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Abstract

The crosstalk between immune and coagulation systems plays pivotal roles in host defense, which may involve monocyte-
derived dendritic cells (moDCs). Our objectives were to elucidate the role of moDCs in coagulation under inflammatory
conditions and the involvement of the complement system. We assessed the effects of lipopolysaccharide (LPS)-stimulated
moDCs on coagulation using whole blood thromboelastometry in the presence of complement inhibitors. The sum of clot-
ting time and clot formation time (CT plus CFT) in whole blood thromboelastometry was significantly more reduced in
the presence of moDCs than in the absence of monocytes or moDCs and in the presence of monocytes, indicating a more
potent coagulability of moDCs. The mRNA expression of coagulation-related proteins in moDCs was analyzed by quantita-
tive PCR, which showed an increase only in the mRNA levels of tissue factor (TF). TF protein expression was assessed by
western blot analysis and an activity assay, revealing higher TF expression in moDCs than that in monocytes. The in vitro
moDC-associated hypercoagulable state was suppressed by a TF-neutralizing antibody, whereas LPS enhanced the in vitro
hypercoagulation further. C1 inhibitor suppressed the in vitro LPS-enhanced whole blood hypercoagulability in the presence
of moDCs and the increased TF expression in moDCs. These results suggest a significant role of moDCs and the complement
system through TF expression in a hypercoagulable state under inflammatory conditions and demonstrate the suppressive
effects of C1 inhibitor on moDC-associated hypercoagulation.
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Introduction

Innate immunity and inflammatory responses are the front
line biological defense mechanism in collaboration with the
coagulation system. Coagulation enhanced under inflam-
matory conditions prevents dissemination of pathogens by
hemostatic containment [1]. Monocytes play a key role in
the initial step of the hemostatic containment process [2].
When infectious agents activate innate immunity and induce
inflammatory responses, monocytes are recruited to the
inflammation site and express tissue factor (TF) at the site
of pathogen exposure, which initiates the extrinsic coagula-
tion pathway in cooperation with circulating activated factor
VII [3]. As monocytes can differentiate into dendritic cells
(DCs) under inflammatory conditions, monocyte-derived
DCs (moDCs) might play a role in inflammation-induced
coagulation similar to monocytes.

DCs occurring at the inflammatory loci are called inflam-
matory DCs. Primary human monocytes differentiate into
inflammatory DCs under inflammatory conditions in vitro
and in vivo [4-7]. Inflammatory DCs are derived from CD14
positive CD16 negative classical monocytes [8]. As existing
DCs such as conventional DCs and plasmacytoid DCs are
lost because of apoptosis at the inflammatory loci [7], the
number of moDCs increases through inflammation-induced
differentiation, and their rapid and numerous recruitment
to the inflamed site might be significant in inflammation-
induced coagulation. In monocytes, TF expression increases
under immunological stimulation, which evokes the coag-
ulation system. TF expression in monocytes is hampered
by inhibition of the complement system, especially by C1
esterase inhibitor (C1-inh) [9]. However, the role of moDCs
in the coagulation under inflammatory conditions remains
unclear.

It is critical to consider the cellular fraction as well as the
plasma fraction containing coagulation factors for hemo-
static assessment, because blood cells, including immune
leukocytes, are deeply involved in the coagulation process
[10]. Among global coagulation assays that assess the inter-
action of coagulation factors and blood corpuscles, throm-
boelastometry measures the viscoelasticity of whole blood
during the entire clotting process. To explore whether human
moDC:s play a role in inflammation-induced coagulation, we
investigated the effects of moDCs on global hemostatic func-
tion in the presence of lipopolysaccharide (LPS), a pathogen
associated molecular pattern that is recognized by innate
immune cells, using whole blood thromboelastometry with
special reference to TF expression as well as complement
system involvement.
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Materials and methods
Blood sampling

Blood samples were obtained by venipuncture into 3.8%
sodium citrate (9:1, v/v) from healthy volunteers comprising
three male and three female Asians between 30 and 50 years
of age, who had taken no medication for 2 after providing
written informed consent. For thromboelastometry analysis,
the initial 3 mL of withdrawn blood was discarded.

