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Abstract

The HS3ST1 gene controls endothelial cell production of HSAT+ – a form of heparan sulfate 

containing a specific pentasaccharide motif that binds the anticoagulant protein antithrombin (AT). 

HSAT+ has long been thought to act as an endogenous anticoagulant; however, coagulation was 

normal in Hs3st1−/− mice that have greatly reduced HSAT+ (HajMohammadi et al., 2003). This 

finding indicates that HSAT+ is not essential for AT’s anticoagulant activity. To determine if HSAT+ 
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is involved in AT’s poorly understood inflammomodulatory activities, Hs3st1−/− and Hs3st1+/+ 

mice were subjected to a model of acute septic shock. Compared with Hs3st1+/+ mice, Hs3st1−/− 

mice were more susceptible to LPS-induced death due to an increased sensitivity to TNF. For 

Hs3st1+/+ mice, AT treatment reduced LPS-lethality, reduced leukocyte firm adhesion to 

endothelial cells, and dilated isolated coronary arterioles. Conversely, for Hs3st1−/− mice, AT 

induced the opposite effects. Thus, in the context of acute inflammation, HSAT+ selectively 

mediates AT’s anti-inflammatory activity; in the absence of HSAT+, AT’s pro-inflammatory effects 

predominate. To explore if the anti-inflammatory action of HSAT+ also protects against a chronic 

vascular-inflammatory disease, atherosclerosis, we conducted a human candidate-gene association 

study on >2000 coronary catheterization patients. Bioinformatic analysis of the HS3ST1 gene 

identified an intronic SNP, rs16881446, in a putative transcriptional regulatory region. The 

rs16881446G/G genotype independently associated with the severity of coronary artery disease and 

atherosclerotic cardiovascular events. In primary endothelial cells, the rs16881446G allele 

associated with reduced HS3ST1 expression. Together with the mouse data, this leads us to 

conclude that the HS3ST1 gene is required for AT’s anti-inflammatory activity that appears to 

protect against acute and chronic inflammatory disorders.
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1 Introduction

Inflammation contributes to the morbidity and mortality of most diseases, regardless of their 

position on the acute to chronic continuum. The impact of inflammation is highlighted by 

both severe sepsis/septic shock (acute) and atherosclerotic cardiovascular disease (chronic) 

[1, 2]. Annually in the United States, there are more than 750,000 episodes of severe sepsis, 

resulting in over 220,000 deaths and $16.6B in medical costs [3]. Moreover, each year, the 

predominant forms of atherosclerotic cardiovascular disease (coronary artery disease (CAD) 

and stroke) afflict over 15 million people, kill more than 250,000 individuals, and impose 

about $250B in costs [4].

Both sepsis and cardiovascular disease involve NF-κB activation through TLR4 and 

members of the TNF receptor-superfamily. This process leads to endothelial cell activation, 

as well as leukocytes rolling on, adhering to, and migrating across the endothelium into 

tissues [5, 6]. In Gram-negative sepsis, LPS binding to endothelial TLR4 triggers an initial 

round of NF-κB activation that is amplified through TNF-mediated positive feedback [7] 

(Fig. 1). In atherosclerosis, NF-κB activation also involves ligand engagement of both TLR4 

(which binds oxidized LDL) and the TNF receptor-superfamily members OX40 and CD137 

[11]. The elucidation of novel molecules that regulate these shared pathways and processes 

will provide new targets for the development of therapeutics to combat the devastating 

impact of acute and chronic inflammatory disorders.

One pathway that might protect against inflammation involves HSAT+, a form of heparan 

sulfate (HS). HS is the unbranched polysaccharide of heparan sulfate proteoglycans 
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(HSPGs), which are multifunctional molecules that modulate numerous biologic processes, 

including inflammation [12–19]. The HS component exhibits tremendous structural 

complexity that provides an array of motifs for binding a diverse range of effector proteins 

[20–22]. Although HSAT+ was discovered in the early 1980’s [23], its biologic function 

remains a mystery [24]. HSAT+ is produced by endothelial cells and is displayed on both 

lumenal and ablumenal surfaces [25]; thus, HSAT+ is ideally localized to regulate physical 

interactions/communication between leukocytes and the endothelium [26, 27]. Endothelial 

synthesis of HSAT+ is almost exclusively controlled by the rate-limiting enzyme HS 3-O-

sulfotransferase-1 that is encoded by the HS3ST1 gene [28–30], making this gene an 

interesting target for investigation of inflammatory processes.

The biologic role of HSAT+ may involve antithrombin (AT), a multifunctional plasma protein 

that is best known as the body’s most important natural anticoagulant. AT forms 1:1 

complexes with, and thereby neutralizes, proteases of the coagulation cascade. This process 

is dramatically accelerated by the binding of AT to heparin, a subtype of HS containing a 

specific pentasaccharide motif. The structure-function relationships between the 

pentasaccharide and AT are the best characterized of all HS•protein interactions. In 

particular, the central glucosamine residue contains a 3-O-sulfate group that is essential for 

binding and activating AT [31, 32]. This moiety is attached to HS by the product of the 

HS3ST1 gene [28].

The pentasaccharide motif also occurs in HSAT+. In vitro, HSAT+ behaves like heparin; it 

catalyzes AT neutralization of coagulation proteases. Thus, HSAT+ was initially anticipated 

to convey anticoagulant tone to the blood vessel wall. To test this possibility, we disrupted 

the mouse Hs3st1 gene, which reduced HSAT+ levels by ~90%. However, coagulation status 

was completely normal in Hs3st1−/− mice [33]. Since a role in coagulation could not be 

detected, we hypothesize that HSAT+ modulates other activities of AT

AT possesses context-dependent inflammomodulatory properties [34]. In vitro studies of 

endothelial cells/leukocytes show that AT can elicit anti-inflammatory effects (such as 

stimulating prostacyclin synthesis and blocking NF-κB activation) [10, 35] (Fig. 1), or pro-

inflammatory effects (such as upregulating iNOS expression and stimulating leukocyte 

migration), depending on the experimental context [36, 37]. In vivo, AT’s anti-inflammatory 

effects predominate; AT therapy reduces morbidity and/or mortality in numerous animal and 

non-human primate models of sepsis [9, 38–40]. However, little is known of the mechanisms 

that regulate AT’s opposite inflammomodulatory activities.

In vivo and in vitro studies reveal that AT’s beneficial effects in sepsis require the binding of 

AT to cell surface HSPGs, which triggers anti-inflammatory signaling events [9, 35, 39, 41–

45] (Fig. 1). HS exhibits two distinct binding sites for AT – a low-affinity site (HSAT−, 

KD≈10 μM) and the high-affinity pentasaccharide (KD≈15 nM) [46, 47]. It is unknown 

which binding site is necessary for AT’s anti-inflammatory activity; however, this activity 

requires supraphysiologic levels of AT (~7 μM) [48] that would logically implicate the low-

affinity site. Thus, it is unclear if the pentasaccharide motif of HSAT+ is required for AT’s 

anti-inflammatory activity.
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The objectives of our study are to determine if AT’s anti-inflammatory activity requires 

HSAT+ and to determine if HSAT+ has a potential protective role in atherosclerosis. Through 

analysis of an acute sepsis model we show that HSAT+ selectively regulates the anti-

inflammatory activity of AT. This pathway may also serve to protect against chronic vascular 

inflammation, such as atherosclerosis. Consistent with this role, we show that an HS3ST1 
SNP associates with reduced gene expression and increased atherosclerotic cardiovascular 

disease.

2 Results

2.1 Hs3st1−/− mice exhibit a pro-inflammatory phenotype

2.1.1 HSAT+-deficient mice show enhanced susceptibility to LPS-lethality—We 

predict that Hs3st1−/− mice, which have greatly reduced levels of HSAT+, should exhibit a 

pro-inflammatory phenotype. This possibility was evaluated by challenging Hs3st1+/+ and 

Hs3st1−/− mice with a dose of LPS that induced acute lethal septic shock. Fig. 2 shows that 

Hs3st1−/− mice, compared with Hs3st1+/+ littermates, succumbed earlier to LPS-induced 

death, with a sex-adjusted hazard ratio (95% CI) of 4.42 (2.21–9.05). We also found that 

female mice were more resistant to LPS-lethality than male mice, with a genotype-adjusted 

hazard ratio of 0.17 (0.08–0.36). Indeed, it is well appreciated that females are relatively 

resistant to LPS-induced septic shock [49, 50]. Therefore, all subsequent experiments 

employed exclusively male mice. Overall, these data demonstrate that Hs3st1−/− mice, 

compared with Hs3st1+/+, are more sensitive to LPS-induced lethal septic shock.

