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Summary

Background—Recent results have indicated that polyphosphate, released by activated platelets,
can function as a procoagulant to modulate the proteolytic activity of serine proteases of the blood
clotting cascade.

Objective—To determine whether polyphosphate is involved in inducing signal transduction in
cellular and animal models.

Methods—The effect of polyphosphate on HUVECs was examined by monitoring cell
permeability, apoptosis, and activation of NF-xB after treating cells with different concentrations
of polyphosphate. Moreover, the expression of cell surface adhesion molecules (VCAM-1,
ICAM-1 and E-selectin) and the adhesion of THP-1 cells to polyphosphate-treated cells were
monitored by established methods. In the /7 vivo model, the proinflammatory effect of
polyphosphate was assessed by monitoring vascular permeability and migration of leukocytes to
the peritoneal cavity of mice injected with polyphosphate.

Results—Polyphosphate, comprised of 45, 65 and 70 phosphate units, enhanced the barrier
permeability and apoptosis in cultured endothelial cells and up-regulated the expression of cell
adhesion molecules, thereby mediating the adhesion of THP-1 cells to polyphosphate-treated
endothelial cells. These effects of polyphosphate were mediated through the activation of NF-xB
and could not be recapitulated by another anionic polymer, heparin. Polyphosphate also increased
the extravasation of the BSA-bound Evans blue dye and the migration of leukocytes to the mouse
peritoneal cavity, which was prevented when activated protein C was intravenously injected 2h
prior to the challenge.

Conclusion—Polyphosphate, in addition to up-regulation of coagulation, can elicit potent
proinflammatory responses through the activation of NF-xB, possibly contributing to the
proinflammatory effect of activated platelets.

Corresponding Author: Alireza R. Rezaie, Ph.D. Department of Biochemistry and Molecular Biology St. Louis University School of
Medicine 1100 S. Grand Blvd., St. Louis, MO 63104 Tel: (314) 977-9240; Fax: (314) 977-9205; rezaiear@slu.edu.
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Introduction

Polyphosphate (polyP) is a linear polymer of inorganic phosphate, linked together through
ATP-like phosphoanhydride bonds [1]. PolyP is stored in the dense granule of human
platelets at high concentrations and can be released into the circulation upon the activation
of platelets by various stimuli [2]. Recent results have indicated that polyP can modulate
both blood clotting and inflammatory pathways [3]. Thus, it has been demonstrated that,
polyP of a similar size to that found in platelets (60-100 phosphate units), can exert a
procoagulant effect through the activation of the contact pathway as well as by enhancing
the activation of the procoagulant factors V and X1 by thrombin [3-5]. Moreover, a contact
pathway-dependent proinflammatory role for polyP has been reported in an /n vivo model of
oedema where a subcutaneous injection of polyP has been shown to increase vascular
leakage in the skin microvessels of mice [3]. The procoagulant effect of polyP appears to be
primarily mediated through a template mechanism in which the anionic polymer, by
simultaneous binding to the basic exosites of coagulation proteases and their target
zymogens, decreases the dissociation constants for the interaction of these molecules in
appropriate substrate activation complexes [5-7]. This is the same mechanism through which
the anticoagulant heparin accelerates the inhibition of thrombin by antithrombin and other
heparin-binding serpin inhibitors [8]. Interestingly, however, unlike heparin, polyP does not
accelerate the inhibition of coagulation proteases by plasma inhibitors, but rather it binds to
selected plasma proteins including thrombin and its substrates factors V and XI, thereby
promoting the thrombin activation of these procoagulant substrates during the initiation and
amplification of the blood clotting cascade [4,5]. This function of polyP resembles heparin
since polysaccharides are also known to accelerate the thrombin activation of factor XI by a
similar mechanism [9].

