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Abstract

Objective—A fundamental metric in the diagnosis of arthropathies is the pattern of joint
involvement, including differences in proximal versus distal joints and patterns of symmetric or
asymmetric disease. The basis for joint selectivity among arthritides and/or within a defined
disease such as rheumatoid arthritis remains enigmatic. Coagulation and fibrinolytic activity are
observed in both experimental animals with inflammatory joint disease and patients with
inflammatory arthritis. However, the contribution of specific hemostatic factors to joint disease is
not fully defined. We sought to determine the contribution of the fibrinolytic protease,
plasminogen, to tumor necrosis factor a (TNFa)—driven arthritis in distinct joints in mice.

Methods—The impact of plasminogen and/or fibrinogen genetic deficiencies on arthritis
progression was evaluated in Tg197 mice genetically predisposed to spontaneous, nonabating, and
erosive polyarthritis due to exuberant human TNFa expression.

Results—Elimination of plasminogen in Tg197 mice significantly exacerbated the incidence and
severity of arthritis within the paw joints, but simultaneously and dramatically diminished the
entire spectrum of pathologies within the knee joints of the same animals. These opposing
outcomes were both mechanistically linked to fibrin(ogen), in that superimposing fibrinogen
deficiency reversed both the proarthritic phenotype in the paws and arthritis resistance in the knees
of plasminogen-deficient mice. Intriguingly, the change in disease severity in the knees, but not
the paws, was associated with a plasminogen-dependent reduction in matrix metalloproteinase 9
activity.

Conclusion—Plasminogen is a key molecular determinant of inflammatory joint disease capable
of simultaneously driving or ameliorating arthritis pathogenesis in distinct anatomic locations in
the same subject.
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Rheumatoid arthritis (RA) is a chronic autoimmune disease of the joints that affects ~1.5
million people in the US (1). RA is a complex, heterogeneous disease with considerable
variation among patients in disease progression and severity. It is well documented that RA
affects multiple joints of the body, but certain joints, particularly the peripheral joints of the
wrists, proximal interphalangeal joints, metacarpophalangeal joints, and ankle joints, are
more susceptible to disease manifestation. Less commonly, RA may also manifest in large
joints such as the knees, hips, and shoulders (2,3). Despite the well-characterized
predilection for arthritis development in peripheral joints, the precise basis for differential
joint involvement in RA, including underlying molecular determinants, is unknown.

Fibrin deposition along articular cartilage surfaces, within inflamed synovium, and as a
component of rice bodies in the synovial fluid of affected joints is a consistent feature of RA
patients and experimental animals with inflammatory arthritis (4-6). Furthermore, the levels
of markers of coagulation system activity, including thrombin-antithrombin complexes and
thrombin fragment F1., are significantly elevated in both the plasma and synovial fluid of
RA patients (7). Plasminogen activation (PA) system components (e.g., plasminogen, tissue-
type plasminogen activator [tPA], and urokinase-type plasminogen activator [uPA]) that are
essential for fibrinolysis are also thought to modify arthritis pathogenesis (8-11). Elevated
levels of fibrin degradation products, including D-dimer, in the synovial fluid of RA patients
suggest ongoing PA system—mediated fibrinolysis (7,12). Studies using gene-targeted mice
(6,13) and pharmacologic anticoagulants (8) have strongly implied that coagulation and
fibrinolytic system activities are not merely secondary consequences of inflammatory events
but actively participate in disease pathogenesis. However, studies of mice with genetically
imposed deficiencies in PA system components have yielded seemingly mixed, and at times
opposing, results regarding the putative roles of the fibrinolytic system in arthritis
pathogenesis (9-11). Thus, the contribution of the PA system to arthritis is likely context
dependent and influenced by other factors, including disease etiology, mechanisms of
pathogenesis, and external events such as local injury.

Numerous studies have implicated a critical role for the proinflammatory cytokine tumor
necrosis factor a (TNFa) as a master effector of RA pathology. TNFa levels are markedly
elevated in the sera and synovial fluid of patients with RA (14). The central contribution of
TNFa to arthritis pathogenesis has been documented through multiple gain-of-function and
loss-of-function approaches in animal models of inflammatory arthritis (15-20). Notably,
the early finding that human TNFa~transgenic mice develop a spontaneous, nonabating,
erosive form of polyarthritis provided direct evidence that sustained TNF« expression was
sufficient to drive inflammatory arthritis (21). The clinical significance of TNFa is
highlighted by the fact that neutralizing agents against TNFa (e.g., infliximab, etanercept,
and adalimumab) are generally, although not universally, effective in the treatment of
inflammatory arthritides including RA.

