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Abstract

Antithrombin (AT) is a major plasma glycoprotein of the serpin superfamily which regulates the
proteolytic activity of the procoagulant proteases of both intrinsic and extrinsic pathways. Two
important structural features that participate in the regulatory function of AT include a mobile
reactive center loop (RCL) that binds to active-site of coagulation proteases, trapping them in the
form of inactive covalent complexes and a basic D-helix that binds to therapeutic heparins and
heparan sulfate proteoglycans (HSPGs) on vascular endothelial cells. The binding of D-helix of
AT by therapeutic heparins promotes the reactivity of the serpin with coagulation proteases by
several orders of magnitude by both a conformational activation of the serpin and a template
(bridging) mechanism. In addition to its essential anticoagulant function, AT elicits a potent anti-
inflammatory signaling response when it binds to distinct vascular endothelial cell HSPGs,
thereby inducing prostacyclin synthesis. Syndecans-4 has been found as a specific membrane-
bound HSPG receptor on endothelial cells that relays the signaling effect of AT to the relevant
second messenger molecules in the signal transduction pathways inside the cell. However,
following cleavage by coagulation proteases and/or by spontaneous conversion to a latent form,
AT loses both its anti-inflammatory activity and high affinity interaction with heparin and HSPGs.
Interestingly, these low-affinity heparin conformers of AT elicit potent proapoptotic and
antiangiogenic activities by also binding to specific HSPGs by unknown mechanisms. This review
article will summarize current knowledge about mechanisms through which different conformers
of AT exert their serine protease inhibitory and intracellular signaling functions in these biological
pathways.
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Introduction to antithrombin structure and function

Antithrombin (AT, also called AT Il1) is a serine protease inhibitor of the serpin superfamily
which regulates the proteolytic activity of procoagulant proteases of both intrinsic and
extrinsic pathways [1-4]. It is synthesized in the liver as a single-chain glycoprotein with 432
amino acids, three disulfide bonds and four potential glycosylation sites [5,6]. It circulates in
plasma with a concentration of 0.125 mg/ml (~2.5 uM) and its major form in the circulation
referred to as a-AT carries carbohydrates at all four glycosylation sites, however, there is a
minor fraction (5-10%) which does not have the carbohydrate chain at Asn-135 and is
referred to as B-AT [7-9]. The initial x-ray crystal structure of AT in the dimeric form with
an inactive latent or a cleaved form of the serpin was determined by two groups [10,11].
Similar to other serpins, the structure of AT is comprised of three -sheets (A to C) and nine
a-helices (A to 1) [10,11]. The reactive center loop (RCL) extends from P15 to P5’ (a-
proteinase inhibitor (a1-P1) numbering system [12]) and connects the larger 5-stranded f-
sheet A to the smaller 3-stranded p-sheet C [10,11]. Similar to other inhibitory serpins, AT
has a metastable structure that is not folded in its thermodynamically most stable
conformation but kinetically trapped in a state of higher free energy. This structural feature
in AT and other inhibitory serpins is required for the inhibitory mechanism and its structural
stability is achieved only when the RCL is inserted as a 4 strand in B-sheet A of the serpin
upon binding to the active-site of a target coagulation protease and/or by spontaneous
conversion to a latent conformation [10,11].

AT regulation of coagulation proteases

AT can inhibit all procoagulant proteases of the blood clotting cascade, but its primary
targets appear to be thrombin and factors Xa (FXa) and 1Xa (FIXa) [1,2]. Similar to other
serpins, AT inhibits its target proteases by a branched pathway, suicide substrate inhibition
mechanism in which a Michaelis-type enzyme-inhibitor complex, formed in the first
reaction step, is converted to a covalent acyl-enzyme intermediate complex in the second
step of the reaction [1,2,13]. Thus, the RCL of AT initially interacts with the catalytic pocket
of coagulation proteases by a manner that is similar to interaction of activation peptides of
true substrates with proteases. However, unlike true substrates, upon attack of the P1-Arg
(Arg-393) of the RCL by the catalytic Ser-195 of the protease, the RCL undergoes a large-
scale conformational change that leads to its insertion into B-sheet A as a central fourth
strand, thereby the RCL dragging the acylated target protease to the opposite pole of the
serpin some ~70 A away from its original position (Figure 1) [1,14]. AT is a heparin-binding
serpin and its reactivity with coagulation proteases is markedly improved when heparin
binds to several basic residues of the serpin located on a basic solvent exposed loop referred
to as D-helix [1,2,15-17]. In the absence of heparin, AT exhibits relatively low reactivity
with coagulation proteases. The basis for the slow reactivity of AT with coagulation
proteases has been demonstrated to be due to a cryptic protease-interactive exosite on AT not
being available for productive interaction with proteases in the absence of heparin (18,19).
Binding of heparin and/or vascular glycosaminoglycans to D-helix conformationally
activates AT by altering this cryptic exosite, making it available for interaction with target
coagulation proteases of the serpin (see below).
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Interaction with heparin