In light of increasing evidence that blood coagulation and inflammation are closely
intertwined pathways [10], we speculated that, in addition to its ability to regulate
coagulation and inflammation through the activation of the contact pathway [3], polyP may
also directly elicit intracellular signalling responses when released from activated platelets
during the initiation of the blood clotting cascade. Thus, we undertook this study to monitor
the modulatory effect of polyP on human umbilical vein endothelial cells (HUVECs) by
employing several established cell signalling assays. Moreover, we assessed the
proinflammatory effect of polyP after its intraperitoneal injection into mice by monitoring
its effect on the vascular leakage and on the migration of activated leukocytes to the
peritoneal cavity. Our results, in both cellular and animal models, demonstrate that polyP
comprised of 45, 65 and 70 phosphate units elicit potent proinflammatory responses through
the activation of NF-xB that can not be recapitulated by the anionic polymer, unfractionated
heparin. Further studies revealed that activated protein C (APC) has a protective effect
against the cytotoxic effect of polyP in both cellular and animal models. Our results suggest
that, in addition to up-regulation of coagulation, polyP can up-regulate inflammatory
pathways and contribute to the proinflammatory function of activated platelets during the
blood coagulation process.

Materials and Methods

Reagents

Bacterial lipopolysaccharide (LPS), polyPgs, polyPgs, 2-mercaptoethanol,
carboxymethylcellulose-sodium (CMC-Na) and antibiotics (penicillin G and streptomycin)
were purchased from Sigma (St. Louis, MO). Foetal bovine serum (FBS) and Vybrant DiD
were purchased from Invitrogen (Carlsbad, CA, USA). PolyP;q was a generous gift from Dr.
James Morrissey. Phosphatase (Psp) was purchased from Promega (WI, USA). Recombinant
APC was prepared as described [11]. Mouse APC was obtained from Haematologic
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Technologies (Essex Junction, VT). Unfractionated heparin (average MW ~15 kDa) was
purchased from Quintiles Clinical Supplies (Mt. Laurel, NJ). Six weeks old female ICR
mice were obtained from Orient, South Korea.

Primary HUVECSs were obtained from Cambrex Bio Science Inc. (Charles City, 1A) and
maintained as described [12]. The human monocytic leukaemia cell line, THP-1 (ATCC,
Manassas, VA), was maintained at a density of 2 x 10° to 1 x 10° cells/mL in RPMI 1640
with L-glutamine and 10% heat-inactivated FBS supplemented with 2-mercaptoethanol (55
M) and antibiotics (penicillin G and streptomycin as described [12]. All cell-based assays
described below are conducted under serum-free conditions as described [12-14].

Permeability assay

Endothelial cell permeability in response to increasing concentrations of either polyP (0-75
M for 4h) (the polyP concentration is expressed in terms of phosphate monomer
throughout the manuscript) or unfractionated heparin (0-100 pwg/mL for 4h) was quantitated
by spectrophotometric measurement of the flux of Evans blue-bound albumin across
functional cell monolayers using a modified 2-compartment chamber model as described
[12-14]. Permeability was also monitored with the phosphatase (Psp)-treated polyP. For this,
polyP was pretreated with 0.05 U/mg Psp for 2h prior to incubation with endothelial cells.
Results are expressed as mean £SEM and all experiments were repeated at least three times.
In some experiments, the endothelial cell permeability was induced with LPS (10 ng/mL)
for 4 h as described [14].

Apoptosis assay

The signalling effect of polyP (50 M for 4h) and LPS (10 ng/mL for 4h) on cellular
apoptosis was evaluated as described [13,14]. The number of apoptotic cells was expressed
as the percentage of TUNEL-positive cells of the total number of nuclei determined by
Hoechst staining as described [13,14]. Results are expressed as mean +SEM and all
experiments were repeated three times. DNA fragmentation assay was evaluated by using
Cell Death Detection ELISA PLUS from Roche Diagnostics (Mannheim, Germany)
according to the manufacturer's protocol.

Analysis of expression of cell surface receptors

The expression of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1) and E-selectin on HUVECs was determined by a whole-cell ELISA
as described [12-14]. Briefly, cell monolayer was treated for 4h with increasing
concentrations of polyP (0-75 M) and then fixed in 1% paraformaldehyde. After washing
three times, mouse anti-human monoclonal antibodies to VCAM-1, ICAM-1, and E-selectin
(Temecula, CA, USA) were added. After 1h (37 °C, 5% CO»), cells were washed and
peroxidase-conjugated anti-mouse 1gG (Sigma, St. Louis, MO) was added for 1h. Cells were
washed again and developed using o-phenylenediamene substrate (Sigma, St. Louis, MO).
All measurements were performed in triplicate wells and repeated at least twice.

