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Abstract

Background: Heparanase (HPSE) is the only known mammalian enzyme that can degrade
heparan sulfate. Heparan sulfate proteoglycans are essential components of the glycocalyx, and
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maintain physiological barriers between the blood and endothelial cells. HPSE increases during
sepsis, which contributes to injurious glyocalyx degradation, loss of endothelial barrier function,
and mortality.

Objectives: As platelets are one of the most abundant cellular sources of HPSE, we sought to
determine whether HPSE expression and activity increases in human platelets during clinical
sepsis. We also examined associations between platelet HPSE expression and clinical outcomes.

Patients/Methods: Expression and activity of HPSE was determined in platelets isolated from
septic patients (7= 59) and, for comparison, sex-matched healthy donors (/7= 46) using
complementary transcriptomic, proteomic, and functional enzymatic assays. Septic patients were
followed for the primary outcome of mortality, and clinical data were captured prospectively for
septic patients.

Results: The mMRNA expression of HPSE was significantly increased in platelets isolated from
septic patients. Ribosomal footprint profiling, followed by [S35] methionine labeling assays,
demonstrated that HPSE mRNA translation and HPSE protein synthesis were significantly
upregulated in platelets during sepsis. While both the pro- and active forms of HPSE protein
increased in platelets during sepsis, only the active form of HPSE protein significantly correlated
with sepsis-associated mortality. Consistent with transcriptomic and proteomic upregulation,
HPSE enzymatic activity was also increased in platelets during sepsis.

Conclusions: During clinical sepsis HPSE, translation, and enzymatic activity are increased in
platelets. Increased expression of the active form of HPSE protein is associated with sepsis-
associated mortality.

Keywords
blood platelets; heparanase; inflammation; sepsis; translation

1| INTRODUCTION

The luminal surface of endothelial cells is lined with a protective layer consisting of
membrane-bound proteoglycans (PGs), glycoproteins, and glycosaminoglycans (GAGS),
which play key roles in health and disease. This complex network of glycoconjugates
compose the glycocalyx, a cell surface layer that contributes to vascular homeostasis by
regulating vessel permeability, nitric oxide production, coagulation, and adhesion of
circulating cells (including platelets and leukocytes).! The backbone of the glycocalyx is
made up of PGs, which contain one or more GAG chains, and the sulfated, negatively
charged heparan sulfate (HS) polymer accounts for more than 50% of all GAGs within the
glycocalyx.2 However, dramatic remodeling of the vessel surface occurs in response to
systemic inflammation, such as is the case during sepsis. Degradation or “shedding” of
glycocalyx components results in the loss of protective functions and leads to enhanced
vascular permeability, tissue edema, leukocyte adhesion, and platelet aggregation.3-5
Degradation products of the glycocalyx such as HS and hyaluronan are also increasingly
recognized as highly potent damage-associated molecular patterns (DAMPS), which can
function as significant contributors to critical illnesses and may also serve as diagnostic and
therapeutic targets in septic patients.6.” Dysfunction of the glycocalyx is thought to have an
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early role in clinical sepsis progression and leads to the lethal coagulopathy associated with
acute kidney injury, respiratory failure, and hepatic dysfunction observed during the course
of critical illness.> Pre-clinical models support these clinical observations as therapeutic
strategies to protect or restore the glycocalyx improve survival in mouse models of sepsis.28

Heparanase (HPSE) is the only known mammalian endo- B- glucuronidase capable of
degrading HS® and cleaves the GAG polymer within highly sulfated regions.10-12 HPSE is
synthesized by cells as an inactive, glycosylated 65 kDa pro- enzyme?3 that interacts with
heparin sulfate proteoglycans (HSPGs) at the cell surface following secretion.}4 HPSE pro-
enzyme may either remain at the cell surface or become internalized via receptor- mediated
endocytosis, where it is targeted to the lysosome and processed into 50 kDa and 8 kDa
subunits by cathepsin L.15=17 These two subunits non-covalently associate to form the
active HPSE heterodimer, which can be trafficked back to the cell surface or secreted into
the extracellular space. HPSE also has been shown to possess non-enzymatic functions,
including cell signaling, adhesion, and differentiation.18:1° HPSE- mediated degradation of
the extracellular matrix is known to promote cell migration and release of HS-bound
cytokines and growth factors associated with inflammation, 29 angiogenesis,?! and tumor
metastasis.1? Soluble HS fragments generated by HPSE activity act as endogenous danger
signals capable of amplifying the pro-inflammatory response via Toll-like receptor 4 both /n
vitro and in murine models of sepsis.22-24