The basic D-helix of AT constitutes the heparin-binding site of the serpin. Binding of a
distinct pentasaccharide sequence, which is present on approximately 1/3 of unfractionated
heparins, to D-helix of AT induces a conformational change in the serpin that results in its
activation [15,20]. The activated conformer of AT inhibits FXa and FIXa several
hundredfold faster than native serpin [21-23]. It is however interesting to note unlike rapid
inhibition of FXa and FIXa, conformational activation of AT makes an insignificant
contribution to inhibition of thrombin [24]. For acceleration of AT inhibition of thrombin, a
high molecular weight heparin with sufficient chain length is required in order to bridge both
thrombin and AT in a ternary complex, thereby promoting the reaction by a template
mechanism [17]. The mechanism by which pentasaccharide activates AT to promote its
reactivity with FXa and FIXa but not with thrombin has been extensively studied.
Comparisons of structures of AT in the absence and presence of synthetic pentasaccharide
fragments of heparin have indicated that P14 and P15 residues of AT at the N-terminal end
of the RCL are pre-inserted between strands 3 and 5 of B-sheet A in the absence but not in
the presence of pentasaccharide [16,20]. Moreover, it has been noted D-helix of AT is
shorter by two-turns in native AT and binding of pentasaccharide induces structural changes
in the serpin that lead to elongation of D-helix that appears to be linked to expulsion of pre-
inserted RCL residues from B-sheet A [16]. The mechanism by which pentasaccharide-
mediated structural changes leads to activation of AT was unequivocally revealed by
mutagenesis studies in which it was demonstrated binding of pentasaccharide on D-helix of
AT leads to alteration of a cryptic protease-interactive exosite, located on strand 3 of p-sheet
C (s3C), that specifically interacts with a complementary exosite (autolysis loop) on FXa
and FIXa [18,19,25-28] as illustrated in Figure 2. Previous studies suggested that the P1-
Arg-393 in native AT was limited in its ability to interact with proteases due to an
intramolecular interaction with the serpin and that a pentasaccharide-mediated
conformational activation of AT may involve breaking this interaction [29,30]. However, this
mechanism of activation makes a minimum contribution (<2-fold) to activation of AT since
mutagenesis of any one of the P6-P3’ residues of the RCL in AT had minimal effect on the
extent of the rate accelerating effect of pentasaccharide in FXa inhibition by mutant serpins
[18]. Furthermore, studies with the P1-Arg-393 to Trp mutant suggested that this residue is
similarly accessible in both native and heparin-activated states of AT and contributes
similarly to the specificity of the serpin interaction with thrombin and factor Xa in the two
conformational states [31]. We have identified basic residues of the autolysis loop of both
F1Xa and FXa constituting an exosite that specifically and productively interacts with the
cryptic exosite of AT only when AT is activated by pentasaccharide [26-28].

Interaction with heparan sulfate proteoglycans

AT can bind specific HSPG receptors on endothelial cells (ECs) via basic residues of D-
helix by the same mechanism it interacts with therapeutic heparins [32-34]. It has been
reported a small population of vascular HSPGs (1-5%) possesses glycosaminoglycans
(GAGs) which contain similar sequences as in pentasaccharide with the same characteristic
3-O-sulfate (3-OS) modification that is essential for high-affinity interaction of heparin with
D-helix of AT [32]. This observation together with extensive in vitro data on the mechanism
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of the cofactor function of heparin has led to the hypothesis that vascular GAGs may
function as heparin-like cofactors to promote the reactivity of AT with coagulation proteases
under different pathophysiological conditions. In light of recent results showing that
interaction of D-helix of AT with vascular GAGs induces signaling in ECs [34-36],
determining the contribution of the GAG-AT interaction on the vasculature to physiological
function of AT in two pathways has begged further investigation. It is known the 3-OS
modification of GAGs on HSPGs is primarily mediated by heparan sulfate 3-O-
sulfotransferase-1 (3-OST-1) in vascular ECs [37,38]. A possible physiological significance
of the AT interaction with 3-OS containing vascular GAGs was provided by studies
employing 3-OST-1 deficient mice in prothrombotic and pro-inflammatory models [37,38].
It was found that these mice have normal hemostasis and exhibit comparable phenotypes as
wild-type mice in response to prothrombotic challenges [37,38]. However, 3-OST-1 deficient
mice exhibited severe pro-inflammatory phenotypes in response to lipopolysaccharide (LPS)
challenge, raising the possibility that interaction of AT with 3-OS containing vascular GAGs
may primarily be responsible for the anti-inflammatory rather than the protease inhibitory
function of the serpin [37,38]. However, low-affinity heparins lacking 3-OS modification are
also known to accelerate AT inhibition of coagulation proteases albeit to a lesser extent.
Thus, possible role of more abundant HSPG GAGs lacking 3-OS modification in
accelerating AT inhibition of coagulation proteases cannot be discounted at this time.