In this study, we directly explored the role of the plasminogen—fibrinogen axis in the
pathogenesis of inflammatory arthritis in human TNFa-transgenic Tg197 mice that develop
spontaneous polyarthritis in the absence of any exogenous manipulation (e.g., intraarticular
injection, immunization with heterologous antigens) (21). Our results demonstrate for the
first time that plasminogen is a powerful modifier of TNFa-induced inflammatory joint
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disease; however, the impact of plasmin(ogen) on arthritis is shown to be highly context
dependent and can either drive or ameliorate arthritis, even within the same animal, as a
function of precise anatomic location, the availability of fibrin(ogen), and potentially, the
activation status of matrix metalloproteinase 9 (MMP-9).

MATERIALS AND METHODS

Mice

Mice with genetic deficiencies in plasminogen and/or fibrinogen A« chain as well as Tg197-
transgenic mice have been described previously (21,23). All mice were back-crossed at least
7 generations to the C57BL/6J background. Interbreeding heterozygous Tg197 mice with
mice carrying mutant Plg and Fib alleles produced littermates of Plg*/~ Fib*/~ (Plg+),
Plg~~Fib*/~ (Plg-), Plg*-Fib~~ (Fib-), and Plg~~Fib~/~ (PIg—Fib-) with (Tg197+) and
without (Tg197-) the TNFa transgene for analysis. The Cincinnati Children’s Hospital
Animal Care and Use Committee approved all of the study protocols.

Arthritis scoring

Mice were analyzed for macroscopic signs of disease at 8 and 10 weeks of age by multiple
investigators who were blinded to animal genotype. Mice were assigned a score of 0-5 per
paw based on the number of digits affected. The total number of digits affected per animal
was determined, for a maximum score of 20, and expressed as the arthritis index score (6).
The degree of arthritis severity was assessed by evaluating swelling in each paw using a
scale of 0-2, for a total possible score of 8 per animal, as previously described (6,13).

Histologic and immunohistochemical analysis

Formalin-fixed, EDTA-decalcified, paraffin-embedded mouse tissue specimens were
sectioned (5 4m) and stained with either hematoxylin and eosin (H&E) or Safranin O. H&E-
stained mouse knee joint sections were semiquantitatively evaluated for the following
parameters by investigators who were blinded to animal genotype: inflammation (scale of 0—
3), synovial hyperplasia (scale of 0-3), pannus (scale of 0-1), cartilage erosion (scale of 0
2), and bone loss (scale of 0-3). Scores were summed to determine the total histopathology
index per knee per mouse (scale of 0-12). Representative fore paw and knee joint sections
were also immunostained using rabbit anti-mouse fibrin(ogen) sera in conjunction with
alkaline phosphatase (Vector Laboratories)/fast red visualization (Sigma) systems as
previously described (6). All images were captured using a Zeiss Axioplan 2 microscope.

RNA isolation and quantitative reverse transcription—polymerase chain reaction (QRT-

PCR)

Frozen (=70°C) hind paws or whole knee joints from mice were homogenized in TRIzol
reagent (Invitrogen) using a tissumizer (Tekmar) to extract total RNA and further purified
using an RNeasy Micro kit (Qiagen). Complementary DNA (cDNA) synthesis was
performed using a High Capacity RNA-to-cDNA kit (Applied Biosystems). Quantitative
RT-PCR was performed with a StepOnePlus instrument (Applied Biosystems) using
TagMan probes for mouse interleukin-6 (IL-6; Mm00446190_m1), IL-1/5
(MmO01336189_m1), IL-10 (Mm00439614_m1), interferon-y (IFNy, Mm00801778_m1),
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transforming growth factor g (TGFf; Mm00441724 m1), human TNFa (Hs99999043 m1),
MMP-9 (Mm00442991_m1), MMP-2 (Mm00439498_m1), Plat (Mm00476930_m1), and
Plau (Mm_01274460_g1). Data were analyzed using the Pfaffl method in which f,-
microglobulin (Mm00437762_m1) was used as the normalizing gene.

MMP gelatin zymography and Western blot analysis

Frozen (=70°C) hind paws or whole knee joints from mice were homogenized in cold buffer
as previously described (24). A total of 20 1g of protein extract was mixed with zymogram
sample buffer (Bio-Rad) and subjected to electrophoresis in 10% zymogram gels with
gelatin (Bio-Rad). Gels were incubated in renaturation buffer (Bio-Rad) followed by
development buffer (Bio-Rad) for 18 hours at 37°C. Following staining by Coomassie blue,
gels were destained for 24-48 hours at room temperature and visualized. For Western blot
analysis, protein extracts subjected to electrophoresis were transferred onto a nitrocellulose
membrane. MMP-9 was detected using an anti-MMP-9 antibody (Ab19016; Millipore) in
conjunction with a biotinylated secondary antibody, ABC peroxidase system (PK4000;
Vector), and enhanced chemiluminescent substrate (Thermo Scientific) according to the
manufacturer’s instructions.

