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Abstract

Schistosoma mansoniis a long-lived intravascular trematode parasite that can infect humans
causing the chronic debilitating disease, schistosomiasis. We hypothesize that the action of host-
interactive proteins found at the schistosome surface allows the worms to maintain a safe, anti-
thrombotic and anti-inflammatory environment around them in the bloodstream. One such protein
is the ~60kDa alkaline phosphatase SMAP which is known to be expressed in the outer tegument
of all intravascular life stages. We demonstrate in this work that the parasites (schistosomula as
well as adult males and females) can hydrolyze polyphosphate (polyP) - an anionic, linear polymer
of inorganic phosphates that is produced and released by immune cells as well as by activated
platelets and that induce proinflammatory and prothrombotic pathways. Purified recombinant
SMAP can likewise cleave polyP and with a K, of 6.9 £1mM. Finally, parasites whose SmAP
gene has been suppressed by RNA. are significantly impaired in their ability to hydrolyze polyP.
SmAP-mediated cleavage of polyP may contribute to the armamentarium of schistosomes that
promotes their survival in the hostile intravascular habitat. This is the first report of any pathogen
cleaving this bioactive metabolite.
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Schistosome surface alkaline phosphatase SmAP

Introduction

Schistosoma mansoni is one of the three important schistosomes of humans that causes the
chronic debilitating disease, schistosomiasis. According to the World Health Organization
(WHO), over 200 million people are infected with schistosomes around the world and more
than 800 million live at risk of infection [1]. Humans can become infected following direct
contact with fresh water containing the free-living larval stage (the cercaria). After
penetrating host skin, the cercaria transforms into the juvenile, intra-mammalian form called
the schistosomulum. Schistosomula migrate through the vasculature to the portal vein,
where they mature into adult males and females. The paired worms migrate to the
mesenteric venules, where they lay eggs that may be shed in stool.

Adult worms can live in the vasculature of their hosts for many years, yet they appear not to
provoke protective immune responses or blood clot formation around them 7n vivo [2]. It has
been suggested that host-interactive proteins found in the parasite’s tegument (such as
Schistosoma mansoni alkaline phosphatase, SmAP) are key to the worm’s ability to block
damaging immunity and to impede thrombus formation [3-7]. SmAP is a glycoprotein that
requires Mg?* for activity and has an optimal pH of 9 [8]. SMAP cleaves AMP to generate
adenosine - an anti-inflammatory metabolite and an inhibitor of platelet activation [9, 10]. In
addition, recombinant SmAP hydrolyzes sphingosine-1-phosphate (S1P), a lipid signaling
molecule that can orchestrate immune responses and facilitate platelet aggregation [11-14].
Platelets contain high concentrations of S1P that can be secreted during coagulation [12].
Platelets additionally contain polyphosphate (polyP) - an anionic, linear polymer of
inorganic phosphates that can be released following platelet activation [15]. PolyP plays a
variety of prothrombotic roles: it enhances the binding of platelets to von Willebrand factor
[16], triggers activation of factor XII [17], amplifies factor XI activation by thrombin [18],
accelerates factor V activation [19], inactivates tissue factor pathway inhibitor [20] and
inhibits fibrinolysis [21]. PolyP can also be released by mast cells [22]. Additionally, polyP-
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activated factor XII triggers the Kallikrein-mediated kininogen pathway, producing high
levels of the inflammatory mediator bradykinin, increasing vascular permeability and the
inflammatory response [23].

In this work, we set out to determine whether intravascular schistosomes can cleave polyP.
Acid and alkaline phosphatases have been shown capable of continuously hydrolyzed polyP
via its terminal groups, producing free phosphate ions (Pi) and shorter chained
polyphosphates [24]. Since S. mansoni express the alkaline phosphatase SmAP at their host-
interactive surface [8, 25], we hypothesized that this enzyme on living worms might be
capable of similarly hydrolyzing polyP thereby potentially blunting the pro-coagulation and
pro-inflammation impact of this bioactive metabolite.

Material and Methods

Parasites and mice

Schistosoma mansoni cercariae were obtained from ~40-day infected Biomphalaria glabrata
snails following exposure to light and schistosomula were prepared as described [26]. Adult
parasites were harvested by perfusion from Swiss Webster mice that had been
percutaneously infected with ~125 cercariae 7 weeks earlier, as described [27]. All parasites
were cultured in complete DMEM/F12 medium supplemented with 10% heat-inactivated
fetal bovine serum, 200 U/ml penicillin and 200 pug/ml streptomycin, 0.2 pM Triiodo-L-
thyronine, 1 UM serotonin and 8 ug/ml human insulin and were maintained at 37°C, in an
atmosphere of 5% CO, [28]. All protocols involving animals were approved by the
Institutional Animal Care and Use Committees (IACUC) of Tufts University.