Anti-inflammatory signaling function of AT

AT, similar to activated protein C [39], exhibits both anticoagulant and anti-inflammatory
signaling activities. The signaling activity of AT is mediated through its D-helix-dependent
interaction with vascular HSPGs. The interaction induces prostacyclin (PGl5,) synthesis by
ECs, leading to elaboration of a protective signaling pathway that inhibits NF-xB and
expression of proinflammatory cytokines and cell adhesion molecules [34-36,40,41]. PGl is
also a potent vasodilator and inhibitor of platelet aggregation [42], thus indirectly
contributing to the anticoagulant function of AT. A PGI,-dependent anti-inflammatory
function for AT has also been established in different animal models including severe sepsis
[40,41,43]. However, in a randomized, placebo-controlled human clinical trial (KyberSept),
AT did not show a beneficial effect on the mortality rate in patients with severe sepsis
[44,45]. A potential problem with this clinical study was that it also used a low-dose of
heparin concomitant with AT. Since interaction of AT with vascular HSPGs is necessary for
the anti-inflammatory effect of AT, it is possible heparin has antagonized this effect in the
septic setting [45,46]. In a couple of recent studies, we observed a potent cardioprotective
effect for AT in an ischemia-reperfusion (I-R) injury model through the serpin activating
adenosine monophosphate kinase (AMPK) signaling pathway [47,48]. The cardioprotective
effect of AT was mediated through its D-helix-dependent interaction with vascular HSPGs
since the heparan sulfate antagonist surfen inhibited AMPK activation [48]. AMPK-
dependent cardioprotective effect of AT was markedly higher with the Asn-135 to Gln
mutant of AT which is analogous to $-AT and known to bind 3-OS containing GAGs with
5-10-fold higher affinity [48]. This isoform of AT which constitutes 5-10% of total AT in the
circulation also exhibits a markedly higher barrier-protective effect in response to LPS in
cultured ECs [8,9]. AT inhibited the inflammatory c-Jun N-terminal protein kinase (JNK)
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signaling pathway in the I-R injury model [47,48]. D-helix-dependent interaction of AT with
HSPGs is solely responsible for its anti-inflammatory signaling function since engineering
D-helix of AT in aq-Pl, a non-heparin-binding serpin with an acidic D-helix, transferred all
HSPG-dependent anti-inflammatory properties of AT to the chimeric serpin [49].

Results of a recent study investigating anti-inflammatory properties of AT on leukocytes
have identified three membrane spanning receptor proteins; CD13 (also known as
aminopeptidase N), CD300f (also known as LMIR3, CLM-1, IgSF13, IREM-1 or CMRF35-
like molecule 1), and LRP-1 (lipoprotein receptor-related protein 1) that are involved in AT-
dependent signaling in monocytes [50]. These receptors are known to be negative regulators
of inflammatory signaling on monocytes with CD13 playing a role in internalization of Toll-
like receptor 4 (TLR4) and CD300f being involved in blocking both MyD88 and TRIF-
mediated TLR signaling through activation of Src homology region 2 domain-containing
phosphatase 1 (SHP-1) [51-53]. Results of this previous study have indicated these signaling
effects of AT on monocytes are primarily specific for B-AT. It is worth noting that, similar to
ECs, D-helix-dependent interaction of AT with 3-OS containing GAGs (i.e., syndecan-4,
Synd-4) is known to elicit anti-inflammatory responses on monocytes [34,36,54,55]. Thus,
further studies will be required to understand whether these receptors, similar to Synd-4,
contain high affinity AT-binding GAGs that transmit signaling function of AT in monocytes
[48,54]. Further investigation will also be required to determine whether this mechanism of
AT-mediated CD13 and CD300f signaling is unique for monocytes or if it can occur in ECs
[50,56].