Isolation of monocytes and generation of moDCs

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated using Lymphoprep (Axis-Shield, Oslo, Norway). Bio-
magnetic negative depletion of classical monocytes from
PBMCs was performed using a Dynabeads Untouched
Human Monocytes kit (Invitrogen, Carlsbad, CA, USA).
Flow cytometric analyses showed that CD14 positive CD16
negative classical monocytes constitute at least 94% of the
obtained preparations (Supplemental Fig. 1a). Isolated
monocytes were differentiated into DCs according to a pre-
vious report with slight modification [11]. Briefly, the sepa-
rated monocytes were cultured in RPMI-1640 containing
10% FBS and 1% penicillin/streptomycin, in the presence
of 100 ng/mL of IL-4 and 250 ng/mL of GM-CSF. After 7
days of culture, immature moDCs were obtained and pulsed
with 20 ng/mL of recombinant human TNF-a for 3 days to
induce maturation. The purity of generated moDCs was con-
firmed by flow cytometric analysis (Supplemental Fig. 1b).
Unless otherwise specified, moDC herein refers to mature
cells. To eliminate hemostatic effects of individual differ-
ences between subjects, comparisons were made using the
same donor-derived monocytes and moDCs. Reagents were
purchased from Wako Pure Chemical Industries (Osaka,
Japan) unless otherwise noted.

Rotational thromboelastometry (ROTEM)

ROTEM, a modification of traditional thrombelastogra-
phy, measures the global viscoelastic properties of whole
blood clot formation under low shear conditions [12]. Fig-
ure la (top) shows a typical ROTEM curve. The follow-
ing numerical parameters are obtained. Clotting time (CT)
corresponding to r time in thromboelastography is defined
as the time from the start to initial fibrin formation. Clot
formation time (CFT) comparable to k time in thrombel-
astography is a measure of the speed at which a clot forms
with a certain viscoelastic strength. Similar to r time plus
k time that has long been used as an indicator of whole
blood clot formation [13—15], CT plus CFT is also used as
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Fig. 1 Effect of moDCs on whole blood thromboelastometry. Throm-
boelastometric analysis provides the following parameters: Clot-
ting time (CT), which is the whole blood clot initiation time, and is
defined as the time from the start to initial fibrin formation, as noted
by a signal amplitude of 2 mm (green line); Clot formation time
(CFT) is a measure of the speed at which a clot forms with a cer-
tain viscoelastic strength, and is defined as the time from CT until the
amplitude of the signal reaches 20 mm (purple portion). Maximum
clot firmness (MCF) is the largest amplitude of the thromboelasto-
metric signal and is a measure of clot strength (bidirectional arrow
in blue portion). a Representative thromboelastometric traces in the

an index of whole blood clotting in thromboelastometric
analysis [16]. Maximum clot firmness (MCF) correspond-
ing to maximum amplitude in thrombelastography is the
largest amplitude of the thromboelastometric signal.

To evaluate the effects of moDCs on ROTEM meas-
urements, 1/10 volume of monocyte or moDC suspension
[final concentration (f.c.) 10 and 30 cells/pL] was mixed
with normal whole blood and incubated at 37 °C for 2 h.
PBS alone was used as a negative control.

ROTEM was also performed in the presence of human
TF-neutralizing antibody (Goat, American Diagnostica,
Stamford, CT, USA). Three microliters of anti-TF anti-
body (f.c. 10 pg/mL) or PBS were mixed with whole blood
(285 pL) and moDC suspension (10 pL, f.c. 30 cells/pL)
and incubated at 37 °C for 10 min. The concentration of

b
120

100+
80
60 *

# dkok
40+

CT+CFT (%)

O monocytes

209 @ moDCs

0 L) L] L] L]
0 10 20 30

cells/pL
115-

110+
105+

100+

MCF (%)

95-’ Q monocytes
:f @ moDCs

0 L] L]
10 20 30
cells/pL

o=

presence or absence of moDCs. b Thromboelastometric variables CT
plus CFT and MCEF in the presence of monocytes (open circle) and
moDCs (closed circle) were plotted against cell concentrations of
monocytes or moDCs. The CT plus CFT or MCF of control samples
without monocytes or moDCs was set as 100%. The data in the pres-
ence of monocytes or moDCs are expressed as a comparative ratio
(%) to the control samples. The error bars represent SEM for 5 inde-
pendent measurements (n=>35). *p <0.05, ***p <0.001 whole blood
with moDCs vs. whole blood without moDCs (control). #p<0.05
whole blood with moDCs versus whole blood with monocytes at the
corresponding cell concentration

anti-TF antibody at which the TF activity is neutralized
was determined as described previously [17].