2.1.2 LPS induces cardiogenic shock in both Hs3st1+/+ and Hs3st1−/− mice—
Left ventricle hemodynamics were examined to determine if LPS induces a similar 

mechanism of death in both Hs3st1+/+ and Hs3st1−/− mice. At baseline (T = 0), there were 

no significant differences in any of the hemodynamic parameters between genotypes, 

indicating that Hs3st1−/− and Hs3st1+/+ hearts are structurally and functionally 

indistinguishable. We next examined hemodynamic parameters at the mid-point of 

cardiovascular collapse, T = Pmax50%, where the maximum systolic pressure fell to 50% of 

the starting value at T = 0 (Supplementary Fig. 1). Comparison of these two time points 

(Table 1) reveals that LPS induces lethal cardiogenic shock (Appendix A). For each of the 

parameters, Hs3st1+/+ and Hs3st1−/− mice exhibited equivalent hemodynamic responses to 

LPS (Table 1); there were no significant differences between genotypes, and no significant 

interactions between genotype and time. Combined, these results demonstrate that for both 

genotypes LPS-induced death occurs by the same mechanism — cardiogenic shock. Thus, 

Hs3st1−/− mice are more sensitive to LPS than Hs3st1+/+ mice, indicating a pro-

inflammatory phenotype.

2.1.3 Left ventricle HSAT+ is dramatically reduced in Hs3st1−/− mice—To test if 

this cardiac phenotype is associated with a regional reduction of endothelial HSAT+, we 

examined HSAT+ localization and levels in the left ventricle. In Hs3st1+/+ hearts, all blood 

vessels including capillaries exhibited intense HSAT+ staining that colocalized with an 

endothelial marker (Fig. 3A). Such localization is consistent with the well-documented 

endothelial expression of HSAT+ [28, 48]. Conversely, in Hs3st1−/− hearts, endothelial 
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HSAT+ staining was reduced to undetectable levels (Fig. 3A). These results were confirmed 

by analyzing HS extracted from mouse left ventricles. Although total HS levels were 

unaltered, HSAT+ levels in Hs3st1−/− left ventricles were reduced by 80% relative to that of 

Hs3st1+/+ mice (Fig. 3B). The large decrease in endothelially expressed HSAT+ in the 

Hs3st1−/−, compared with Hs3st1+/+, left ventricle suggests that endothelial HSAT+ may 

convey a protective activity against LPS-induced cardiogenic shock.

2.1.4 HSAT+-deficient mice show enhanced sensitivity to TNF—Sepsis involves 

high circulating levels of TNF (Fig. 1) that contribute to myocardial depression [52, 53]. To 

determine if TNF contributes to cardiogenic shock in our model, Hs3st1−/− and Hs3st1+/+ 

mice were pretreated with the TNF-trap etanercept, a fusion protein containing a dimerized 

ligand-binding domain of the human p75 TNF receptor [54]. For both genotypes, 

pretreatment with etanercept dramatically prolonged survival time (Fig. 4A). Most 

importantly, etanercept pretreatment nullified genotype-specific lethality (P = 0.24). This 

result may be due to either differential production of TNF or differential response to TNF. 

The first scenario was ruled out, as the time course of plasma TNF in response to LPS was 

equivalent between genotypes (Fig. 4B). In contrast, Hs3st1−/− mice, compared with 

Hs3st1+/+ littermates, were more susceptible to death upon TNF infusion (Fig. 4C). 

Moreover, the Hs3st1−/− genotype hazard ratio for TNF of 3.30 (1.24–8.79) was comparable 

to that observed for LPS (4.42, 95% CI 2.21–9.05). Hemodynamic analysis confirmed that 

TNF, like LPS, induced lethal cardiogenic shock (not shown). Combined, these data indicate 

that Hs3st1−/− mice, compared with Hs3st1+/+, are more susceptible to LPS-lethality 

because they are more sensitive to TNF.

2.2 AT effects are reversed in Hs3st1−/− mice

2.2.1 AT enhances LPS-lethality in HSAT+-deficient mice—AT treatment reduces 

morbidity and/or mortality in animal and non-human primate models of sepsis [9, 30, 38–40, 

55]. Thus, the pro-inflammatory phenotype of Hs3st1−/− mice suggests that HSAT+ mediates 

an anti-inflammatory activity of endogenous AT. To determine if this mechanism is 

operable, we examined the ability of exogenous AT to ameliorate LPS-lethality in Hs3st1+/+ 

and Hs3st1−/− mice. We examined the efficacy of AT treatment using physiologically 

comparable doses of LPS (50 mg/kg for Hs3st1+/+; 25 mg/kg for Hs3st1−/− mice) that 

induced an equivalent rate of death in both genotypes (Fig. 5A).

With AT pretreatment (Fig. 5B), Hs3st1−/− mice exhibited a dramatically reduced survival 

against LPS with a hazard ratio of 19.8 (2.5–158). The large difference in mortality rates 

reflects opposite responses in the two genotypes; AT pretreatment improved Hs3st1+/+ 

survival against LPS (Fig. 5C), but reduced Hs3st1−/− survival against LPS (Fig. 5D). AT 

versus vehicle pretreatment induced similar hemodynamic alterations in Hs3st1−/− mice at T 

= Pmax50% (Supplementary Table 1). Thus, for Hs3st1−/− mice, AT pretreatment does not 

alter the mechanism of death; instead, it enhances susceptibility to LPS. In the absence of 

HSAT+, AT exhibits a pro-inflammatory tone that enhances LPS-lethality. This concept is 

consistent with findings that AT is a modulator of inflammation and the net effect 

(enhancement or inhibition) is highly context dependent [36, 37, 56, 57]. Together, these 

results suggest that HSAT+ mediates the anti-inflammatory activity of AT.
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2.2.2 AT enhances leukocyte-endothelial interactions in HSAT+-deficient mice
—AT’s anti-inflammatory effects include inhibition of leukocyte-endothelial cell 

interactions [10, 58–61]. To determine if the paradoxic AT effects, in HSAT+-deficient versus 

wild-type mice, are due to differential modulation of inflammation, we examined the 

influence of AT or vehicle treatment on LPS-induced leukocyte-endothelial interactions 

within cremaster muscle venules. We found strong AT-treatment by genotype interactions for 

all of the examined parameters (P < 0.0001 for each, Fig. 6). In Hs3st1+/+ mice, AT 

treatment reduced firm adhesion (Fig. 6B) and adhesion efficiency (Fig. 6C) by 35% and 

85%, respectively, both of which are anti-inflammatory effects. In contrast, AT treatment 

produced opposite effects in Hs3st1−/− mice – enhancing LPS induced leukocyte firm 

adhesion and adhesion efficiency by 1.9- and 3.7-fold, respectively. Overall, AT-treated 

Hs3st1−/− mice, compared with Hs3st1+/+, exhibited comparable LPS-induced rolling fluxes 

(Fig. 6A), but a 2.2-fold enhanced firm adhesion, and a 3.3-fold elevated adhesion efficiency. 

Combined, these results indicate that AT’s net effects are anti-inflammatory in Hs3st1+/+ 

mice but pro-inflammatory in Hs3st1−/− mice, which parallels AT’s effects on LPS-lethality 

(Fig. 5).

2.2.3 HSAT+ selectively mediates the vasodilatory activity of AT—AT’s beneficial 

effects in sepsis involve the induction of prostacyclin (Fig. 1), which is also a potent 

vasodilator [41, 45, 62]. If HSAT+ is required for prostacyclin induction, then Hs3st1−/− mice 

should exhibit altered vasomotor responses to AT. This possibility was tested by first 

characterizing AT vasomotor activity using coronary arterioles from C57BL/6 mice. Isolated 

vessels were incubated with increasing concentrations of AT, equivalent volumes of vehicle, 

or pre-incubated for 30 min with indomethacin, to block prostaglandin/prostacyclin 

production, followed by AT exposure (Fig. 7A). Vasomotor responses were dramatically 

different between treatments (P < 10−6 for AT-concentration by treatment interaction). AT 

concentrations above 12 nM produced significant vasodilation, compared with vehicle and 

indomethacin treatments. This activity was maximal near the normal plasma concentration 

for AT (~3.4 μM) [63] (Fig. 7A, arrow). Conversely, in the presence of indomethacin, AT 

elicited the opposite effect, vasoconstriction, which achieved significance at 4.6 μM AT. 

