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Abstract

Protein disulfide isomerase (PDI) plays an important role in fibrin generation in vivo, but the
underlying mechanism remains largely unknown. In this study, using thrombin generation assay
(TGA), we investigated whether PDI contributes to tissue factor (TF)-mediated thrombin
generation. Human peripheral blood mononuclear cells (PBMCs) were treated with 100 ng/ml
lipopolysaccharide (LPS), the expression of TF on cell surface was analyzed by flow cytometry.
After incubation with an inhibitory anti-TF antibody, recombinant PDI protein or a PDI inhibitor
PACMAZ31, LPS-stimulated human PBMCs were incubated with human plasma, and thrombin
generation was assessed by Ceveron Alpha TGA and a fluorescent thrombin substrate. Bone
marrow mononuclear cells isolated from PDI-knockout and with-type mice were stimulated by
LPS, followed by measurement of thrombin generation. LPS stimulation increased expression of
TF on PBMCs, and thrombin generation. Inhibitory anti-TF antibody almost completely
suppressed thrombin generation of LPS-stimulated PBMCs, suggesting that thrombin generation
was TF-dependent. Recombinant PDI protein increased thrombin generation, while PACMA31
attenuated thrombin generation. Compared with control cells, PDI-deficient marrow mononuclear
cells had less capacity in thrombin generation. Taken together, these data suggest that PDI
enhances TF-dependent thrombin generation.
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Introduction

Protein disulfide isomerase (PDI) is an enzyme in the endoplasmic reticulum (ER) in
eukaryotes that catalyzes the formation and isomerization of disulfide bonds within proteins
as they fold[1-2]. This allows proteins to more quickly find the correct arrangement of
disulfide bonds, thus facilitating protein folding. Recently, an increasing body of evidence
demonstrates that PDI is released from platelets and endothelial cells to the cell surface, and
that extracellular PDI plays an important role in thrombosis[3-6]. However, the underlying
mechanism remain largely unknown. Previous studies have shown that anti-PDI antibody
RL90 inhibited the activity of tissue factor[6], suggesting that PDI might contribute to
coagulation activation. Because the specificity of RL-90 has been questioned, the role of
PDI in coagulation requires further investigation.

Thrombin generation assay (TGA) is a quantitative method evaluating dynamic conversion
of prothrombin to thrombin (resulting from the action of the procoagulant driver) and decay
(resulting from the action of the anticoagulant driver), thus assessing the balance between
the two processes. Coagulation of the test plasma is activated by small amounts of tissue
factor and phospholipids, and the reaction of thrombin generation is continuously monitored
by means of a thrombin-specific fluorogenic substrate. Among the parameters derived from
the thrombin-generation curve, the most important is the endogenous thrombin potential,
defined as the net amount of thrombin. Historically, thrombin generation has been
investigated by means of the basic tests of coagulation, prothrombin time (PT) and activated
partial thromboplastin time (APTT). TGA has several advantages over these traditional
coagulation tests [7-9]. First, the measurement of PT and APTT is dependent on fibrinogen,
including concentration and activity; However, the TGA is not affected by fibrinogen and
can detect the coagulation activity even after fibrin network has formed. Second, in the
measurement of PT and APTT, plasma tends to clot after 5% of the entire thrombin potential
is generated. This means that 95% of the generated thrombin is not accounted for by these
tests. Third, TGA offers multiple parameters reflecting the whole process of blood
coagulation including lag time, the velocity of thrombin generation, peak of thrombin
generation and endogenous thrombin potential. Therefore, in this study, we determine the
role of PDI in thrombin generation using recombinant PDI protein, specific PDI inhibitor
PACMAZ31 and PDI-knockout cells.