Statistical analysis

RESULTS

Statistical analyses were performed using GraphPad Prism version 6.0. Median scores for
macroscopic and histopathologic index analyses were compared between genotypes using
the nonparametric Mann-Whitney U test. Comparison of messenger RNA (mRNA) levels
was performed using Student’s 2-tailed #test. P values less than 0.05 were considered
significant.

Genetic elimination of plasminogen results in opposing, joint-specific differences in TNFa-
induced arthritis severity

To determine the contribution of plasminogen to inflammatory arthritis induction and
severity in an experimental setting in which disease develops spontaneously without
investigator-imposed trauma (e.g., intraarticular injection—associated injury), comparative
studies of joint disease were performed in Tg197+ mice with and without plasminogen. The
consequence of plasminogen deficiency on TNFa-driven arthritis in the mouse paws was
readily apparent by simple inspection of 10-week-old mice. Whereas Plg+/Tg197+ mice
exhibited some swelling in the phalangeal joints, lesions appeared much larger and more
frequent in the phalangeal joints of PIg—/Tg197+ mice (Figure 1A). A similar qualitative
increase in swelling was noted in the wrist and ankle joints of Plg—/Tg197+ mice relative to
Plg+/Tg197+ mice (results not shown).

Quantitative macroscopic evaluation of 10-week-old mice confirmed that plasminogen
deficiency increases arthritis incidence in fore paw and hind paw joints, as evidenced by
significantly increased arthritis index scores (Figure 1B). Similarly, Plg—/Tg197+ mice had
a significant increase in arthritis severity relative to Plg+/Tg197+ mice (Figure 1C). A
similar genotype-dependent pattern of worsened arthritic disease was observed in the paws
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of 8-week-old Plg—-/Tg197+ mice relative to Plg+/Tg197+ mice, albeit with predictably
lower overall disease activity scores in comparison to 10-week-old mice (data available
from the author upon request).

Histologic analyses performed in 10-week-old mice confirmed the pattern of increased
macroscopic joint disease in Plg—/Tg197+ mice. Control Tg197- mice developed no
evidence of gross arthritis, and microscopic evaluation of metacarpophalangeal joints
established that joint architecture was histologically indistinguishable in Plg— and Plg+ mice
(Figure 1D). Thus, plasminogen deficiency per se neither compromises normal joint
development nor leads to arthritis. In contrast, metacarpophalangeal joints from Plg+/
Tg197+ mice displayed significant joint pathology, including synovial hyperplasia,
inflammatory cell infiltration, pannus formation, cartilage degradation, and bone erosion.
Consistent with the macroscopic analyses, the entire spectrum of microscopic joint
pathologies was significantly exacerbated in the metacarpophalangeal joints of Plg—/Tg197+
mice (Figure 1D). Indeed, in most of the affected joints of Plg—/Tg197+ mice there was a
complete, or near-complete, loss of cartilage structure, which was replaced by hyperplastic
granulation tissue (Figures 1D and E).

Tg197 mice have been reported to develop polyarthritis, with advanced disease evolving in
joints throughout the animal (21,25). To determine whether plasminogen deficiency resulted
in increased arthritis severity in joints other than those of the paws, we performed parallel
histologic analyses of knee joints obtained from the same Tg197+ and Tg197—- mice with
and without plasminogen. Similar to joints of the paws, plasminogen deficiency alone did
not alter normal knee joint development or architecture in mice through 10 weeks of age
(Figure 2A). Remarkably, and in direct opposition to our findings in paw joints, histologic
examination of knee joint sections from these same 10-week-old mice revealed that
plasminogen deficiency strongly impeded the development of arthritis in these larger and
more proximal joints. Whereas Plg+/Tg197+ mice developed severe joint pathology,
including massive inflammatory infiltrates, synovial hyperplasia, profound cartilage
degradation, and bone erosion, Plg—/Tg197+ mouse knee joints exhibited little evidence of
arthritis and were often nearly indistinguishable from knee joints harvested from Tg197-
mice (Figures 2A and B).

