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Tissue factor (TF), a transmembrane receptor for
plasma factor VII(a), is the main initiator of the coag-
ulation cascade. It has also been implicated in nonco-
agulant processes, including inflammation. The func-
tion of the TF cytoplasmic domain was studied in
mice in which 18 of the 20 cytoplasmic amino acids
were deleted. This mutation (TF�CT/�CT) is not associ-
ated with alterations in blood coagulation. Arthritis
was induced by intra-articular injection of methylated
bovine serum albumin (mBSA) in mice preimmunized
with mBSA. Arthritis severity was significantly re-
duced in TF�CT/�CT mice compared to wild-type mice,
including reductions in synovitis, synovial exudate,
cartilage degradation, and bone damage. A marked
reduction in synovial interleukin (IL)-1� and IL-6
mRNA was also observed. Serum anti-mBSA IgG1, but
not IgG2a, was increased in mutant mice. Cutaneous
delayed-type hypersensitivity and antigen-induced T-
cell proliferation were reduced in TF�CT/�CT compared
to wild-type mice. A significant down-regulation of
lipopolysaccharide-induced IL-1, tumor necrosis fac-
tor, IL-6, macrophage migration inhibitory factor,
and matrix metalloproteinase-13 mRNA was observed
in immunized, but not in naive TF�CT/�CT macro-
phages ex vivo. These data suggest a significant role
for the cytoplasmic domain of TF in the regulation of
the immunoinflammatory responses, a murine ar-
thritis model, and macrophage function. (Am J
Pathol 2004, 164:109–117)

Tissue factor (TF), a transmembrane receptor for the
serine protease coagulation factor VII(a),1 is the most
potent initiator of the extrinsic coagulation cascade.2 Af-
ter vascular injury, the extracellular domain of TF binds
circulating factor VIIa, activating factor X, which converts

prothrombin to thrombin and leads to fibrin deposition. TF
is normally present on the surface of certain cell types
located outside the vasculature and its expression is
tightly regulated.3 Its expression can also be induced in
monocytes in response to certain stimuli, including inter-
leukin (IL)-1, IL-6, and tumor necrosis factor (TNF).4 In
addition to its essential role in hemostasis, TF has also
been implicated in noncoagulant processes, including
embryological development,5–7 tumor angiogenesis,8 tu-
mor metastasis,9–11 sepsis, and inflammation.12

A growing body of evidence supports the involvement
of TF-induced coagulation in inflammatory arthritis. In-
creased expression of TF and thrombin has been dem-
onstrated in the synovium of patients with rheumatoid
arthritis (RA) and in animal models of RA.13–16 Moreover,
reduced levels of coagulation factors, with increased
thrombin activity and thrombin-anti-thrombin complexes,
have been found in RA synovial fluids.17,18

More recently, it has been shown that intra-articular
injection of either recombinant TF or TF/FVIIa complex in
mice induces remarkable cellular infiltration of synovium,
and cartilage and bone destruction, indicating direct
proinflammatory properties of TF.19,20 The function of the
cytoplasmic domain of TF, which consists of only 21
residues in humans and 20 residues in mice, is primarily
unknown. Melis and colleagues21 generated mice in
which 18 of the 20 amino acids of the cytoplasmic tail are
deleted (TF�CT/�CT). Unlike embryos with a full-length de-
letion of TF, which have defective vascular development
and die in utero,22 cytoplasmic tail mutant mice display
normal development and normal coagulation.21 These
mice allow examination of the function of the cytoplasmic
domain in noncoagulant functions of TF, such as inflam-
mation. We investigated the role of the TF cytoplasmic
domain in the development of arthritis. We report a sig-
nificant reduction of disease severity in TF�CT/�CT mice
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accompanied by reduced synovial cytokine mRNA expres-
sion and impairment of the adaptive immune response.

