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ABSTRACT

Background

The protein C pathway down-regulates thrombin generation and promotes cytoprotec-
tion during inflammation and stress. In preclinical studies using models of murine injury
(e.g., sepsis and ischemic stroke), murine protein S may be required because of restrictive
species specificity.

Design and Methods
We prepared and characterized recombinant murine protein S using novel coagulation
assays, immunoassays, and cell proliferation assays.

Results

Purified murine protein S had good anticoagulant co-factor activity for murine activated
protein C, but not for human activated protein C, in mouse or rat plasma. In human plas-
ma, murine protein S was a poor co-factor for murine activated protein C and had no anti-
coagulant effect with human activated protein C, suggesting protein S species specificity
for factor V in addition to activated protein C. We estimated that mouse plasma contains
22+1 ug/mlL protein S and developed assays to measure activated protein C co-factor
activity of the protein S in murine plasma. Activated protein C-independent anticoagulant
activity of murine protein S was demonstrable and quantifiable in mouse plasma, and this
activity was enhanced by exogenous murine protein S. Murine protein S promoted the
proliferation of mouse and human smooth muscle cells. The potency of murine protein S
was higher for mouse cells than for human cells and similarly, human protein S was more
potent for human cells than for mouse cells.

Conclusions

The spectrum of bioactivities of recombinant murine protein S with mouse plasma and
smooth muscle cells is similar to that of human protein S. However, in vitro and in vivo stud-
ies of the protein C pathway in murine disease models are more appropriately performed
using murine protein S. This study extends previous observations regarding the remark-
able species specificity of protein S to the mouse.
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Introduction

In translational research, investigators commonly use
murine genetic manipulations and models of injury to gen-
erate preclinical information about pathogenic mecha-
nisms and to assess potential drugs under development.'
Recombinant activated protein C (APC) is approved for
the treatment of severe sepsis in humans and is a promis-
ing therapy for other indications, including ischemic
stroke.”® Mice are used extensively for investigations of
the antithrombotic and cytoprotective activities of APC."
Most of the proteins involved in the protein C anticoagu-
lant and cytoprotective pathways have been successtully
targeted for genetic deletion in mice with the exception of
protein S, an anticoagulant co-factor of APC. Homo-
zygous protein C-deficient mice undergo fetal develop-
ment, but they present a phenotype with brain abnormal-
ities, secondary edema, and bleeding as major contribu-
tors to premature death, which often occurs in utero.’
Human APC has a half-life of 20-30 min in vivo in human
blood; the half-life is determined by the protein’s irre-
versible inactivation by protease inhibitors such as protein
C inhibitor and a1PL.*® These protease inhibitors irre-
versibly neutralize APC enzymatic activity by forming a
covalent acyl enzyme complex with APC.

APC displays significant species specificity and murine
APC is superior to human APC for translational research
studies in mice.”"" The anticoagulant species specificity of
APC may be due primarily to protein S-APC interactions."”
Protein S in human or Rhesus monkey plasma serves well
as a co-factor to human APC, and protein S in bovine, rab-
bit, or porcine plasmas serves optimally as a co-factor to
bovine APC in anticoagulant activity assays.”" Purified
rat protein S, however, is a notably inefficient co-factor for
human APC," in contrast to purified rabbit protein S."”

Human protein S is present in plasma at a concentration
of 25 ug/mL (or 330 nM)™ and functions as a non-enzymat-
ic co-factor for APC in the proteolytic inactivation of acti-
vated factor V (FVa) and activated factor VIII (FVIIIa).** The
molecular mechanisms involved in the co-factor function
of protein S are incompletely understood. Protein S increas-
es the affinity of APC for negatively charged phospholipids
by 10-fold and also alters the orientation of the active site
of membrane-bound APC.”* About 60% of circulating
human protein S is in a non-covalent complex with C4b-
binding protein (C4bp), a complement regulatory factor.
However, complex formation between protein S and C4bp
does not occur in mouse plasma.® Human protein S also
has direct, APC-independent anticoagulant activity by
virtue of direct binding and inhibition of activated factor X
(FXa), FVa, and FVIIla,**¥ and it may enhance the ability of
tissue factor pathway inhibitor to inhibit the activated fac-
tor VII (FVIla)/tissue factor complex.” In a baboon throm-
bosis model, human protein S was antithrombotic inde-
pendently of APC” but no information about protein S
direct anticoagulant activity in other species is available.

In this study, we produced recombinant murine protein
S and compared the co-factor activity of murine protein S
with that of human protein S in plasma clotting assays
using mouse, human, and bovine APC. In cell assays, we
determined the potency of murine protein S for stimulat-

ing cell proliferation and the half-life of murine APC in
plasma. We also developed an assay for APC co-factor
activity of murine plasma protein S and a novel assay to
investigate whether the protein S in murine plasma exerts
direct anticoagulant activity. These new data and methods
will help to define significant aspects of the components
of the protein C pathway and show that recombinant
murine protein S is a valuable instrument for future stud-
ies involving murine models of injury.