Combined, the results indicate that AT exhibits two distinct vasomotor activities. At low 

concentrations AT is a vasodilator, but when this activity is blocked with indomethacin, high 

concentrations of AT stimulate vasoconstriction.

The vasodilatory activity occurred over the affinity range of AT for HSAT+ (Kd≈25 nM), 

consistent with involvement of HSAT+. Indeed, Hs3st1−/− and Hs3st1+/+ vessels responded 

oppositely to AT (P < 10−8 for genotype by AT-concentration interaction); AT stimulated 

vasodilation in Hs3st1+/+ and vasoconstriction in Hs3st1−/− microvessels (Fig. 7B). To rule 

out the possibility that Hs3st1−/− arterioles have a globally altered vasomotor response, we 

treated vessels with endothelium-independent agents (Fig. 7C and D) and endothelium-

dependent agents (Fig. 7E and F). Hs3st1−/− and Hs3st1+/+ vessels exhibited comparable 

responses to each vasomotor agent, showing that the genotype effect is selective to AT. 

Combined, our results reveal that Hs3st1 genotypes differentially affect the vasomotor 

activities of AT.
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2.3 An HS3ST1 SNP associates with cardiovascular disease

2.3.1 HSAT+ is expressed at arterial branch points—Potentially, HSAT+ mediation of 

AT’s anti-inflammatory activity protects against atherosclerosis, which involves 

inflammation within blood vessel walls. This protective role requires that HSAT+ be 

expressed in large arteries, the prime site where atherosclerotic plaques form. Thus, we 

examined HSAT+ expression in mouse aorta whole mounts. Integrity of the endothelium was 

confirmed by staining with podocalyxin, which is localized to the endothelial lumenal 

surface. Staining with AT-biotin•streptavidin-Qdot 647 complexes revealed that endothelial 

cells throughout the aorta express HSAT+; however, expression was profoundly elevated at 

aortic branch points (Supplementary Fig. 2). Such sites in the human arterial tree are 

preferentially susceptible to the development of atherosclerosis [64], consistent with the 

hypothesis that HSAT+ is atheroprotective.

To test for a causal role, we attempted to generate HSAT+ deficiency in atherosclerosis prone 

mice (ApoE−/− or Ldr−/−;ApoBec1−/−) on a pure C57BL/6 background. Unfortunately, 

Hs3st1−/− mice were not viable in these crosses. This is consistent with our prior finding that 

the Hs3st1−/− genotype does not survive on inbred genetic backgrounds [33]. We also bred 

the ApoE−/− genotype onto the genetic background in which Hs3st1−/− mice are viable (F1 

hybrids of C57BL/6 x 129S4/SVJae), but this background completely prevented the 

formation of atherosclerosis. Given these limitations in the mouse experiments, we 

examined if a single nucleotide polymorphism (SNP) in the human HS3ST1 gene associates 

with atherosclerosis.

2.3.2 rs16881446G/G associates with atherosclerotic cardiovascular disease—
Bioinformatic analyses (section 4.2.2) of transcriptional regulatory regions identified 

rs16881446 as a putatively functional SNP within the sole HS3ST1 intron (Fig. 8). Relative 

to the sense orientation of HS3ST1, the rs16881446 allelic nucleotides are A and G. To 

determine if this SNP associates with severity of CAD and cardiovascular events, we 

genotyped >2000 coronary angiography patients. Within this population, the rs16881446G 

allele exhibited a frequency of 0.26, which is comparable to the minor allele frequency 

(MAF = 0.27) in the HapMap CEU population (Utah residents with ancestry from northern 

and western Europe). The rs16881446 genotypes were in Hardy-Weinberg equilibrium (P = 

0.66).

The frequency of the rs16881446G/G genotype was higher in the more severe CAD 

categories (Fig. 9A); the across group OR was 1.71 (1.25–2.33), P = 0.00075. The average 

CAD severity score was higher in the GG genotype group than the non-GG group (P = 

0.0007). Relative to non-carriers, the genotype specific ORs (across CAD severity) for 

heterozygotic and homozygotic carriers were 1.09 (0.93–1.28) versus 1.77 (1.29–2.43). 

Thus, the minor allele of rs16881446 associated with CAD in a recessive fashion. The 

magnitude of this association was not altered by adjustment for major cardiovascular risk 

factors (Fig. 9B); the across group adjusted OR was 1.77 (1.29–2.43), P = 0.0004. Indeed, 

rs16881446G/G exhibited the greatest effect size of all covariates.

Thus, rs16881446G/G exhibited a strong and independent association to CAD severity, which 

matches the behavior of major cardiovascular risk factors (Table 2). The rs16881446G/G 
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genotype also associated with the combined endpoint of Any Cardiovascular Event (Fig. 

9C). The rs16881446G/G group exhibited a higher frequency of cardiovascular events, OR of 

1.61 (1.07–2.42) and P = 0.021. Again, the magnitude of this association was not affected by 

adjustment for classical cardiovascular risk factors (Fig. 9D). The adjusted OR for 

rs16881446G/G was 1.69 (1.11–2.59), P = 0.015, which was second only to male sex in 

effect size. Thus, rs16881446G/G exhibited a strong and independent association to 

atherosclerotic cardiovascular events.

2.3.3 The rs16881446G allele associates with reduced HS3ST1 expression—
Within its linkage group (Supplementary Fig. 3), rs16881446 is the most likely SNP to be 

functional (Appendix B). To test if rs16881446 genotype associates with HS3ST1 
expression, we screened several human primary endothelial cells and identified 

heterozygotic cells, rs16881446A/G, from human lung (HLMEC). (For pulmonary 

endothelial cells, HS also protects against TNF-stimulated leukocyte adhesion and lethality 

[19].) We then tested for allele specific expression in an equivalent cellular setting.

Our bioinformatic analysis indicated that the rs16881446 region directs the formation of c-

Myc containing transcription complexes (Fig. 8C). To determine if the rs16881446G allele 

influences regional formation of c-Myc containing chromatin, we performed ChIP analysis 

on HLMECs. DNA for rs16881446A was recovered but rs16881446G DNA was 

undetectable (Fig. 10A). Thus, the rs16881446 region can direct the incorporation of c-Myc 

into chromatin complexes only when the major allele is present. Since rs16881446 is 

intronic, we also measured accumulation of HS3ST1 nuclear transcripts. The rs16881446A 

nuclear transcripts were 2-fold more abundant than that of rs16881446G (Fig. 10B). 

Together, these data indicate that the minor allele of rs16881446 associates with reduced 

HS3ST1 expression.

3 Discussion

The AT-binding pentasaccharide within HSAT+ has been studied for more than 30 years [48], 

yet the biologic role of HSAT+ has remained enigmatic. It was long predicted that endothelial 

HSAT+ would convey an antithrombotic tone to the blood vessel wall by catalyzing AT’s 

anticoagulant activity. However, our prior analyses of Hs3st1−/− mice revealed that 

hemostasis is unaltered, despite their very low levels of HSAT+ [33]. Consequently, we 

sought to determine if HSAT+ might be involved in AT’s inflammomodulatory activities. Our 

studies show that Hs3st1−/− mice, compared with Hs3st1+/+, are more susceptible to LPS-

lethality due to increased sensitivity to TNF. In Hs3st1+/+ mice, AT treatment reduced LPS-

lethality, diminished leukocyte firm adhesion to endothelial cells, and dilated isolated 

coronary arterioles. Surprisingly, in Hs3st1−/− mice AT induced diametrically opposite 

effects. Combined, these results indicate that HSAT+ selectively mediates AT’s anti-

inflammatory activity. To the best of our knowledge, we are the first to report the biologic 

role of HSAT+ and Hs3st1 genotype dependent actions.

An AT•HSAT+ anti-inflammatory pathway may also be relevant to chronic vascular 

inflammation. Our finding that rs16881446 associates with reduced HS3ST1 expression, 

increased CAD severity, and increased atherosclerotic cardiovascular events raises the 
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possibility that endothelial HSAT+ may be atheroprotective. Thus, HSAT+ may serve as a 

novel target for the development of therapeutics to combat acute and chronic inflammatory 

disorders.