HPSE is elevated in many inflammatory diseases characterized by vascular remodeling,
including cancer,11:25.26 diabetes,2” and sepsis.28-2% Circulating levels of HS fragments, and
corresponding HPSE activity, are increased in plasma collected from patients with clinical
sepsis,’30 and contribute to disease pathogenesis and progression in pre-clinical studies.
Murine models of polymicrobial sepsis demonstrate that HPSE enhances glycocalyx
shedding and increases sepsis-associated mortality® and that HPSE-mediated glycocalyx
degradation exposes endothelial surface adhesion molecules including intracellular adhesion
molecule 1 and vascular cell adhesion molecule 1, and promotes neutrophil adhesion to the
pulmonary endothelial surface.30 HPSE also mediates septic renal dysfunction in mice by
augmenting renal inflammatory gene expression independently of neutrophil recruitment,2®
suggesting that the mechanisms by which HPSE activity mediates organ injury in sepsis can
vary. Importantly, HPSE inhibition in these studies leads to preservation of HS within the
glycocalyx and attenuated sepsis-induced injury, supporting observations that HPSE directly
contributes to disease progression.

Although platelets are anucleate, it is now clear that the platelet transcriptome and proteome
are dynamic and become altered during the course of disease.31~33 During sepsis, platelet
transcriptome, translational activity, and functional responses are altered and, in some cases,
are associated with increased mortality.34-37 Sepsis survivors have an increased risk of
thromboembolic events,38 and overexpression of HPSE in transgenic mice is associated with
increased platelet adhesion, spreading on fibrinogen, surface P-selectin expression, and
enhanced thrombosis in a FeClz model of carotid artery injury.3® While many studies of
HPSE in sepsis have focused on endothelial expression of HPSE, platelets are recognized as
one of the most abundant cellular sources of HPSE25:4041 yet the expression and function of
platelet HPSE during sepsis remains largely unstudied.
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Given the potential of platelet-derived HPSE to enhance to platelet reactivity, glycocalyx
degradation, and sepsis severity, in this report we apply complementary techniques of RNA-
seq, ribosome footprint profiling, metabolic labeling, and functional enzymatic assays to
examine whether sepsis is associated with changes in platelet HPSE and clinical outcomes.

METHODS

Participant recruitment

During the course of enrolling septic patients, we amended our protocol to match updated
definitions of sepsis.*2 When we first began our study, we recruited septic patients who had
either a diagnosis of sepsis (any cause) or septic shock defined as a clinical construct of
sepsis with persisting hypotension requiring vasopressors to maintain mean arterial pressure
> 65 mmHg and having a serum lactate level >2 mmol/L (18 mg/dl) despite adequate
volume resuscitation. We later amended our protocol to conform with updated definitions of
sepsis. For this amended protocol, septic patients were eligible if they had a suspected or
confirmed infection and a defined sequential organ failure assessment (SOFA) score >2.
Septic shock was defined as having a lactate of >2 mmol/L (18 mg/dl) despite adequate
volume resuscitation and/or the use of vasopressors. All septic patients were enrolled within
72 h of intensive care unit (ICU) admission. Table 1 indicates patient characteristics and
Figure S1 in supporting information indicates known causes of sepsis within our population
by site of infection (Figure S1A) and identified pathogen (Figure S1B).

Healthy male and female consenting donors were eligible if they were above the age of 18,
medication- free, and without any acute or chronic illnesses. Healthy donors were matched
to septic patients on the variable of sex. Local institutional review boards approved all of the
studies, and each participant or a legally authorized representative provided written,
informed consent.

For selected transcriptomic comparisons of HPSE expression in platelets, we also studied
three other acutely infected cohorts (and matched healthy donors) in addition to septic
patients: (1) patients with primary influenza A/H1 N1, (2) patients with dengue, and (3)
patients with malaria. Influenza A/H1 N1 patients were recruited during the 2009 influenza
pandemic in Salt Lake City, Utah. Influenza A/H1 N1 was diagnosed on an appropriate
respiratory specimen by real- time polymerase chain reaction (RT-P CR). All influenza
A/H1 N1 patients were studied within 72 h of ICU admission. Age- , sex- , and race-
matched healthy donors from the Salt Lake City area were recruited for transcriptomic
comparisons, as previously reported.36