Cell adhesion assay

The adherence of the monocytic THP-1 cell to endothelial cells was evaluated by fluorescent
labelling of THP-1 cells as described [12]. Briefly, THP-1 cells were labelled with the
Vybrant DiD dye followed by their addition to the washed and polyPgs (50 tM) or LPS (10
ng/mL) stimulated HUVECs. Cells were allowed to adhere and the non-adherent THP-1
cells were washed off and the fluorescence of the adherent cells was measured. The
percentage of adherent THP-1 cells was calculated by the formula: % adherence = (adherent
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signal/total signal) x 100 as described [12]. All data are expressed as means +SD from at
least three independent experiments.

ELISA for NF-kB

A commercially available ELISA kit (Cell Signaling Technology, Inc, Danvers, MA) was
used to measure the concentration of NF-xB in nuclear lysates of polyP (50 M) stimulated
cells according to the manufacturers’ protocol and as described [12].

In vivo permeability and leukocyte migration assays

Female ICR mice (6 weeks old upon receipt, from the Orient, South Korea) were used for /n
vivo studies after a 12-day acclimatisation period. The animals were housed in
polycarbonate cages with free access to normal rodent pellet; and kept under controlled
temperature (20-25 °C), humidity (40%-45%) and on a 12 h light/dark cycle. All animals
were treated in accordance with the Guidelines for Care and Use of Laboratory Animals of
Kyungpook National University. The vascular permeability assay was carried out according
to previously described methods [15]. Briefly, 1% Evans blue dye solution in normal saline
was injected intravenously in each mouse, immediately followed by an intraperitoneal
injection of polyP (300 pg/g body weight) or 0.7% acetic acid as a positive control. Thirty
minutes later, mice were sacrificed, and the peritoneal exudates were collected after being
washed with 5 mL of normal saline, and centrifuged at 200 x g for 10 min. The absorbance
of the supernatant was read at 650 nm using Sunrise ELISA Analyzer (Tecan Company,
Awustria). The vascular permeability was expressed in terms of dye (jLg/mouse), which
leaked into the peritoneal cavity according to the standard curve of Evans blue as described
[15].

For assessing the leukocyte migration, animals were intraperitoneally injected with either
polyPgs or polyP7q (300 pg/g body weight) dissolved in normal saline. Four hours later,
mice were sacrificed and the peritoneal cavities were washed with 5 mL of the normal
saline. Twenty microliters of peritoneal fluid was mixed with 0.38 mL of Turk's solution
(0.01% crystal violet in 3% acetic acid) and the number of leukocytes was counted under a
light microscope. In animals receiving APC, mouse APC (0.2 j1g/g body weight) was
injected intravenously 2h prior to the injection of polyP. In these studies, CMC-Na was
administrated to mice as a positive control for polyP as described [15].

Statistical analysis

Data are expressed as means = SD from at least three independent experiments. Statistical
significance between 2 groups was determined by Student's £test. The significance level
was set at p< 0.05.