Semiquantitative analysis of pathologic disease features within the knee joints confirmed a
significant diminution in arthritis severity in the knees of Plg—/Tg197+ mice (Figures 2C
and D). Importantly, amelioration of disease in the knees of PIg—/Tg197+ mice was not
restricted to a single pathologic feature. Each disease parameter was significantly decreased
compared to Plg+/Tg197+ mice (Figure 2C), resulting in a significantly reduced median
composite histopathology index score for Plg—/Tg197+ mouse knee joints compared to Plg
+/Tg197+ mouse knee joints (4 and 9, respectively; P< 0.0001) (Figure 2D). Taken
together, these findings indicate that plasmin(ogen) effectively drives local arthritis
pathology within the mouse knee joints while at the same time limiting disease development
in the paw joints. A similar pattern of disease diminution in the knee joints of Plg—/Tg197+
mice compared to Plg+/Tg197+ mice was observed at 8 weeks of age (data available from
the author upon request).
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As an initial investigation of the molecular basis of plasminogen-dependent differences in
TNFa-driven arthritis, we examined the local expression of the plasminogen activators, tPA
(Plat) and uPA (Plau), in the 2 joint locations. No differences were observed in the levels of
mRNA for tPA or uPA in the paws of PIg—/Tg197+ mice relative to Plg+/Tg197+ mice
(data available from the author upon request). Of note, in the knees, the expression of both
tPA and uPA was significantly elevated in Plg+/Tg197+ mice relative to Plg+/Tg197-
nonarthritic controls (data available from the author upon request). This finding is consistent
with previous data indicating that uPA expression is significantly elevated in the knee and
hip joints of patients with RA relative to patients with osteoarthritis (26). A modest but
statistically significant reduction in local tPA expression in the knees of PIg—/Tg197+ mice
relative to Plg+/Tg197+ mice was observed. However, uPA expression was virtually
identical in the knees of Plg+ and Plg—/Tg197+ mice. Although the precise contribution of
UPA and tPA to TNFa-driven arthritis remains to be formally established, our data suggest
that the differences in disease outcome are likely not a simple function of expression
changes in PA system components.

The proarthritic and antiarthritic properties of plasminogen are mechanistically tied to the
presence of fibrinogen

Provisional fibrin matrices are a key, albeit not sole, biologically meaningful plasmin
substrate in vivo (27-29). Consistent with previous reports highlighting fibrin as a
conspicuous feature of inflamed joint tissue in humans and experimental animals
(5,6,13,30), robust fibrin deposition was readily detected in hyperplastic synovium and
along the articular surfaces in metacarpophalangeal and proximal interphalangeal joints
obtained from 10-week-old PIg—/Tg197+ mice, particularly joints with microscopic
evidence of severe disease (Figure 3A). Intriguingly, despite the general absence of other
significant disease manifestations in the knees of Plg—/Tg197+ mice, substantial fibrin
deposition was readily observed along the synovial lining, within synovial tissues, and
covering the articular cartilage surfaces (Figure 3B).

Given both the prevalence of fibrin in the joints of PIg—/Tg197+ mice and the dual capacity
of fibrin to support both thromboinflammatory pathologies and reparative processes, we
sought to determine whether the liabilities (observed in mouse paws) or benefits (observed
in mouse knees) of plasminogen deficiency on TNFa-induced arthritis were mechanistically
linked to fibrin(ogen). Consistent with our prior independent findings, fibrinogen deficiency
alone did not alter the degree of TNFa-driven arthritis in the paws or knees of 10-week-old
mice (Figures 4A and B) (6). Nevertheless, consistent with the concept that persistent fibrin
deposition promotes the progression of degradative inflammatory arthritis in the paws, Plg
—-Fib-/Tg197+ mice developed significantly less arthritis in distal joints than did mice in the
Plg-/Tg197+ cohorts (Figures 4A and B). Thus, the loss of fibrin(ogen) in this context
effectively rescued mice from the disadvantages associated with plasminogen deficiency.
Remarkably, microscopic analyses of H&E-stained mouse knee joints revealed a significant
increase in knee joint pathology (i.e., inflammation, synovial hyperplasia, pannus formation,
cartilage degradation, and bone erosion) (Figure 4C) in Plg—Fib—/Tg197+ mice compared to
Plg-/Tg197+ mice (histopathology index 5.25 versus 1; £< 0.001) to a level not statistically
different from that in Plg+/Tg197+ mice (histopathology index 5.25 versus 8, respectively)
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(Figure 4D). Thus, elimination of fibrin(ogen) abolished the advantages associated with
plasminogen deficiency in the mouse knees.

Correlation of local proinflammatory and anti-inflammatory cytokine expression with
arthritis severity

Consistent with the pattern of increased arthritis severity in the paws of Plg—/Tg197+ mice
relative to Plg+/Tg197+ mice, qRT-PCR analyses of mRNA isolated from the paws revealed
a marked parallel increase in the expression of the proinflammatory cytokines IL-14, IL-6,
and IFNy (Figures 5A-C) and the anti-inflammatory cytokine 1L-10 (Figure 5D). No change
in expression based on plasminogen or fibrinogen genotype difference was observed for
TGF/ (Figure 5E) in the paws of Tg197+ mice. Furthermore, consistent with the
amelioration of arthritis pathologies in the paws of Plg—Fib—/Tg197+ mice, the expression
of proinflammatory and antiinflammatory cytokines in the paws of these animals was
diminished to levels comparable to those in control Plg+/Tg197+ mice (Figures 5A-D).