Dengue patients were defined as patients with acute, primary, or secondary dengue infection,
and were recruited from the Instituto Nacional de Infectologia Evandro Chagas, Fundacédo
Oswaldo Cruz in Rio de Janeiro, Brazil. Dengue infection was confirmed serologically
and/or molecularly using ELISA for immunoglobulin M and G quantification (PanBio) and
RT-PCR, respectively. Age- , sex-, and race- matched healthy donors from the same area in
Brazil were recruited for transcriptomic comparisons, as previously reported.36
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Malaria patients infected by Plasmodium vivax (P. vivax) were recruited at the Fundacao de
Medicina Tropical - Dr. Heitor Vieira Dourado (FMT-HVD), a tertiary care center for
infectious diseases in Manaus, Amazonas State, Brazil. £ vivaxwas diagnosed by
quantitative PCR (qPCR) analysis, according to recommended diagnostic guidelines.*3:44
Age- , sex-, and race- matched healthy donors from the same area in Brazil were recruited
for transcriptomic comparisons.

Platelet isolation

Whole blood was drawn into 3.2% acid- citrate-dextrose (ACD) tubes and centrifuged at 100
g for 20 min at room temperature (RT) to obtain platelet rich plasma (PRP); 100 nM
prostaglandin E1 (PGE4; Cayman Chemicals) was added to the PRP. The PRP was then
centrifuged again at 500 g for 20 min at RT. The platelet pellet was then resuspended in
phosphate-buffered saline (PBS) containing 2 mM EDTA, 0.5% human albumin, and 100
nM PGE;. Anti-CD45 beads were added for 20 min at RT to bind leukocytes and then the
negative fraction (e.g., platelets) was isolated with an Automax Pro (Miltenyi) for sepsis and
H1 N1 patients or EasySep (StemCell) for dengue and malaria patients according to the
manufacturer’s recommendations. Isolated platelets were then centrifuged at 500 g for 20
min at RT and resuspended in warmed (37°C) Medium 199 (M199 Lonza, Biologics). This
method results in a highly purified population of platelets, generally with fewer than 3
leukocytes per 107 platelets (>99.9% purity).4°

Platelet transcriptomics

For RNA-seq studies, 1 x 109 platelets were lysed in TRIzol and then DNase treated. Total
RNA was isolated and an Agilent bioanalyzer was used to quantify the amount and quality
of RNA. RNA-seq libraries were prepared with TruSeq V2 with oligo- dT selection
(Illumina). Reads were aligned (Novoalign) to the reference genome at the time of these
studies and a pseudotranscriptome containing splice junctions. The Deseq2 analysis package
was used to assign reads to composite transcripts (one per gene) and quantitate fragments
per kilobase of transcript per million mapped reads (FPKMs) as previously described.*>
Post-RNA-seq analysis of an index leukocyte transcript (P7PRC, CD45) confirmed that the
samples were highly purified platelet preparations. We detected equivalent P7PRC levels
between control and sepsis samples (p > .05) that were >5000 times lower in FPKM than the
index platelet transcript PF4. Differential expression and significance were determined
according to the Deseq2 algorithm, which controls for multiple comparisons using a false
discovery rate (FDR) according to the Benjamini-Hochberg procedure.*® Significant
variance in expressed transcripts were prespecified as those transcripts with an FDR < 0.05
and a log, fold change =1.5 in sepsis, compared to non-septic conditions. The raw RNA-seq
data for sepsis, influenza A/H1 N1, and dengue patients were published and made publicly
available by our group previously.35:36

For qRT-PCR experiments, 5 x 108 platelets from septic patients and healthy donors were
isolated and lysed in Trizol. RNA was isolated and measured using a Nanodrop 2000
(ThermoFisher Scientific). The RNA was converted into cDNA using SuperScript I1. cDNA
was analyzed on an iCycler from BioRad. Samples were analyzed for HPSE and tubulin
expression (tubulin served as a control). The human HPSE forward primer is
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CTTGGGAACTAGGCAATGAACC and the reverse primer is
CCTTCAGGAAGCTCTTCAGCAT.

2.4| Ribosome footprinting

For ribosome footprint profiling experiments, 1 x 109 platelets were treated with
cycloheximide (100 mg/ml) for 1 min at RT to preserve ribosomes as natively attached to
mMRNAs.3® The platelets were lysed in Mammalian Lysis Buffer (ARTseq, Epicentre). Total
RNA and ribosome-protected read RNAs (RPRs) were prepared per the manufacturer’s
instructions (ARTseg-R ibosome Profiling Kit, Epicentre). Sequencing libraries (25 pM)
were chemically denatured and applied to an lllumina HiSeq v4 single-read flow cell using
an Illumina cBot. Hybridized molecules were clonally amplified and annealed to sequencing
primers with reagents from an Illumina HiSeq SR Cluster Kit v4-cBot (GD- 401- 4001).
Following transfer of the flow cell to an lllumina HiSeq 2500 instrument (HCSv2.2.38 and
RTA v1.18.61), a 50-cycle single-read sequence run was performed using HiSeq SBS Kit v4
sequencing reagents (FC- 401- 4002). Ribosome profiling (eukaryote) library preparation
was completed using the NEBNext Multiplex Small RNA Library Prep Set.