Results

PolyP enhances vascular cell permeability and apoptosis

The results presented in Fig. 1A demonstrate that polyP polymers containing 45, 65 and 70
phosphate units can all enhance the barrier permeability of vascular endothelial cells in a
concentration dependent manner. A significant barrier permeability-inducing effect for
polyP could be observed at a concentration of 10 wM (Fig. 1A). This concentration of polyP
is physiologically relevant since its concentration in plasma has been reported to be higher
than 10 wM [16,17], and it can attain much higher levels in the vicinity of activated platelets
(the polyP concentration is expressed in terms of phosphate monomer) [18]. In all assays
described below, the activities of both polyPgs and polyP;g were tested. Both polyP
derivatives yielded essentially identical results. For this reason, only polyPgs data are
presented in the figures. To determine whether this effect of polyP is specific, or whether
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increase in endothelial barrier permeability can also be mediated by other anionic polymers,
the effect of unfractionated heparin was evaluated in this assay under the same experimental
conditions. The results presented in Fig. 1B indicate that, unlike polyP, heparin does not
increase the cell permeability, but rather exhibits a barrier protective effect to endothelial
cells by reversing the barrier disruptive effect of polyP in a concentration dependent manner,
with its optimal protective effect occurring at a concentration of ~10-20 pg/mL.
Interestingly, the same concentration of heparin also reversed the hyperpermeability effect
of LPS in endothelial cells (Fig. 1C). By contrast, polyP, under the same experimental
conditions, exhibited an additive proinflammatory effect in the LPS-stimulated endothelial
cells, possibly suggesting that LPS and polyP exert their proinflammatory effects through
different mechanisms (Fig. 1C). In agreement with this hypothesis, the siRNA knockdown
of the LPS receptor, toll-like receptor 4, had no effect on the proinflammatory signalling
effect of polyP in endothelial cells (data not presented). It is known that APC protects
endothelial cells from the hyperpermeability effect of LPS [12,19]. As shown in Fig. 1D,
similar to heparin, APC exhibited a protective effect and reduced the barrier permeability of
endothelial cells irrespective of whether the cells were stimulated with polyP or LPS.
Pretreatment of polyP with Psp abrogated its ability to induce endothelial hyperpermeability,
suggesting that the barrier disruptive effect is specifically mediated through polyP (Fig. 1D).

LPS stimulates apoptosis in endothelial cells [19]. To determine whether polyP exerts a
similar effect, endothelial cells were treated with polyP with or without stimulation with
LPS. The results presented in Fig. 2 demonstrate that, similar to LPS, polyP induces
apoptosis in endothelial cells and that APC exhibits a cytoprotective effect by inhibiting the
effect of both LPS and polyP. Consistent with the results presented above, treatment with
Psp eliminated the proapoptotic effect of polyP (Fig. 2A, analysis by the TUNEL assay; 2B
analysis by the DNA fragmentation assay).

Effects of polyP on cell adhesion molecule expression, THP-1 adhesion and NF-kB

activation

The effect of polyP on the expression of cell adhesion molecules, ICAM-1, VCAM-1 and E-
selectin on the surface of endothelial cells was evaluated. The results presented in Fig. 3
demonstrate that polyP up-regulates the cell surface expression of all three adhesion
molecules. The elevated expression of adhesion molecules correlated well with the enhanced
binding of THP-1 cells to both polyP- and LPS-activated endothelial cells. Furthermore,
APC down-regulated the proinflammatory function of both LPS and polyP in this assay
(Fig. 3B). It is known that LPS up-regulates inflammatory pathways by activating NF-xB in
endothelial cells [12,19]. As presented in Fig. 3C, polyP also specifically activated NF-xB
in endothelial cells and APC effectively inhibited this function of polyP.

Analysis of permeability and leukocyte migration in vivo

The in vivo significance of the proinflammatory function of polyP was evaluated by
intraperitoneal injection of either polyPgs or polyP7q to mice followed by measuring
vascular permeability from the extent of extravasation of BSA-bound Evans blue dye from
plasma into the peritoneal cavity. The results presented in Fig. 4 (shown for polyPgs only)
suggest that polyP specifically increases the leakiness of the endothelium, thereby
facilitating the passage of dye from plasma into the peritoneal cavity. The proinflammatory
effect of polyP was specific since its treatment with Psp abrogated this effect (Fig. 4A). In
agreement with results in the cellular model, both polyPgs and polyP;g markedly enhanced
the binding of leukocytes to the vascular endothelium and their subsequent migration to the
peritoneal cavity (Fig. 4B, shown for polyPgs only). The intravenous administration of APC
abrogated the proinflammatory effect of polyP (Fig. 4B).
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Discussion