Signaling mechanism of AT

The anti-inflammatory signaling function of AT in ECs requires its D-helix-dependent
interaction with Synd-4 and siRNA knockdown of the receptor is shown to inhibit signaling
function of AT [34,55]. The siRNA knockdown of 3-OST-1 also inhibits anti-inflammatory
signaling of AT [48], suggesting that Synd-4 GAGs contain 3-OS modifications to support
high-affinity interaction of the receptor with AT. Synd-4 also functions as a co-receptor for
receptor tyrosine kinases (in particular receptor for basic fibroblast growth factor FGF2)
[57]. The mechanism by which Synd-4 functions as a co-receptor for growth factor signaling
has been extensively studied. It has been demonstrated protein kinase C (PKC)-delta (PKC-
8)-mediated phosphorylation of Ser-179 (Ser-183 in rat Synd-4) of the cytoplasmic-domain
of Synd-4 regulates specificity of receptor signaling [57]. It appears that when Ser-179 of
Synd-4 cytoplasmic domain is phosphorylated, it cannot function as a co-receptor for growth
factor signaling [57]. Since it is essential for vascular ECs to maintain their basal quiescent
phenotype under normal physiological conditions, we recently hypothesized AT may exert
its protective effect by binding to Synd-4 GAGs to stabilize the cytoplasmic-domain of the
receptor at Ser-179 in phosphorylated form (Figure 3), thereby inducing production of PG,
that culminates in inhibition of NF-xB activation and downregulation of expression of
vascular cell adhesion molecules [58]. In support of this hypothesis, we demonstrated AT-
mediated membrane localization of PKC-8 and its phosphorylation of Synd-4 Ser-179 is
required for the serpin to exert its anti-inflammatory effect [58]. In further support of this
hypothesis, we found AT can neither induce PGI5 secretion nor phosphorylation of Synd-4
cytoplasmic-domain in ECs expressing a dominant-negative form of PKC-§ (PKC-5-DN)
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[58]. The anti-inflammatory signaling function of AT was also lost in ECs expressing PKC-
8-DN, suggesting PKC-6 activity is required for protective signaling function of AT [58].
Based on these results, we propose the following model for the mechanism of AT signaling.
We hypothesize phosphorylation state of the Synd-4 cytoplasmic-domain dictates signaling
specificity of the receptor. Thus, upon binding to 3-OS containing Synd-4, AT recruits PKC-
8, thereby leading to phosphorylation of Ser-179 of the receptor (Figure 3). We further
hypothesize AT activates phospholipase A2 (PLA2), most likely the Ca2*-independent
isoform of it (iPLAZ2), thereby selectively hydrolyzing arachidonylated plasmolegen
phospholipids to produce arachidonic acid followed by its metabolism to PGl by
cyclooxygenase-2 (Figure 3). It is known iPLA2 may also be activated by thrombin in ECs
[59-61]. The released PGl, binds to its Gg-protein coupled receptor (IP), thereby activating
adenylyl cyclase (AC) and mediating synthesis of cCAMP and activation of protein kinase A
(PKA) in both vascular (autocrine signaling) and smooth muscle cells (paracrine signaling).
AT-mediated cAMP signaling leads to phosphorylation of cCAMP responsive element
binding-protein (CREB) and its transport to the nucleus, thereby modulating gene
expression, including NF-xB inhibition (Figure 3) [62]. Indeed, an iPLA2-dependent cAMP
generation, PKA activation and CREB phosphorylation has been shown in ECs [62].
Interestingly, it has been reported iPLAZ2 is activated by a novel PKC [63]. It is possible that
PKC-§ is the novel PKC responsible for activating iPLA2. It has been discovered in addition
to PKA, cAMP can also signal through Epac-1 (exchange protein directly activated by
cAMP), thereby activating Ca2*/calmodulin-dependent protein kinase kinase p (CaMKK@)
which serves as an upstream AMPK kinase (CaMKKB-AMPK) [64]. Further studies will be
required to validate this model, determine which one of these pathways is involved in AT-
mediated AMPK signaling, and whether in addition to Synd-4, other 3-OS containing
HSPGs are also involved in transmitting protective signaling function of AT through similar
or other unknown mechanisms.

Antiangiogenic function of AT

AT also possesses potent antiangiogenic activity [65-68]. However, this activity of AT is
only observed when AT has been cleaved and/or the serpin has adopted a latent
conformation (RCL is inserted into B-sheet A) [65-68]. Both cleaved and latent AT forms
have very low-affinity for heparin [65-68]. These low-affinity conformers of AT have been
shown to lack anti-inflammatory functions but both exhibit potent proapoptotic signaling
activities in ECs [34]. Both anti-inflammatory and antiangiogenic/proapoptotic properties of
AT are shown to be mediated through interaction of the same D-helix of the serpin with
vessel wall HSPGs [34,65-68]. It has been hypothesized both native and latent/cleaved
conformers of AT may utilize the same 3-OS containing pentasaccharide sequence to exert
their biological activities and that the antiangiogenic epitope is cryptic in native AT but
becomes available for interaction in the RCL-inserted conformers of the serpin [69]. In
support of this hypothesis, we have demonstrated siRNA knockdown of Synd-4 not only
reduces the anti-inflammatory function of native AT but also the proapoptotic activity of the
latent serpin [34], Further studies will be required to understand the mechanism by which
the interaction of high-affinity native and the low-affinity RCL-inserted conformers of AT
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with the same receptor elicit different signaling responses. One possible mechanism is that
they engage different co-receptors for exerting their distinct signaling functions (see below).