Materials and Methods

Animals

Mice with deletion of 18 of the 20 amino acids of the
cytoplasmic domain of TF (TF�CT/�CT) were generated by
the Cre-lox recombination technique, as described pre-
viously.21 The deletion was introduced in exon 6 along
with a floxed neoR selection cassette in intron 5 using
homologous recombination in embryonic stem cells.
TF�CT/�CT animals have normal fertility, embryonic and
postnatal development, and coagulation and are of 25%
Swiss/25% 129S/50% MF-1 background.21 Mice were
bred and housed under specific pathogen-free condi-
tions together with strain-identical wild-type (TF�/�) mice,
which were used as controls. Previous experiments have
shown that there was no difference between littermates
and strain-identical TF�/� and TF�CT/�CT mice in re-
sponse to endotoxemia or immunization (unpublished
observations). All experiments were approved by the
Monash University Animal Ethics Committee.

Induction and Assessment of Arthritis

Antigen-induced arthritis (AIA) in mice was established
as described previously.23 Briefly, mice were immunized
on day 0 with 200 �g of methylated bovine serum albu-
min (mBSA) (Sigma Chemical Co., Castle Hill, Australia)
emulsified in 0.2 ml of Freund’s complete adjuvant in-
jected subcutaneously into the flank skin. At day 7, the
mice received 100 �g of mBSA/0.1 ml Freund’s complete
adjuvant by intradermal injection at the base of the tail.
Arthritis was induced at day 21 by intra-articular injection
of 30 �g of mBSA in 10 �l of sterile saline into the left
knee, the right knee being injected with sterile saline
alone.

Arthritis was analyzed histologically at day 28 after the
first immunization. Knee joints were dissected and fixed
in 10% buffered formalin for 7 days. Fixed tissues were
decalcified for 3 weeks in 15% ethylenediaminetetraace-
tic acid (EDTA), dehydrated, and embedded in paraffin.
Sagittal sections (5 �m) of the knee joint were stained
with Safranin-O and counterstained with fast green/iron
hematoxylin. Histological sections were scored from 0 to
3 for five parameters: Synovitis was defined as hypercel-
lularity of the synovium including pannus formation. Joint
space exudate was identified as leukocytes, discretely or
in aggregates, in the joint space. Soft tissue inflammation
was defined as leukocyte infiltration assessed in the in-
frapatellar fat pads, joint capsule, and the area adjacent
to the periosteal sheath. Cartilage degradation was de-
fined as the loss of Safranin-O staining of articular carti-
lage (0 � full stained cartilage, 3 � totally unstained
cartilage). Bone damage was defined as the extent and
depth of the subchondral bone invasion by pannus. A
total score was generated from the sum of these five
parameters.

Induction of Cutaneous Delayed-Type
Hypersensitivity (DTH) to mBSA

Mice developing arthritis were challenged 24 hours be-
fore the end of the experiment by intradermal injection of
50 �g of mBSA in 20 �l of saline into one hind footpad. A
similar volume of saline was injected into the contralateral
footpad as a control. Footpad swelling was quantified 24
hours later using a micrometer (Mitutoyo, Kawasaki-shi,
Japan). DTH was recorded as the difference in skin swell-
ing between mBSA and saline-injected footpads, and
expressed as change in footpad thickness (�m).

T-Cell Activation and Cytokine Production

To measure T-cell proliferation, spleens were removed at
day 28 after the first immunization and a single cell sus-
pension prepared in Dulbecco’s modified Eagle’s me-
dium containing 5% fetal calf serum and 0.05% 2-mer-
captoethanol. Cells (1 � 105 /200 �l) were cultured in
triplicate in the presence or absence of mBSA (0.1, 1.0,
10, and 50 �g/ml) or phytohemagglutinin (1 �g/ml) in
96-well plates for 48 hours (37°C, 5% CO2.) The T-cell
proliferation response was determined by measuring
[3H]-thymidine incorporation during the final 18 hours.
The cells were harvested and radioactivity incorporation
into the DNA was measured with a Wallac 1409 liquid
scintillation counter (Pharmacia, Turku, Finland).