Design and Methods

Reagents

Mouse recombinant protein C and human protein C
were prepared and activated as described elsewhere.”
Human FV was purified and activated, and goat anti-pro-
tein S was prepared and purified, as previously
described.” FXa, fibrinogen, human protein S and pro-
thrombin were from Enzyme Research Laboratories,
South Bend, IN, USA. Bovine APC was purchased from
Haematologic Technologies (Essex Junction, VT, USA). p-
APMSF was from Sigma, St. Louis, MO, USA. Synthetic
phospholipid vesicles consisting of 80% 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine and 20% 1,2-dioleoyl-sn-
glycero-3-phosphatidylserine (80%PC/20%PS) were pre-
pared as described previously.” Rat monoclonal antibod-
ies, anti-mouse protein C TVM1 and 6B9 were prepared in
house using purified recombinant mouse protein C as the
antigen. Cell culture media and supplements were
obtained from Invitrogen (Carlsbad, CA, USA). Rabbit
anti-human Ki-67 was from DBS (Pleasanton, CA, USA)
and rat monoclonal anti-mouse Ki-67 from DAKO
(Carpinteria, CA, USA). Secondary antibodies for mito-
genic studies were cyanine 3 (Cy3)-labeled anti-rabbit IgG
and anti-rat IgG. For nuclear staining TO-PRO-3 was pur-
chased from Invitrogen. [methyl-*H]thymidine was from
Amersham/Pharmacia (Arlington Heights, IL, USA).
Trichloracetic acid (TCA) was obtained from Sigma.

Plasma specimens

Mouse, rat and bovine plasma samples were obtained
from Bioreclamation (Hicksville, NY, USA). Murine blood
was also acquired from male CD-1/ICR mice or C57/BL6]
mice by cardiac puncture. The blood was mixed with
3.8% sodium citrate and immediately centrifuged at 2,000
g for 20 min. The plasma was pooled and aliquots of 50-
200 uL were frozen at -80°C until used. Normal pooled
human plasma was obtained from George King Inc.
(Overland Park, KS, USA). Rat or murine protein S-deplet-
ed plasma (PSdP) was prepared from 1.5 mL plasma by
treatment with 20 uM p-amidinophenylmethylsulfonyl
fluoride (pAPMSE), followed by adsorption on a 2 mL col-
umn of 4CNBr-Sepharose (GE Healthcare, Piscataway, NJ,
USA) coupled with 4 mg of Dako rabbit anti-human pro-
tein S according to manufacturer’s instructions. The col-
umn was pre-equilibrated and the plasma was eluted in
0.2 mL fractions with Tris-buffered saline, pH 7.4 (TBS)
containing 1 mM trisodium citrate. Fractions that were
nearly undiluted were pooled and frozen in 50 uL aliquots.
Dot immunobinding showed that more than 90% of the
protein S was removed.
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Smooth muscle cell cultures

Human vascular smooth muscle cells (VSMC) were iso-
lated from human brain pial arteries, as described else-
where.” These cultures expressed smooth muscle a-actin,
myosin heavy chain, calponin and SM220. and were neg-
ative for CD11b (microglia), glial fibrillar acidic protein
(astrocytes), prolyl 4-hydroxylase (collagen-synthesizing
fibroblasts) and endothelial cell von Willebrand factor.
Mouse VSMC from aorta were obtained from the
American Type Culture Collection (Manassas, VA, USA;
ATCC code, CRL-2797). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) at 37°C, in a 5% CO:
humidified environment.

Construction and expression of murine protein S cDNA
Mouse liver Marathon-Ready cDNA was purchased
from Clontech (Mountain View, CA, USA). Two primers
MPSN (CGCGCTAGCGCAGGCACGGT) and MPS4
(CAGCTGGTGATAGGAATGTG) were designed to
span the whole murine protein S cDNA from nucleotide
(nt) 1 to nt 2158 according to Genbank sequence data by
Chu er al® Polymerase chain reaction (PCR) was per-
formed using primers MPSN and MPS4 and mouse liver
cDNA as a template at an annealing temperature of 60°C
for 30 cycles and 0.25 U of high fidelity PfuTurbo poly-
merase (Stratagene, La Jolla, CA, USA) was added to the
reaction to limit the replication error. The approximately
2158-bp PCR product obtained was cloned into the
Invitrogen expression vector pcDNA3.1 according to
manufacturer’s instructions. The sequence of murine pro-
tein S cDNA was confirmed by sequencing. Stable trans-
fection into a K293 cell line was performed using
Effectene transfection reagent from Qiagen (German-
town, MD, USA) according to the manufacturer’s instruc-
tions. The transfected cells were selected in DMEM/F-12
supplemented with 10% FBS containing 0.8 mg/mL of
G418 antibiotic for about 3 weeks. The G418-resistant
colonies were picked and grown in serum-free medium
containing 10 pg/mL vitamin K1. Conditioned media
were collected and tested for protein S antigen level by
enzyme-linked immunoassay (ELISA) and western blot-
ting. The positive colonies were chosen and used to pro-
duce conditioned media containing murine protein S.