Microarray analyses of global gene expression have indicated latent and cleaved conformers
of AT significantly downregulate expression of a number of extracellular matrix-localized
genes, known to play proangiogenic roles in ECs [70]. One of these proangiogenic genes,
perlecan, is an HSPG that is known to function as a co-receptor for FGF2-induced
angiogenesis [66,70]. Perlecan is a secreted multidomain basement protein with a key role in
regulation of cell growth and angiogenesis [70]. The N-terminus of perlecan contains GAGs
that bind growth factors, however, its C-terminal domain when cleaved by proteolysis
exhibits a potent anti-proliferative effect by inhibiting proangiogenic integrins [70,71]. In
this context, it is possible that latent and cleaved forms of AT by interaction with specific
cell surface HSPGs induces a signaling pathway that results in proteolytic cleavage of the
perlecan C-terminal domain in the basement membrane of vascular ECs. It is known nuclear
localization of PKC-8 induces a potent proapoptotic effect in ECs [72]. In light of our recent
results that Synd-4-dependent anti-inflammatory signaling effect of native AT requires the
kinase function of PKC-6 [58], we postulated the RCL-inserted conformer of AT may exert
their proapoptotic effects through nuclear localization of PKC-8. Indeed,
immunofluorescence analysis revealed that latent AT but not native AT enhances
perinuclear/nuclear localization of PKC-8 in ECs [58], This function of latent AT which was
also shared by TNFa,, was not observed in cells over-expressing PKC-8-DN, but was robust
in cells over-expressing wild-type PKC-6 [58]. This conclusion was further supported by the
TUNEL assay and analysis of isolated membrane and membrane-associated proteins of AT-
treated ECs by Western-blotting [58]. The hypothetical model presented in Figure 4 depicts
the outcome of the subcellular localization of PKC-8& by native and latent forms of AT.
Further studies will be required to determine whether PKC-6 signaling plays a regulatory
role toward perlecan in antiangiogenic functions of latent/cleaved forms of AT.

In experimental tumor models, latent and cleaved forms of AT have been shown to exhibit
potent anti-proliferative and anti-tumorigenic effects [65]. However, the physiological
significance of antiangiogenic AT forms, which constitute ~3% of plasma AT in healthy
individuals (~4.8 ug/mL), is not known [73,74]. It is possible that these forms of AT have a
role in regulating angiogenesis during wound healing after injury and/or inflammation where
some amount of inactive loop-inserted AT becomes available as the result of the AT
interaction with proteases of the clotting cascade. It is known a crosstalk between HSPGs
and integrins is required for cell adhesion, survival, proliferation and migration [75,76].
Thus, we postulate interaction of different conformers of AT with distinct GAGs may be
differentially linked to a receptor crosstalk involving the AT-bound receptor and different
combinations of a and f integrins that leads to transmitting specific environmental cues
from the extracellular matrix (ECM) to the actin cytoskeleton. It has been established a
growth factor-mediated crosstalk between HSPGs and integrins (i.e., avp3, avpé and a5p1)
modulate their specificity of function upon interaction with ECM proteins like vitronectin
(VN) and fibronectin (FN) [75]. Thus, latent and cleaved conformers of AT can exert their
antiangiogenic effect by interfering with binding of these integrins to ECM proteins (Figure
4). Plasminogen activator inhibitor 1 (PAl-1) functions by this mechanism to inhibit avp3
integrin binding to VN in ECs [77]. It is also known that inhibiting the interaction of avp3
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and a5B1 integrins with VN and FN induces apoptosis and inhibits angiogenesis in response
to FGF2 and VEGF [75]. Moreover, latent AT is shown to be antiangiogenic in wild-type but
not in VN-null mice [78]. Further investigation is required to identify the nature of HSPG
receptor(s) that transmit proapoptotic/antiangiogenic effects of latent AT and determine
whether these effects are mediated by a PKC-8-dependent crosstalk between different
HSPGs and integrins.

Anti-bacterial and anti-viral effects of AT

A recent study found that B-AT, but not a-AT can bind to Gram-negative bacteria including
E coli and to its purified cell wall component, LPS [50]. Circulating p-AT levels have been
found to be significantly and preferentially consumed in infectious disease patients in
intensive care units [50]. It has been hypothesized that binding of B-AT to bacterial cell wall
can increase phagocytic activity of macrophages and subsequent bacterial lysis with their
clearance from the circulation [50]. In support of this hypothesis, incubation of E. coli in the
blood of mice overexpressing B-AT led to bacterial lysis and subsequent lower bacterial
count [50], suggesting p-AT functions as an antimicrobial agent (Figure 5). By contrast,
blood from mice overexpressing human a-AT showed higher number of bacterial counts
when incubated with £. coli[50]. Furthermore, transgenic mice overexpressing B-AT, but
not a-AT, were shown to exhibit significantly reduced LPS-induced pulmonary lesions and
inflammatory cytokine levels and improved survival rates [50]. The antibacterial effect of AT
has been shown to be mediated through D-helix of the serpin since a synthetic D-helix-
derived peptide also exhibited a direct antimicrobial effect [79]. It is thought that neutrophil
elastase or bacterial proteinases, released under in vivo conditions, may be responsible for
the release of the D-helix peptide by fragmentation of AT and the antibacterial effect of the
serpin [79]. Thus, B-AT has been hypothesized to have therapeutic utility as an antimicrobial
drug in infectious disease settings [50], in particular in patients with sepsis where both
coagulation and inflammatory pathways are highly upregulated. This question requires
further investigation [56].