Our findings are supported by prior studies of AT’s inflammomodulatory properties. First, 

numerous approaches have shown that AT’s anti-inflammatory actions require HSPGs and 

have implicated syndecan-4, a cell surface HSPG with inherent signaling properties [37, 41, 

43, 65]. Interestingly, syndecan-4 deficient mice also show enhanced death in response to 

LPS [66]. We have previously shown that syndecan-4 is a major endothelial HSPG that can 

bear HSAT+ [30, 67]. Herein, we have identified the specific species of HS (HSAT+) that is 

essential for AT’s anti-inflammatory effects. Second, in vitro studies have found that the 

engagement of AT with endothelial HSPGs stimulates signaling pathways that block TNF 

activation of NF-κB (Fig. 1) [10]. Loss of these pathways should produce increased 

sensitivity to TNF–a key feature of Hs3st1−/− mice. Third, in vitro and in vivo approaches 

have demonstrated that AT’s anti-inflammatory effects involve endothelial cell synthesis of 

prostacyclin (a potent vasodilator), and AT’s beneficial effects are prevented by treatment 

with indomethacin, an inhibitor of prostaglandin synthesis [9, 35, 62]. Using isolated 

coronary vessels, we showed that AT is an HSAT+-dependent vasodilator and this activity is 

blocked by indomethacin. Fourth, in vitro studies show that AT can exert context-dependent 

pro-inflammatory effects, which include macrophage activation, leukocyte chemotaxis, and 

smooth muscle cell elaboration of pro-inflammatory molecules [36, 37, 56, 57]. Our in vivo 

study demonstrates that HSAT+ selectively mediates AT’s anti-inflammatory effects; when 

HSAT+ levels are reduced (Hs3st1−/− mice), AT’s latent pro-inflammatory activities are 

revealed, as evidenced by increased LPS-lethality and endothelial-leukocyte interactions. It 

is important to note that AT exerts anti-inflammatory effects on various leukocyte 

populations [10, 41]. Thus, we presently cannot determine if the in vivo, HSAT+-dependent 

effects of AT involve endothelial cells, leukocytes, or both cell-types.

Based on the above findings we propose that HSAT+ serves to regulate the 

inflammomodulatory tone of AT (Fig. 11). At the extremes (high vs low HSAT+) AT 

provides either a net anti- or pro-inflammatory tone, respectively. This mechanism might 

occur at the level of a single cell-type such as endothelial cells, which highly express HSAT+ 

[28, 30]. Alternatively, differential effects might occur across multiple cell-types, including 

various types of leukocytes [10, 37, 68]. We hypothesize that intermediate levels of HSAT+ 

provide fine-tuning that defines the precise inflammatory tone.

The involvement of HSAT+ in AT’s anti-inflammatory activity is quite surprising given that 

the pentasaccharide sites in HSAT+ (Kd≈25 nM) should be saturated at normal plasma levels 

of AT (~3.5 μM). How then could HSAT+ be involved in a process that is induced by 

supraphysiologic plasma levels of AT (~7 μM) [48]? On one hand, this scenario suggests 

that HSAT+ may not function as a “receptor”, as it would not “sense” changes in AT plasma 

levels. Potentially, HSAT+ serves in a permissive fashion. Such a mechanism occurs in FGF 

signaling, where HS participates in docking the ligand into its receptor and thereby creates a 

functional ternary signaling complex [13, 69]. On the other hand, perhaps only a small 

subpopulation of AT molecules exhibits anti-inflammatory activity. AT is not homogeneous; 

it can bear four or three N-linked glycans (αAT or βAT, respectively). Compared with αAT, 
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βAT is 10- to 20-fold less abundant in plasma, has a greater affinity for HS, and may have 

far greater anti-inflammatory activity [10, 70, 71]. Potentially, administration of 

supraphysiologic levels of exogenous AT increases HSAT+ occupancy by βAT. Much more 

extensive analyses will be required to assess these and other potential mechanisms.

Resolution of the above issues must also take into account our finding that Hs3st1−/− mice, 

without exogenous AT treatment, exhibited a pro-inflammatory phenotype. In particular, 

Hs3st1−/− mice, compared with Hs3st1+/+, were more susceptible to LPS- and TNF-induced 

death. These results indicate that an AT•HSAT+ anti-inflammatory pathway may be 

constitutive – operable under physiologic levels of AT. This possibility offers potential 

insights into the pathophysiology of genetic AT deficiency. Mutations in the heparin binding 

site (AT-HBS), which reduce AT binding to HSAT+, are far more likely to cause arterial 

thrombosis than mutations that reduce AT levels/activity [72]. Based on this finding, it has 

been proposed that HSAT+ functions as an anticoagulant preferentially in arteries; however, 

such a role could not be demonstrated in Hs3st1−/− mice [33]. In contrast, loss of a 

constitutive AT•HSAT+ anti-inflammatory pathway in endothelial cells could lead to a pro-

inflammatory endothelial phenotype featuring upregulation of pro-coagulant factors (e.g. 

tissue factor) and down regulation of anticoagulant proteins (e.g. thrombomodulin) [73]. 

Thus, arterial thrombosis in AT-HBS patients may, at least in part, be secondary to a pro-

inflammatory endothelial cell phenotype. Potentially, management of such patients might 

include treatment with statins, which exert anti-inflammatory effects on endothelial cells 

[74].

A constitutive AT•HSAT+ anti-inflammatory pathway in arteries may protect against chronic 

diseases involving vascular inflammation, such as atherosclerosis. Indeed, our analysis of 

rs16881446 suggests that HSAT+ may be atheroprotective. Intriguingly, the minor allele (G) 

is also the ancestral allele. The UCSS Genome Browser shows that rs16881446G is the 

reference allele for 9 of 11 non-human primate species and for the two Neandertal samples 

in which this region has been sequenced. It is also the reference allele for most mammalian 

species (Supplementary Fig. 4, Supplementary Table 2). Thus, the rs16881446A allele 

appears to have arisen early in the human lineage. These data raise the possibility that the 

emergent rs16881446A conveyed a functional benefit and became the major allele through 

selection; however, a founder effect cannot be excluded.

Our study design enhanced the likelihood of detecting an association. On one hand, we first 

used a bioinformatic approach to identify a potentially functional SNP rather than analyzing 

random SNPs. On the other hand, our primary outcome, CAD severity, provides a semi-

quantitative index of plaque pathology (burden/stage). This outcome provides greater 

sensitivity than binary clinical events (such as myocardial infarction) that are dependent on 

plaque pathology plus multiple additional factors (such as environmental and physiologic 

precipitators of plaque rupture). One limitation of our study is that we have examined a 

clinical population enriched in cardiovascular risk factors, which selects for individuals with 

specific environmental exposures, life-styles, and genetic variants. Moreover, although our 

data are consistent with HSAT+ being atheroprotective, they do not reveal if the role of 

HSAT+ is anti-inflammatory, anticoagulant, or both. However, our study demonstrates a clear 

association with CAD that warrants further investigation to resolve these mechanistic issues.
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Since our study involved individuals at high disease risk, further investigations will be 

required to extend our findings to the general population. Moreover, prospective studies will 

be required to determine if HS3ST1 SNPs are risk factors for atherosclerotic cardiovascular 

disease. Such studies should consider the extremely large putative regulatory region of the 

HS3ST1 gene (~600 kb), which likely contains numerous additional functional SNPs. The 

net impact of multiple regulatory SNPs on HS3ST1 expression may generate far greater 

effects than any individual SNP. Thus, the elucidation of HS3ST1 regulatory regions that 

harbor functional SNPs would be a critical first step towards evaluating if HS3ST genotype 

is a risk factor for atherosclerosis.

In summary, our analyses of an acute sepsis model in mice reveal that HSAT+ is an anti-

inflammatory molecule that inhibits TNF-responsiveness. HSAT+ is essential for AT’s anti-

inflammatory effects, but not AT’s pro-inflammatory effects. It follows that the level of 

HSAT+ can tightly regulate AT’s inflammomodulatory tone. An AT•HSAT+ anti-

inflammatory pathway appears to be constitutive; Hs3st1−/− mice are more susceptible to 

LPS- and TNF-lethality. Such a constitutive pathway might protect against atherosclerosis; 

rs16881446G/G associates with reduced HS3ST1 expression and increased CAD/

atherosclerotic cardiovascular events. Thus, our study identifies HS3ST1/HSAT+ as targets 

for the development of novel diagnostics/therapeutics to combat acute and chronic 

inflammatory disorders.