25| ELISA

5 x 108 platelets were isolated from septic patients and healthy donors, suspended in 500 i
M199, and stimulated with a total of 0.01 units/mL of thrombin (Sigma) for 1 h at 37°C.
Platelets were centrifuged at 12,000 g for 2 min at RT to separate the cell pellet from the
supernatant. Cell lysates and supernatants were collected. Cell lysates were washed with
PBS and resuspended in 1X PBS. Platelets were lysed via snap freezing the samples three
times in liquid nitrogen. Phosphatase and protease inhibitors (ThermoFisher) were added to
prevent protein degradation. Total protein levels of HPSE in lysed platelets and supernatants
were measured via ELISA (LSBio), according to the manufacturer’s recommendations.

2.6 | De novo protein synthesis

Platelets were isolated from septic patients and healthy donors in parallel as described
above. In addition, platelets were leukocyte and red blood cell depleted (Glycophorin A
beads). 6 x 108 platelets, at a concentration of 2 x 108/ml, were resuspended in warmed
(37°C) methionine- free M199 media and then incubated with S[35] methionine at 37°C for
8 h. Next, platelets were centrifuged down through centrifugation at 12,000 g for 2 min at
RT and carefully washed three times with 1X PBS. The cell lysates were collected and lysed
via snap freezing the samples three times in liquid nitrogen. HPSE was captured and bound
using the antibody in ELISA as described above. HPSE from the platelet lysate was removed
from the plate using a combination of TRIzol and 1x Laemmli (0.1% 2-Mercaptoethanol,
0.0005% Bromophenol Blue, 10% Glycerol, 2% SDS, and 63 mM Tris- HCI pH 6.8).
Scintillation counts were then collected using a LS 6500 multi- purpose scintillation counter
from Beckman Coulter.

2.7| Western blot

5 x 108 platelets from septic patients and healthy donors were lysed in 1x Laemmli (1% 2-
Mercaptoethanol, 0.0005% Bromophenol Blue, 10% Glycerol, 2% SDS, and 63 mM Tris-
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HCI pH 6.8). Platelets were boiled at 100°C for 10 min, and 1/10 of the sample loaded onto
a 10% SDS gel. Protein was transferred onto a nitrocellulose membrane and then blocked
using blocking buffer (LiCor) for 60 min at RT with swirling movement. The membrane was
incubated with primary antibodies against HPSE (Santa Cruz [since discontinued]) and -
actin (Santa Cruz) overnight at 4°C with swirling movement. Membranes were then washed
three times with filtered 1X TBS with 1% Tween- 20. Secondary antibodies (LiCor) were
incubated with the membrane for 60 min at RT at a 1/10,000 dilution. Membranes were then
washed three times with filtered 1X TBS with 1% Tween- 20 and imaged utilizing the
Odyssey LiCor machine. Exposures in displayed gels were selected for optimal visualization
as the active form of HPSE is expressed more robustly in human platelets than the pro- form
of HPSE and we were unable to find a single exposure that allowed clear visualization of
both forms of HPSE protein at the same time. All quantifications and analyses of HPSE
protein expression (both the pro- and active forms) between septic patients and healthy
controls were done using the equivalent intensities. For quantification, measured
densitometry of HPSE bands was first normalized to - actin (loading control) and then to
the average expression of HPSE in healthy subjects.