Purification of recombinant wild-type murine protein S

Protein S was collected in serum-free DMEM/F12
medium, then 5 mM benzamidine and 5 mM EDTA were
added and the pooled medium was loaded on a fast-flow
Q-Sepharose column (10 cm x 2 cm) in 50 mM Tris, 150
mM NaCl, 1 mM EDTA pH 7.4. Protein S was eluted with
the same buffer but containing 30 mM CaCl instead of
EDTA. This protocol selected for properly y-carboxylated
protein S since under-carboxylated vitamin K-dependent
proteins are not eluted by CaCl.® A second anion
exchange chromatography step was performed using a
mono Q column (Amersham/Pharmacia). In this step, a
NaCl gradient (0-400 mM) was used to purify the murine
protein S. After this step the fractions of interest were
pooled and dialyzed against 50 mM Tris, 100 mM NaCl,
pH 7.4. The protein S concentration was determined by
monitoring absorbance at 280 nm, using an €(1%, 1 cm)

value of 9.5 and a molecular mass of 75,000 Da.

Enzyme-linked immunosorbent assay for protein S in
mouse plasma

Costar half-well microplates (Corning, NY, USA) were
coated with 5 pug/mL of IgG of rabbit anti-human protein
S (Dako) in 0.1 M sodium carbonate, pH 9.0 (20 pL/well)
for 1 h at 37°C and then blocked with 170 uL/well I-Block
in TBS (Tropix, Bedford, MA, USA). Plasma (0.15 to 1.25
uL) or purified mouse protein S (0.25 to 2 pug/ml) was
diluted in 20 pL Hepes-buffered saline (HBS), 0.5%
bovine serum albumin (BSA), 0.005% Tween-20 and was
incubated in the wells overnight at room temperature.
Bound protein S was detected with 10 pug/mL goat anti-
protein S IgG, followed by 1 ug/mL biotinylated mouse
anti-goat IgG (Pierce, Rockford, IL, USA), 2 ug/mlL strep-
tavidin-horseradish peroxidase (Pierce) and o-phenylene-
diamine substrate (Sigma). Between steps the wells were
washed with TBS, 0.005% Tween-20, 2 mM CaCl.. The
reaction was stopped upon appropriate color develop-
ment (~10 min) with an equal volume of 1 M HCl and the
product was measured at 490 nm.

Anticoagulant activity assays using purified protein S
Activated partial thromboplastin time (APTT) clotting
assays were performed by incubating a mixture of 25 pL
murine APC (180, 90, 45, 22.5, 11.2, 0 nM), 25 uL murine
protein S (260 nM) or buffer, 10 uL mouse plasma, 25 pL
of human fibrinogen (2 mg/mL), and 25 uL of Platelin LS
(bioMerieux, Durham NC, USA) for 180 sec at 37°C.
Reagents were diluted as needed in 50 mM Tris, 100 mM
NaCl, pH 7.4 containing 0.1% BSA. The clotting times
were then recorded after adding 25 pL of 30 mM CaCl.
For FXa one-stage clotting assays, citrated mouse plas-
ma (10 uL) was incubated for 180 sec at 37°C with 25 uL
of 80%PC/20%PS vesicles (68 uM), 25 uL of human fib-
rinogen (2 mg/mL), 25 uL of FXa (34 nM), 25 uL of mouse
or human APC (27 nM) and 25 pL of mouse or human
protein S at varying concentrations. Clotting was initiat-

ed with 25 uL of 30 mM CaCl.

Activated protein C co-factor activity of protein S in
murine plasma

Plasma samples, as well as purified prothrombin,
mouse APC, FVa, and fibrinogen at the concentrations to
be used were frozen in multiple aliquots and thawed just
before use. Plasma aliquots were thawed and treated for
20 min with pAPMSF just before use. Mouse test plasma
(12 uL) was mixed with 2 uL of 3 uM prothrombin, 10 pL
of 9 mg/mL fibrinogen, and 43 uL of 105 uM phospho-
lipid wvesicles (20%PS/80%PC) in HBS, 0.5% BSA in
cuvettes of a coagulometer. Murine APC (25 pL of 2
ug/mL in HBS-BSA) or HBS-BSA was added, followed by
33 uL of 0.3 pg/mL FVa in HBS-BSA. After 2 min incuba-
tion at 37°C with mixing, 25 uL of 50 mM CaCl: were
added to initiate clotting, and the clotting time was meas-
ured. For standard curves in this assay, rat or mouse PSdP
was mixed in various proportions with pooled mouse
plasma so that the protein S in mouse plasma increased
from 0-100% of normal, resulting in a linear increase in
clotting time prolongation upon addition of APC.
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Direct anticoagulant activity of murine plasma protein S