4 Methods

4.1 Mouse Studies

4.1.1 Mice—All animal experiments were performed following review and approval by 

Institutional Animal Care and Use Committees of all participating institutes. Hs3st1−/− mice, 

deficient in HSAT+, were previously generated by gene targeting [33]. The Hs3st1−/− 

genotype is lethal on inbred strains, so heterozygous mice (Hs3st1+/−) were maintained by 

backcrossing >15 generations against C57BL/6 mice or >10 generations against 129S4/

SvJae mice. Viable Hs3st1−/− mice and wild-type littermates (Hs3st1+/+) were generated as 

F1 hybrids by crossing the isocongenic heterozygotic strains (male 129S4/SvJae-Hs3st1+/− 

X female C57BL/6-Hs3st1+/−). This approach ensured that the resulting mice were viable 

and had a uniform genetic background. Animals were housed under diurnal lighting (12 h 

light, 12 h dark) and allowed free access to food and water. Hs3st1+/− exhibit minimal 

phenotype [33], so only Hs3st1−/− mice were analyzed. Each experiment used mice between 

15 and 22 weeks old (mean age 17 weeks), with ages being balanced between experimental 

groups.

4.1.2 LPS-induced sepsis model—Mice were anesthetized with isoflurane (2.5%) in 

room air and placed on a heated surgical bed (CWI Inc., IL, USA) that was feedback 

regulated (37 ± 0.2°C) by a rectal thermometer (Thermistor probe, TH-2Kmr) connected to a 

TC-1000 temperature controller. The right jugular vein was catheterized with PE-10 tubing 

to enable i.v. delivery of all treatments. A 1.2F pressure-volume catheter with 4.5 mm 

electrode spacing (Scisence, ON, Canada) was inserted via the right carotid artery into the 

left ventricle. Mice were allowed to breath spontaneously during the experiment. Catheter 
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volume calibration was validated by echocardiography with a Vevo 770 ultrasound 

(VisualSonics).

After surgical instrumentation, the isoflurane concentration was reduced to 1.25% and 

steady-state hemodynamics were allowed to establish over a period of at least 20 min. 

Human clinical grade AT (Cutter Biologic) was reconstituted on the day of the experiment. 

At T = −30 min, mice were injected (jugular vein) with 250 U/kg AT/an equivalent volume 

of AT-vehicle, or 10 mg/kg etanercept (Immunex Corporation, Thousand Oaks, CA)/an 

equivalent volume of etanercept-vehicle. At T = 0, an automatic syringe pump (Syringe 

Pump 11plus, Harvard Apparatus, Holliston, MA) was used to deliver 10 mg/ml LPS in 

sterile saline (25 or 50 mg/kg), or an equivalent volume of vehicle, over 20 min. 

Alternatively, 30 ng/g/h of 20 μg/ml TNF, (recombinant mouse, Life Technologies, Grand 

Island, NY, USA) in PBS with 1 mg/ml BSA, was injected over 3 h. Also at T = 0, the body 

temperature set point was increased to 38.5 ± 0.2°C, so as to mimic the mild fever in sepsis. 

Real time conductance and pressure data were recorded throughout the experiment with a 

308T 24-bit data acquisition system (iWorx Systems, Inc., Dover, NH). Hemodynamic 

parameters were extracted with Labscribe software (iWorx Systems Inc., Dover, NH).

4.1.3 Fluorescent detection of HSAT+—The preparation of AT conjugated to Alexa 

Flour 647 (AT-647) has been previously described [51]. This procedure was also used to 

conjugate biotin to AT (AT-biotin). Euthanized mice were sequentially perfused through the 

left ventricle with ice-cold solutions (20 ml) of PBS, 4% paraformaldehyde, and PBS. Hearts 

were isolated and embedded in OCT; whereas, isolated aortas were processed as below. 

Cryosections (~5 μm) were co-stained with AT-647 and goat anti-mouse-podocalyxin 

antibody followed by Alexa Fluor 568-labeled donkey anti-goat antibody, as previously 

described [51]. Endothelial cells are usually identified with CD31, but this epitope is 

destroyed by fixation; consequently, we used podocalyxin, which exhibits comparable 

specificity to detect endothelial cells in our target tissues.

For en face staining, aortas were opened longitudinally, pinned down, and biotin blocked 

(Molecular Probes, E21390). Samples were incubated at room temperature in blocking 

solution (Perkin Elmer, NEL746B) supplemented as indicated below and washed with 1% 

BSA in PBS (w/v) (5 min per wash). Tissues were blocked for 30 min, washed three times, 

incubated for 30 min with 200 nM AT-biotin and 5 μg/ml goat anti-mouse podocalyxin 

(R&D Systems, AF1556), washed three times, incubated for 1 h with 20 nM streptavidin-

conjugated Qdot 647 (Molecular Probes #1016-1) and 4 μg/ml donkey anti-goat Alexa Fluor 

568 (Molecular Probes), and washed three times. Images were obtained using a Leica 

fluorescence dissecting-microscope.

4.1.4 HSAT+ specific activity of left ventricle HS—Total HS was isolated from left 

ventricle tissue and quantified by dye binding, as previously described [33]. HSAT+ specific 

activity was assessed as the in vitro activity of HS to enhance AT neutralization of factor Xa 

with monitoring of S2765 cleavage by factor Xa, as previously described. Activity was 

calibrated against a standard curve of porcine heparin (179 USP U/mg) (H-3393; Sigma 

Aldrich).
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4.1.5 Measurement of plasma TNF—Blood (~1 ml) was collected by cardiac puncture 

with a syringe containing 100 μl of 3.2% sodium citrate. Plasma was prepared by two 

sequential centrifugations (1000 x g for 15 min), then frozen on liquid nitrogen and stored at 

−80°C. TNF was measured by ELISA for mouse TNF (#KMC3012; Invitrogen, Camarillo, 

CA).

4.1.6 Leukocyte-endothelial interactions—Mice were anesthetized with 

intraperitoneal ketamine (125 mg/kg, Ayerst, Guelph, ON, Canada), xylazine (12.5 mg/kg, 

Bayer, Toronto, ON), and atropine (0.25 mg/kg, Ormond Veterinary Supply, Ancaster, ON) 

and the cremaster muscle was exteriorized. To maintain anesthesia, Nembutal (Abbott 

Laboratories, Toronto, ON) was administered through a cannula placed in the jugular vein. 

AT or its vehicle was given i.v. (250 U/kg in less than 150 μl) 2 h before administration of 

LPS. To ensure that all mice would survive throughout the experiment, a sublethal dose of 

LPS (10 mg/kg) was employed. After 2 h, leukocyte-endothelial interactions in venules of 

the cremaster muscle were measured by intravital videomicroscopy.

4.1.7 Intravital videomicroscopy—The intravital technique, adapted from Ley et al. 

[75], is based upon the previously described analysis of leukocyte rolling in the mouse 

cremaster muscle [76, 77]. Cremaster venules were visualized using an Olympus BX51WI 

microscope with a 40X 0.8 NA water immersion objective. Centerline erythrocyte velocity 

(Vrbc) was measured in real-time with a photo-diode velocimeter running a computerized 

digital cross-correlation program (Microvessel Velocity OD-RT, CircuSoft Instrumentation, 

Hockessin DE). Images were acquired using a Sony Model SSC-S20 CCD camera 

connected to a monitor and a VHS recorder (Sony, SVA-9500MD). Blood was obtained by 

carotid cannulation. Systemic leukocyte counts were obtained using Zap-OGLOBIN and a 

hemocytometer. The volumetric blood flow, total leukocyte flux, wall shear rate, and critical 

velocity for each vessel were determined, as previously described [77].