Heparanase activity assay

Platelets from septic and healthy individuals were isolated and 1 x 10° platelets were
centrifuged (12,000 g for 2 min at RT) and washed with 1X PBS. Platelets were lysed in 100
ul of PBS containing phosphate and protease inhibitors (ThermoFisher). Cells were lysed
through snap freezing three times in liquid nitrogen. Total protein in the platelet lysates was
measured using a Bradford assay. HPSE activity measurements were performed using a
fluorescence resonance energy transfer (FRET)-based assay as described previously.4”
Polymeric heparin, which contains GIcA—GIcNS6S glycosidic bonds sensitive to HPSE,
was labeled using carbodiimide-based linking chemistry to generate a FRET-enabled heparin
analog modified with donor-acceptor pairs. Briefly, a 200 pl solution containing either
platelet lysate (10 pl or a total of 1 x 108 platelets) or recombinant human HPSE (1 pg/ml; R
and D Biotechnology) and the FRET-substrate (66 uM) in assay buffer (20 mM sodium
acetate buffer, pH 5.0 containing 100 mM NaCl or 100 mM sodium acetate buffer, pH 4.5)
were shaken overnight at 37°C in the dark. The HPSE-specific inhibitor OGT2115 (1 uM;
Tocris) was used to measure the specific activity of HPSE. Hydrolysis of the FRET-enabled
heparan by HPSE was monitored in 96-well plates on a fluorescence microplate reader
FlexStation Il (Molecular Devices) and measured at 500 nm (AEX = 340 nm). The
observed change in fluorescence was normalized to initial fluorescence to calculate HPSE
activity.

Statistical analyses

Summary statistics were used to describe the study cohort, and clinical variables are
expressed as the mean + standard error deviation or as a number and percentage. Parametric
2- tailed Student’s ttests or analysis of variance was used for continuous variables, and the
x2 and Fisher’s exact test were used for categorical variables. Statistical analyses were
performed using GraphPad Prism version 7 software (GraphPad Software). A two-tailed P
< .05 was considered statistically significant. In clinical assays with smaller sample sizes,
data are shown as median (interquartile range [IQRY]).
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3| RESULTS

3.1| HPSE mRNA expression is increased in platelets isolated from septic patients

As a key modulator of the glycocalyx, HPSE plays a role in the severity of many illnesses.
2558 Therefore, we first examined and compared the expression of HPSE mRNA using
RNA-sequencing of platelets isolated from four cohorts of patients with acute infectious
diseases (sepsis, influenza A/H1 N1, dengue, and P. vivax malaria). HPSE was one of two
genes identified that increased in platelets from all four conditions, with the other gene being
DNA Mismatch Repair Protein MLH3. While HPSE mRNA expression was increased in
each infectious setting compared to sex-matched healthy donors (Figure 1A-D, Table S1 in
supporting information), the greatest change was observed in sepsis (~13-fold increase vs.
healthy donors, Figure 1A). We thus chose to focus in further detail on the expression and
activity of HPSE in platelets during sepsis.

We next examined HPSE expression in an independent cohort of septic patients and sex-
matched healthy donors. Using qRT-PCR, we identified approximately a 16-fold increase in
HPSE mRNA expression in isolated platelets from septic patients compared to healthy
donors (Figure 2A). Previous work demonstrates that changes in platelet gene expression
during sepsis may correlate with disease course.3%48 Moreover, acute, sepsis-induced
changes in the platelet transcriptome may normalize after patients recover.3° Using a cohort
of septic patients followed longitudinally and prospectively, we examined the expression of
platelet HPSE mRNA expression acutely during sepsis and in the same patients following
recovery (approximately 90 days after their hospitalization for sepsis). While HPSE mRNA
expression increased acutely during sepsis (day 1), HPSE mRNA expression in platelets
returned to levels generally similar to healthy sex-matched donors ~90 days later (Figure
2B).

3.2| HPSE mRNA translation and de novo protein synthesis are increased in platelets

during sepsis
During sepsis, platelets are hyperreactive?® and have increased translational activity.3® As
we had identified that HPSE mRNA expression was increased in platelets during sepsis, we
next sought to determine if HPSE mRNA translation and de novo protein synthesis were also
upregulated. We first examined a previously published data set that sequenced ribosomal
protected RNAs in platelets from septic patients.3> We observed significant enrichment in
ribosomal protected exons of HPSE mRNA in platelets from septic patients (Figure 2C).
HPSE exhibited the expected periodicity with enrichment of the first nucleic acid in a codon,
further suggesting that HPSE mRNA was being translated (Figure 2D). To confirm that
HPSE mRNA was translated into new protein, we performed [S35] methionine
incorporation assays. De novo protein synthesis of HPSE was significantly increased in
platelets from septic patients (Figure 3A).

By ELISA, we confirmed that HPSE total protein (including both pro- and active forms of
HPSE) was significantly increased in platelets from septic patients (Figure 3B). As ELISA
does not differentiate between the pro- and active form of HPSE, we next used western
blotting to determine the proportion of HPSE present in active and latent forms. In platelets
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from septic patients, both the pro- and active forms of HPSE were significantly increased
(Figure 3C-D). Increased expression of the pro- and active forms of HPSE in platelets from
septic patients were significantly correlated (Figure 3E).