Mouse plasma smaples (15 uL) were pretreated for 15
min with 20 uM pAPMSF just before use and mixed with
5 uL of 3 uM prothrombin and 6 pL of 0.83 mg/mL neu-
tralizing monoclonal antibody (TVM1) against murine
and rat APC in HBS-BSA for 5 min. Phospholipids and
CaClz in 15 uL of HBS-BSA were added to final concen-
trations of 15 WM and 9 mM, respectively, followed by
60 pL of fluorogenic substrate Z-GGR-aminomethyl
coumarin (Bachem, Torrance, CA, USA) in HBS-BSA. To
measure thrombin generation, fluorescence was read
every 20 sec over a 45 min period at an excitation wave-
length of 360 nm and an emission wavelength of 460 nm.
The change in fluorescence/min was calculated to moni-
tor thrombin generation. This assay is a modification of
endogenous thrombin potential (ETP) assays. For stan-
dard curves, pooled normal mouse plasma and rat or
mouse PSP were mixed in various proportions as
described above. In order to validate the assay, the
effects of exogenous mouse protein S and rabbit anti-
protein S were evaluated.

Cell proliferation assays
Immunofluorescence microscopy

To study the effect of murine protein S on proliferation
of human- and mouse-VSMC, 6x10° cells were seeded
into each well of 4-well chambered slides (Lab-Tek, Nunc,
Rochester, NY, USA). After 24 h, cells were synchronized
in Go phase after transfer into DMEM containing 0.2%
EBS for 18 h. Cells were then treated with various doses of
protein S (2.5 to 250 nM) and cultured for 72 h. Next, cells
were washed with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde. The cells were
immunostained for the mitotic marker Ki-67 using anti-Ki-
67 antibodies (1:100) and these were detected by Cy3-
labeled secondary antibodies, as explained in the Reagents
section. Cells were then double stained with TO-PRO-3, a
fluorescent nuclear marker. Fluorescence images were
taken using a Zeiss 510 confocal microscope.

Cell counting

Human and mouse VSMC were cultured in 48-well cul-
ture plates and treated with protein S for 72 h as men-
tioned above. In order to quantify cell proliferation, cells
were trypsinized and the total number of cells in each well
was determined by counting trypan blue-excluding cells in
a hemocytometer.

[*H]Thymidine incorporation assay

To determine cell proliferation by de novo DNA synthe-
sis, cells were grown in 48-well culture plates in DMEM
with 0.2% FBS, as above. Cells were next treated with
protein S for 48 h and labeled with 1 pCi of [methyl-
*H]thymidine for 24 h. Cells were then washed with PBS
and incubated with cold 20% TCA for 30 min at 4°C.
TCA-soluble material was removed and monolayers were
washed with PBS and extracted with 0.5 N NaOH/0.5%
SDS. TCA-precipitable counts were determined by scintil-
lation counting using a Packard TRI-CARB 2100TR liquid
scintillation analyzer.

Data analysis

Statistical comparisons by two-tailed t tests were con-
ducted using Graph Pad Prism 5 software (San Diego, CA,
USA). Differences with p values less than 0.05 were con-
sidered to be statistically significant. For the proliferation
assays data were analyzed by one-way ANOVA followed
by Tukey’s post hoc test. Again p values less than 0.05
were considered statistically significant.

Results

Recombinant murine protein S

Since the species specificity of protein S had been pro-
posed to explain the major cause of reduction of human
APC activity in animal plasma, we produced recombinant
murine protein S. The nucleotide sequence of our murine
cDNA for protein S (data not shown) was identical to the
sequence reported by Chu er al*" Comparing our murine
cDNA protein S sequence to that of Lu ez al.,* we found
Phe instead of Leu at residue 493. The mature murine
protein S protein sequence has one amino acid less (634
residues) than the human protein S (635 residues). There
are two potential glycosylation sites at residues 499 and
509 in murine protein S while in human protein S there is
a third potential glycosylation site at residue 530.
Recombinant murine protein S was expressed in stably
transfected HEK293 cells and purified from conditioned
serum-free medium via ion-exchange chromatography
using a modification of a previously described proto-
col.*** Sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) demonstrated that the murine
protein S was approximately 95% pure. In spite of having
80% sequence identity with human protein S, most anti-
bodies available against human protein S did not recog-
nize murine protein S. However two polyclonal antibod-
ies recognized murine protein S sufficiently: goat anti-
human protein S prepared in house, and Dako rabbit anti-
human protein S. We were unsuccessful in producing
high-affinity anti-mouse protein S antibodies despite
attempts made in nine rats and two rabbits. The low-
affinity antibodies raised did not perform as well as the
anti-human protein S antibodies and did not neutralize
mouse protein S activity.