To measure cytokine production, splenocytes (2 � 106

cells/500 �l) were incubated for 48 hours (37°C, 5% CO2)
in 48-well tissue culture plates (0.5 ml/well) in the pres-
ence or absence of mBSA at a concentration of 0.1, 1,
and 10 �g/ml. Interferon (IFN)-� and IL-4 concentrations
in culture supernatants were measured by enzyme-linked
immunosorbent assay (ELISA) as previously de-
scribed.24 Primary and secondary monoclonal antibodies
(mAbs) used were rat anti-mouse IFN-� (R46A2; Phar-
Mingen, San Diego, CA) and biotinylated XMG1.2 (Phar-
Mingen) for the IFN-�-ELISA, and rat anti-mouse IL-4
(11B11; American Type Culture Collection, Rockville,
MD), and biotinylated BVD6 (DNAX Research Institute,
Palo Alto, CA) for the IL-4 ELISA. The detection limits of
the assays were 12 pg/ml and 15 pg/ml, respectively.

Antibody Response

Serum levels of anti-mBSA IgG were determined by
ELISA as previously described.25 Briefly, polyvinyl micro-
titer plates were coated with 100 �l of mBSA (100 �g/ml)
for 24 hours at 4°C. The plates were blocked with 2%
casein (Sigma Chemical Co.) in phosphate-buffered sa-
line (PBS) with 0.05% Tween-20 (PBS-T, Science Supply
Australia, Seven Hill, NSW, Australia) at room tempera-
ture for 1 hour. After washing, 100 �l of serum samples
were added at various dilutions in 2% casein/PBS-T and
incubated for 24 hours at 4°C. The plate was then
washed, and rabbit anti-mouse-IgG-biotinylated (1:2000;
DAKO) or anti-isotype-specific (IgG1, IgG2a; DAKO) an-
tibodies were incubated at room temperature for 2 hours.
After further washing, the streptavidin-horseradish perox-
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idase conjugate (1:2000) was incubated for 30 minutes,
which was then detected using the tetramethylbenzidine
(TMB) peroxidase substrate with hydrogen peroxide (op-
tical density at 450 nm determined).

Peripheral Blood (PB) Leukocyte Counts and
Subsets

PB (100 �l) taken by cardiac puncture was collected at
day 28 after the first immunization into 1.5-ml tubes con-
taining 100 �l of citrate buffer (3.3%). PB leukocyte phe-
notyping was performed by labeling with monoclonal
antibodies against leukocyte subset antigens. In brief,
100 �l of anti-coagulated blood was labeled with phyco-
erythrin-conjugated GR-1 (neutrophils), fluorescein iso-
thiocyanate-conjugated M 1/70 (macrophages), B220 (B
cells), with phycoerythrin-conjugated anti-CD4 or apo-
cyanithin-conjugated anti-CD8 for 30 minutes. After lysis
of red blood cells by Coulter Q-prep (Coulter Corp.,
Hialeah, FL), single cell suspensions were analyzed by
flow cytometry (Mo-flo flow cytometer; Cytomation, Fort
Collins, CO). Total PB leukocyte counts were performed
using a Neubauer hemocytometer and light microscopy.

Peritoneal Macrophage Culture and Reactive
Oxygen Species (ROS) Production

Resident peritoneal cells were obtained by washing the
peritoneal cavity with ice-cold saline. A concentration of
1 � 106 cells/ml were cultured in 10% fetal calf serum/
RPMI at 37°C overnight. After washing, adherent cells
were starved with serum-free RPMI for 2 hours and stim-
ulated with lipopolysaccharide (LPS) (1 �g/ml, Sigma) for
a further 3 hours. Cells were then resuspended in Trizol
reagent (Gibco BRL, Melbourne, Australia) for RNA ex-
traction.

Phorbol myristate acetate (PMA)-induced ROS pro-
duction was detected as previously described.26 In brief,
100 ng/ml of PMA (Sigma, Melbourne Australia) was
added to macrophage suspensions (0.5 � 106 cells/ml).
The cell suspension was then incubated at 37°C for 10
minutes. Dihydrorhodamine 123 (200 ng/ml) was added
to the cell suspension and incubated for a further 10
minutes at 37°C. These samples were then placed on ice
and immediately analyzed by flow cytometry.

