognition receptors

ROS Reactive oxygen species

TER Transendothelial electrical resistance

TLR Toll-like receptor

TNFa Tumor necrosis factor o

TRIF TIR-domain-containing adapter-inducing interferon-13
VCAM-1 Vascular cell adhesion molecule-1

Introduction

Sepsis is defined as life-threatening organ
dysfunction caused by a pathological host
response to infection [1-3]. It can result in signifi-
cantly reduced organ perfusion, namely septic
shock [1,2]. The mortality of septic shock remains
high at up to 59 % [4]. In 2017, 48.9 million sepsis
cases were reported worldwide including 11 million
deaths [5]. Additionally, the incidence of sepsis is
continuously increasing and currently stands at
11.6 % in Germany [6]. Therefore, the world health
organization recognized sepsis as a health priority
[7].

The pathophysiology of sepsis is dominated by
immune dysfunction, coagulopathy and
endothelial  dysfunction  [8-16].  “Damage-
associated molecular patterns” (DAMPs) are
released by injured tissue and “pathogen-
associated molecular patterns” (PAMPs) expressed
on microorganisms. These in turn activate so-called
“pattern-recognition receptors” (PRRs) on host
cells, such as the Toll-like receptors (TLR), which
subsequently induce a cascade of signaling events
ultimately leading to a systemic inflammatory
response [13,14]. As an example, TLR-4 is acti-
vated by lipopolysaccharides (LPS) expressed on
gram-negative bacteria [13]. In sepsis, a massive
accumulation of PAMPs by microorganisms (i.e.
LPS) and DAMPs by damaged tissue overstimu-
lates immune cells which results in an overwhelm-
ing systemic release of cytokines such as
Interleukin (IL)-6 or tumor necrosis factor o (TNFo)
[14—16]. This phenomenon has been named “cy-
tokine storm” a pathological, overshooting
immune response that gives rise to organ dysfunc-
tion [13,14].

Also, the inner layer of the vasculature — the
endothelium — plays a crucial role in the pathology
of sepsis-associated multiple organ dysfunction.
Literally all of its physiological functions are
severely disturbed during sepsis [10,17,18]. The

endothelium does not only function as a physical
barrier but is actively involved in the regulation of
physiological (i.e. gas exchange, nutrient diffusion
etc.) and pathophysiological processes (i.e. inflam-
mation, coagulation and permeability) [12]. There-
fore, endothelial activation results in a pro-
inflammatory, pro-adhesive, pro-coagulative milieu
with a widespread affection of cell—cell-junctions.
This ultimately leads to vascular leakage, clinically
described as “capillary leakage syndrome” [19,20].
The endothelial glycocalyx (eGC), a gel-like layer
on the surface of endothelial cells of all vascular
beds, consisting of sugar and protein molecules,
serves as a physical barrier for water and colloids
but also significantly regulates endothelial function
[21]. The eGC is additionally involved in the modu-
lation of signaling processes [22]. This review
focuses on the role of the eGC in sepsis with an
emphasis on the heparan sulfate (HS) shedding
enzyme heparanase-1 (Hpa-1) and its putative nat-
ural antagonist heparanase-2 (Hpa-2), in sepsis.

Structure and function of the
endothelial glycocalyx

The vascular endothelium is covered by a gel-like
layer on its luminal site, the eGC [21]. This
carbohydrate-rich layer consists of three major
components: 1) membrane-bound proteoglycans
(e.g. Syndecan-1) [23], 2) glycosaminoglycans
(GAG) bound to proteoglycan core proteins and 3)
plasma proteins (i.e. Albumin, antithrombin)
[21,24,25]. GAGs are linear polymers of disaccha-
rides with variable length that are modified by e.g.,
sulfation and (de-)acetylation. Over 50 % of the
GAGs consist of heparan sulfate (HS) [26,27].
Other important GAGs are hyaluronic acid (HA),
which is linked to the transmembrane receptor clus-
ter of differentiation 44 (CD44) [28,29], chrondroitin
sulfate (CS), dermatane sulfate and keratine sulfate
[21]. The highly sulfated GAG chains form a nega-
tively charged barrier. Proteoglycans consist of a