Complementary gRT-PCR analyses focusing on the knee joints from the same set of
experimental cohorts revealed a genotype-dependent pattern of cytokine expression quite
distinct from that seen in the paws. In the knee joints, Plg—/Tg197+ mice exhibited
significantly lower IL-14, IL-6, IFNy, and 1L-10 expression compared to Plg+/Tg197+ mice
(Figures 5F—I). The one exception was the expression of TGF/, which was significantly
higher in the knee joints of Plg—/Tg197+ mice relative to Plg+/Tg197+ mice. Additionally,
superimposed fibrinogen deficiency in Plg—/Tg197+ mice re-established high
proinflammatory cytokine expression within knee tissues, effectively removing the potential
local benefit of plasminogen deficiency in limiting inflammatory changes in this anatomic
location. Notably, plasminogen deficiency did not alter the local expression of transgene-
derived human TNFa in the paws or knees of Tg197+ mice or systemic levels of human
TNFa protein (data available from the author upon request). Together, these results suggest
that the differences in disease severity in the paws and knees of Plg—/Tg197+ mice cannot
be explained by alterations in the local production of TNFa, but other distinct mechanisms
involving key downstream effectors (i.e., IL-15and IL-6) are important in mediating disease
pathogenesis.

Reduced MMP-9 activity specifically in the knee joints, but not in the paws, of
plasminogen-deficient Tg197 mice

To determine whether plasmin(ogen) influences TNFa-driven arthritis through mechanisms
linked to MMP activation, we examined the local expression and activity of the gelatinases
MMP-9 and MMP-2 in the paws and knees of Tg197+ and Tg197- mice. MMP-2 and
MMP-9 were the focus of investigation since studies of knockout mice linked both of these
MMPs to joint destruction in the context of inflammatory arthritis, with MMP-9 driving
proarthritic activity and MMP-2 supporting antiarthritic activities (31). Intriguingly,
plasminogen deficiency generally correlated with significantly elevated levels of mMRNA for
MMP-9 and MMP-2 in both the paws (Figures 6A and B) and the knees (Figures 6C and D)
of mice.
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To investigate the local, joint-specific protein and activity levels of MMP-9 and MMP-2,
gelatin zymography and Western blot analyses were performed on total protein extracts
prepared from the paws and knees of Plg+ and Plg— mice. As expected, zymography
revealed that MMP-9 and MMP-2 activities within the paws were visibly more prominent in
Tg197+ mice compared to Tg197- mice regardless of the plasminogen genotype (Figure
6E). Furthermore, no plasminogen-dependent differences were observed in the ratios of pro-
and active MMP-9 or MMP-2 in the paws of Tg197+ mice (Figure 6E). Western blot
analyses revealed little to no signal for either pro- or active MMP-9 in any of the extracts
derived from paw tissue (data not shown). Importantly, within the mouse knee joints a
dramatically different pattern was observed. First, we observed an obvious overall increase
in proMMP-9 protein in the knees of Plg—/Tg197+ mice compared to Plg+/Tg197+ mice, as
shown by both zymography (Figure 6F) and Western blot analysis (Figure 6G). No
differences were observed in proMMP-2 and active MMP-2 activities between the two
genotypes based on zymography (Figure 6E). More impressive was that the Western blot
analysis indicated that the majority of MMP-9 in the knees of Plg+/Tg197+ mice was in the
88-kd active form, whereas in Plg-Tg197+ mouse knees the majority of MMP-9 was in the
105-kd pro(inactive) form. Indeed, there was much less active MMP-9 (88 kd) in the knees
of Plg—-/Tg197+ mice compared to Plg+/Tg197+ mice. These results are consistent with
impaired conversion of zymogen proMMP-9 into enzymatically active MMP-9 in the knees
(but not the paws) of Plg—/Tg197+ mice.

DISCUSSION

The distinct anatomic locations (e.g., distal versus proximal joints) and the symmetry/
asymmetry of joint disease are uniformly accepted as important metrics in the differential
diagnosis of various forms of arthritis, such as RA, psoriatic arthritis, ankylosing spondylitis
(AS), and inflammatory bowel disease—associated arthritis (32). The concept of differential
joint involvement in RA has long been appreciated; clinically significant RA is considerably
more common in small peripheral joints (e.g., metacarpophalangeal and proximal
interphalangeal joints) than in larger and/or more proximal joints, such as the knees and the
hips, and often occurs in a symmetric manner (2). However, the basis for such selective
localization of the inflammatory arthropathy, including the precise molecular, anatomic, or
mechanical determinants involved, has remained largely speculative, and is effectively an
unresolved knowledge gap.