Activity of activated protein C from various species
Protein C activity shows notable species specificity. We
compared the anticoagulant activity of human, bovine and
murine APC in plasma from several species (Figure 1).
Using a modified APTT assay and bovine plasma (Figure
1A), we found that the anticoagulant response of bovine
APC was 4.2-fold higher than that of murine APC and 1.8-
fold higher than that of human APC, based on the initial
slopes of dose-response curves. In human plasma (Figure
1B), the anticoagulant activity of human APC was 6-fold
higher than that of murine APC and 17-fold higher than
that of bovine APC. In rat plasma (Figure 1C), the antico-
agulant activity of murine APC was 5-fold higher than
that of bovine APC and 10-fold higher than that of human
APC. Human APC anticoagulant activity was also remark-
ably low in rat plasma according to earlier reports.”® In
mouse plasma (Figure 1D), the anticoagulant activity of
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murine APC was 3.5-fold higher than that of human APC
and 1.8-fold higher than that of bovine APC.

Comparison of activated protein C co-factor activities
of purified murine and human protein S

The activity of human or murine APC was assayed in
the presence or absence of human and murine protein S
in modified APTT assays using mouse plasma (Figure
2A). Murine protein S at 48 nM increased the anticoagu-
lant activity of murine APC by 2-fold. However, the co-
factor activity of human protein S for human APC in
mouse plasma was very weak. For APTT assays using
human plasma, 48 nM human protein S enhanced the
activity of human APC by 1.7-fold, but murine protein S
had almost no effect on murine APC in human plasma
(Figure 2B). For murine APC, the co-factor activity of
murine protein S in FXa one-stage clotting assays was at
least four times greater than that of human protein S in
mouse plasma whereas human protein S was a very weak
co-factor for murine APC (Figure 2C). When assayed in
human plasma under similar conditions, the co-factor
activity of human protein S for human APC was six times
greater than that of murine protein S (Figure 2D). Notably,
murine protein S had essentially no anticoagulant co-fac-
tor activity for human APC at the concentrations tested.

Exogenous murine protein S had good co-factor activi-
ty for murine APC in mouse plasma, but not in human
plasma, and exogenous human protein S had good co-fac-
tor activity for human APC in human plasma, but not in
mouse plasma (Figure 2 A B). It is suggested that other
sources of species specificity must exist in addition to
APC-protein S interactions.

Activated protein C co-factor activity of murine plasma
protein S

Addition of murine APC to mixtures of mouse plasma
and rat PSdP resulted in a linear prolongation of clotting
time as the proportion of mouse plasma in the mixture

increased (Figure 3). APC had little effect in the PSdP, thus
the dose response was due to the increasing amounts of
protein S in increasing doses of murine plasma. The par-
ent rat and mouse plasma samples used to prepare PSP
had similar clotting times in the absence of APC.

The basal clotting time of the frozen and thawed
aliquots of rat PSdP was stable, but the basal clotting time
of mouse PSdP increased markedly over time and could
no longer be used. It is recognized that differences other
than protein S in mouse and rat PSdP could have con-
tributed to the dose-response curves observed, but when
mouse PSAP was initially prepared, it behaved similarly to
rat PSdP. Mouse and rat protein S share 93% sequence
identity and 98% sequence similarity. In the absence of
APC, the clotting time in PSP was shorter than that in
normal mouse plasma (Figure 3, dashed line), and this dif-
ference was not affected by inclusion of a neutralizing
antibody (TVM-1) against mouse and rat APC (not shown).
This suggests that mouse plasma protein S had direct
anticoagulant activity, as was explored in the studies
described below.

Direct anticoagulant activity of murine plasma protein S

In a modified ETP assay, plasma samples were pretreat-
ed with neutralizing antibody against murine or rat pro-
tein C (TVM-1) to prevent any APC co-factor activity of
protein S. As part of the validation of the assay, recalcified
murine plasma with phospholipids was tested alone, or
supplemented with partially purified recombinant mouse
protein S (Figure 4A). Exogenous mouse protein S had an
anticoagulant effect, causing a 2.3-fold prolongation of
the lag time, a 47% increase in time to peak, and a 32%
decrease in peak thrombin generation.

Addition of Dako rabbit anti-protein S to murine plas-
ma caused a decrease in the lag time and time to peak,
and an increase in the area under the curve for thrombin
generation (Figure 4B). When normal murine plasma was
mixed in varying proportions with rat PSdP, the area
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Physical characterization of mouse protein S and quan-
tification of protein S in mouse plasma

Murine and human protein S were subjected to 4-12%
NuPAGE (Invitrogen) under reducing conditions and
stained with Simple Blue (Invitrogen). The proteins
appeared to be approximately 95% pure on SDS-PAGE
(Figure 5A). Murine protein S migrated slightly fast than
human protein S under both reducing and non-reducing
conditions, consistent with a known difference in the
number of glycosylation sites. Under native conditions,
murine protein S migrated slightly slower than human
protein S and a small proportion of multimers was
observed (Figure 5B). When human C4bp was pre-incu-
bated in a 1.4 molar excess with mouse protein S, protein
S-C4bp complexes were formed, as shown near the top of
the gel in Figure 5B.