core protein linked with one or more glycosamino-
glycan chains. Glycoproteins, namely proteins from
selectin family, integrin family and immunoglobulin
superfamily, play a major role in cell recruitment
from the bloodstream and in cell signaling [24].
The eGC plays a crucial role in endothelial
homeostasis [26,27], is synthesized by endothelial
cells themselves [21,30] and is tightly and dynami-
cally regulated by degradation and de novo synthe-
sis [31]. Its negatively charged components prevent
extravascular leakage of protein and intravascular
fluid [26,27]. In addition, the eGC regulates inflam-
mation and coagulation. It has anti-inflammatory
effects by creating an anti-adhesive milieu and
inhibiting leucocyte migration [32]. Thinning of the
eGC exposes much smaller and hence previously
hidden endothelial surface adhesion molecules,
including intracellular adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-
1). This in turn, allows neutrophils to recognize
and adhere to the endothelial surface [33,34]. Plate-
let aggregation is prevented and important anti-
coagulant molecules, such as antithrombin, throm-
bomodulin and tissue factor pathway inhibitor, are
stored in the eGC resulting in an anti-coagulant
effect [26,27]. Shear stress and blood flow are key
regulators of the eGC. Increased shear stress leads
to vasodilatation via nitric oxide (NO) release and
consequently, to stress reduction [26,27]. Synthesis
and maintenance of different eGC components (i.e.,
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hyaluronan) is induced by laminar shear stress via
direct mechanotransduction to the endothelium
and the shear-responsive transcription factor
Krippel-like factor 2 (KLF2) [35,36].

As the assessment of the eGC is difficult both
in vivo and in vitro, different interpretations
regarding its thickness exist [21]. Commonly, the
thickness of the eGC in vivo is determined by the
equivalent of the so called perfused boundary
region (PBR) representing the width of red blood
cells penetrating into the (damaged) eGC [37]
(Fig. 1).

Role of the endothelial glycocalyx in
sepsis

Early and substantially injury of the eGC has been
reported during sepsis [21,27,38,39]. A key clinical
problem of septic patients is hemodynamic instabil-
ity that is driven by an altered vasomotor status with
vasoplegia resulting in low perfusion pressure at the
organ level. Hypotension per se causes lower shear
stress to the eGC which results in its shedding and
therefore, reduced eGC thickness [21,35,40,41].
The eGC is further degraded by activated matrix
metalloproteinases (MMP) and disintegrin metallo-
proteases (ADAM), which are all elevated in sepsis
[42,43], probably due to activation by pro-
inflammatory cytokines (e.g., TNFa) [27,35]. In
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Fig. 1. Perfused boundary region correlates with endothelial glycocalyx damage. (A) In quiescent endothelium, red
blood cells (RBC) flow in laminar flow in the middle of vessels. Some RBCs flow in the perfused boundary region
(PBR). The endothelial glycocalyx (eGC), here exemplarily represented by the glycosaminoglycan heparan sulfate
(HS) and the proteoglycan syndecan-1, is a complex layer on top of the endothelial surface. Excess heparanase-2
(Hpa-2) may stabilize membrane bound HS. The glycocalyx layer is not perfused by RBCs, leading to a laminar blood
flow in healthy vessels. (B) In septic endothelium, heparanase-1 (Hpa-1) sheds HS and therefore, eGC. Additionally,
there is an acquired deficiency of protective Hpa-2. Consequently, RBCs can penetrate into outer vessel regions,
leading to a higher PBR and ultimately, blood stasis. The PBR therefore, directly correlates with damaged eGC
in vivo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)



addition, the endothelium-destabilizing factor
angiopoietin-2 (Angpt-2) is a key mediator of eGC
degradation and is released from Weibel-Palade
bodies during inflammation [44]. Degradation prod-
ucts themselves act as DAMPs and further stimu-
late immune response [21,27]. Due to shedding of
the eGC, embedded endothelial adhesion mole-
cules, such as ICAM-1 and VCAM-1, are exposed
and leukocytes can more easily transmigrate
[21,38]. Any damage to the eGC impairs the care-
fully protected sub-glycocalyceal space — a
protein-poor space between the glycocalyx and
the vascular endothelium — which maintains a fairly
high oncotic pressure gradient, thereby uncoupling
the oncotic effect of interstitial concentration from
the vessel lumen [45,46]. Loss of the eGC not only
increases capillary permeability and interstitial
edema formation, but also impairs “autotransfusion”
capacity (i.e., the result of water moving into the cir-
culation out of the non-circulating glycocalyx, which
contributes about 25% of total intravascular volume
[47]. Furthermore, shedding of the eGC results in
secondary vascular barrier dysfunction and capil-
lary leakage by opening the endothelial cleft and
consequently, increased protein-rich fluid extrava-
sation [21,26]. Intravascular coagulation is induced
as platelets aggregate at eGC deficient endothelial
cell surfaces and anticoagulant activities of the
endothelium, that are critically dependent on eGC
components as co-factors, are suppressed (an-
tithrombin, thrombomodulin, Tissue Factor Path-
way Inhibitor) [21]. Together, early and substantial
shedding of the eGC is found in sepsis, which con-
tributes to a pathologic local inflammation,
increased permeability and activated coagulation.