To assess the effects of LPS and complement inhibitors
on coagulation in the presence of moDCs, 50 pL of LPS
(E. coli O11:B4, Sigma-Aldrich, St. Louis, MO, USA) (f.c.
1 pg/mL) was added to the assay mixture [385 pL of whole
blood with 15 pL of moDC suspension (f.c. 30 cells/
pL)]. Fifty microliters of PBS (vehicle), human Cl-inh
(Berinert®, CSL Behring, Tokyo, Japan) (f.c. 2.5 mg/mL),
or C3-binding cyclic synthetic peptide (C3-inh: Compsta-
tin, Tocris Bioscience, Ellisville, MO, USA) (f.c. 20 uM)
was immediately added to the corresponding tubes. The
doses of Cl-inh and C3-inh were determined according
to previous studies [9, 18]. The assay mixtures were incu-
bated at 37 °C for 2 h.
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ROTEM measurements were initiated after the addition
of 20 uL of 0.2 M CaCl, in the non-activating thromboelas-
tometry (NATEM) mode.

Gene expression analysis

RNA isolation and quality control were performed as
described previously [19, 20]. To select appropriate refer-
ence genes for reliable gene expression profiles, we ana-
lyzed the stability of expression levels for 7 housekeeping
genes by real-time quantitative reverse transcription-PCR
(qRT-PCR) using normalization tools and evaluation with
the RefFinder software (http://150.216.56.64/referenceg
ene.php) as described previously [21, 22]. Table 1 shows
23 target coagulation-related genes, 7 housekeeping genes,

Table 1 Primer sets for target genes and housekeeping genes

and their TagMan probes and primer sets (Applied Bio-
systems, Foster City, CA, USA). Target gene expression
in monocytes, immature moDCs, and mature moDCs was
analyzed.

To elucidate whether innate immune stimulation
affects moDC-associated hypercoagulation, TF expres-
sion in mature moDCs treated with LPS (f.c. 1 pg/mL)
was examined. Furthermore, to elucidate whether the com-
plement system is involved, vehicle (PBS), Cl-inh (f.c.
2.5 mg/mL), or C3-inh (f.c. 20 pM) was added to the cor-
responding tubes immediately after the addition of LPS
to moDCs. Cell mixture samples were incubated at 37 °C
for 6 h. Total RNA was extracted from these cell samples,
and TF mRNA expression was analyzed by qRT-PCR as
described above.

Target genes symbol Gene name

Assay ID

Coagulation-related genes

FGB Fibrinogen beta chain

F2 Coagulation factor II (prothrombin)

F3 Coagulation factor III (tisseu factor)

F5 Coagulation factor V

F7 Coagulation factor VII

F8 Coagulation factor VIII

F9 Coagulation factor IX

Fi10 Coagulation factor X

Fl11 Coagulation factor XI

Fi2 Coagulation factor XII

Fi3B Coagulation factor XIII, beta subunit

PROC Protein C

PROS1 Protein S (alpha)

SERPINCI Antithrombin

PLG Plasminogen

VWF von Willebrand factor

CPB2 Carboxypeptidase B2 (thrombin-activatable fibrinolysis inhibitor; TAFI)
PLAT Tissue plasminogen activator

HABP2 Hyaluronan binding protein 2 (factor VII activating protease)
F2R Coagulation factor II receptor (PAR1)

F2RLI Coagulation factor II (thrombin) receptor-like 1 (PAR2)
F2RL2 Coagulation factor II (thrombin) receptor-like 2 (PAR3)
F2RL3 Coagulation factor II (thrombin) receptor-like 3 (PAR4)

Housekeeping genes
GAPDH

Glyceraldehyde-3-phosphate dehydrogenase

ACTB Actin, beta

TBP TATA box binding protein

PPIA Peptidylprolyl isomerase A (cyclophilin A)
GUSB Glucuronidase, beta

TFRC Transferrin receptor (p90, CD71)