Extraction and Real-Time Polymerase Chain
Reaction (PCR) Analysis of Synovial and
Peritoneal Macrophage mRNA

Total RNA was extracted from synovial tissue and perito-
neal cells using Trizol reagent (Life Technologies, Inc.,
Grand Island, NY), according to the manufacturer’s pro-
tocol. Total RNA (0.5 to 1 �g) was reverse-transcribed
using Superscript II reverse transcriptase (Life Technol-
ogies, Inc.) and oligo-(dT)18.

PCR amplification was performed on a LightCycler
(Roche, Castle Hill, NSW, Australia) using SYBR Green I
as a double-strand DNA-specific binding dye and con-

tinuous fluorescence monitoring as previously de-
scribed.29 Murine IL-1�, IL-6, and �-actin PCR products
(purified on agarose gel electrophoresis using the QIAEX
II gel extraction system (Qiagen, Clifton Hill, Australia))
were used as the assay standards. The level of expres-
sion of each mRNA and their estimated crossing points
were determined relative to the standard preparation us-
ing the LightCycler computer software.

For PCR, 5 �l each of the standard and sample cDNA
dilutions were added to individual capillary tubes. Ampli-
fication (40 cycles) was performed in a total volume of 10
�l containing primer concentrations of 3 pmol and 1 �l of
dNTP mix, Taq, reaction buffer and SYBR Green I dye as
supplied in the LightCycler DNA Master SYBR Green I kit
(Roche Diagnostics, Castle Hill, Australia). The following
primer-specific nucleotide sequences of IL-1� (5�-
CCCAAGCAATACCCAAAGAA-3� and 5�-CATCAGAG-
GCAAGGAGGAAA-3�), IL-6 (5�-TTCCATCCAGTTGCCT-
TCTT-3� and 5�-ATTTCCACGATTTCCCAGAG-3�), TNF
(5�-GCCTCTTCTCATTCCTGCTT-3� and 5�-CACTTGGT-
GGTTTGCTACGA-3�), macrophage migration inhibitory
factor (MIF) (5�-TGACTTTTAGCGGCACGAAC-3� and 5�-
GACTCAAGCGAAGGTGGAAC-3�), matrix metallopro-
teinases (MMP)-13 (5�-GATGAAACCTGGACAAGCA-3�
and 5�-GATAGGGCTGGGTCACACTT-3�) and �-actin
(5�-TGTCCCTGTATGCCTCTGGT-3� and 5�-GATGTCACG-
CACGATTTCC-5�) were used. Melting curve analysis was
performed at the end of each PCR reaction. Control reac-
tions for product identification consisted of analyzing the
melting peaks (°C) and determining the length of the PCR
products (bp) by agarose gel electrophoresis. Relative
quantification of target mRNA expression was calculated
and normalized to �-actin expression. The results are pre-
sented as the fold induction of mRNA expression relative to
the amount present in control samples.

Statistical Analysis

Data were analyzed using the Mann-Whitney two-sample
rank test to determine the level of significance between
means of groups for histological scores, or the Student’s
t-test for comparison of continuous variables. Results are
expressed as the mean � SEM. A P value �0.05 was
considered statistically significant.

Results

The Effect of TF Cytoplasmic Tail Mutation on
the Development of AIA

We first examined the effect of TF cytoplasmic tail muta-
tion on the expression of arthritis. In comparison to saline
injection (Figure 1; A to C), severe AIA developed in
TF�/� control mice on mBSA injection (n � 13; Figure 1,
D to F, and Figure 2), involving extensive synovial lining
hypercellularity, soft tissue inflammation, joint space ex-
udation, cartilage degradation, and bone damage. In
contrast to control animals, mBSA injection in TF�CT/�CT

animals induced significantly reduced arthritis severity
(n � 13, total score, P � 0.001; Figure 2A). Examination
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of individual aspects of synovial pathology exhibited sig-
nificantly reduced synovitis (P � 0.0005), joint space
exudate (P � 0.01), soft tissue inflammation (P �
0.0005), cartilage degradation (P � 0.05), and bone
damage (P � 0.005) in TF�CT/�CT mice (Figure 2B).