Circulating markers of eGC injury correlate with
sepsis severity and outcome [27,38,48-52]. As an
equivalent of reduced eGC thickness and therefore
deeper penetration of the red blood towards the
vessel wall, the above introduced “PBR” increases
[40,41,583] (Fig. 1) and correlates with outcome in
septic patients [54]. Consistently, the blood concen-
tration of eGC’s main proteoglycan, syndecan-1,
correlates with the measured PBR in septic patients
[53]. Therefore, serum levels of syndecan-1 serve
as a global surrogate parameter for eGC damage.
Syndecan-1 serum levels are elevated in patients
with sepsis compared to healthy individuals or
patients after major surgery [55]. Higher
Syndecan-1 serum levels also correlate with
dosage of vasopressor support, microcirculatory
dysfunction (lactate) and parameters of dysregu-
lated coagulation (International normalized ratio
(INR), activated partial thromboplastin time (aPTT))
in septic patients [48,49]. Circulating syndecan-1
levels were also reported to be associated with
the severity of disseminated intravascular coagula-
tion (DIC) [56].

Importantly, higher circulating heparan sulfate
(HS) levels were also associated with higher an
increase in the mortality in septic patients [57].

Since HS is the major GAG of the eGC [26,27], its
degradation process and functions involving its
main regulators, Heparanase-1 (Hpa-1) and
Heparanase-2 (Hpa-2), will be discussed in more
detail within the scope of this review (Fig. 2).

Heparan-sulfate and its cleavage
enzyme Heparanase-1

Hpa-1 is a HS-specific glucuronidase [38] that is
produced primarily by endothelial cells [58], but also
by platelets and neutrophils [59]. Hpa-1 targets are
the HS chains covalently linked to core proteins of
the ubiquitous and multifunctional HS proteogly-
cans, present at cell surfaces and extracellular
matrix and involved in cell signaling, survival, prolif-
eration, migration, and invasion [60,61]. Hpa-1 is
cleaved from its 65 kDa proenzyme to its active
50 kDa form by inflammatory cytokines, i.e. TNFa
[27], reactive oxygen species [60], LPS [22] and
Cathepsin L (Ctsl) [62]. Activation of Hpa-1 cat-
alyzes the degradation of the HS layer of the eGC
[38,60]. Hpa-1 concentration in patient’s blood
was found to be elevated during sepsis [60,63]
and seems to be higher in gram-negative compared
to gram-positive bacteremia [60].

In contrast, we and others recently also observed
reduced Hpa-1 concentrations in severe septic
shock [64,65], which might be due to close binding
of Hpa-1’s soluble form to the eGC during HS shed-
ding and therefore, results in lower serum concen-
trations [66]. Apart from these divergent data on
Hpa-1 concentration, Hpa-1 activity is found signifi-
cantly elevated in diverse septic conditions and has
been explored in different tissues, most extensively
in the pulmonary microcirculation [38,60].