We next sought to determine whether there were any clinical outcomes or features of sepsis
associated with increased HPSE protein expression in platelets. In univariate analyses, septic
patients who died had modest, but significant, increased levels of the active form of HPSE
protein expression compared to septic patients who survived (Figure 3F). In contrast, the
pro-form of HPSE protein did not differ between sepsis survivors and non-survivors (Figure
3F). Active HPSE protein expression did not correlate significantly with other variables
tested, including platelet counts, patient age or sex, inflammatory or thrombotic markers, or
indices of illness severity (Table S2 and Figure S3 in supporting information). While
platelets are often activated during clinical sepsis, ex vivo stimulation of platelets did not
affect HPSE protein expression in platelets from either septic patients or healthy donors
(Figure S2A in supporting information). We also did not see any evidence that HPSE protein
was secreted by platelets (Figure S2B, and data not shown), suggesting that HPSE may be
retained at the platelet surface upon activation.

HPSE enzymatic activity is increased in platelets during sepsis

As HPSE expression, translation, and protein synthesis are all increased in platelets during
sepsis (Figures 1- 3), we next measured the activity of HPSE in platelets. To determine
whether platelet-derived HPSE was active, we labeled heparin, which contains GlcA—
GIcNS6S glycosidic bonds sensitive to HPSE, with a fluorescent label and a quencher
(schematic shown in Figure 4A). To confirm specificity, we measured HPSE activity in the
presence or absence of OGT2115, a known HPSE inhibitor. In control experiments,
OGT2115 or vehicle alone demonstrated no detectable activity (Figure 4B) and in the
presence of OGT2115, HPSE activity was maximally inhibited as expected (Figure 4B). We
next measured HPSE activity in platelets isolated from septic patients and determined that
HPSE enzymatic activity was significantly increased in platelets from septic patients
compared to healthy controls (Figure 4C), consistent with the observed increase in the active
form of HPSE in platelets from these patients (Figure 3).

DISCUSSION

During sepsis, platelet gene expression (e.g., transcriptome and proteome) and functional
responses are altered.34= 37 Platelets are one of the most abundant cellular sources of HPSE,
254041 and HPSE is the only human enzyme known to directly cleave heparan sulfate from
HSPGs.? Whether clinical sepsis is associated with increases in platelet HPSE expression
and enzymatic activity has never before been reported, to the best of our knowledge.

Through complementary transcriptomic, proteomic, and biochemical approaches, we
identified that HPSE expression is dynamically increased in platelets during clinical sepsis.
Moreover, while HPSE mRNA expression is increased in other acute viral and parasitic
infectious diseases, changes were greatest in sepsis. Additionally, while both pro- and active
forms of HPSE protein were increased in platelets during sepsis, only levels of the active
form of HPSE significantly correlated with sepsis-associated mortality. Importantly, we did

J Thromb Haemost. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eustes et al.

Page 10

not find any association between active HPSE expression and other variables that can be
associated with sepsis mortality. Nevertheless, we recognize that our study cohort was
relatively small and we could not control for all potential confounding variables.
Additionally, we acknowledge that our healthy donors and septic patients were not age
matched. However, as changes in HPSE expression during sepsis were not associated with
age, we do not believe this substantially impacts our findings. We also determined that
increased HPSE mRNA and protein expression is accompanied by greater HPSE activity in
platelets during sepsis. These data support and extend other clinical and experimental
observations demonstrating that while anucleate, platelet gene expression is dynamically
altered during sepsis, contributing to alterations in platelet functional responses with other
circulating blood cells and tissue beds.35-37

HPSE is a well-conserved enzyme with functions contributing to systemic inflammatory
disease at the endothelial surface. Our data raise several interesting implications for the role
of platelet-derived HPSE in sepsis. In blood flow, platelets distributed toward the
endothelium are in intimate contact with the glycocalyx in circulation where they are poised
to recognize components of the extracellular matrix. Enzymatic cleavage of HS chains
leaves the proteoglycan core protein susceptible to enzymatic degradation by proteases such
as thrombin, %91 and also reveals cell adhesion molecules and cytokine receptors for
binding and activation, thereby enhancing inflammation and coagulation.14:30:52 |
endotoxemic mice, HPSE-mediated degradation of the GC increases the availability of cell-
adhesion molecules and enhances neutrophil adhesion to the vessel surface, and inhibition of
HPSE prevents glycocalyx loss and neutrophil adhesion.30