The ELISA for protein S was dose-responsive in the
range of 0.25-2.0 pg/mL purified murine protein S (Figure
5C insert). Parallel slopes were obtained for purified
murine protein S and mouse plasma when the data were
plotted on a log-log scale in the range of 0.25-1.0 ug/mL
protein S (Figure 5C). The curves were superimposable at
dilutions of mouse plasma that indicated a plasma concen-
tration of 22+1 pg/mL protein S. These ELISA assays will
be useful for quantifying differences in protein S antigen
among experimental mouse plasma samples in the dilu-
tion range of 0.25-1 ug/mL protein S. We used quantitative
immunoblotting as another means to quantify protein S in

% mouse plasma (mixed with PSdP)

Figure 3. APC co-factor activity of murine plasma protein S. The
FVa-based assay is described in the Design and Methods sections.
To vary plasma protein S levels, pooled normal mouse plasma as
a source of protein S was mixed in various proportions with rat
PSdP. 0% mouse plasma PS contains 100% rat PSdP. Clotting
time was prolonged in a linear manner with increasing doses of
normal mouse plasma containing protein S.

mouse plasma (Figure 5D). Using this method, we found
a value of 15+2 pg/mL protein S in pooled plasma of
C57/BL6] mice, though other plasma components proba-
bly caused a slight shift in mobility and a decrease in
sharpness of the protein S band. Thus, estimates for
C57/BL6] mouse plasma range from 15-22 ug/mlL protein
S, with the ELISA calculation of 22 pg/mL probably being
the more accurate value.

Protein S promotes proliferation of smooth muscle
cells

Protein S stimulates smooth muscle cell proliferation.
Addition of exogenous murine or human protein S led to
cell proliferation and [*H]-thymidine incorporation in
mouse aortic smooth muscle cells and in human pial arte-

36-38
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rial smooth muscle cells (see Figure 6 for quantification
and Ounline Supplementary Figure S1 for immunostaining).
Murine protein S was more potent than human protein S
on the mouse cells (Figure 6A,C). Conversely, when
human VSMC were studied, human protein S was more
potent than mouse protein S (Figure 6B,D). Thymidine
incorporation showed the same pattern with protein S as
cell proliferation.

Half-life of activated protein C in plasma

We previously characterized recombinant murine
APC. In order to determine whether mouse plasma pro-
tease inhibitors play important roles in the regulation of
the protein C pathway, the in vitro half-lives of APC in
pooled plasma samples from different species were meas-
ured (Online Supplementary Figure S1). APC in human plas-
ma is inhibited by several members of the family of
SERine Proteinase INhibitors (serpins) and, to a lesser
extent, by oz-macroglobulin.”® We found that in human
plasma, the rate of inactivation of human, bovine and
murine APC was similar, with plasma half-lives of the
proteins being approximately 20 min. In mouse plasma,
the half-lives of mouse and human APC (~15 min) were
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significantly shorter than in human plasma.

The high concentration of at1P1 in mouse plasma (2-fold
higher than in human plasma) could contribute to inhibi-
tion of APC activity in mice.” Indeed, we identified com-
plexes of murine APC with alPI in mouse plasma.
However, bovine APC had a longer half-life, possibly
because bovine APC has been shown to be resistant to
inhibition by a/1PI in vitro.” It should be noted that in all
cases, the half-life of APC in plasma is considerably
longer than the half-lives of most coagulation proteases,
such as thrombin and FXa.

Discussion

Murine models are ideal for in vivo studies of thrombo-
sis because of the size of these animals, their breeding
rate and the potential for generating genetically altered
animals. However, the functional implications of differ-
ences between species have been an obstacle to both the
design and confident interpretation of in vivo protein C
pathway studies in mice. That differences between
humans and mice constitute a particular problem was