Schmidt and colleagues analyzed the effects of
degraded pulmonary endothelial glycocalyx on
lung injury and neutrophil adhesion [38]. When
examined by intravital microscopy, thickness of
the pulmonary eGC is reduced in LPS-treated mice,
whereas eGC thickness in cremasteric tissue
remains unchanged. On the contrary, Yang and col-
leagues, found reduced eGC thickness in cremas-
teric tissue [67]. Schmidt and colleagues found
increased adhesion of neutrophils in pulmonary tis-
sue in LPS-treated mice and a higher availability of
the adhesion molecules ICAM-1 and VCAM-1,
labelled by fluorescent microspheres. Interestingly,
this higher expression results primarily from eGC
degradation rather than new protein synthesis as
total ICAM-1 and VCAM-1 protein remain
unchanged in LPS-challenged mice and mouse
lung microvascular endothelial cells (MLMVECS)
when already increased neutrophil adhesion is
found [38]. In mice subjected to cecal ligation and
puncture (CLP) — a model of abdominal polymicro-
bial sepsis — increased lung permeability is accom-
panied by increased pulmonary Hpa-1 expression
[38,68]. It has been proposed that loss of eGC
mediated by Hpa-1 contributes to increased perme-
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Fig. 2. Heparanase-2 prevents inflammation by stabilizing membrane bound heparan sulfate from heparanse-1
degradation. (A) In quiescent endothelium, the endothelial glycocalyx (eGC), here exemplarily represented by the
glycosaminoglycan heparan sulfate (HS) and the proteoglycan syndecan-1, is a complex layer on top of the
endothelial surface. Excess heparanase-2 (Hpa-2) stabilizes membrane bound HS and only low concentrations of
Heparanase-1 (Hpa-1) are found within the circulation (a broad surrogate of its local concentration). (B) In septic
endothelium, lipopolysaccharide (LPS) binds to the receptor cluster of differentiation 14 (CD14) and is via lymphocyte
antigen 96, MD2, transferred to toll-like receptor (TLR)-4, which is then activated. Downstream of TLR4 the
inflammatory transcription factor NF-xB is activated which leads to production and release of cytokines, e.g.
interleukin (IL)-6. Consequentially, the HS specific glucuronidase Hpa-1 is activated and degrades eGC by cleaving
membrane bound HS chains. Shed HS fragments circulate and stimulate themselves TLR-4 in turn leading to a
vicious cycle of inflammation. Unburied adhesion receptors and disruption of the endothelial cleft lead to endothelial
mediated accelerated inflammation and leakage. Hpa-1 up-regulates the expression and activity of the coagulation
initiator- tissue factor (TF) and at the time interacts with the tissue factor pathway inhibitor (TFPI) on the cell surface
membrane of endothelial cells, leading to dissociation of TFPI and therefore resulting in increased cell surface
coagulation activity. Additionally, loss of HS chains enables increased platelet aggregation and mediates loss of
antithrombin-11l activity. Free circulating HS fragments trigger production of mitochondrial reactive oxygen species
(ROS) resulting in (septic) cardiomyopathy. At the same time they competitively inhibit brain derived neurotrophic
factor (BDNF), leading to cognitive dysfunction. Hpa-2 prevents membrane bound HS from being shed by Hpa-1.
Therefore, LPS cannot be transferred from CD14 to TLR-4 and downstream signaling is inhibited. Circulating HS
fragments are likely to be antagonized by Hpa-2 as well. As an acquired deficiency of Hpa-2 is found in sepsis, these
protective functions are most likely critically diminished.



ability, inflammation, and neutrophil migration, ulti-
mately leading to acute respiratory distress syn-
drome (ARDS) in human sepsis [38]. Accordingly,
human plasma Hpa-1 activity is increased in both
pulmonary and non-pulmonary sepsis and higher
Hpa-1 levels are found in human biopsies with dif-
fuse alveolar damage compared to normal lung tis-
sue [38]. Interestingly, it was recently shown that
human plasma Hpa-1 activity is also increased in
coronavirus disease-2019 (COVID-19) [69].

Experimental inhibition of Hpa-1 is found to be
protective for overall degradation of eGC reducing
lung permeability and even improving survival in
LPS-treated Hpa-1 deficient mice [38]. Heparin
and the non-anticoagulant N-desulfated/re-N-
acetylated heparin (NAH) fragment serve as an
alternative substrate for Hpa-1 and have been
extensively studied in murine sepsis models and
cell culture experiments [38,70]. NAH prevented
thinning of the eGC on human endothelial cells
in vitro, which was observed after the addition of
serum from sepsis patients — but not after the addi-
tion of serum from healthy controls [71]. However,
the 65-kDa proenzyme of Hpa-1 has also been
reported to be protective [72], which may be
explained by nonenzymatic effects [73].

Acute kidney injury (AKI) is a common
complication in sepsis [74]. Lygizos and colleagues
analyzed Hpa-1 in kidneys of septic mice four hours
after CLP surgery [39]. A higher glomerular Hpa-1
expression and activity were accompanied by loss
of glomerular filtration as indicated by elevated
blood urea nitrogen (BUN). At the same time, HS
degradation activity in the urine was found elevated.
Consequentially, antagonizing Hpa-1 could prevent
experimental septic AKI. These data together sug-
gest a novel mechanism in the pathogenesis of
sepsis-associated AKI. Interestingly, in contrast to
the pulmonary microvasculature, neutrophil adhe-
sion and endothelial permeability remain
unchanged in kidneys of septic mice, suggesting a
different mechanism of injury compared to ARDS
[39].