Data were analyzed blinded to group and treatment. One minute video recordings of each 

vessel were analyzed offline for 1) the number of rolling leukocytes passing through a plane 

perpendicular to the blood flow, 2) the number of firmly adherent leukocytes, defined as 

being stationary for over 30 seconds, and 3) the length (Lv) and diameter (Dv) of the venule 

segment examined. In cases of a visible high velocity cell, the velocity of the cell was 

estimated to determine whether such a cell fit the criteria for rolling, having a velocity less 

than the critical velocity for that vessel [78]. Vessels were only included if they fell within 

the following ranges: diameter of 20–50 μm, centerline velocity of 0.5–3.3 mm/s, and shear 

rate of 200–800 s−1. These parameters were balanced between groups and did not confound 

outcomes. To compensate for variations in the systemic leukocyte count, leukocyte rolling in 

the cremaster muscle is presented as the leukocyte rolling flux, which is the number of 

rolling leukocytes in the vessel as a percentage of the total leukocyte flux. To compensate for 

the length of vessel analyzed, firm adhesion is presented as leukocytes per mm2, calculated 

by dividing the number of firmly adherent leukocytes by the area of vessel wall analyzed (π 
x Dv x Lv). To relate the number of adherent cells to the pool of available rolling leukocyte 

in the same vessel, we also determined the adhesion efficiency; the number of firmly 

adherent leukocytes per mm2 were normalize to the number of rolling cells per min [79].
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4.1.8 Coronary arteriole vasomotor activity—From each mouse heart, a single 

segment of the left anterior descending coronary artery (70–180 μm internal diameter) 

lacking side branches was isolated. The vessel segment was placed in an organ bath, 

cannulated with micropipettes on both ends and secured with 10-0 nylon suture, inflated at 

40 mmHg, and monitored with a video camera calibrated to reveal vessel diameter, as 

previously described [80]. All experimental agents were added to 37°C extravascular buffer, 

which was oxygenated and recirculated. After equilibration, microvessels were 

preconstricted to 30–50% of the baseline diameter with U46619 (a thromboxane A2 analog). 

Vessels were then exposed to increasing concentrations of analytes. Between treatments, 

vessels were washed for 15–30 min with three exchanges of Krebs buffered solution. 

Responses were expressed as percent relaxation from the U-46619 constricted microvessel 

diameter.

4.2 Human Studies

4.2.1 Bioinformatic Analysis of HS3ST1 Gene Region—Structural and functional 

features of the human HS3ST1 gene region were identified with UCSC Gene Browser 

(http://genome.ucsc.edu/) [81] programs (Supplementary Table 3), relative to hg19 

coordinates. Linkage disequilibrium of SNPS and regional recombination rates were 

determined with SNAP v 2.2 (https://www.broadinstitute.org/mpg/snap/doc.php) [82], using 

1000 Genomes Pilot 1 phased genotypes for 179 individuals of the HapMap CEU panel.

4.2.2 Bioinformatic identification of a putatively functional HS3ST1 SNP – 
rs16881446—To maximize the possibility of detecting a genetic association, we sought to 

identify a putatively functional SNP in HS3ST1. An initial survey of the protein-coding 

region with the NCBI Variation Viewer revealed 36 non-synonymous SNPs. However, the 

most common, Lys295Arg, (MAF of ~3%) is a very conservative substitution and the 

remainder were too rare for analysis (MAF < 0.2%). Given the high conservation of the 

protein coding region, we focused on identifying a candidate regulatory SNP. Analysis with 

the UCSC Genome Browser revealed that the HS3ST1 gene occurs in a ~2.6 Mb gene desert 

(chr4:10.75–13.35 Mb, hg19 coordinates) (Fig. 8A). ChIP-seq analysis for a marker of 

enhancer elements (H3K27Ac) and for 161 transcription factors suggests a large putative 

transcriptional regulatory region (~600 kb, from 11.4–12.0 Mb). This region contains 

~46,000 SNPs; thus, it is likely that one or more SNPs may affect the expression of 

HS3ST1.

To simplify the search for a putatively functional SNP and to enable detection of recessive 

associations, we only examined SNPs with a MAF >0.2. In addition, we narrowed our focus 

to a 60 kb span that encompasses the HS3ST1 primary transcript (Fig. 8B). We identified 

SNPs within regions of high phylogenetic conservation, which implies functionality. The 

best location that conformed to all of these criteria was within the gene’s sole intron, ~7 kb 

upstream of the protein-coding region. The resulting ~400 bp span contained rs16881446 

(Fig. 8C). The rs16881446 minor allele (G) is present in all 26 human populations of the 

1000 Genomes Project (Phase 3) with an overall frequency of 0.26 (individual population 

MAFs range from 0.14–0.42). In HUVECs, sequences from this region are recovered by 

FAIRE, which indicates an open chromatin configuration. In HUVECs and additional cell 
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lines that express HS3ST1, ChIP-seq analysis reveals that chromatin of this region contains 

the transcription regulator c-Myc [83] and the factors CTCF and Rad2 (Fig. 8C), which 

participate in both chromatin organization and transcriptional control [84, 85]. Combined, 

these data strongly suggest that rs16881446 occurs in a region that regulates HS3ST1 
expression.

4.2.3 Study population—The study was approved by the Institutional Review Board of 

Dartmouth-Hitchcock Medical Center (DHMC)/Dartmouth College and all participants 

provided written informed consent. Consecutive cardiology patients (>95% Caucasian) 

undergoing diagnostic or therapeutic coronary angiography at DHMC were enrolled in 

batches from June 2003 to May 2013. From each subject, ten milliliters of whole blood 

(EDTA-preserved) was obtained for extraction of genomic DNA (Sorenson Genomics). 

Patients in shock or unable to consent were excluded. All subjects underwent a complete 

medical history and physical examination. The study population was a subset from the 

Dartmouth Dynamic Registry (DDR), a large, prospective, clinical registry of consecutive 

patients undergoing diagnostic and/or interventional cardiovascular catheterization 

procedures at DHMC [86]. The registry collects detailed data on demographics and medical 

history including cardiovascular risk factors, coronary anatomy and function, and procedural 

indications and processes. Most subjects had multiple coronary angiograms; we obtained 

3596 blood draws from 2,200 unique individuals. To obtain a uniform data set, we extracted 

all registry records per participant and selected the earliest complete data set for each patient 

(Supplementary Fig. 5). From this group, we successfully genotyped 2,144 individuals for 

rs16881446 and rs1047389, which were used as the study population. For association to 

CAD severity, the sample size (2,144) and genotype frequency (6.58%) enable detection of 

an across group OR of 1.54 at a power greater than 0.83 (α = 0.05).

4.2.4 Determination of CAD severity—CAD severity was categorically defined based 

on a modification of the SYNTAX score, which describes complex coronary disease and is 

predictive of coronary outcomes [87, 88]. The DDR documents >90% of the parameters 

required to calculate a SYNTAX score. Specifically, angiographic findings are recorded by 

dividing the coronary arterial tree into 27 segments (Coronary Artery Surgery Study, CASS, 

criteria) [89] with scoring of each segment for primary criteria of the ACC/AHA lesion 

classification system [90], which includes extent and length of stenosis as well as 

morphologic features such as calcification, thombosis, eccentricity, and tortuosity. The 

presence of bridging collaterals, restenosis, bypass grafts, and dissection are also recorded. 

These parameters were used to approximate the SYNTAX score. This approach was 

validated by selecting 27 angiogram cines for direct SYNTAX scoring by an experienced 

invasive cardiologist, blinded to case and CAD severity score. The database derived 

SYNTAX score closely correlated with direct scoring from angiogram cines (r = 0.85). CAD 

severity was then categorized in four levels progressively ranging from angiographically 

undetectable CAD to severe disease. The SYNTAX system does not score lesions producing 

<50% occlusion, which do not warrant clinical intervention. Consequently, a SYNTAX 

score of 0 encompasses a mix of detectable and undetectable pathologies. To distinguish 

between these two categories, all cases with a SYNTAX score of 0 and undetectable 

coronary occlusion were assigned to CAD severity level 0. The remaining subjects were 
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grouped by lower, middle, and upper tertiles (per sex) of the SYNTAX score and were 

assigned to CAD severity levels 1–3, respectively. The primary cardiovascular risk factors of 

male sex, age, hypercholesterolemia, hypertension, and diabetes progressively increased 

with rising CAD severity (Table 2). This graded association between risk factors and extent 

of CAD indicates that our categorization method provides a valid metric for CAD severity.

4.2.5 Definition of Any Cardiovascular Event—Patients were assigned to this event 

group if they had a past or present history of at least one of the following: heart attack, 

percutaneous coronary intervention (angioplasty, atherectomy, thrombolysis, or stent 

insertion), coronary artery bypass graft, carotid endarterectomy, transient ischemic attack, 

stroke, or peripheral occlusive vascular disease. The risk factors of male sex, age, 

hypercholesterolemia, hypertension, diabetes, and family history were all more prevalent in 

patients with at least one atherosclerotic cardiovascular event (Table 3), which confirms the 

validity of this metric.