Materials and Methods

Materials

PE-labeled anti-TF antibody was purchased form BD Bioscience Inc. Blocking monoclonal
anti-TF antibody 4501 was from American Diagnostica Inc. Propynoic Anti-ERp57
antibody (ab10287) from Abcam, Anti-ERp72 antibody (D70D12, #5033) from Cell Signal.
Anti-PDI antibody (H160, sc-20132) and anti-p-actin antibody from Abcam. Acid
Carbamoyl Methyl Amide-31 (PACMAZ31) was bought from Merck Millipore. Calf
intestinal alkaline phosphatase (CIAP) and DNase were purchased from New England
Biolabs. RPMI 1640 medium and fetal bovine serum (FBS) were purchased from Invitrogen.
Lipopolysaccharide (LPS), Polyinosinic:polycytidylic acid [poly(l:C)], Histopaque-1077,
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Histopaque-1083 and other reagents were obtained from Sigma-Aldrich unless otherwise
specified.

Mx1-Cre/PDIl mice were generated by mating Mx1-Cre mice (The Jackson Laboratory)
with PDIff mice, as previously described[5]. PDI gene deletion was induced by
intraperitoneal injection of 15 mg/kg poly(l:C) for 2 weeks every other day. Two weeks after
the last injection, marrow mononuclear cells were prepared from mice. Experiments with
mice were performed in accordance with institutional guidelines and with the approval of
the Institutional Animal Care and Use Committees at Soochow University.

Isolation of mouse marrow mononuclear cells

After Mx1-cre/PDIf mice and littermate control mice were euthanized, bone marrow
mononuclear cells (BMMCs) were isolated from femur and tibia. In brief, BMMCs were
flushed by inserting a 20-gauge needle attached to the 10 mL syringe into 6 mm cell culture
dish in PBS. The single cell suspension was filtered through a 70-mm strainer. The filtered
cell suspension was centrifuged for 10 min at 250g[10-11]. The pellet was resuspended in 3
ml of PBS, layered over 3 ml of Histopaque-1083 in 15 ml centrifuge tube. After
centrifugation for 30min at 400g, the cells were removed from interface, and washed three
times in PBS. Cells were cultured in complete RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS), 1 mM L-glutamine, and 1% penicillin-streptomycin at 37°C in a
humidified atmosphere with 5% CO».

Isolation of human PBMC

Human blood was collected using sodium citrate as an anti-coagulant from healthy donors
after informed consent was obtained. Mononuclear cells were prepared by density gradient
centrifugation, as described previously[12]. Briefly, fresh citrated human whole blood was
diluted with equal volume of PBS, overlayered onto Histopaque-1077 at a volume ratio of
1:1. After centrifugation at 400g for 30 min, the mononuclear cells were collected and
washed twice in PBS.

Flow cytometric analysis of TF expression on cell surface

Washed PBMCs (1 x 10%/mL) were blocked with 2% BSA-PBS for 5 mins, then incubated
with PE-conjugated control IgG, or PE-conjugated tissue factor for 10min. After washed
twice with PBS, cells were fixed with 1% paraformaldehyde in PBS analyzed by flow
cytometry analysis (FACS Calibur, BD).

Preparation of platelet-free plasma

Human and mouse blood was collected into 3.2% sodium citrate (9:1) and centrifuged twice
at 2000g for 10min, each time the supernatant plasma was collected. The plasma was mixed
and divided into several 1.5ml centrifuge tube, stored at —80°C. About 2 hours before TGA
experiment, the plasma was moved to 4°C refrigerator, or placed on ice until the plasma was
thawed completely. The plasma was obtained by a sequential centrifugation at 1000 g for 1
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min and at 21,100 g for 30 min at 4°C. The collected plasma was used in thrombin
generation measurement.