In this study, we have demonstrated that polyP, similar in size to the platelet polyP, can
elicit proinflammatory signalling responses in both cellular and animal models. We found
that polyP comprised of either 45, 65 or 70 phosphate units, enhanced cell permeability,
apoptosis and up-regulated the expression of cell surface adhesion molecules, VCAM-1,
ICAM-1 and E-selectin, thereby supporting the binding of the monocytic THP-1 cells to the
polyP-treated endothelial cells. The proinflammatory effect of polyP was mediated through
the activation of NF-xB and was specific for polyP since Psp treatment completely
abolished the cellular signalling function of the molecule. The /n vivo relevance of these
results was demonstrated by the observation that the intraperitoneal injection of polyP into
mice resulted in vascular leakage and recruitment/migration of activated leukocytes to the
peritoneal cavity. The mechanism through which polyP elicits proinflammatory responses is
not known. Noting its polyanionic nature and similarity in function to LPS in eliciting
proinflammatory responses, we decided to determine whether polyP can induce signal
transduction through toll-like receptors (TLR) on vascular endothelial cells. However, the
SiRNA mediated knockdown of TLR2, TLR4 and the receptor for advanced glycation end
products had no effect on the signalling function of polyP (data not presented), excluding the
possibility that polyP induces signal transduction through interaction with these pathogen-
associated molecular pattern recognition receptors. In agreement with these results, the
incubation of endothelial cells with both LPS and polyP exhibited an additive
proinflammatory effect, suggesting that the LPS receptor, TLR4, is not involved in the
intracellular signalling function of polyP.

Unlike the unknown intracellular signalling mechanism of polyP, it has been demonstrated
that polyP up-regulates coagulation primarily by functioning as a template on which
procoagulant proteases and their substrates assemble in ternary complexes, thereby
enhancing the rate of coagulation reactions [4,5]. For instance, it was recently shown that
polyP could simultaneously bind to basic exosites of thrombin and its substrates factors XI
and V to promote the activation of these substrates by thrombin [4-6]. Since other anionic
polymers such as dextran sulphate and heparin can also enhance the protease activation of
coagulation zymogens by this mechanism [9,20,21], we decided to compare the intracellular
signalling function of heparin with polyP in endothelial cells. However, in all cellular assays
described above, we found that heparin elicits a paradoxical protective effect in endothelial
cells in a concentration dependent manner, suggesting that the two anionic polymers employ
different mechanisms to elicit intracellular signalling responses. It should however be noted
that, unlike heparin which dramatically enhances the reactivity of coagulation proteases with
their target serpins (i.e., antithrombin), polyP has no effect on the inhibition of thrombin by
antithrombin in either the presence or absence of heparin, suggesting that the two anionic
polymers bind non-overlapping sites on thrombin to exert their biological functions [6].

That heparin elicits a protective response in endothelial cells in response to inflammatory
mediators is not a new finding and has been demonstrated in several other reports [22-24]. It
has been hypothesised that the signalling function of heparin may be mediated through its
ability to bind and sequester the local concentrations of growth factors/cytokines in the
vicinity of their cell surface receptors [22,24]. Another hypothesis is that heparin may
electrostatically interact with cell membranes to internalize and bind to the cationic nuclear
localization domain of NF-xB, thereby preventing the translocation of the transcription
factor from the cytoplasm to the nucleus [22,25]. Whether polyP functions as a second
messenger to mediate its proinflammatory effect directly through a cell surface receptor or if
similar to heparin it sequesters proinflammatory mediators and/or internalizes to the
cytoplasm in order to modulate the NF-xB pathway requires further investigation. There is
however some evidence in support of the hypothesis that polyP can modulate cellular
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functions through binding to fibroblast growth factors, thereby facilitating their interactions
with cell surface receptors [26,27]. Given the observation that polyP recruits activated
leukocytes to the peritoneal cavity, it is possible that polyP interacts with distinct
chemokines involved in neutrophil trafficking. Such chemokines are known to contain
clusters of basic residues, which bind to glycosaminoglycans on the endothelium and to their
cell surface chemokine receptors [28.29]. Thus, the possibility that polyP interacts with
basic residues on distinct chemokines to modulate inflammatory responses warrants further
investigation.