4.2.6 Genotyping—Genotyping was performed by TaqManR allelic variant discrimination 

using an Applied Biosystems 7500 Fast Real-Time PCR System. The rs16881446 SNP was 

amplified with 5’-dCCTGCCAAGGATGAAAATCTG and 5’-

dCATGTCTTCACTTTCATCTTTGCA and then detected with 5’-6-FAM-

dTGAGGTGCTCTTCCGTA-MGB (minor allele) and 5’-VIC-

dTGAGGTGCTCTTCCGTA-MGB (major allele). The rs1047389 SNP was amplified with 

5’-dGCCTCTACCACGTGCACATG and 5’-dGGTCGCCGTCCACAATG and then 

detected with 5’-6-FAM-dTGCGCTTCTTCCCGCT-MGB (minor allele) and 5’-VIC-

dCGCTTTTTCCCGC-MGB (major allele).

4.2.7 ChIP analysis—HLMEC cells were obtained from Lonza (cc-2527, Lot 6F3754) 

and maintained in EGM-2MV (cc-3202). ChIP assays were performed with the ChIP Assay 

kit (Upstate Biotechnology), according to the manufacturer's instructions. Nucleoprotein 

complexes from 40 x 106 HLMECs were cross-linked in vivo by incubating monolayers 

with 1% formaldehyde for 10 min. Cells were harvested, pelleted, and resuspended in 350 μl 

SDS lysis buffer. Chromatin DNA was fragmented by sonication, and oligonucleosomal-

protein complexes were immunoprecipitated using a polyclonal anti-c-Myc antibody (N262, 

Santa Cruz Biotech) and a 1:1 mixture of protein A and protein G Novex Dynabeads. 

Precipitated oligonucleosomal-protein complexes were washed, protein was removed by 

Proteinase K digestion followed by phenol/chloroform extraction. Recovered DNA 

fragments were analyzed by TaqManR allelic variant discrimination PCR to measure relative 

levels of rs16881446 alleles, similar to section 4.2.8 quantitation. ChIP background was 

determined by immunoprecipitation reactions that contained all components except primary 

antibody.

4.2.8 Nuclear RNA analysis—Cells were harvested by trypsinization and pellets were 

resuspended in 200 μl of lysis buffer (0.14 M NaCl, 1.5 mM MgCl2, 0.5% Triton X-100, 10 

mM Tris•Cl at pH 7.0, and 10 mM vanadyl-ribonucleoside complexes) on ice with repeated 

vortexing over 5 min. Nuclei were pelleted at 500 x g, then resuspended in 200 μl of lysis 

buffer. Nuclei were disrupted by the addition of 200 μl of 2% sodium dodecyl sulfate, 0.3 M 
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NaCl, 25 mM EDTA, 0.1 M 10 mM Tris•Cl at pH 7.0, and 0.4 mg/ml proteinase K, then the 

mixture was incubated at 65°C for 1 h. The solution was extracted against 1 ml of 

phenol:chloroform:isoamyl alcohol (25:24:1, v/v), then 320 μl of isopropanol was added, 

and nucleic acids were harvested by centrifugation. DNA was removed by treatment with 

RNase free DNase, the samples were phenol extracted, and DNA was recovered by ethanol 

precipitation. First strand synthesis was performed as previously described [91]. Levels of 

allele specific transcripts were measured by TaqManR allelic variant discrimination, as 

described in section 4.2.6. To determine true allelic ratios, samples were calibrated against 

standards (heterozygotic DNA as well as various mixtures of rs16881446A/A DNA and 

rs16881446G/G DNA).

4.2.9 Statistics—Parametric data are expressed as the mean ± SEM and were evaluated by 

the Student’s t-test, logistic regression, or repeated measures ANOVA; survival data were 

evaluated by log-rank analysis or by Cox proportional hazard test; categorical data were 

evaluated by Fisher exact probability or chi-square test; ordinal data were evaluated by 

nonparametric test for trend across ordered groups or ordered logistic regression test, as 

appropriate. As required, continuous data were transformed by rank order normalization. 

The Holm-Sidak method was used for post-hoc pairwise analysis. Effect sizes are expressed 

as hazard ratio (95% CI) or OR (95% CI). All P-values and 95% CIs are two-sided. 

Differences with P < 0.05 were considered significant. Statistics were performed with 

Stata/IC v12.1 or Sigma Plot 11.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AT Antithrombin

AT-HBS AT with a mutation in the heparin binding site

CAD coronary artery disease

CEU Utah residents with ancestry from northern and western 

Europe

DDR Dartmouth Dynamic Registry

DHMC Dartmouth-Hitchcock Medical Center
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FAIRE formaldehyde-assisted isolation of regulatory elements

HS heparan sulfate

HLMEC human lung microvascular endothelial cells

HSPG HS proteoglycan

HSAT+ HS with pentasaccharide

HSAT− HS without pentasaccharide

HS3ST1 or Hs3st1 human or murine gene for HS 3-O-sulfotransferase-1, 

respectively

LD linkage disequilibrium

MAF minor allele frequency

OR odds ratio
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Highlights

• Hs3st1−/− mice had increased LPS-lethality due to enhanced TNF-sensitivity.

• HSAT+ is essential for AT’s anti- but not pro- inflammatory effects.

• The rs16881446G allele associated with reduced HS3ST1 expression.

• rs16881446G/G associated with cardiovascular disease severity and events.

• An HSAT+AT pathway may protect against acute and chronic inflammatory 

disorders.
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Fig. 1. Mechanism of antithrombin’s anti-inflammatory activity in sepsis
Gram-negative sepsis is initiated by LPS activation of TLR4 on endothelial cells. This leads 

to phosphorylation of cytosolic Iκ-Bα•NF-κB complex, which then dissociates. The free 

NF-κB translocates to the nucleus and activates transcription of numerous pro-inflammatory 

genes. These include cytokines and chemokines, which lead to cytokine storm; cell adhesion 

molecules, which lead to leukocyte-endothelial interactions; iNOS that synthesizes 

vasodilatory nitric oxide (NO•), which contributes to hypotension; and TNF, which 

stimulates the TNF receptor to further activate NF-κB via phosphorylation of the Iκ-Bα•NF-

κB complex [7]. AT’s anti-inflammatory activity involves binding to cell surface HSPGs, 

which leads to synthesis of prostacyclin (PGI2) that blocks phosphorylation of the Iκ-

Bα•NF-κB complex [8–10]. Thus, AT treatment prevents activation of proinflammatory NF-

κB. Our study evaluates whether this anti-inflammatory activity involves HSAT+ or HSAT−, 

which respectively bear or lack the pentasaccharide with high AT affinity.
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Fig. 2. Hs3st1−/− mice show enhanced LPS-lethality
Kaplan-Meier survival analysis for LPS-lethality in Hs3st1+/+ (WT) and Hs3st1−/− (KO) 

mice, (A) males and (B) females. Anesthetized mice were administered 50 mg/kg LPS at T 

= 0. Time of death was established when the maximum systolic pressure dropped below 0.5 

mm Hg. All groups were composed of littermates matched for age and weight. Data were 

analyzed by Cox proportional hazard analysis using sex and genotype as independent 

variables, which reveals the degree that each variable (independent of the other) increases 

the rate of death (adjusted hazard ratio). The adjusted significance for genotype was P < 

0.00005 and for sex was P < 0.00001. As a control, five mice of each genotype were 

administered the LPS vehicle; all maintained normal hemodynamic parameters for the full 3 

h monitoring period.
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Fig. 3. Endothelial HSAT+ is dramatically reduced in Hs3st1−/− left ventricles
(A) Heart cryosections (~5 μm) from Hs3st1+/+ (WT) and Hs3st1−/− (KO) mice were co-

stained with AT-647 (green), a fluorescent AT conjugate that selectively detects HSAT+ [51], 

and anti-podocalyxin to detect endothelial cells (red). The yellow color indicates co-

expression of podocalyxin and HSAT+. Fields are from the left ventricle and show capillaries 

(the bar indicates 10 μm). The insets show coronary arterioles and the bar indicates 50 μm. 