DTH, T-Cell Proliferation, and Cytokine
Production

We next investigated whether the differences in arthritis
were accompanied by differences in the systemic im-
mune response. The T-cell-dependent immune response
after induction of arthritis was analyzed. TF�/� and TF�CT/

�CT mice both developed cutaneous DTH after cutaneous
challenge with mBSA. However, the DTH reaction was
markedly reduced in TF�CT/�CT mice (Figure 3). Accord-

ingly, mBSA-induced T-cell proliferation was observed in
cells from both TF�/� and TF�CT/�CT mice (Figure 4A), but
the proliferative response was significantly weaker in
TF�CT/�CT cells when compared to TF�/� cells (P � 0.05).
To confirm the specificity of the proliferation response,
the effect of phytohemagglutinin on proliferation was
used as a control. No difference in proliferative response
to phytohemagglutinin was observed between TF�CT/�CT

and TF�/� mice (Figure 4B).
In naı̈ve mice, IFN-�, but not IL-4, was detectable in the

supernatants of splenocytes isolated from both TF�CT/�CT

and TF�/� controls (37 � 4 � 38 � 11 pg/ml, n � 5 each
group). Incubation with mBSA had no effect on naı̈ve
mice splenocyte IFN-� and IL-4 production. In immunized
mice, increased basal splenocyte IFN-� was detected
from both TF�CT/�CT and TF�/� controls (Figure 4C). For

Figure 1. Histological manifestations of AIA in TF�CT/�CT and TF�/� (WT) mice. Mice were given intra-articular injection of either mBSA (30 �g) or saline on day
21 after the first immunization. On day 28, the severity of arthritis was assessed and scored as described in Materials and Methods. Safranin-O-stained sections
of knee joint with saline injection (A–C), and mBSA injection of TF�/� (WT) (D–F) and TF�CT/�CT mice (G–I). S, synovium; J, joint space; E, exudate; C articular
cartilage; P, pannus formation. Original magnifications, �50.
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both groups, there was a nonsignificant trend toward
increased IFN-� in response to mBSA. However, there
was no difference in the basal or induced production of
IFN-� between the two groups. In contrast, there was a
significant increase in basal IL-4 levels in TF�CT/�CT cells
from immunized mice compared to TF�/� controls (Fig-
ure 4D, P � 0.05). No increase in splenocyte IL-4 pro-
duction was observed in response to mBSA.

Antibody Levels

Next, the antibody response to mBSA was examined to
evaluate the B-cell-dependent component of the immune
response. There was no difference in the total serum
anti-mBSA IgG levels between TF�/� and TF�CT/�CT mice
(Figure 5A). A significant increase in serum anti-mBSA
IgG1 was however observed in TF�CT/�CT mice (P � 0.05,
Figure 5B), whereas no significant difference in anti-
mBSA IgG2a levels between two groups could be found
(Figure 5C).

Phenotype of PB Leukocytes

There was no difference in total PB leukocyte counts
between affected TF�/� and TF�CT/�CT mice. However,
flow cytometric analysis revealed differences in PB leu-
kocyte subsets (Figure 6): TF�CT/�CT mice had elevated
numbers of CD4� T cells (P � 0.05), and reduced num-
bers of B cells (B220�, P � 0.05) and monocytes (M1/
70�/Gr1�, P � 0.01), when compared to TF�/� mice.