Hpa-1 is also involved in coagulopathy. Hpa-1
overexpressing mice generate a larger thrombus
size within a shorter period of time compared to
control mice in arterial injury and stent occlusion
models, supporting an important pro-coagulant
effect of Hpa-1 [75]. Mechanistically, Hpa-1 up-
regulates the expression of the blood coagulation
initiator tissue factor (TF) [76] and at the same time
interacts with the tissue factor pathway inhibitor
(TFPI) on the cell surface membrane of endothelial
cells, leading to dissociation of TFPI and therefore,
resulting in increased cell surface coagulation activ-
ity [77]. Additionally, Hpa-1 directly enhances TF
activity [78]. Hpa-1 is found to increase the
thrombin-antithrombin level as well as D-Dimers in
Hpa-1-treated mice to levels comparable to LPS-
treated mice [79,80]. Injection of Hpa-1 following
previous LPS administration enhances laboratory

derangement of coagulation factors resembling
DIC independently from inflammation. IL-6 is not
elevated in Hpa-1-treated mice and thrombin-
antithrombin levels and D-Dimers are not elevated
in Hpa-1 deficient LPS-treated mice. These data
suggest that Hpa-1 might be able to induce activa-
tion of the coagulation system independent of an
inflammatory response while also enhancing diffuse
coagulation activation resulting in DIC [79,80]. More
recently, both Hpa-1 expression and activity were
found to be elevated in platelets during human sep-
sis. The active 50 kDa form of Hpa-1 in platelets, not
its 65 kDa proenzyme though, correlated with mor-
tality [81]. Whether increased Hpa-1 expression
and activity in thrombocytes of septic patients is
mechanistically associated with increased risk of
thrombus formation, still needs to be explored.

Intestinal inflammation in sepsis is also
associated with Hpa-1 [82,83]. The level of HS
degradation activity is elevated in intestinal tissue
in CLP-subjected mice and associated with a loss
of HS on intestinal villi. Accordingly, both Hpa-1
activity and its expression in intestinal tissue are
elevated in sepsis [83]. Like in the lung, leukocyte
adhesion and inflammation is increased in intestinal
tissue [82]. Accordingly, Hpa-1 inhibitors, such as
NAH, antagonize increased intestinal inflammation
and permeability [82,83].

These findings suggest that Hpa-1 expression in
sepsis is heterogenous and depends on the
investigated tissue. Nevertheless, it has an
increased activity in most organs thus contributing
to multi-organ failure (i.e. ARDS, AKI, intestinal
barrier dysfunction) [38,39,79-83].

Mechanistically, Lipopolysaccharide (LPS), found
on the outer membrane of gram-negative bacteria,
is a key PAMP in sepsis and can act as an Hpa-1
inducer [22,38,60]. LPS activates the toll-like recep-
tor (TLR)-4 which downstream leads to cleavage
and activation of the inflammatory transcription fac-
tor “nuclear factor ‘kappa-light-chain-enhancer’ of
activated B-cells” (NF-xB). NF-xB activates cyto-
kine production and release of e.g., Interleukin
(IL)-6 [60]. IL-6 then activates Hpa-1, which results
in cleavage of HS fragments from the eGC [60].
Additionally, Hpa-1 was demonstrated to further
stimulate the pro-inflammatory response via TLRs
mediated by non-catalytic mechanisms [84]. Hpa-
1’s catalytic activity is reported to promote LPS
response on TLR-4 receptors thereby, fulfilling a
direct positive feedback loop in macrophages and
endothelial cells [22,85]. Moreover, Hpa-1 shedding
of the HS layer leads to higher accessibility of the
TLR-4 receptors on the naked endothelial surface.
Accessibility of further receptors that are involved
in leucocyte adhesion or coagulation, which then
further augments endothelial mediated inflamma-
tion and coagulation, is generally increased by
Hpa-1 [21,38]. In addition, the endothelium-
destabilizing factor Angiopoietin-2  (Angpt-2)
induces Hpa-1 activity after being released from



endothelial cells upon stimulation [44]. Circulating
HS fragments are elevated in humans with sepsis
(in gram negative sepsis higher than in gram posi-
tive etiology) and associated with increased mortal-
ity [27,63,86]. HS, when anchored within the eGC
scaffold, modulates TLR-4 signaling and down-
stream inflammatory response [22]. In contrast,
Hpa-1 shed, circulating HS fragments are reported
to further act as DAMPs themselves and further
stimulate TLR-4 signaling. TLR-4 induces Hpa-1
activation, leading to a vicious cycle of inflammation
[22,57,60,63,87,88]. Additionally, HS fragments are
known to stabilize the pro-inflammatory cytokine
interferon gamma [89].