“\
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Figure 4. Coagulation assays for the direct anticoagulant activity of murine plasma protein S. In all cases, plasma was treated with neu-
tralizing antibody (TVM-1) against murine APC to exclude any contribution of protein S co-factor activity for APC. (A) Thrombin genera-
tion profile for mouse plasma. Following addition of calcium and phospholipids to mouse plasma, thrombin generation was monitored
over time in a modified ETP assay as described in the Design and Methods section. Normal mouse plasma, solid line; mouse plasma
with addition of partially purified recombinant murine protein S (0.1 pg), dashed line. (B) Thrombin generation in normal mouse plas-
ma with and without addition of 2 mg/mL neutralizing rabbit anti-human protein S. (C) Thrombin generation in mixtures of normal
mouse plasma and rat PSdP. See the legend to Figure 3 for mixtures. (D) Variation in ETP parameters with increasing dose of mouse
normal plasma. In mixtures of pooled normal mouse plasma with rat PSdP, the area under the curve and peak thrombin generation in
the ETP assay decreased in a linear manner with increasing doses of murine plasma containing protein S. The quantity of plasma used

was 12 plL in the experiment represented in (B) and 15 pL in the experiments represented in the other panels.
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Figure 5. Protein and antigen analysis. (A)
Denaturing SDS-PAGE electrophoresis of non-
reduced (2 ug) purified protein S stained with
Simple Blue. H= Human plasma-derived pro-
tein S. M= Murine recombinant protein S. The
faster migration of mouse protein S is due to
the lack of a carbohydrate side chain at
residue 489. (B) Native PAGE immunoblot
using 8% Tris-glycine gel of 0.5 ng human pro-
tein S (lane 1) and 30 ng mouse protein S in
the absence and presence of 300 ng human
C4bp (lanes 2, 3). (C) ELISA for murine protein
S. Standard dilutions of purified murine pro-
tein S were used to calculate the concentration
of murine protein S in dilutions of pooled
murine plasma, using a log-log plot. The plots

were superimposed at dilutions of mouse plas-
1 ma that indicated an initial concentration of
22 ug/mL mouse protein S. The insert shows

, a linear plot of extended concentrations of
purified mouse protein S. (D) Quantitative
immunoblot for protein S in mouse plasma,
using a 4-12% Bis-Tris gel. The first three lanes
show purified murine protein S (45-15 ng),
mixed with 10 pg BSA/lane; the next four
lanes show pooled mouse plasma (3-0.5 pL).
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shown earlier by our group when murine APC was used
in human plasma clotting assays.” The impaired co-factor
activity of human protein S for murine APC was proposed
as the reason for this species incompatibility.

Studies using human APC in vivo in antithrombotic rat
models are controversial, as Smirnov reported antithrom-
botic effects of low doses of human APC in the rat,*
whereas others failed to demonstrate antithrombotic
effects of human APC in rat arterial thrombosis models.**
Human and rabbit APC can function with protein S from
certain species and not others.”*" Clearly there is a need
to define the reactions of components of the murine pro-
tein C system better.

Since protein S modulates the anticoagulant activity of
APC, we expressed and purified recombinant murine pro-
tein S for functional studies using i vitro clotting assays.
The amino acid sequence of the mature form of murine
protein S shows almost 80% identity with that of human
protein S and differs by one residue in length. Despite the
species specificity of the APC co-factor activity of murine
protein S, murine protein S is structurally very similar to
human protein S and is likely biologically equivalent with
regard to its role in the protein C pathway. Recombinant
murine protein S showed good anticoagulant co-factor
activity for murine APC in APTT and FXa one-stage
assays using mouse plasma. Residual murine protein S
(1/5 of the total protein S) was present in the test plasma
in these assays, so the effect of endogenous murine pro-
tein S cannot be completely overlooked. Murine protein S
was not a co-factor for human APC in mouse plasma, but
human protein S was partially active as a co-factor for
murine APC. This suggests that murine protein S does not
interact with human APC but that human protein S does
interact with murine APC. In this regard it is puzzling that
residues 36-39 of APC were found to be critical for inter-

Blots in (B) and (D) were developed with 10
ug/mL goat anti-protein S, 1 ug/mL biotin-
mouse anti-goat protein S (Pierce),
1 ug/mL streptavidin-horseradish peroxidase
(Pierce) and chemiluminescent detection.

action with protein S in mutagenesis studies,” but these
residues are identical in mouse and human APC. It is like-
ly that other residues of APC are also critical for protein S
interaction, and/or that complementary residues on
mouse and human protein S differ.