Clinical data suggest that fibrinolytic system components could contribute to joint-specific
arthritis. For example, circulating levels of plasminogen activator inhibitor 1 and D-dimer
were found to be significantly higher in patients with RA than in those with AS (33).
Similarly, the expression of soluble uPA receptor in plasma was found to be significantly
higher in patients with RA than in patients with reactive arthritis or Sjogren’s syndrome
(34). Indeed, in this study we show that plasminogen constitutes a location-dependent
modifier of arthritis, where even the direction of disease (tolerance versus sensitivity) is
dictated by the combination of plasminogen and precise microenvironment. To our
knowledge, this is the first identification of a molecular determinant dictating joint
selectivity, capable of advancing or hindering arthritic disease within a single subject in
distinct locations.
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Plasminogen- and uPA-deficient mice were previously shown to develop a less severe form
of arthritis in the setting of both major histocompatibility complex haplotype—dependent
collagen-induced arthritis (CIA) and immune complex—driven K/BxN serum transfer—
induced arthritis (10,35). However, in the experimental setting of antigen-induced arthritis
(AIA), a monarticular arthritis model involving intraarticular injection of antigen, both uPA-
deficient and plasminogen-deficient mice developed markedly exacerbated joint
inflammation (8). One element of commonality in these studies pointing in the direction of
exacerbated arthritis is investigator-imposed local mechanical trauma (e.g., needle track
injury associated with intraarticular injections).

The potential significance of local trauma as a determinant of inflammatory arthritis was
recently observed in a setting of uPA deficiency wherein uPA-deficient mice were found to
be generally protected against arthritis induced by intraperitoneal K/BxN serum transfer, but
developed severe arthritis if the same challenge was accompanied by an intraarticular needle
track injury (11). It was proposed that in the absence of local injury, uPA/plasminogen may
aggravate disease by way of nonfibrin targets, but the same factors may limit arthritis by
supporting a fibrinolysis-dependent “wound healing—like” process when the challenge also
involves local trauma (11). Here, persistent fibrin deposition due to both the local injury and
compromised fibrinolysis could potentiate joint inflammation. Consistent with this notion,
we previously demonstrated that the capacity to generate fibrin and, more specifically,
Mac-1-dependent leukocyte engagement of fibrin within joints, strongly promoted arthritis
development in CIA (6). The present study directly and definitively identifies plasminogen
as one factor that can differentially influence the manifestation of arthritis in distinct
anatomic locations in a setting where the primary underlying etiologic challenge (i.e.,
exuberant TNFa expression) is precisely the same and involves no investigator-imposed
local mechanical trauma.

Our results provide unexpected evidence that the capacity to generate fibrin can be either
proarthritic or antiarthritic, depending on the microenvironment. The unanticipated, context-
dependent antiarthritic capacity of fibrin(ogen) deposition was firmly illustrated by the
significantly increased arthritis severity observed in the knees of Plg—Fib—/Tg197+ mice.
One concept consistent with a fibrin-associated suppression of TNFa-driven arthritis in the
knees is that provisional fibrin matrices in this location could be particularly beneficial in
supporting vascular integrity, limiting counterproductive hemorrhagic events, and/or aiding
reparative processes (22,23). Such a model would explain the worsened knee joint pathology
when fibrinogen was eliminated in Plg—/Tg197+ mice. The negative impact of fibrin(ogen)
deficiency on vascular integrity or tissue repair would be mechanistically distinct from, and
superseded by, any direct advantage achieved by the elimination of plasminogen. Evidence
in support of this notion, particularly in large, load-bearing joints subject to recurrent
mechanical trauma, can be found in the propensity of patients with hemophilia to develop
arthropathies in proximal joints, such as the knees, but not in the digits (36,37).

An additional mechanistic dimension of PA-dependent protection against arthritis is the
absence of plasmin-mediated proteolysis of extracellular matrix proteins (e.g., laminin,
fibronectin, and collagen) critical to normal joint architecture either directly or indirectly via
MMP activation (e.g., MMP-1, MMP-2, and MMP-9) (38-40). Numerous studies have
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implied a crucial role for plasmin-mediated activation of MMP-9 in physiologic and
pathologic processes such as neointima formation (41), wound healing (42), and an
experimental model of the autoimmune skin disease, bullous pemphigoid (43). Our data
provide strong evidence that proMMP-9 activation was impaired in the absence of
plasminogen within the mouse knee joints but not in the paws, suggesting that MMP-9 is a
putative plasmin target within the knee joints that drives inflammation and tissue damage.

There are several possible explanations for the differences in plasmin-mediated MMP-9
activation in the paws as compared to the knees of mice. One is simply that MMP-9 is
present at high levels in the mouse knee joints and at very low levels in the paws, which is
consistent with the results of our Western blot analyses. A second possibility is that factors
other than plasmin activate proMMP-9 in the paw tissue, but plasmin is critical for
activation of MMP-9 in the knee joints. However, zymography and Western blot analyses
did not detect active MMP-9 in the paw tissue of mice, but active MMP-9 was readily
detected in the knee joints. A third concept potentially accounting for joint-specific changes
in MMP-9 activity is that differences in the pathologic function of MMP-9 may be
dependent on its cellular source. Consistent with this concept, previous studies have
suggested that whereas epithelial-derived MMP-9 exacerbates inflammation during colitis,
MMP-9 from granulocytes ameliorates colitis symptoms (44). Thus, one intriguing
hypothesis is that depending on the cellular source of MMP-9 in the two joint locations,
plasmin-mediated MMP-9 activation could result in dramatically different disease outcomes.