HPRTI Hypoxanthine phosphoribosyltransferase 1

Hs00905942_m1
Hs01011995_¢g1

Hs01076032_m1
Hs00164521_m1
Hs00174498_m1
Hs00240767_m1
Hs01592597_m1
Hs00173450_m1
Hs00240754_m1
Hs00166821_m1
Hs00157471_m1
Hs00165584_m1
Hs00165590_m1
Hs00166654_m1
Hs00264877_m1
Hs00169795_m1
Hs00255533_m1
Hs00938315_m1
Hs00188053_m1
Hs00169258_m1
Hs00608346_m1
Hs00765740_m1
Hs00559732_m1

Hs99999905_m1
Hs99999903_m1
Hs00427620_m1
Hs99999904_m1
Hs99999908_m1
Hs00174609_m1
Hs99999909_m1
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TF protein expression assessed by western blot
analysis

Monocytes, immature moDCs, and mature moDCs were lysed
using T-PER Tissue Protein Extraction Reagent containing
protease and phosphatase inhibitors (Thermo Fisher Scientific,
Rockford, IL, USA). Proteins concentrations were determined
by the bicinchoninic acid (BCA) assay (Thermo Fisher Sci-
entific) and 20 pg of protein samples were used for western
blotting. Goat anti-humanTF antibody was used to detect
the TF antigen. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the loading control. Protein band inten-
sity was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

In a different experiment to examine the effects of LPS, TF
protein expression in moDCs incubated with vehicle (PBS) or
LPS (f.c. 1 pg/mL) at 37 °C for 6 h was evaluated by western
blot analysis as described.

TF protein expression assessed by TF activity assay

moDCs were incubated with vehicle (PBS) or LPS (f.c. 1 pg/
mL) at 37 °C for 6 h to investigate the effects of LPS on TF
expression in moDCs. Furthermore, to elucidate whether the
complement system is involved, vehicle (PBS), Cl-inh (f.c.
2.5 mg/mL), or C3-inh (f.c. 20 pM) was added to the cor-
responding tubes immediately after addition of LPS. After
incubation at 37 °C for 6 h, cell samples were washed twice
with PBS and dissolved in 15 mM octyl-f-p-glucopyranoside
(Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 15 min. The
TF activities of cell lysates were assessed using Tissue Factor
Chromogenic Activity Kit (Assaypro, St. Charles, MO, USA).
Protein concentrations were determined using BCA assay.
The raw data of TF activity were corrected to the amount of
total protein, and the results are expressed as a ratio of values
obtained from treated cells to those from control cells.

Statistical analysis

Statistical analyses were performed using SPSS software
v.19 (IBM SPSS Statistics, Chicago, IL, USA). Data were
analyzed using the Student’s #-test. In case of more than two
experimental groups, one way ANOVA followed by the Tukey
Kramer post-hoc test was performed. Data are expressed as
mean + SEM and p values < 0.05 were considered significant.

Results
moDCs enhance whole blood coagulation

The thromboelastometric traces showed that although addi-
tion of monocytes altered neither CT plus CFT nor MCF,

addition of moDCs to whole blood dose-dependently
reduced the CT plus CFT and increased MCF (Fig. 1a).
CT plus CFT was significantly reduced in the presence of
moDCs compared with that in the absence of moDCs and
in the presence of monocytes at the same cell concentra-
tion; however the difference in MCF between monocytes and
moDCs was not significant (Fig. 1b). These results indicate
that moDCs can enhance whole blood coagulation, whereas
monocytes cannot do so in our experimental system. As the
figures of the upper measuring limit of MCF are not far
from normal values, a significant difference in MCF val-
ues between normal and hypercoagulable blood may hardly
arise. Therefore, CT plus CFT was adopted as the marker
of a hypercoagulable state in subsequent experiments using
thromboelastometry.