Similar to bacterial infection, viral infection has also been found to be associated with
decreased AT levels and increased thrombosis [80]. A number of family of viruses including
the coronavirus family containing membrane proteins with positively charged amino acids
are reported to attach to HSPGs on cell surfaces (Figure 5) [81]. This interaction not only
increases concentrations of the virus on cell surfaces but also increases chances of viral
access into cells. The spike protein of severe acute respiratory syndrome coronavirus
(SARS-CoV) was reported to interact with angiotensin-converting enzyme 2 (ACE2) [82].
Interestingly, however, masking cell surface HSPGs with lactoferrin was shown to inhibit
binding of SARS-CoV on HEK-293E cells overexpressing ACE2 receptor [83]. Thus, it has
been concluded that, in addition to ACE2, HSPGs are also essential cell-surface molecules
involved in mediating the SARS-CoV entry. Similarly, incubation of human coronavirus
NL63 with heparan sulfate reduced the replication of the virus in a dose dependent manner
[84], and removing cell surface HSPGs with heparinase-1 on HeLa cells decreased the entry
of murine coronavirus by 50-60% [85]. AT therapy has been reported to elicit a potent anti-
viral response against HIV-1, HCV, HSV-1 and HSV-2 by increasing the gene expression of
prostaglandin synthetase-2 (PTGS2) in a dose dependent manner [86]. PTGS2 has been
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reported to downregulate NF-xB, an essential signaling pathway for transcription of genes
involved in viral replication [86]. Finally, we have demonstrated that a histidine rich protein
(HRPII), secreted by the malaria parasite, Plasmodium falciparum, binds to AT-specific
HSPGs and inhibits HSPG-dependent anti-inflammatory function of the serpin by a
competitive manner [87]. AT was shown to also inhibit the proinflammatory activity of
HRPII by a concentration-dependent manner [87]. It was found HRPII elicits its
proinflammatory effects by Src-dependent phosphorylation of vascular endothelial (VE)-
cadherin and AT counteracted this effect by competitively inhibiting interaction of the
parasite protein with vascular cell HSPGs [87]. Thus, in addition to its direct protective
signaling function, AT may play a role in blocking the interaction of microorganisms with
HSPGs and their entry into cells (Figure 5). In light of the observation that in addition to
their HSPG-binding properties as a mechanism of virulence, infections with these
pathogenic agents are also associated with increased hyper-coagulopathy, we believe
therapeutic benefits of AT in these settings, in particular B-AT, which exhibits a normal
anticoagulant activity but much higher affinity for HSPGs, warrants further investigation.

AT-deficiency caused by D-helix mutation

Acquired or congenital deficiency of AT is associated with increased risk of venous
thrombosis and pulmonary embolism [88]. More than 300 natural variants of AT have been
reported and based on circulating antigen and functional activity levels of the serpin, these
variants are classified into two types with distinct characteristics [89,90]. The type-1 AT
deficiency is quantitative and is characterized by the mutation causing equally low antigen
and activity levels [89,90]. By contrast, type-11 deficiency is qualitative and is characterized
by the AT variant exhibiting only a lower activity level [89,90]. Type-11 AT deficiency is
further divided into three subtypes based on the type of mutations: those affecting the
reactive-site loop of AT and causing RCL-dependent impairment in the protease-inhibitory
function for AT are called type-1IRS, those affecting the heparin-binding site are called type-
ITHBS and those having pleiotropic effects on both sites of the serpin are referred to as type-
IIPE [89,90]. Several interesting review articles have been published that describe the
complete list and phenotypes of AT deficiencies [88-95], thus this subject will not be further
discussed here. However, related to the main focus of this article, it is appropriate to discuss
selected natural variants of HBS in which affinity of heparin for D-helix of the serpin has
been adversely affected. At least 12 distinct HBS mutations of AT have been identified
which are associated with higher incidence of venous and/or arterial thrombosis [88]. The
underlying basis of thrombosis in carriers of these AT mutations, which exhibit normal
progressive inhibitory activities toward coagulation proteases, has been primarily attributed
to their loss of heparin cofactor-dependent protease inhibitory function. In light of the
physiologically significant signaling function of AT as described above, we decided to
characterize the anti-inflammatory functions of a couple of HBS mutants. The variants we
picked were Ile-7 to Asn (I7N, Rouen I11) and Leu-99 to Phe (L99F, Budapest I11) variants,
in neither of which the mutation is actually located on D-helix, nevertheless, both variants
exhibit a lower-affinity for heparin [96-98]. Characterization of recombinant forms of these
mutants in in vitro and in vivo assay systems revealed both mutants have lost their anti-
inflammatory signaling activities in response to proinflammatory stimuli [99]. In another
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recent study, we identified a novel AT-deficient thrombosis patient who was a heterozygous
carrier of Thr-90 to Ser substitution in AT. Characterization of a recombinant form of this
mutant revealed the variant exhibits 4-5-fold lower anticoagulant activity due to the mutant
acting as a substrate in its reaction with coagulation proteases [100]. Further studies revealed
the mutation adversely affects conformations of both the RCL and D-helix of the serpin,
thereby decreasing the rate of the RCL loop insertion of AT in the inhibitory pathway as
well as exhibiting lower HSPG-dependent anti-inflammatory activity, thus qualifying it to be
classified as a type-1IPE AT deficiency [100]. These results suggest that further studies are
required to determine to what extent the loss of D-helix-dependent anti-inflammatory
signaling function of HBS variants contribute to enhanced thrombosis in these patients.