Finally, our results demonstrated that APC has a potent protective activity against the
proinflammatory effect of polyP in both cellular and animal models. APC prevented both
vascular leakage and accumulation of activated immune cells to the peritoneal cavity of
experimental animals. These results are consistent with an antiinflammatory role for APC
observed in other similar /in vitroand in vivo inflammatory models [19]. APC is thought to
inhibit the proinflammatory pathways, at least partly, through the endothelial protein C
receptor-dependent activation of protease-activated receptor 1 [19,30]. Whether APC exerts
its protective effect in response to polyP by the same mechanism was not investigated. In a
recent study, it was shown that the proinflammatory activity of polyP requires the factor
Xlla-dependent activation of the contact pathway [3]. It is not known if the activation of the
contact pathway also contributes to the proinflammatory effect of polyP in our model
system.
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Figure 1. Effect of polyP on the barrier permeability of endothelial cells

(A) Endothelial cells were incubated with indicated concentrations of polyP comprised of 45
(white bars), 65 (grey bars) and 70 (black bars) phosphate units for 4h followed by
measuring permeability as described in Methods. (B) The same as panel A except that
permeability was monitored with polyPgs after treating endothelial cells with indicated
concentrations of unfractionated therapeutic heparin for 4h. (C) The same as above except
that cells were incubated with LPS (10 ng/mL for 4h) with or without prior incubation with
either heparin (20 pg/mL for 4h) or polyPgs (50 M for 4h). (D) The same as above except
that cells were pre-incubated with APC (20 nM for 3h) before treating cells with either LPS
(10 ng/mL for 4h) or polyPgs (50 M for 4h) in the absence or presence of 0.05 U/mg
phosphatase (Psp). All results are means + SD of three different experiments. *p < 0.05; **p
< 0.01 compared to 0 (A), polyPgs (B), LPS (C).
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Figure 2. Pro-apoptoatic effect of polyP and L PS on endothélial cells

(A) Endothelial cells were incubated with LPS (10 ng/mL for 4h) or polyPgs (50 M for 4h)
followed by the analysis of apoptosis by a TUNEL assay (A) or DNA fragmentation (B) as
described in Methods. The number of apoptotic cells is expressed as the percentage of
TUNEL-positive cells of the total number of nuclei. The number of TUNEL-positive cells in
panel A in the absence of LPS was 10-15%. When APC was present, the cell monolayer was
pretreated with 20 nM APC for 3h prior to induction of apoptosis by either LPS or polyPgs.
**p < 0.01.
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Figure 3. Effect of polyP on expression of cell adhesion molecules, adhesion of THP-1 cellsand
induction of NF-xB in endothelial cells

(A) Confluent cells were incubated with indicated concentrations of polyPgs for 4h followed
by monitoring the cell surface expression of VCAM-1 (white bars), ICAM-1 (grey bars) and
E-selectin (black bars) by a cell-based ELISA as described in Methods. (B) Confluent cells
were incubated with LPS (10 ng/mL for 4h) or polyP (50 M for 4h) and the THP-1 cell
adherence to HUVECs was monitored as described in Methods. (C) Confluent cells were
incubated with polyP (50 uM for 4h) followed by analysis of the NF-xB activation by an
ELISA. When the effect of APC was assessed, cell monolayers were pretreated with 20 nM
APC for 3h prior to their incubation with LPS or polyPgs. *p < 0.05; **p < 0.01 compared
to 0 (A) or polyPgs (C).
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Figure 4. In vivo analysis of the effect of polyP on vascular leakage and the migration of
leukocyte to peritoneal cavity

(A) Six weeks old female mice were intravenously injected with 1% BSA-bound Evans blue
dye followed by an immediate intraperitoneal injection of polyP (300 j.g/g body weight) or
0.7% acetic acid. Vascular permeability was determined from the extent of extravasation of
Evans blue to the peritoneal cavity as described in Methods. (B) Leukocyte infiltration to
peritoneal cavity was monitored after intraperitoneal injection of polyPgs (300 pLg/g body
weight) or CMC-Na (1.5%) as described in Methods. When the effect of APC was
evaluated, mouse APC (0.2 j1g/g body weight) was administered intravenously 2h prior to
their challenge with polyPgsg treated or not treated with phosphatase (Psp). **p < 0.01
compared to (-) Cont.
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