Multiple additional plasmin targets are compatible with the finding that plasmin(ogen)
promotes TNFa-driven inflammatory arthritis in some specific anatomic locations (e.g., the
knees). For example, plasmin has been shown to support inflammatory cell trafficking as
well as cell signaling events and cytokine secretion, in part through engagement of cell
surface plasminogen receptors (e.g., Plg-RkT, annexin I, a-enolase) found on numerous cell
types relevant to arthritis, including endothelial cells and inflammatory monocyte/
macrophages (45-48). In this regard, inhibition of Plg-Rk with a monoclonal antibody was
recently shown to markedly reduce macrophage migration in vivo (45,46). The knee joints
of Plg—-/Tg197+ mice were found to be remarkably free of inflammatory infiltrates, but
whether this is a primary effect of plasminogen deficiency or a secondary consequence of
overall limited arthritis remains to be resolved. Thus, the present data do not exclude the
possibility that plasmin influences inflammatory arthritis through multiple distinct
mechanisms.

In conclusion, these studies highlight a unique relationship between the PA system and
TNFa-driven arthritis. Furthermore, these findings highlight the concept that the action of
local hemostatic factors may be one basis for the differential development of inflammatory
arthritis in distinct joints (e.g., large versus small). Accordingly, clinical interventions at the
level of hemostatic factors may be a useful therapeutic strategy in the treatment of some, but
not necessarily all, inflammatory arthropathies.
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Figure 1.
Plasminogen deficiency exacerbates tumor necrosis factor a—induced arthritis in mouse fore

paws and hind paws. A, Representative images of hind paws from 10-week-old Tg197- and
Tg197+ mice with and without plasminogen. Note the profound swelling in the phalangeal
joints (arrows) of Plg—/Tg197+ mice compared to Plg+/Tg197+ mice. B and C, Scatterplots
of the arthritis index (B) and arthritis severity scores (C) in the paws of Plg+/Tg197+ mice
and Plg—/Tg197+ mice. Symbols represent individual mice; horizontal lines show the
median. Pvalues were determined by Mann-Whitney U test. D, Representative hematoxylin
and eosin-stained metacarpophalangeal joint sections from 10-week-old Tg197- and
Tg197+ mice with and without plasminogen. Note that PIg—/Tg197+ mice displayed
substantially more joint destruction, including apparent obliteration of articular surfaces and
bone, characterized by extensive synovial hyperplasia (arrowheads) and pannus formation
(asterisks) relative to Plg+/Tg197+ mice. E, Representative Safranin O-stained
metacarpophalangeal joint sections from 10-week-old Tg197- and Tg197+ mice with and
without plasminogen. Note the substantial loss of proteoglycans (arrows) within the
articular cartilage in both Plg+/Tg197+ and Plg—/Tg197+ mice. Bars in D and E = 100 zm.
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Figure 2.
Plasminogen deficiency ameliorates arthritis in the knees of tumor necrosis factor a—

transgenic mice. A, Representative hematoxylin and eosin (H&E)—-stained knee joint
sections from 10-week-old Tg197- and Tg197+ mice with and without plasminogen. Note
that widespread joint pathology, including synovial hyperplasia (arrowhead) and pannus
(asterisk), was prominent in Plg+/Tg197+ mice, whereas joint architecture was near normal
in the Plg—/Tg197+ mice. In the absence of the Tg197 transgene, mouse knee joints were
uniformly unremarkable, regardless of the presence or absence of plasminogen. B,
Representative Safranin O-stained knee joint sections from 10-week-old Tg197- and
Tg197+ mice with and without plasminogen. Note the presence of contiguous red staining
indicating intact articular cartilage (arrow) in the Plg—/Tg197+ mice, in contrast to Plg+/
Tg197+ mice with extensive articular cartilage destruction. C, Quantitative microscopic
analysis of individual disease metrics from H&E-stained knee joint sections from Plg+/
Tg197+ mice and Plg—/Tg197+ mice. Bars show the mean = SEM (n = 13 knees per group).
#=P<0.001; ** = P<0.01; * = P< 0.05, by Student’s £test. D, Scatterplot of composite
histopathology index analysis of H&E-stained knee joint sections. Symbols represent
individual mice; horizontal bars show the median. Pvalues were determined by Mann-
Whitney U test. Bars in A and B =200 zm.
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Figure 3.
Fibrin deposition is a consistent histologic feature of joint tissue in plasminogen-deficient