Peritoneal Macrophage Counts and ROS
Production

Peritoneal cells from naı̈ve and immunized mice were
counted. Significantly lower resident macrophage num-
bers were observed from naı̈ve TF�CT/�CT (2.3 � 10�6 �
0.2, n � 11) than from TF�/� mice (4.4 � 10�6 � 0.4, n �
11, P � 0.01). There was no significant difference in
peritoneal cell counts between groups of immunized
mice (4.3 � 10�6 � 0.6 � 5.7 � 10�6 � 0.7, respec-
tively), but cell counts were significantly increased in
immunized TF�CT/�CT mice compared to naı̈ve mice (P �

Figure 2. A: Reduction of AIA in TF�CT/�CT mice. Arthritis was assessed at
day 28 on a scale of 0 to 3 for five histopathological features (total score �
15) as described. Results are expressed as mean � SEM of at least 13 mice in
each group (*, P � 0.001 for TF�CT/�CT mice versus TF�/� (WT) controls). B:
Individual histological features of AIA in TF�CT/�CT mice. Arthritis was scored
by histological analysis on a scale of 0 to 3 for synovitis, joint space exudate,
soft tissue inflammation, cartilage damage, and bone damage. Results are
expressed as means � SEM [*, P � 0.05; **, P � 0.01; ***, P � 0.005 for
TF�CT/�CT mice versus TF�/� (WT) controls].

Figure 3. Cutaneous DTH in TF�CT/�CT mice. Sensitized mice were chal-
lenged with mBSA into footpads and footpad swelling was measured after 24
hours. Cutaneous DTH was significantly reduced in TF�CT/�CT mice. Results
are expressed as means � SEM of seven mice in each group [*, P � 0.05
compared with TF�/� (WT) mice].

Figure 4. mBSA-specific spleen T-cell proliferation. Spleen cells were cul-
tured in the absence or presence of the indicated amount of mBSA (A) and
phytohemagglutinin (B) for 48 hours. Cultures were pulsed with [3H]-thymi-
dine for the final 18 hours and the incorporated radioactivity was measured.
Results are expressed as means � SEM of eight mice in each group [*, P �
0.05 for TF�CT/�CT mice versus TF�/� (WT) controls]. mBSA-specific T-cell
cytokine expression. Spleen cells were cultured in the absence or presence
of mBSA for 48 hours. Supernatants were analyzed by ELISA for IFN-� (C)
and IL-4 (D). Results are expressed as means � SEM of eight mice in each
group (*, P � 0.005 for vehicle versus mBSA treatment).
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0.01). ROS production measured by flow cytometry mea-
sures ROS in a cell-by-cell basis and is unaffected by the
total cell count. Significantly reduced ROS-positive cell
counts were observed after PMA stimulation in TF�CT/�CT

(25.6 � 3.9, n � 7) compared to TF�/� mice (44 � 4.4, n �
7; P � 0.05).

Synovial and Peritoneal Cell Cytokine Gene
Expression

We next investigated the local mechanisms operative in
the differences in arthritis between TF�/� and TF�CT/�CT

mice. IL-1�, TNF, and IL-6 mRNA were readily detected
in the synovium of TF�/� mice with AIA (Figure 7). In
accordance with the attenuated inflammatory response,
a significant reduction of IL-1, TNF, and IL-6 mRNA was
observed in the synovium of TF�CT/�CT mice (Figure 7).
The fold reduction in mRNA expression, relative to control
animals, was 2.4-fold for IL-1�, 1.6-fold for TNF, and
eightfold for IL-6.

To assess whether alteration in proinflammatory gene
expression was restricted to the site of antigen injection,
we also examined cytokine gene expression in peritoneal
cells. This also permitted the examination of a wider
range of genes than that examinable in synovial RNA
samples. In peritoneal cells obtained from immunized
TF�/� mice, increased IL-1, TNF, IL-6, and MIF mRNA
were observed in response to LPS (Figure 8). LPS also
induced the expression of MMP-13. However, unlike

Figure 5. Anti-mBSA IgG levels. Serum was collected at day 28 after first
immunization from arthritic mice. The anti-mBSA antibody titers were mea-
sured by ELISA as described. A: Levels of total IgG in TF�CT/�CT and TF�/�

(WT) mice. Levels of IgG subclasses: B, IgG1; C, IgG2a in TF�CT/�CT and
TF�/� (WT) mice. Results are expressed as means � SEM of serial dilution
of serum (at least 13 mice in each group) [*, P � 0.05 for TF�CT/�CT mice
versus TF�/� (WT) controls].