Unbiased proteomic analysis of vascular surface molecules altered during the course of
murine sepsis indicate that platelet degranulation and extracellular matrix remodeling are the
top pair of proteomic changes observed in the vasculature.53 Recent reports have
demonstrated that HS chains have an unexpected role as regulators of the platelet receptor
G6b-B, which functions to attenuate platelet activation and play key roles in platelet
production.>* Interestingly, overexpression of HPSE in mice promotes megakaryopoiesis,®®
and it is plausible that increased HPSE expression by megakaryocytes could play a direct
role in generation of hyperreactive platelets. Apart from the contribution of serglycin to
alpha-granule development, PGs remain understudied in the context of platelets and it is
plausible that G6b-B interactions with HSPGs at the platelet surface function to restrain
inappropriate platelet activation. We speculate that platelet HPSE may contribute to sepsis
pathophysiology by directly mediating degradation and shedding of heparan sulfate from
vascular surfaces, and may also contribute to control of platelet activation by regulating
G6b-B interactions with HS.

The strengths of our study include the clinical nature of our investigations, our interrogation
of HPSE mRNA and protein expression, and the use of complementary techniques to
examine HPSE transcriptional and translational events in platelets during sepsis. We also
employed a specific, and relevant, functional assay to confirm that increased HPSE
expression in sepsis was accompanied by greater HPSE activity. In a subset of patients, we
were able to study HPSE expression in septic patients acutely during their hospitalization
and during recovery. This repeated, longitudinal sampling—which demonstrated that acute
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increases in HPSE during sepsis normalized in patients after recovery—suggests that
upregulation of HPSE was due to sepsis and not due to differences in comorbid conditions or
medications between septic patients and healthy donors. This dynamic change in HPSE
expression in platelets also parallels findings we recently described for /TGAZB, a subunit
of integrin allbb3.35 We recognize that given the clinical nature of our studies, we could not
mechanistically establish the regulation of HPSE /n vivo during sepsis. While the role of
endothelial HPSE in regulating the pulmonary endothelial glycocalyx is better defined, our
studies shed light on the emerging role of platelets as novel regulators of the glycocalyx in
disease.

5| CONCLUSIONS

In conclusion, these studies provide new evidence demonstrating that HPSE expression and
functional activity is increased dynamically in platelets during clinical sepsis and its
expression is associated with adverse outcomes.
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Essentials
. The expression of heparanase is elevated in platelets during sepsis.
. Heparanase protein synthesis is increased in platelets during clinical sepsis.
. Heparanase protein activity is increased in platelets during clinical sepsis.
. The expression of heparanase protein in platelets is significantly higher in

Sepsis non-survivors.
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FIGURE 1.

RNA-seq identified that expression of heparanase (HPSE) mRNA is increased in platelets
during clinical infectious diseases. Platelets from healthy donors or patients with sepsis (A),
influenza A/H1 N1 (B), dengue virus (C), or P. vivax malaria (D) were isolated and HPSE
MRNA expression analyzed by RNA-seq. The mRNA expression of HPSE was measured as

fragments per kilobase of transcript per million mapped reads (FPKM). Data as shown as the

fold-change in patients compared to healthy donors (dotted line). A representative IGVB
image of HPSE mRNA expression is shown on the right next to each bar graph, with greater
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height on the y~axis indicating greater relative mMRNA expression. An adjusted p- value (e.g.,
false discovery rate [FDR]) was utilized for statistical significance according to the
Benjamini-Hochberg procedure® (***<,0005, ****<,0001)
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FIGURE 2.

Heparanase (HPSE) mRNA expression and ribosomal protected RNAs are significantly and
dynamically upregulated in platelets during clinical sepsis. A, Quantitative real-time
polymerase chain reaction (QRT-PCR) for HPSE mRNA was performed in platelets isolated
from an independent cohort of septic patients or matched healthy donors. The fold change in
HPSE expression in septic patients, compared to the average HPSE expression in healthy
donors (denoted with a dotted line) was plotted. Statistical significance was measured using
an unpaired non-parametric Mann-Whitney statistical analysis (*<.05; average HPSE
expression in healthy subjects is shown with a dotted line). B, RNA-seq analysis was
performed on platelets isolated from the septic patients assessed within 72 h of intensive
care unit admission for sepsis (Day 1) and then, in the same patients, approximately 90 days
later during recovery. Statistical significance was measured using a one-way analysis of
variance (***<.0001; average HPSE expression in healthy subjects is shown with a dotted
line). C, Ribosomal protected regions (RPR), an indicator of RNAs undergoing active
translation, were increased in platelets from septic patients. The fold-change of HPSE RPR
(measured in fragments per kilobase of transcript per million mapped reads [FPKM]) in
septic patients, related to average levels in healthy donors (denoted with a dotted line) was
plotted. An adjusted P-value was used to determine statistical significance (****<.0001). D,
Periodicity of HPSE was used to determine where the ribosome was present on the codon.
1st represents the first nucleic acid in a codon, 2nd the second, and 3rd the third (*<0.05)

J Thromb Haemost. Author manuscript; available in PMC 2022 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eustes et al.