Representative images from duplicate experiments are shown. (B) HSAT+ content of HS 

isolated from the left ventricles was determined as in vitro anti-Xa activity, where HS 

containing AT-binding sites catalyzes AT neutralization of factor Xa. Activity was calibrated 

to USP units of a heparin standard. Data are the mean ± SEM of 3 animals, P < 0.001 by 

Student’s t-test.
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Fig. 4. Hs3st1−/− mice show enhanced TNF-lethality
(A) Genotype effect for LPS-lethality is abolished by etanercept treatment. Shown is 

Kaplan-Meier survival analysis for mice intravenously administered vehicle (WT-V and KO-

V, 6 mice per genotype) or 10 mg/kg etanercept (WT-E and KO-E, 15 mice per genotype) 

followed 30 min later by 50 mg/kg LPS (T = 0). Data were evaluated by log-rank with 

Holm-Sidak pairwise analysis. Within each genotype, the etanercept effect was significant 

(P < 0.0001 each). The genotype effect was significant within vehicle (P < 0.05) but not for 

etanercept treatment (P = 0.24). (B) Hs3st1−/− mice exhibit normal TNF production in 

response to LPS. Hs3st1+/+ and Hs3st1−/− littermates were injected with 50 mg/kg LPS and 

plasma TNF levels were determined over time. Data are the mean ± SEM of 5 animals per 

genotype. (C) Kaplan-Meier survival analysis for mice administered 120 ng/g of 

recombinant mouse TNF over the initial 3 h period; n = 10 mice per genotype. P = 0.012 for 

a genotype effect by log rank analysis.
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Fig. 5. AT rescue of LPS-lethality is reversed in Hs3st1−/− mice
Kaplan-Meier survival analyses for mice (n = 11 per group) administered a physiologically 

comparable dose of LPS (50 mg/kg for Hs3st1+/+; 25 mg/kg for Hs3st1−/−) at T = 0. At T = 

−30 min, mice were injected with 250 U/kg AT or AT-vehicle. Between group significance 

was evaluated by log rank analysis. (A) In vehicle-treated mice, LPS-lethality was 

comparable between genotypes. (B) For AT treatment, Hs3st1−/− mice, compared with 

Hs3st1+/+, were more sensitive to LPS. (C) In Hs3st1+/+ mice, AT treatment reduced LPS-

lethality. (D) In Hs3st1−/− mice, AT treatment enhanced LPS-lethality.
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Fig. 6. LPS-treated Hs3st1−/− mice show diametrically opposite AT effects on leukocyte-
endothelial interactions
Hs3st1+/+ and Hs3st1−/− littermates were pretreated with vehicle or AT (T = −2 h), 

administered an intraperitoneal injection of LPS (T = 0), and 2 h later leukocyte-endothelial 

interactions in cremaster muscle venules were measured. (A) Rolling flux: leukocytes rolling 

on endothelium standardized to total WBC flux through the vessel. (B) Firm adhesion: 

leukocytes stationary on endothelium standardized to vessel surface area. (C) Adhesion 

efficiency: stationary leukocytes standardized to rolling leukocytes. Results are expressed as 

the mean ± SEM from 31, 45, 38, and 68 vessels per group for WT-vehicle, WT-AT, KO-

vehicle, and KO-AT, respectively. Rank order normalized data were analyzed by ANOVA 

with Holm-Sidak pairwise analysis: P < 0.05 (*); P < 0.01 (**); P < 0.002 (†); P < 0.001 
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(††); P < 0.0001 (†††). Genotype by treatment interactions are indicated by the four-way 

comparisons (at top of graphs).
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Fig. 7. HSAT+ selectively mediates AT vasodilatory activity
Ex vivo vasomotor responses of precontracted coronary microvessels isolated from C57BL/6 

mice (A) or Hs3st1+/+ and Hs3st1−/− mice on a C57BL/6 X 129S4/SvJae background (B–F). 

Vessels were exposed to increasing concentrations of AT (A, B), sodium nitroprusside (SNP) 

(C), a thromboxane A2 analog, U44619 (D), ADP (E), or serotonin (F). Results were 

analyzed by repeated measures ANOVA (with Holm-Sidak pairwise tests) and are presented 

as the mean ± SEM; n indicates number of vessels analyzed. Only one coronary vessel was 

used per mouse. (A) Responses to AT, vehicle for AT, or AT plus 10 μM indomethacin, as 

indicated. The arrow indicates the human plasma concentration of AT; * indicates P < 0.005 

compared with vehicle or indomethacin; † indicates P < 0.05 compared with vehicle. (B) AT 

concentration effects were significant (P < 0.001 for each genotype); * indicates P < 0.005 
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compared with Hs3st1+/+; ‡ indicates P < 0.01 compared with maximal Hs3st1−/− relaxation 

(at 0.12 and 1.2 μM AT).
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Fig. 8. HS3ST1 intronic SNP rs16881446 localizes to a functional regulatory region
The chromosome 4 region of the HS3ST1 gene (which has an antiparallel orientation) was 

examined using the UCSC Genome Browser on the hg19 assembly. (A) The putative 

transcriptional control region (red bar) is revealed by ChIP-seq analysis for 161 transcription 

factors in 91 cell types (Txn FactorChIP) and for H3K27Ac in HUVECs. (B) The 

transcribed region of HS3ST1 extends from ~11.43 Mb to 11.4 Mb. The top indicates 

HS3ST1 hnRNA with all coding sequences occurring in a single exon at ~11.4 Mb (thick 

box). Regions and regulatory elements that exhibit sequence conservation among 100 

vertebrates are indicated by 100 Vert Cons and 100 Vert El, respectively. Putative functional 

mammalian DNA elements (evolutionarily constrained elements) were determined by 

genomic evolutionary rate profiling (GERP; comparing the hg19 build to 35 other 

mammalian genomes) and by insertion-deletion based conservation (Cons Indels MmCf; 

comparing human, mouse and dog genomes), which provides a sequence independent 

evaluation of conservation; dark blue indicates extremely conserved regions. (C) The 

rs16881446 SNP occurs in the center of a region with high conservation and overlaps 

markers of active chromatin. Formaldehyde-assisted isolation of regulatory elements 

(FAIRE) on HUVECs reveals open chromatin regions. ChIP-seq analysis of HUVECS, 

lymphoblastoid GM12878 (GM78), and embryonic stem cells (h1ES) reveals chromatin 

regions containing the transcription factors CTCF, RAD2, and c-Myc.
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Fig. 9. The rs16881446G/G genotype independently associates with severity of CAD and 
atherosclerotic cardiovascular events
(A) The frequency of the rs16881446G/G genotype increases with CAD severity. Shown are 

rs16881446 genotype frequencies ± 95% CI within each CAD severity group, P = 0.0008 by 

ordinal logistic regression. (B) The rs16881446G/G genotype independently associates with 

CAD severity. Shown are the adjusted, across ordered group ORs for the rs16881446G/G 

genotype and CAD clinical risk factors, as determined by ordinal logistic regression. (C) 

The frequency of atherosclerotic cardiovascular events is higher in the rs16881446G/G 

genotype group. Shown are event frequencies ± 95% CI, P = 0.021 by chi-square test. (D) 

The rs16881446G/G genotype independently associates with the combined endpoint of Any 

Cardiovascular Event, analysis by logistic regression. Data in (B) and (D) are OR ± 95% CI. 

The broad CI for rs16881446G/G reflects the low population frequency. The above analyses 

were also conducted by including variables for sex and sex-by-rs16881446G/G interaction. In 

all cases, the interaction term was insignificant (P > 0.05); thus, rs16881446G/G associations 

are independent of sex (see also Supplementary Fig. 6).
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Fig. 10. The rs16881446G allele associates with reduced HS3ST1 expression
(A) Crosslinked chromatin extracted from HLMEC was immunoprecipitated with anti-Myc 

antibodies. DNA was recovered and relative levels of rs16881446 alleles were quantified by 

real time PCR with allelic discrimination Taq-ManR probes. The rs16881446G levels in 

ChIP DNA were comparable to background controls. (B) Nuclear RNA was isolated from 

HLMEC; HS3ST1 hnRNA levels were determined by reverse transcription followed by real 

time PCR with allelic discrimination Taq-ManR probes; P < 0.01 by Student’s t-test. All data 

are expressed as mean ± SEM from three independent experiments.
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Fig. 11. HSAT+ is essential for AT’s anti-inflammatory activity
AT is a bifunctional regulator of inflammation that exhibits HSAT+-dependent anti-

inflammatory and HSAT-independent proinflammatory activities. AT’s net in vivo action is 

determined by the balance between these two opposing activities.
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Table 3

Patient characteristics by Any Cardiovascular Event group.

Parameter No event Any CV event P-valuea

n 657 1487

Male 58.8% 72.0% <0.001

Female 41.2% 28.8% <0.002

Age 62.0 ± 0.5 64.4 ± 0.3 <0.001

Hypercholesterolemia 55.4% 68.9% <0.001

Diabetes 22.0% 30.0% <0.001

Family history 38.6% 43.2% 0.048

Presently smoking 12.6% 15.5% 0.078

BMI 30.5 ± 0.3 29.5 ± 0.2 0.002

a
by Student’s t-tes
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