Upregulation of TF mRNA and protein expression
in moDCs

After an analysis of the expression stability of housekeep-
ing genes, HPRT] was used as the reference gene (Supple-
mental Fig. 2). Many genes of interest, including fibrino-
gen f chain, prothrombin, factors VII, IX, X, XI, and XIII
subunit, protein C, anti-thrombin, plasminogen, thrombin-
activatable fibrinolysis inhibitor, tissue plasminogen acti-
vator, hyaluronan binding protein 2 (factor VII activating-
protease), protease-activated receptor (PAR) 3, and PAR4
were not expressed during the differentiation of monocytes
into mature moDCs. Other genes, including factors V, VIII,
and XII, protein S, von Willebrand factor (VWF), PARI,
and PAR2 were downregulated as monocytes differenti-
ated into mature moDCs, except for TF mRNA, which was
increased as the differentiation proceeded from monocytes
to mature moDCs (Fig. 2a). Western blot analysis confirmed
that TF protein synthesis increased during differentiation
from monocytes into mature moDCs, consistent with mRNA
expression (Fig. 2b).

TF-inhibition suppresses moDC-associated
hypercoagulability of whole blood

Reduced CT plus CFT in the presence of moDCs was
restored to control levels by the addition of a TF-neutralizing
antibody (Fig. 2c¢).

LPS-enhanced hypercoagulability in whole blood
with moDCs

Thromboelastometric analysis showed that LPS-treatment
of whole blood with moDCs further shortened the CT
plus CFT. However, the CT plus CFT reduced by LPS was
restored to baseline levels in the presence of C1-inh, whereas
C3-inh showed little effect (Fig. 3a).
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Fig.2 TF expression. a Gene expression profiling of coagulation-
related factors during differentiation from classical monocytes to
mature moDCs (n=5). The data are normalized to the expression of
the reference gene HPRTI and are expressed as a comparative ratio
to the monocyte samples. mono: monocytes, iDC: immature moDCs,
moDC: mature moDCs. All values are presented as mean=+ SEM.
Only TF mRNA expression was increased with differentiation. b TF
synthesis during differentiation from monocytes into mature moDCs
(n=5). Upper: Western blots demonstrating the relative levels of TF
and GAPDH, which was used as a loading control. Lower: Analysis
of band intensities quantified with ImageJ software. Band intensi-
ties of TF in immature moDCs and mature moDCs relative to that of

LPS-enhanced upregulation of TF mRNA and protein
expression in moDCs

TF mRNA expression was further enhanced in moDCs after
LPS treatment (Fig. 3b). Consistently, western blot analysis
and TF activity assay also demonstrated increased TF pro-
tein expression in LPS-treated moDCs (Fig. 3c, d).
Enhanced upregulation of both TF mRNA expression and
TF activity by LPS was significantly suppressed in the pres-
ence of Cl-inh, whereas C3-inh had no effect (Fig. 3b, d).

Discussion
In the present study, we showed that moDCs may be involved

in the hypercoagulable state induced under inflammatory
conditions through their endogenous TF expression.
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control moDC moDC TFAb
+
TFAb

monocytes are shown. Note that TF protein expression was increased
during differentiation. mono: monocytes, iDC: immature moDCs,
moDC: mature moDCs. The error bars represent the SEM of tripli-
cate experiments. *p <0.05, ***p <0.001. ¢ Effect of TF-neutralizing
antibody on moDC-induced whole blood hypercoagulation (n=5).
Reduced CT plus CFT in the presence of moDCs was restored to con-
trol levels by the addition of TF-neutralizing antibody. CT plus CFT
in the presence of TF antibody was not prolonged to more than that
of the control levels. These results suggest that whole blood hyperco-
agulability in the presence of moDCs was primarily attributed to TF
activity. The error bars represent the SEM of triplicate experiments.
*p<0.05