Levels of circulating HS fragments have been
found to be involved in various mechanisms of
organ dysfunction in sepsis [63,87,90,91]. For
instance, HS fragments can increase the production
of mitochondrial reactive oxygen species (ROS) in
murine cardiomyocytes [90]. In contrast, the
expression of receptors regulating mitochondrial
function, such as peroxisome proliferator-activated
receptors (PPAR), and their co-activator PPARY
coactivator-1a (PGC-1a), is reduced by HS [90].
The lower expression of PPAR and PGC-1a can
be antagonized by inhibition of TLR-4 suggesting
HS fragments to be involved in myocardial contrac-
tile dysfunction and cardiomyopathy [63,90]. Hip-
pensteel and colleagues analyzed the impact of
HS fragments on the hippocampus in mice and
humans [87]. Cognitive impairment is a well-
known early complication of sepsis, termed septic
encephalopathy [92]. HS fragments lead to hip-
pocampal pathology in terms of both, an acute dys-
function of the hippocampal blood brain barrier, and
a later loss of hippocampal volume in sepsis sur-
vivors [87]. Sulfated and charged HS fragments
are released by Hpa-1 dependent shedding of the
eGC, which then competitively inhibit brain-
derived neurotrophic factor (BDNF)-mediated hip-
pocampal long term potentiation resulting in cogni-
tive dysfunction [87]. In contrast to LPS, in
microglia, HS fragments and Hpa-1 reportedly exert
anti-inflammatory properties [93]; however, this
effect has not been described for any other tissue.
In summary, circulating HS fragments act as
DAMPs further enhancing dysregulation of the host
response in sepsis.

Role of Heparanase-2 as an opposing
regulator of Heparanase-1

Hpa-2 is a molecule with an overall sequence
identity of 40% and a sequence resemblance of
59% to Hpa-1 [94,95]. Unlike Hpa-1, the physiolog-
ical role of Hpa-2 remains largely obscure. Genetic
studies revealed that mutations in Hpa-2 gene —
leading to a truncated Hpa-2 protein — cause the
urofacial syndrome (UFS), a rare autosomal reces-
sive disease with severe dysfunctional urination
and peripheral neuropathies [96,97]. Homozygous

Hpa-2 mutant mice suffer from growth retardation
and poor weight gain after birth, ultimately, leading
to death [97]. Given the lethal phenotype of
homozygous Hpa-2 mutant mice, it is conceivable
that Hpa-2 plays a significant role in the develop-
ment and function of multiple organs other than
the bladder [97]. Conditional and tissue specific
knockouts may help to better understand its physiol-
ogy in the future. Hpa-2 is spliced alternatively and
has three known isoforms (Hpa-2a, Hpa-2b, Hpa-
2c). Only Hpa-2c (in this review referred to as
Hpa-2) is secreted and has a higher affinity to HS
and heparin than Hpa-1 [95,97]. In contrast to
Hpa-1, Hpa-2 undergoes no proteolytic processing
and therefore lacks enzymatic activity [95,97].
Hpa-2 is known to be involved in diverse cancer
pathologies, i.e. in head, neck, colorectal and ovar-
ian cancer [95,97]. So far, however, it remains
unknown if this is due to inhibition of Hpa-1 activity
or by mechanisms independent of a putative inter-
action with Hpa-1. For example, Hpa-2 might inhibit
signaling of cleaved eGC components. Direct inhibi-
tion of inflammatory cytokines that downstream
lead to eGC breakdown, seems also possible. The
exact mechanism of Hpa-2 remains to be eluci-
dated. It has been reported that Hpa-2 is secreted
by endothelial cells into the circulation of humans
and its levels are closely associated with
syndecan-1 and -4 proteoglycans on the cell sur-
face [22,95,98]. However, transcriptional and post-
transcriptional regulation of Hpa-2, especially in
respect to endothelial cell biology and disease
states associated other than cancer, are incom-
pletely understood and need further investigation
— especially in systemic inflammatory syndromes
such as sepsis.

Only recently, our own group discovered that
administration of exogenous Hpa-2 can reduce
Interleukin (IL)-6 production in LPS stimulated
endothelial cells [22]. Moreover, Hpa-2 can antago-
nize the LPS-dependent increase of endogenous
Hpa-1 activity [22]. Further downstream, Hpa-2
reduces LPS-induced activation of NF-kB signaling
in endothelial cells. Simultaneous Hpa-1 inhibition
shows no additive effect suggesting that both mole-
cules act via the same molecular pathway [22].
Besides an anti-inflammatory phenotype, also a
broad anti-permeability effect has been observed
in Hpa-2 overexpressing endothelial cells [22].