Thrombin generation assay

Thrombin generation initiated by mononuclear cells was performed as previously
described[9]. Briefly, 6x10* mononuclear cells in 80 pl of 1640 medium were added into a
TGA cuvette, 100ng/ml LPS or equal volume of PBS was added in and incubated for 4
hours at 37°C [12-14], followed by addition of 40pl of plasma. Thrombin generation was
initiated by automatic dispensation of 30ul of fluorescent thrombin substrate containing 100
mM Ca2*, and assessed in real time by Ceveron® Alpha TGA (Technoclone, Vienna,
Austria). In some experiments, after stimulated by LPS, cells were incubated with 50 pg/ml
inhibitory anti-tissue factor antibody 4501, 100ug/ml PDI-wt recombinant protein, or
various concentration of PACMAS31[15], before addition of plasma and thrombin substrate.
The change of fluorescent signal was transformed into thrombin generation curve in real
time by the Ceveron® Alpha TGA automatically.

Preparation of recombinant wild type PDI protein

Wild-type PDI (PDI-wt) cDNA was cloned into pTriEX-4 Neo vector with an N-terminal
histidine tag. BL21 cell transformed within PDI-wt recombinant plasmid was induced by
0.5uM IPTG for 4 hours at 37°C. PDI-wt recombinant protein in BL21 cell lysate was
purified using Ni Sepharose High Performance column (GE Healthcare)[16-18].

SDS-PAGE and western blotting

Cells were lysed by NP40 lysis buffer for 30 min on ice, followed by addition of SDS-PAGE
loading buffer and heating at 95°C for 10 minutes. After the samples were separated by
electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore), the
membrane was blocked with 5% non-fat dry milk in blocking buffer. After extensive
washing, the immunoblots were incubated for 2 h with the primary antibodies. After
incubation with anti-mouse IgG (LI-COR Bioscience) or IRDye 680-conjugated goat anti-
rabbit IgG (LI1-COR Bioscience), antibody binding was visualized with Odyssey Infrared
Imaging System (Li-Cor Biosciences).

Statistical analysis

The results are expressed as the means + SEM of at least three experiments. Statistical
analyses were performed on GraphPad Prism v5.0 (GraphPad software Inc., San Diego, CA,
USA). One-way analysis of variance followed by Tukey’s test (for multiple groups) or
Student’s #test (for comparisons between two groups) was used. A p value less than 0.05
was considered statistically significant. Unless stated otherwise, the data shown are from a
single experiment that is representative of at least three separate experiments.
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Results and Discussion

LPS-stimulated human PBMC express tissue factor with enhanced thrombin generation

LPS upregulates expression of tissue factor of cells. After LPS stimulation for 4 hours,
human PBMCs expressed higher levels of tissue factor on the cell membrane shown by flow
cytometry (Fig. 1A). As analyzed by TGA, TF-bearing PBMC possessed stronger thrombin
generation than non-stimulated PBMC (Fig. 1B and 1C). To determine the contribution of
TF to procoagulant activity of LPS-stimulated PBMC, the cells were pretreated with 50
pg/ml inhibitory anti-TF antibody 4501 before the addition of plasma and the thrombin
substrate. As shown in Fig. 1 (B and C), the anti-TF antibody completed inhibited thrombin
generation, suggesting that thrombin generation by LPS-stimulated PBMC is TF-dependent.

PDI contributes to thrombin generation by LPS-stimulated PBMCs

To determine the role of PDI in TF-dependent thrombin generation, PBMCs were incubated
with 100 pg/ml of recombinant PDI-wt protein. As shown by TGA, PDI-wt significantly
increased thrombin generation (Fig. 2A). Moreover, the PDI inhibitor PACMA3L inhibited
thrombin generation of LPS-stimulated PBMCs in a concentration-dependent fashion (Fig.
2B). The above results imply that PDI enhances TF-dependent thrombin generation.