Conclusions and perspectives

AT plays key roles in coagulation and inflammation by modulating proteolytic activities of
coagulation proteases in plasma and also binding to 3-OS containing HSPGs on vascular
ECs and eliciting anti-inflammatory responses by inducing prostacyclin synthesis. The
Synd-4 HSPG has been identified as a 3-OS containing receptor for AT that is involved in
transmitting the anti-inflammatory signaling function of the serpin inside the cell. Whether
other HSPGs and/or non-HSPG membrane receptors also contribute to the signaling
function of AT remains unknown. Cleaved and latent conformers of AT, which have much
lower affinity for heparin, exhibit potent proapoptotic/antiangiogenic activities by binding to
distinct vascular HSPGs sites that are not competed by the native AT. Subcellular
localization of PKC-8 by high and low affinity conformers of AT appears to contribute to
determining signaling specificity of the serpin: binding of native AT on Synd-4 GAGs
recruits PKC-6 to the cytoplasmic membrane of ECs, thereby leading to phosphorylation of
the cytoplasmic domain of Synd-4 and induction of prostacyclin synthesis. By contrast,
binding of cleaved/latent forms of AT to low affinity HSPGs is associated with perinuclear/
nuclear localization of PKC-8 in ECs and activation of a proapoptotic pathway, a property
that is shared by TNF-a.. Noting that cell-ECM interactions are highly critical for many
physiological processes including cell survival, proliferation, angiogenesis and migration,
which are all controlled by synergistic signaling by HSPGs and integrin family of receptors,
a full understanding of the mechanism through which AT can exert its different intracellular
functions will require deciphering as to how the AT-binding HSPGs communicate with
different combination of a and B integrins.

Another important question that requires further investigation is determining to what extent
interaction of D-helix of AT with 3-OS containing vascular HSPGs contributes to protease
inhibitory function vs. the protective anti-inflammatory function of the serpin. Unlike the
ample evidence for its anti-inflammatory function, there is sparse evidence for the
hypothesis that AT interaction with HSPGs contributes to its protease inhibitory function and
that most of the data in the literature is based on therapeutic heparins. A future challenge is
to determine whether observations with low and high molecular weight heparins obtained by
in vitro assays can occur under in vivo conditions (Figure 6). Finally, the possibility that p-
AT is primarily responsible for the anti-inflammatory signaling function and a-AT is mainly
involved in the protease inhibitory function of the serpin warrants further investigation. To
this end, innovative studies with homogenous forms of the two AT isoforms, prepared by
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recombinant DNA methods, need to be developed in both cellular and animal models. In
light of a markedly superior anti-inflammatory effect for B-AT in several recent studies,
further investigation toward understanding the therapeutic utility of this isoform of AT in
specific inflammatory disorders, may be warranted. This is particularly significant for the
AT-deficient patients who are infected with pathogenic organisms which utilize HSPGs to
promote procoagulant and proinflammatory pathways.
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Figure 1.

Schematic representation of the interaction of a coagulation protease with AT. The binding
of the P1-Arg residue on RCL of AT to the active-site pocket of a coagulation protease
induces acylation/cleavage of the P1-P1’ bond which then triggers a large scale
conformational change in the serpin that leads to the insertion of the RCL into p-sheet A as a
central 4% strand, thereby the RCL dragging the covalently-bound protease to the opposite
pole of the serpin. The conformational change also results in disruption of the catalytic
machinery of the protease. Thus, the protease gets trapped as an acylated complex with no
catalytic function. See the text for more details. RCL, reactive center loop; E, enzyme; AT,
antithrombin. Figure was prepared by software provided by Biorender.com.
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Figure 2.
Schematic representation of heparin-mediated activation and promotion of protease