First, thromboelastometric analysis demonstrated
that moDCs had a significantly more potent coagulabil-
ity compared to monocytes. Gene expression analysis of
coagulation-related genes showed that only TF expression
was upregulated in moDCs. Increased TF protein synthesis
was confirmed by western blot analysis and activity assay.
As TF inactivation using a TF-neutralizing antibody sup-
pressed the in vitro hypercoagulable state of the whole
blood with moDCs to a control state in the absence of
moDCs, the moDC-associated hypercoagulability likely
depends on TF upregulation. In the current cell-based
model of coagulation, the initiation phase occurs on the
TF-bearing cell surface [10]. When TF bearing cells trans-
mit a procoagulant signal to platelets and the stimulus is
strong enough, thrombin and activated factors IX and X
are formed to initiate intrinsic coagulation leading to a
thrombin burst [23]. Therefore, marked upregulation of
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Fig.3 Hypercoagulable effect of LPS and its inhibition by Cl-inh. a
Thromboelastometric analysis (n=5). CT plus CFT in the presence
of LPS, LPS and Cl-inh, and LPS and C3-inh is expressed as a com-
parative ratio (%) to the control samples (whole blood supplemented
with moDCs). CT plus CFT was reduced in the presence of LPS,
indicating that LPS challenge further enhanced the moDC-associated
hypercoagulable state. Cl-inh restored the LPS-induced reduction
of CT plus CFT, whereas C3-inh did not. b 7F mRNA expression
(n=3). The data obtained in the presence of LPS, LPS and Cl-inh,
and LPS and C3-inh are expressed as comparative ratios to those for
moDCs alone. Cl-inh suppressed the LPS-enhanced TF expression.
¢ Western blot analysis for TF protein synthesis (n=3). The data in
the presence of LPS are expressed as a comparative ratio to those for
moDCs alone. d TF activity (n=5). The data in the presence of LPS,
LPS and Cl-inh, and LPS and C3-inh are expressed as comparative
ratios (%) to those of moDCs alone. Significant upregulation of TF
expression was confirmed at the mRNA and protein levels, both of
which reflected a similar trend. An activity assay was employed for
TF protein expression in this experiment, because coagulability
depends more on TF activity than upon TF antigen levels. *p <0.05.
Error bars represent SEM of 3 or 5 independent experiments

TF in moDCs under inflammatory conditions might result
in hypercoagulation in vivo. TF upregulation was signifi-
cantly more pronounced in moDCs than that in monocytes,
which may explain the difference of the hypercoagulable
effects between monocytes and moDCs shown in our
thromboelastometric analysis.

On the other hand, as PARs serve as a link between
inflammation and coagulation [24], expression of PARs
on moDCs might contribute to the experimental hyper-
coagulable state. However, we failed to show the expres-
sion of any PAR in mature moDCs, which is consistent
with a previous observation that only PAR2—which is not

involved in coagulation—is expressed in immature moDCs
and decreases as maturation progresses [25].

TF mRNA and protein upregulation in moDCs was
found to be even more enhanced in the presence of LPS.
Under in vivo inflammatory conditions, LPS activates
monocytes and macrophages as well as moDCs to induce
proinflammatory cytokine production, which may cause
endothelial damage and thrombotic tendency [26].

TF is not only a primary initiator of blood coagula-
tion, but also has signaling activity and promotes plei-
otropic inflammatory responses via PARs expressed on
various types of cells in concert with other coagulation
factors. Therefore, when an intense inflammatory response
allows differentiation into moDCs and extends systemi-
cally beyond the inflammatory site, systemic, pathogenic
immune-mediated thrombosis—potentially leading to
disseminated intravascular coagulation—may develop.
However, C1-inh might suppress a series of events caused
by the inflammation-coagulation axis associated with
moDCs and may be beneficial in systemic immune-medi-
ated thrombosis. In earlier studies, pentraxin 3 (PTX3) has
been shown to upregulate TF expression and is involved
in LPS-enhanced TF expression in monocytes [9, 27, 28].
Furthermore, the inhibitory activity of C1-inh on LPS-
induced TF expression in monocytes is partly ascribed
to the suppression of PTX3 generation [9]. We therefore
speculate that PTX3 also participates in the mechanism
underlying TF upregulation in moDCs, which might
involve C1. Further studies are warranted to address these
mechanisms.

The limitations of this study were that it was performed
in laboratory conditions and that the blood samples used
were all from Asians. Considering the ethnic differences
in coagulation [29], further experiments using samples of
non-Asian origin are warranted.

In conclusion, human moDCs, which are induced from
classical monocytes under inflammatory conditions and
are accumulated at inflammatory sites, may contribute to
hemostatic containment and immune-mediated thrombosis
through TF expression. Our findings elucidate the role of
moDCs in the inflammation-induced hypercoagulable state.
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