LPS binds to CD14, a TLR-4 co-receptor [99] and
is subsequently transferred to TLR-4 by lymphocyte
antigen 96 (MD2), an accessory molecule, which
recruits two adapter proteins, MyD88 and TIR-
domain-containing adapter-inducing interferon-3
(TRIF) which further leads to induction of further
intracellular signaling. Cytokine synthesis and
release (e.g. IL-6) as well as subsequent Hpa-1
activation are then initiated [22,100-102]. Hpa-2
counteracts this response by inhibiting TLR-4 stim-
ulation, more precisely the activation of MyD88 and
TRIF-mediated pathways [22]. Binding of LPS to



CD14 itself is not inhibited by Hpa-2; rather Hpa-2
prevents LPS transfer from CD14 to the TLR-4/
MD2 complex [22].

Importantly, Hpa-2 stabilizes membrane bound
HS [22]. It appears to bind to its cleavage sites
thereby preventing Hpa-1 mediated shedding (in
Hpa-2 overexpressing endothelial cells [22]). As
membrane bound HS itself may inhibit LPS transfer
from CD14 to TLR-4, Hpa-2 augments this inhibition
and the endothelial surface adhesion molecules to
be expressed after eGC shedding may still be cov-
ered by HS chains [22,38].

Heterogeneous findings concerning Hpa-1 in
sepsis exist, all demonstrating elevated Hpa-1
activity but different Hpa-1 concentrations [63—65].
In contrast, a substantial acquired Hpa-2 deficiency
has been demonstrated in both murine sepsis mod-
els (LPS and CLP) as well as septic patients
[22,65]. Recently, our group was able to show that
Hpa-2 is also decreased in critically ill patients with
COVID-19, a disease that can be complicated by
overwhelming systemic inflammation and endothe-
liopathy [103—-105].

In conclusion, the ratio between injurious Hpa-1
and protective Hpa-2 appears crucial for local HS
turnover and eGC degradation [22,65]. A concur-
rent increase in Hpa-1 and a reduction in Hpa-2,
resulting in an imbalanced Hpa-1/Hpa-2 ratio, may
play a crucial role in the pathological host response
in sepsis [22,65,103].

Therapeutic considerations in sepsis

As specific treatment strategies modulating the
dysregulated host response in sepsis are lacking,
clinical management concepts are limited to
infection  control, volume  supplementation,
vasopressors and organ supportive therapies
[106,107]. This also applies to strategies what
would specifically target the eGC [27]. In the follow-
ing we would like to highlight potential therapeutic
concepts that aim at restoring the Hpa-1/Hpa-2 ratio
to attenuate sepsis associated eGC injury.

As Hpa-1 activity is highly upregulated in sepsis, a
major therapeutic target would be the direct
inhibition of Hpa-1 activity as initially described by
Schmidt and colleagues in preclinical in vitro
studies and septic mouse models [38]. The broadly
used anticoagulant “heparin” can also function as a
natural Hpa-1 antagonist [38]. Hpa-1 inhibition by
heparin prevents endotoxemia-associated eGC
loss and neutrophil adhesion. Furthermore, Hpa-1
inhibition attenuates sepsis-induced acute lung
injury and mortality in mice. Those effects could
be achieved by administration of heparin even three
hours after intraperitoneal LPS administration [38].
Likewise, Yini and colleagues showed in experi-
ments with beagle dogs, that unfractionated heparin
(UFH) reduces eGC shedding [108]. Low molecular
weight heparin (LMWH) was also able to reduce
eGC shedding in inflammation in rats [109]. In sep-

tic patients, however, application of high doses of
heparin will remain highly controversial due to its
anticoagulant effect in patients that are at risk of dif-
fuse and potential life threatening bleeding related
to the frequent existence of a disseminated con-
sumption of coagulation factors [56]. Non-
anticoagulant heparins (e.g., NAH) as well as
Heparin-mimetics (i.e. Roneoparstat, Necuparanib,
PG545) have been demonstrated to effectively inhi-
bit Hpa-1 without anti-coagulant side effects in pre-
clinical investigations [38,39,56,110-112]. Most
studies of NAH and its inhibiting effect on Hpa-1
focus on tumor pathophysiology though [110,111].
Other Heparin-mimetics (i.e., Muparfostat, Roneop-
arstat, Necuparanib, PG545) that inhibit Hpa-1’s
enzymatic activity are being evaluated in phase |
clinical trials for various types of cancer and appear
to be well tolerated [113]. Nevertheless, keeping in
mind the unphysiological volume of distribution and
the unpredictable pharmacokinetics and -dynamics
in sepsis patients, those results are hardly transfer-
able from oncology phase | studies with hemody-
namically stable patients to the ICU area.