Figure 6. PB leukocytes in arthritic mice. PB was collected at day 28 after first
immunization and leukocytes were phenotyped by labeling with various
monoclonal antibodies and analyzed by flow cytometry. Numbers of total PB
leukocytes (A) and absolute counts of leukocyte phenotypes (B) in TF�CT/

�CT and TF�/� (WT) mice. Results are expressed as means � SEM of eight
mice in each group [*, P � 0.05 and **, P � 0.01 for TF�CT/�CT mice versus
TF�/� (WT) controls].

Figure 7. Synovial cytokine mRNA levels from TF�CT/�CT and TF�/� (WT)
mice with AIA. Total RNA extracted from arthritic knee joints of mice was
reverse-transcribed. cDNA samples were amplified using real-time quantita-
tive PCR and SYBR Green detection as described. The relative amounts of
IL-1�, TNF, and IL-6 to �-actin determined from standard curve are expressed
by ratio in TF�/� (WT) (n � 5) and TF�CT/�CT mice (n � 4). Results are
expressed as means � SEM.
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TF�/� cells, LPS did not induce cytokines or MMP-13
mRNA in TF�CT/�CT cells (Figure 8). The fold reduction in
LPS-induced mRNA expression, relative to TF�/� ani-
mals, was 5.7-fold for IL-1�, 20-fold for TNF, 6.4-fold for
IL-6, 6.3-fold for MIF, and 2.4-fold for MMP-13. There was
no difference in LPS-induced IL-1 or IL-6 mRNA in resi-
dent peritoneal cells obtained from naı̈ve mice (data not
shown).

Discussion

Although it has long been recognized that the coagula-
tion system is activated during inflammation, the role of
the cytoplasmic domain of TF, which has no role in co-
agulation, remains to be elucidated. The cytoplasmic
domain may influence cell activation via downstream sig-
naling components. For example, it is involved in FVIIa-
induced production of ROS in macrophages,26 TF-medi-
ated tumor metastasis,10,11 and modulation of vascular
endothelial growth factor production.28 A role in signal
transduction is also suggested by observations including
phosphorylation of the cytoplasmic tail by protein kinase
C,29,30 and interaction with actin-binding protein 280.31

However, the cytoplasmic domain is not required for TF
protein synthesis or for FVIIa-dependent activation of the
p44/42 MAP-kinase pathway.32,33 Understanding of the
signal transduction through the cytoplasmic domain of TF
in the process of inflammation is incomplete.

This is first time the involvement of cytoplasmic domain
of TF in the immune response and the development of
experimental arthritis has been explored. We here report
that deletion of the cytoplasmic domain of TF in mice
resulted in attenuation of the immune response and an

arthritis model. Reductions in AIA, accompanied by the
suppression of proinflammatory gene expression, ROS
production, cutaneous DTH, and antigen-specific T-cell
proliferation, suggest the importance of the TF cytoplas-
mic domain in maintaining the normal immune system.

The reduction of arthritis severity in TF�CT/�CT mice
compared with TF�/� controls was observed in relation to
all aspects of joint pathology, including articular cartilage
and bone damage. The histopathological changes in joint
inflammation in TF�CT/�CT mice were accompanied by
attenuation of proinflammatory cytokine expression in the
synovium. IL-1�, TNF, and IL-6 have been implicated in
the pathology of RA, and are considered to enhance
infiltration of inflammatory cells into synovium, increase
permeability of blood vessels, and participate in cartilage
and bone destruction.34 Recent evidence has demon-
strated that transgenic mice overexpressing hIL-1� de-
velop spontaneous inflammatory arthritis, whereas IL-1
receptor knockout mice are resistant to serum transfer
arthritis.35,36 The role of TNF in the pathogenesis of RA is
supported by observations including severe arthritis in
TNF-overexpressing transgenic mice,37 and the clinical
effects of anti-TNF therapy in human RA.38 Targeted ge-
netic disruption of IL-6 markedly reduced arthritis severity
in the murine AIA model.25