inhibition by AT. (Top) In the native conformation of AT, the RCL is less exposed and a
cryptic exosite (on s3C) is not available for productive interaction with the protease. The
binding of the pentasaccharide fragment of heparin on D-helix results in the expulsion of the
RCL that is coupled to the alteration of the cryptic exosite outside of the RCL. The
conformationally altered exosite on AT interacts with a complementary exosite (the basic
148-loop, also called autolysis loop) on FXa (also on FIXa). (Bottom) Long-chain high
molecular weight heparin bind both thrombin (on basic exosite-2) and D-helix of AT to
promote the inhibition of the protease by a template (bridging mechanism). Thrombin is
incapable of recognizing the activated conformer of AT because it lacks the complementary
exosite site (the autolysis loop is negatively charged in thrombin) to interact with the
heparin-exposed cryptic site on AT. See the text for more details. H5, pentasaccharide; s3C,
strand 3 of pB-sheet C; RCL, reactive center loop; AT, antithrombin; Thr, thrombin; FXa,
factor Xa. Figure was prepared by software provided by Biorender.com.
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Figure 3.
Hypothetical model of the anti-inflammatory signaling mechanism of AT. The binding of AT

via its D-helix on 3-OS containing GAGs, covalently attached to Synd-4, recruits PKC-6 to
the membrane, thereby leading to phosphorylation of the cytoplasmic domain of the Synd-4
at Ser-179. This process is linked to induction of PGI, by a PLA2 hydrolyzing
arachidonylated phospholipids to produce arachidonic acid followed by its metabolism to
PGl by Cox-2. PGlI, binds to its Gs-protein coupled receptor, thereby activating adenylyl
cyclase and mediating the synthesis of cAMP and activation of protein kinase A (PKA) in
both vascular and smooth muscle cells. AT-mediated cAMP signaling leads to
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phosphorylation of cCAMP responsive element binding-protein and its transport to the
nucleus, thereby modulating gene expression, including NF-xB inhibition. In addition to
PKA, cAMP can also signal through Epac-1, thereby activating CaMKKp and AMPK in
cardiomyocytes. It is not known which one the two pathways is involved in AT-mediated
AMPK signaling. See the text for more details. PL, plasmolegen; PLA2, phospholipase A2;
AA, arachidonic acid; Cox-2, cyclooxygenase-2; PGl,, prostacyclin; IP, PGI, receptor; AC,
adenylyl cyclase; PKA, protein kinase A; CREB, cAMP responsive element binding-protein;
Epac-1, exchange protein directly activated by cAMP; AMPK, adenosine monophosphate
kinase; CaMKK, Ca2*/calmodulin-dependent protein kinase kinase p; mTOR, mammalian
target of rapamycin; JNK, c-Jun N-terminal protein kinase. Figure was prepared by software
provided by Biorender.com.
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Figure 4.
Hypothetical model of cytoprotective and pro-apoptotic signaling functions of native and

latent forms of AT. The binding of native AT on 3-OS containing GAGs on Synd-4 recruits
PKC-6 to the membrane, thereby phosphorylating the cytoplasmic domain of the receptor
and inducing PG, synthesis. PGl signaling elicits anti-apoptotic, anti-inflammatory and
barrier protective signaling responses. The binding of the low-affinity conformer of AT,
latent AT, on vascular GAGs induces perinuclear/nuclear localization of PKC-86, thereby
eliciting pro-apoptotic/antiangiogenic signaling responses. We hypothesize that a crosstalk
between HSPGs and different types of integrins modulates different mechanisms of AT
function in these pathways by interacting with extracellular matrix proteins (i.e., vitronectin
and fibronectin). See the text for more details. AT-L, latent AT; GAG, glycosaminoglycan; 3-
OS, 3-O-sulfate. Figure was prepared by software provided by Biorender.com.
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Figureb5.
Hypothetical model of the protective effect of AT against infectious microorganisms. AT

(particularly B-AT) can neutralize Gram-negative bacteria by binding via its D-helix to
negatively charged molecules of the bacterial cell wall. AT can also inhibit the HSPG-
dependent binding of certain family of viruses to cell surface GAGs, thereby preventing their
entry into the host cell. AT can inhibit HRPII-dependent upregulation of pro-inflammatory
and procoagulant responses, mediated by the Plasmodium falciparum-derived secretory
protein, HRPII, in vascular endothelial cells not only by its anti-inflammatory signaling
function but also by a competitive mechanism. See the text for more details. HSPG, heparan
sulfate proteoglycan; Synd-4, syndecan-4; GAG, glycosaminoglycan; 3-OS, 3-O-sulfate;
HRPII, histidine rich protein Il. Figure was prepared by software provided by
Biorender.com.
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Figure®6.

Hypothetical model of the interaction of AT with different vascular GAGs. Vascular HSPGs
containing GAGs with different chain-lengths can bind D-helix of AT to elicit intracellular
signaling responses and/or promote the serpin inhibition of coagulation proteases by a
conformational activation (FXa) or by a template (thrombin) mechanism. These mechanistic
concepts have been firmly established in cellular and in in vitro assays using therapeutic
heparins. However, the relevance/significance of AT interaction with vascular GAGs to
physiological functions (signaling or protease inhibitory function) of AT remains unknown

(??) and requires further investigation. Figure was prepared by software provided by
Biorender.com.
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