Hydrolysis of polyP

To measure polyP hydrolysis, living parasites (groups of ~1000 schistosomula, or individual
adult males or females) or recombinant SmAP (0.5 pg, produced as described [6]) were
incubated at 37 °C in 200pl of 2mM P70 polyP (BK Giulini GmbH, Germany), 20 mM Tris-
HCL (pH 9), 135 mM NaCl, 5 mM KCI, 10 mM glucose, 2mM CaCl,, 10mM MgCI2.
Aliquots were recovered at different time points thereafter, and any Pi generated was
measured using a Phosphate Colorimetric Assay Kit (Biovision Inc, CA, USA) following the
manufacturer’s instructions and with a Synergy HT spectrophotometer (Bio-Tek
Instruments, Winooski, VT, USA). K, values for rSmAP were determined in the above
assay buffer containing 0.5ug rSmAP and different concentrations of polyP (0-10 mM). Km
values were calculated using computerized nonlinear regression analysis of the data fitted to
the Michaelis-Menten equation using Graphpad Prism v.5.

Treatment of parasites with siRNAs.

Adult male worms were treated either with either a synthetic siRNA targeting SmAP
(SmAPSIRNA 1: 5’-AAGAAATCAGCAGATGAGAGATTTAAT-3’) or with a control
siRNA that targeted no sequence in the schistosome genome (Control: 5’-
CTTCCTCTCTTTCTCTCCCTTGTGA-3’) or, as a further control, with no siRNA.
Delivery of siRNAs to the parasites was performed by electroporation, using 3uM of each
SiRNA as described previously, in a protocol that yields robust suppression of SmAP gene
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expression [8]. Seven days after treatment, the ability of all worms to hydrolyze polyP was
measured, as described above.

Statistical analysis

All experiments were repeated at least 3 times with similar results. Data, presented as mean
+SD, have been analyzed using a Shapiro test and have been determined to be normally
distributed. All assay results are shown after subtraction of the minimal values seen in
control (no treatment) samples. Means are compared by One-way ANOVA with Tukey post-
hoc testing or Two-way ANOVA with Bonferroni post-hoc testing using GraphPad Prism, v.
5; (GraphPad Software, Inc, San Diego, CA, USA). A probability value of less than 0.05
was considered significant.

Results

Intravascular schistosomes cleave polyP

The ability of live intravascular schistosomes to hydrolyze polyP and release Pi was assessed
using a colorimetric phosphate assay. Incubating each of the life cycle stages tested (i.e.
groups of ~1000 schistosomula or individual adult female or male worms) in 2mM polyP led
to increased Pi release with time as shown in figure 1. Adult males generate statistically
significantly more Pi compared to their smaller female cohorts (p < 0.05 - 0.001).

Hydrolysis of polyP by S Data. mansoni alkaline phosphatase, SmAP.

The ability of recombinant SmAP to degrade polyP and release Pi was assessed using the
colorimetric assay noted above. Figure 2A shows the significant increase in free Pi detected
over time in the presence of rSmAP. Figure 2B is a Michaelis-Menten curve depicting the
kinetics of polyP hydrolysis by rSmAP. The K, value is 6.9 +1 mM. and the V¢ = 167.4
+ 24 uyM/h.

Figure 3 shows that parasites whose SmAP gene were suppressed following administration
of siRNA targeting this gene (light grey bar, figure 3) are significantly impaired in their
ability to cleave polyP and release Pi compared to control parasites that have been treated
with an irrelevant (Control) siRNA or with no (None) siRNA (dark grey bars, figure 3);
p<0.05, one-way ANOVA.

Discussion

In this work, we show that living schistosomes can cleave exogenous polyP. This is the case
for all life stages examined: schistosomula as well as adult male and female worms. Given
the array of prothrombotic [16-21] and proinflammatory [22, 23, 29] effects of polyP, the
worm’s ability to diminish the level of this metabolite in their immediate environment might
help blunt blood clot formation and damaging immunity around them and so promote their
survival.

Some of the capacity of polyP to promote thrombus formation revolves around its ability to
enhance the kinetics of coagulation; thrombin and factor X1 binding to immobilized polyP
causes an ~ 3000-fold increase in the rate of activation of factor XI by thrombin [18] and
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polyP enhances the rate of factor V activation to Va by factor Xla [19]. Because of these
effects, added polyP can correct prolonged clotting times in whole blood samples treated
with heparin or in plasma samples from patients with hemophilia A or B [30]. Furthermore,
it has been reported that clots formed in the presence of polyP are more resistant to
fibrinolysis; polyP alters the structure of fibrin clots, increasing fiber thickness and strength
and making fibrin more difficult for fibrinolytic enzymes to digest [31]. Beyond coagulation,
FXII activation by polyP initiates several protease cascades in plasma, e.g. involving
kallikrein-kinin and this potently triggers bradykinin generation and greatly increases
vascular permeability [32]. Additionally, exposure to polyP induces NF-xB activation and
leukocyte adhesion in endothelial cells [33].