Recently, Martin and colleagues described the
protective effect of the synthetic peptide 19-2.5 on
the eGC by inhibition of both Hpa-1 activity and
Hpa-1 shed HS fragments in mice subjected to
CLP [86]. Peptide 19-2.5 is a synthetic anti-
microbial peptide that has been primarily investi-
gated for its potential to antagonize the most potent
bacterial toxins from both gram-negative (e.g. LPS)
and gram-positive bacteria (e.g. lipoproteins/pep-
tides (LP)) [114]. Treatment of CLP-subjected mice
with peptide 19-2.5 lowers Hpa-1 plasma levels,
circulating HS-fragments, and reduces Hpa-1 activ-
ity. Additionally, these mice show lower Hpa-1
expression at the transcriptional level (MRNA) in
heart, liver, lung, kidney and spleen [86]. Further
studies have investigated the anti-inflammatory
effects of peptide 19-2.5 [63,90,115]. Isothermal
titration experiments with peptide 19-2.5 show that
it has a low immunogenic potential. LPS-induced
cytokine induction in human mononuclear cells in
the presence of common antibiotics such as tetra-
cycline, ciprofloxacine and amoxicillin show that
classical anti-infective agents had no influence on
the inhibiting action of peptide 19-2.5. Peptide
19-2.5 intercalates into the membrane and inhibits
LPS to bind to cell receptors such as the receptor
complex TLR4/MD2 [115]. Although promising, clin-
ical studies are needed to evaluate the potential of
this novel drug in patients.

Recent resolution of the crystal structure of the
Hpa-1 protein  will hopefully enable the
development of specific high affinity Hpa-1-
inhibiting small molecules in the future [116,117].

An acquired deficiency of the natural Hpa-1
antagonist Hpa-2 has been demonstrated in both
preclinical and clinical investigations in sepsis
[22,65]. Supplementation with exogenous Hpa-2
attenuates Hpa-1 induced eGC breakdown and



subsequent inflammation in septic mice (see
above) [22]. However, a recombinant Hpa-2 substi-
tution to directly restore protective Hpa-2 levels and
therefore re-balance the Hpa-1/Hpa-2 ratio is not
available at present.

In the absence of a specific Hpa-1 inhibitory
therapy available for clinical use in sepsis, it
appears reasonable to explore the potential of
already existing adjunctive therapeutic modalities
targeting both excessive cleaved HS fragments
and the dysbalanced eGC regulating Hpa-1/2 ratio.

Therapeutic plasma exchange (TPE) has been
investigated as an adjunctive extracorporeal
sepsis treatment and has recently gained much
attention. TPE removes excessive injurious
molecules, i.e. pro-inflammatory, pro-coagulant
and endothelium-destabilizing proteins [118,119].
Simultaneously, deficient but protective proteins,
i.e. anticoagulant and endothelium-stabilizing pro-
teins as well as immunoglobulins, are replaced
[118-120]. Given the potential of removing of
excessive injurious mediators while at the same
time replacing consumed protective factors [121],
TPE might represent a therapeutic option until
specific host response modulating therapies are
available.

This begs the question whether it is possible to
transfer this concept of adjunctive TPE to the
pathophysiological field of the eGC?

In a prospective predefined sub-study of a
randomized clinical trial it was demonstrated that
early septic patients have only mildly elevated
cytokine levels but significantly increased
syndecan-1 levels as a surrogate parameter of
(early) eGC damage [122]. In fact, directly after
transfusion of fresh frozen donor plasma (FFP) to
critical ill septic patients, syndecan-1 blood concen-
trations can be significantly decreased [122].
Recently, our group demonstrated in patients with
early and severe septic shock, that TPE is able to
reduce blood concentrations of products of eGC
shedding including HS (reduced by about a third
after one TPE in septic patients). At the same time,
TPE attenuates acquired Hpa-2 deficiency by effec-
tively replacing Hpa-2 blood concentration [65]. A
planned German multicenter randomized controlled
trial will investigate the impact of TPE in septic
shock (EXCHANGE 2 study). A pre-defined sub-
analysis of this trial might also help to further clarify
the potential of TPE as an eGC protective therapeu-
tic option.

In the future, it may be important to combine
different therapeutic strategies to prevent
degradation of eGC in sepsis. Specific Hpa-1
inhibitor therapies are needed to effectively
counteract upregulated injurious Hpa-1 [116,117].
At the same time, TPE may replenish protective
Hpa-2 while at the same time removing injurious
eGC shedding products [65]. Together, eGC shed-
ding in sepsis may be protected effectively by simul-
taneously = combining  different  therapeutic

strategies in modulating diverse eGC regulating
molecules and effectors. Further studies are
needed to further evaluate the potential of therapeu-
tic efforts in modulating eGC in sepsis.
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