S35 Scintilation Count >
Fold Increase

l»)

Active HPSE
Protein Fold Change

Page 19
B 4007 — ¢
¢ - . MW . MW ;
¥ _E, 300 (kD) Healthy Septic (kD) Healthy Septic
s
7w 75 75
4 50 Active HPSE 50
T 100 (50 kD)
B-actin
0
2
*% E 10- o F *k%k
[ Q Q
. 215 . 8 Fkk 26 s 215
- s w S .
w
o o o
g ° g., 6+ % o 4- 2 - 10
TS I o © TS
g g 4 gu B
(=1 hzd o
“ 3 M R2=0486 <27 “3
6.9 ¢ p=0.0002 g . g
0 T T T | 0.
0o 1 2 3 4 >
- @ & 0\06
Active HPSE &
Septic

FIGURE 3.

Heparanase (HPSE) mRNA translation and protein synthesis is increased in platelets during
sepsis. A, S[35] methionine incorporation assays measured levels of de novo HPSE protein
synthesis. Platelets from healthy donors and septic patients were incubated with S[35] for 8
h. HPSE protein was collected and measured for scintillation counts. The fold change of
scintillation counts in platelets from septic donors over healthy donors was plotted. B, HPSE
protein levels in platelet lysates were detected via ELISA. C, Western blot analyses of HPSE
protein allowed for differentiation of the active and pro- forms of HPSE. The active form is
detected around 50 kDa (left) while the pro- form is detected around 65 kDa (right). The
active form of HPSE is more robustly expressed in platelets than the pro- form of HPSE.
Therefore, the right panel shows the same gel with higher intensity. D, Densitometry of the
western blot bands was performed and normalized to B-actin expression. E, Correlation plot
of the pro- and active forms of HPSE protein expression in platelets from septic patients. F,
Active HPSE protein expression was significantly increased in septic patients who did not
survive. There were no significant differences in the pro- form of HPSE between septic
survivors and non-survivors. (*<.05, **<.005, ***<.0005; average HPSE expression in
healthy subjects is shown with a dotted line)
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Heparanase (HPSE) enzymatic activity is increased in platelets from septic patients. HPSE
activity was measured through measurement of heparan sulfate degradation using a
fluorescence resonance energy transfer-based assay. A, A schematic representation of the
HPSE activity assay. We used either platelet lysates or recombinant HPSE (rHPSE, as a
positive control) to measure HPSE activity. B, To confirm specificity, HPSE activity was
measured in platelet lysates from healthy donors with and without OGT2115 (a specific
HPSE inhibitor). C, HPSE activity was measured in platelets from septic patients and
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healthy donors. Activity was calculated from the readings with subtraction of the
background. Statistical analysis was performed using a one-way analysis of variance for (B)
and an unpaired student 7- test for panel (C; *<.05, **<.005)
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TABLE 1

Characteristics of septic patients and healthy donors. Septic patients were prospectively enrolled within 72 h of
ICU admission

Healthy (N =46) Septic (N =59) p- value

Male sex, 77 (%) 24 (52.2%) 30 (50.9%) .9790
Age, years 41.6+6.1 545+23 .0002
Platelet count, K/l — 211.9+10.6 -
White blood cell count, K/l — 147+1.0 -
Mortality, 77 (%) — 5 (8.5%) -
Hemoglobin, mg/dI — 109+0.3 -
Hypotension requiring Vasopressors, /7 (%) — 33 (55.9%) -
Ventilated, 7 (%) — 21 (35.6%) -
APACHE II — 175+40% -
SOFA - 54+09% -

Abbreivations: APACHE, Acute Physiologic Assessment and Chronic Health Evaluation; ICU, intensive care unit; SOFA, sequential organ failure
assessment.

*
APACHE I scores were missing for 1 septic patient and SOFA scores were missing for 3 septic patients. Data is expressed as the average + the
standard deviation, unless otherwise specified.
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