Phosphatase enzymes have been shown capable of hydrolyzing polyP to generate free Pi
[24]. Since schistosomes express a tegumental alkaline phosphatase — the glycoprotein
SMAP [8, 25], we tested the hypothesis that this host-exposed parasite enzyme was
responsible for the worm’s ability to cleave polyP. This idea is supported by the finding that
parasites whose SmAP gene has been suppressed using RNAI have a significantly
diminished ability to hydrolyze polyP compared to controls. Furthermore, as shown here,
purified rSmAP, produced in a eukaryotic expression system, can itself cleave polyP.

This work extends the range of substrates hydrolyzed by SmAP. The enzyme has been
previously shown capable of cleaving sphingosine-1-phosphate (S1P) [6]. Since this
bioactive metabolite, like polyP, exerts pro-inflammatory and pro-thrombotic effects [11-14]
SmAP-mediated hydrolysis of S1P likely contributes to the ability of the worms to survive in
the vasculature unmolested by damaging host hemostatic and immunological effectors.
SMAP has also been shown capable of dephosphorylating the nucleoside monophosphates
AMP, CMP, GMP and TMP to generate adenosine, cytosine, guanine and thymine,
respectively [6]. Such dephosphorylation may facilitate the easy uptake of these metabolites
into the worms as food — an important function since schistosomes cannot synthesize purines
de novo [34]. Adenosine generated from SmAP action could additionally exert its potent
anti-inflammatory effects on a wide host of immune cells (reviewed in [35]).

In addition to its expression at the host-parasite surface, SmAP is also expressed in the
parasite’s internal tissues [8, 25]. As at the surface, the protein presumably serves to
dephosphorylate metabolites internally also and this may facilitate their movement between
tissues. Strong staining in the female vitellaria [25] suggests that the enzyme may have
particular importance for female reproduction and egg development.

The Ky, of rSmAP for polyP is 6.9 mM and this is more than ten-fold higher than its K, for
AMP, CMP, GMP or TMP (all ~ 0.6 mM) [6]. Even after prolonged incubation (= 24 h),
neither whole, living schistosomes nor rSmAP hydrolyze all of the available polyP. The
polyP used here has a mean size akin to that of platelet-derived polyP (~ 60-100 residues)
and whether the relatively sluggish cleavage of some phosphates from these polymers by
schistosomes and rSmAP would be enough to incapacitate polyP function /7 vivoin a timely
manner remains to be established. This is the first report documenting the ability of any
pathogen to cleave extracellular polyP.
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Highlights

. Schistosoma mansoni is a long-lived intravascular trematode parasite.

. Intravascular life stages (schistosomula, adult males & females) can cleave
polyphosphate (polyP).

. PolyP is an anionic polymer of inorganic phosphates that is proinflammatory
& prothrombotic.

. Alkaline phosphatase SmAP is a host interactive enzyme that can hydrolyze
polyP.

. SmAP-suppressed worms are impaired in this ability.
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Intravascular S. mansoni cleave polyP. Pi level (UM, mean + SD) detected 2, 4 and 24 hours
(h) after incubating groups of ~1000 living schistosomula (grey bars), individual adult
female (red bars) or adult male (blue bars) worms in 2 mM polyP. At least 10 separate male
or female parasites were used per assay. Individual males generate statistically significantly
more Pi compared to individual females at all comparable timepoints (Two-way ANOVA, *
p <0.05, ** p < 0.001).
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Figure 2.

Recombinant S. mansoni alkaline phosphatase SmAP hydrolyzes polyP. A) Pi level (UM,
mean + SD) detected at various time points (as indicated) after incubating 0.5ug rSmAP in 2
mM polyP. Mean values at all time points differ significantly from each other (One-Way
ANOVA, p < 0.001) (B) Michaelis-Menten curve depicting the Kinetics of polyP hydrolysis
by rSmAP. The Ky, = 6.9 £1mM and Vax = 167.4 £24 uM/h. Data are representative of
three separate experiments.
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Figure 3.
SmAP-suppressed parasites are impaired in their ability to cleave polyP. Adult males were

treated with siRNA targeting SmAP or with control siRNA (Control) or with no siRNA
(None), as indicated. Seven days later the ability of all worms to cleave polyP was measured.
The Pi level (UM, mean + SD) detected at the 24-hour time point is shown. The SmAP
suppressed group generated significantly less Pi compared to either of the control groups, p
<0.05 (one-way ANOVA, F=31.07, Df=11). There is no significant (ns) difference between
the two control mean values.
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