mice despite the opposing differences in arthritis disease severity in the paw and knee joints.
A, Immunohistochemical staining for fibrin or fibrinogen in representative proximal
interphalangeal joint sections isolated from 10-week-old Tg197- and Tg197+ mice with and
without plasminogen. Note the robust fibrin deposition (red staining) in the hyperplastic
synovium and eroding cartilage surfaces in Plg—/Tg197+ mice. B, Immunohistochemical
staining for fibrin deposition in representative knee joint sections isolated from 10-week-old
Tg197- and Tg197+ mice with and without plasminogen. Intense fibrin staining was
consistently observed in the knee joints of PIg—/Tg197+ mice, particularly along articular
surfaces, despite the general lack of microscopic features of arthritis. Not surprisingly, fibrin
deposition was also observed within the appreciably more disrupted knee joints of Plg+/
Tg197+ mice, often dispersed within the hyperplastic synovial tissue. Bars = 200 gm
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Figure 4.
Genetic elimination of fibrinogen reverses both the proarthritic and antiarthritic phenotypes

observed in the paws and knees of plasminogen-deficient Tg197 mice. A and B, Scatterplots
of the arthritis index (A) and arthritis severity scores (B) in the paws of Tg197+ mice with
single and combined deficits in plasminogen and fibrinogen. Note that plasminogen
deficiency resulted in worsened arthritis in the paws, and superimposing fibrinogen
deficiency significantly lessened arthritis in this location. The loss of fibrinogen alone had
no significant impact on arthritis in the paws relative to control Tg197+ mice. C, Histology
scores of inflammatory joint disease parameters in the knees of Tg197+ mice with single
and combined deficits in plasminogen and fibrinogen. Bars show the mean = SEM. * = P<
0.001; #= P<0.01, by Student’s #test. D, Scatterplot of histopathology index composite
scores in the knees of Tg197+ mice with single and combined deficits in plasminogen and
fibrinogen. In contrast to the paws, plasminogen deficiency strongly lessened arthritis in the
knees, and superimposing fibrinogen deficiency significantly worsened arthritis in this
location. The loss of fibrinogen alone had no significant impact on arthritis in the knees
relative to control Tg197+ mice. In A and B, symbols represent individual mice; in D,
symbols represent individual knees. Horizontal bars show the median. Pvalues were
determined by Mann-Whitney U test. NS = not significant.
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Figure 5.
Proinflammatory and antiinflammatory cytokine expression within joints is dependent on

both plasminogen and fibrinogen and correlates with arthritis severity in Tg197 mice.
Results of quantitative reverse transcriptase—polymerase chain reaction analysis of
interleukin-1y (IL-1y), IL-6, interferon-£ (IFN/), IL-10, and transforming growth factor g
(TGFp) messenger RNA isolated from the paws (A-E) and knees (F-J) of 10-week-old
Tg197+ and Tg197- mice with selected deficits in plasminogen and/or fibrinogen are
shown. Cytokine expression was low in the arthritis-free Tg197— mice, regardless of
hemostatic factor status. In Tg197+ mice, expression of each of these endogenous
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inflammatory mediators was readily detected in both the paws and knees. Importantly,
plasminogen acted as both a positive and a negative determinant of endogenous cytokine
expression in Tg197+ mice, depending on joint location. Note that the pattern of endogenous
cytokine expression closely followed the location-dependent and hemostatic factor—
dependent worsened or diminished overall arthritis pathology. Bars show the mean + SEM
(n =4 mice in the Tg197- control group; n = 6—8 mice in all other groups). Pvalues were
determined by Student’s £test. NS = not significant.
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Figure 6.
Plasminogen deficiency results in diminished matrix metalloproteinase 9 (MMP-9), but not

MMP-2, activity in the knees but not the paws of Tg197 mice. A-D, Results of quantitative
reverse transcriptase—polymerase chain reaction analysis of MMP-9 and MMP-2 mRNA
isolated from the paws (A and B) and knees (C and D) of 10-week-old Plg+ and Plg— Tg197
mice. Bars show the mean + SEM. Pvalues were determined by Student’s #test. E and F,
Gelatin zymography of protein extracts prepared from the paws (E) and knees (F) of Tg197
mice to detect MMP-9 and MMP-2 activity. G, Western blot analysis using an anti-MMP-9
antibody, which detects both proMMP-9 (105 kd) and active MMP-9 (act MMP-9; 88 kd).
Note that active MMP-9 is readily detected in the knees of Plg+/Tg197+ mice, but that
levels of active MMP-9 are significantly reduced in the knees of Plg—/Tg197+ mice, despite
higher overall levels of proMMP-9 protein. NS = not significant.
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