PDI deficiency inhibits thrombin generation of mouse bone marrow mononuclear cells

To further determine the role of PDI on TF-dependent thrombin generation, PDI-deficient
bone marrow mononuclear cells were isolated from inducible PDI-knockout mice as we
previously described[15]. Mx1-Cre/PDIf/fl mice were generated by mating Mx1-Cre mice
with PDITT mice. After treatment with poly(1:C) for 2 weeks, bone marrow mononuclear
cells were isolated, and the absence of PDI protein expression was confirmed by western
blotting, in spite of normal level of other disulfide isomerases such as ERp57 and ERp72.
(Fig. 3A and 3B). As detected by TGA, when WT and PDI-deficient cells were incubated
with 100 ng/ml LPS for 4 hours, bone marrow mononuclear cells from Mx1-Cre/PDIV/fl
mice showed a decrease in thrombin generation compared with WT wild-type cells (Fig.
3A), demonstrating that PDI plays a specific role in potentiation of TF-dependent thrombin
generation.

The above results provide evidence showing that PDI is positive regulator of TF-dependent
on thrombin generation. It has been noted that PDI contributes to thrombosis and
haemostasis[3, 5-6, 19-20]. PDI-knockout mice have a prolonged bleeding time[5]. In a
laser-induced thrombosis model of the cremaster muscle arterioles, both Mx1-Cre/PDIfl/fl
mice and mice expressing an inactive mutation of the C-terminal active site showed a
decrease in fibrin deposition[5]. In a rat inferior vena cava ligation model, PDI expression
has been detected in the venous thrombi PDI, suggesting its participation in venous
thrombosis[21]. However, the mechanism by which PDI regulates coagulation remains
elusive. Tissue factor plays a critical role in hemostasis and thrombosis, however,
uncertainty remains about the role of PDI in the modulation of tissue factor activity there is
lack of strong evidence showing that PDI enhances coagulation via modulation of tissue
factor [6, 22—-26]. In this study, using PDI recombinant protein, PDI inhibitor and PDI-
deficient cell models, we provide evidence that PDI mediates tissue factor thrombin
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generation. Thus, PDI may serve as a novel therapeutic target for anti-coagulant
treatment[27-28].
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Figure 1. LPS-stimulated human PBMCs expresses TF and initiates thrombin generation
Human PBMCs were treated with PBS or 100 ng/ml LPS at 37°C for 4 hours, the expression

of TF on PBMCs were analyzed by flow cytometry using PE-labeled anti-TF antibody (A).
Thrombin generation initiated by PBMCs was performed as described in the Materials and
Methods. PBMCs were treated with PBS, 100 ng/ml LPS, or 100 ng/ml LPS plus 50 pg/ml
anti-TF antibody (4501) (n=3). Representative trace (B) and peak thrombin generation are

shown (C). **P< 0.01, ***P< 0.001, ttest.
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Figure 2. Thrombin generation by LPS-stimulated PBMCs is potentiated by recombinant PDI
protein and inhibited by the PDI inhibitor PACMA31

Human PBMCs were treated with 100 ng/ml of LPS, followed by incubation with PBS or
100 pg/ml of recombinant wild-type PDI protein (PDI-wt) at 37°C for 4 hours (A).
Thrombin generation was measured. Representative trace (left panel) and peak thrombin
generation (right panel) are shown. **P < 0.01, ttest. (B) Human PBMCs were treated with
100 ng/ml of LPS, followed by incubation with DMSO or PACMAZ31 at the indicated
concentration. Representative trace of thrombin generation are shown.
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Figure 3. PDI deficient marrow mononuclear cells show a decrease in thrombin generation
(A) PDI and other disulfide isomerases ERp57 and ERp72 in bone marrow mononuclear

cells from WT and Mx1-cre/PDIT/fl mice was detected by immunoblotting. p-actin served as
a loading control. The blots (left panel) and densitometric analysis (right panel) are shown
(n=3). **P< 0.01, ttest. (B) Bone marrow mononuclear cells from WT PDI/fl mice and
Mx1-cre/PDIVfl mice were treated with LPS, followed by TGA analysis (n=3).
Representative trace (left panel) and peak thrombin generation (right panel) are shown. *P<

0.05, ttest.
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