Overall, our results suggest that the species specificity of
APC is partially but not completely explained by the
species specificity of protein S for APC. Explanations for
differences between human and mouse plasma could
involve C4bp, FV, or FVIII. Human plasma contains C4bp,
which is capable of modulating the anticoagulant co-fac-
tor activity of protein S because about 40% of protein S in
human plasma is bound to the B chain of this complement
protein. However, mouse C4bp does not contain
chains,” so one would expect all of murine protein S to be
free in the plasma. The anticoagulant effect of APC and
protein S is due to proteolytic inactivation of FVa and
FVIIla, with inactivation of FVa as the central anticoagu-
lant function of the APC system. In one study, ten times
more human APC was needed to inactivate purified rat
FVa than that necessary to inactivate human FVa, indicat-
ing that specificity for the substrate, FVa, can also play a
major role in the species specificity of APC." Moreover,
FV itself may be an anticoagulant co-factor for APC with
protein S,* so some species specificity might be based on
interactions of FV as a co-factor, not substrate, with APC
or protein S. Protein S also binds to immobilized FVIII and
inhibits the activation of factor X.** FVIII activity is sever-
al fold higher in mice than in humans? and it could be an
important element for APC anticoagulant activity. Our
studies suggest a species-specific effect of APC or protein
S related to FV or FVIII, because murine protein S
enhanced the activity of murine APC in mouse but not in
human plasma.
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The APC co-factor activity assay that we developed
using murine APC and mouse plasma (containing murine
protein S) was at least as sensitive as other published APC
co-factor assays, in spite of using human FVa. In this case,
human FVa may have simply been the initial stimulus,
while subsequent clotting involved mouse FVa. Shorter
baseline clotting times in PSP in this assay in the absence
of APC were suggestive of direct anticoagulant activity of
protein S in mouse plasma. This concept was supported
by our modified ETP assay, which included neutralizing
antibody (TVM-1)* against mouse APC to exclude any
co-factor activity of protein S and was designed to reflect
direct anticoagulant activity of endogenous and exoge-
nous murine protein S. The effects of exogenous mouse

protein S and Dako neutralizing antibodies against pro-
tein S in the ETP assay were analogous to the effects with
human plasma, human protein S, and the Dako antibod-
ies.” It should be noted that only partially-purified mouse
protein S, and not mouse protein S purified by the full
method described here, had direct anticoagulant activity.
This was most likely because of loss of a zinc ion from
the MonoQ-purified mouse protein S, which affects
direct anticoagulant activity but not APC co-factor activi-
ty of protein S.¥ The assays for both APC co-factor activ-
ity and for direct anticoagulant activity of protein S are
quantitative and will be useful when i vivo protein S
activity levels might be affected by experimental condi-
tions.
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Figure 6. Protein S (PS) dose-dependent increase in the proliferation of VSMC. Mouse VSMC (left) and human VSMC (right) were treat-
ed with or without 25 nM of mouse protein S or human protein S for 72 h. The cells were then stained with Ki-67 antibodies to detect
proliferation and TO-PRO-3 to visualize the nucleus. The number of cells at the end of 72 h of treatment with various concentrations of
protein S was determined by counting the trypsinized mouse and human VSMC (A, B). Protein S-induced DNA synthesis in mouse and
human VSMC was assessed by a [°*H]thymidine incorporation assay (C, D). Data represent mean + SD from a minimum of three inde-

pendent cultures for each condition (*p<0.05).
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The concentration of 22 pg/mL protein S in mouse
plasma, estimated by ELISA, compares to 10 ug/mL free
protein S and 15 pug/mL of protein S in C4bp complexes
in human plasma. As noted before, mouse plasma does
not contain a form of C4bp capable of forming complex-
es with protein S, although we found that murine pro-
tein S is capable of forming complexes with human
C4bp. Human protein S-C4bp complexes have only
weak APC co-factor activity” but do have direct antico-
agulant activity.”

Free and C4bp-complexed forms of protein S bind to
apoptotic cells, thus having the potential for local control
of complement and coagulation systems.” It has been sug-
gested that protein S binding to apoptotic cells can stimu-
late phagocytosis by serving as a bridging molecule
between the apoptotic cell and the phagocyte.” Recently,
it was shown that protein S binds through the Gla domain
to apoptotic cells® and forms dimers that preferentially
bind to and activate the TAM receptor tyrosine kinase
Mer on macrophages, promoting phagocytosis.” Like
Gas6,” a protein S homolog, protein S emerges as a signif-
icant ligand for TAM receptors.™ It has been reported that
protein S is a mitogen for rat VSMC® and that there is a
receptor for protein S on human VSMC.* Here, we show
that murine protein S has species-specific mitogenic prop-
erties on VSMC.

In summary, the murine recombinant protein S
described in the present work is an important instrument
for in vivo studies of the biology of the protein C pathway:.

Inhibition and complexation of APC

The results show species incompatibility between murine
protein S and human APC in mouse plasma, which high-
lights the requirement for murine APC in i vivo murine
studies of the role of the protein C pathway in experimen-
tal pharmacology. Protein S is also a regulator of VSMC
proliferation, which may have implications for the treat-
ment of a variety of proliferative vascular diseases.
Extrapolation of data from murine protein S to human
protein S does, however, require careful evaluation of
quantitative and qualitative interspecies differences.

Note added prior to publication

Two laboratories have now described protein S knock-
out mice (Burstyn-Cohen T, Heeb MJ, Lemke G. Lack of pro-
tein S in mice causes embryonic lethal coagulopathy and vascu-
lar dysgenesis. ] Clin Invest 2009;119:2942-53, and Saller F,
Brisset AC, Tchaikovski SN, Azevedo N, Chrast R, Ferndndez
JA, et al. Generation and phenotypic analysis of protein S-defi-
cient mice. Blood 2009;114:2307-14).
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