The reduced proinflammatory cytokine expression in
inflamed sites and in peritoneal cells from immunized
TF�CT/�CT mice suggests that modulation of cytokine
gene expression may represent a mechanism by which
TF modulates the inflammatory response independent of
the coagulation pathway. Importantly, MMP-13 (collage-
nase �3), which is present at elevated levels in cartilage,
synovial membranes, and synovial fluid of patients with
RA,39 was also down-regulated in immunized TF�CT/�CT

cells. This suggests that the cytoplasmic domain of TF
may contribute to joint injury in RA directly through the
regulation of destructive enzymes as well as via the reg-
ulation of inflammation. The absence of detectable differ-
ences in naı̈ve mouse peritoneal cell cytokine gene ex-
pression is consistent with the increased sensitivity of
cellular immune responses in mice under antigen chal-
lenge. TF has been shown to exacerbate systemic inflam-
mation in response to low-dose endotoxin by a coagula-
tion-independent mechanism, in which a TF pathway
inhibitor completely inhibited activation of coagulation
but not leukocyte activation, chemokine release, endo-
thelial cell activation, or the acute phase response.40

These data indicate that TF plays a critical role in inflam-
mation, which is independent of its role in the coagulation
pathway.

In addition to a role in the control of proinflammatory
gene expression, the current study suggests that the
cytoplasmic domain of TF modulates antigen-specific T-
cell responses and the Th1/Th2 balance. Cutaneous DTH
and T-cell proliferative responses to antigen were signif-
icantly reduced in TF�CT/�CT mice. Increased serum anti-
mBSA IgG1 was observed in TF�CT/�CT mice, consistent
with a change in Th1/Th2 balance, as IgG1 is a Th2-polar
IgG subtype in mice.41 Increased antigen-induced IL-4
production observed in TF�CT/�CT T cells is also consis-

Figure 8. Peritoneal macrophage cytokine mRNA levels from TF�CT/�CT and
TF�/� (WT) mice with AIA. Total RNA extracted from peritoneal cells of mice
was reverse-transcribed. cDNA samples were amplified using real-time quan-
titative PCR and SYBR Green detection as described. The relative amounts of
IL-1�, TNF, IL-6, MIF, and MMP-13 to �-actin determined from standard curve
are expressed by ratio in TF�/� (WT) (n � 4) and TF�CT/�CT mice (n � 4).
Results are expressed as means � SEM.
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tent with a shift in favor of a Th2 immune response. The
mechanism through which TF cytoplasmic domain could
influence Th1/2 polarity is unknown, but the reduced
inflammatory response in the arthritis model could be
partially mediated by these alterations in Th1/Th2 polar-
ity, and studies in other T-cell-dependent models of in-
flammation are required to address this question.

Although there was no difference in total numbers of
leukocytes in both TF�/� and mutant arthritic mice, de-
creased PB monocyte/macrophage counts were ob-
served in TF�CT/�CT mice. Similarly, reduced resident
peritoneal cell counts and decreased macrophage ROS
induced by PMA were observed in TF�CT/�CT mice, indi-
cating further aspects of macrophage responses are de-
pendent on the cytoplasmic domain of TF. The reason for
the increase in CD4� T cell counts in TF�CT/�CT mice is
unclear.

In summary, these studies are the first to examine the
effects of TF intracellular domain in a model of chronic
inflammation. Busso and colleagues42 recently reported
a reduction in AIA in mice treated with functionally inac-
tivated factor VIIa. These results suggested the impor-
tance of the VIIa-TF interaction in the inflammatory re-
sponse, but did not resolve the potential for coagulation-
independent intracellular processes to regulate this
effect. Mutation of the cytoplasmic domain of TF reduced
the severity of AIA, associated with decreased proinflam-
matory cytokine and MMP-13 production, reduced cuta-
neous DTH, and reduced T cell activation. These data
indicate that TF acts as a modulator of systemic and local
immune responses and macrophage function through its
cytoplasmic domain. Development of TF ligand inhibitors
specific for the cytoplasmic domain may be valuable
treatment strategies in arthritis and inflammatory dis-
eases.
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