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Neurobiology of Disease

Plasminogen Deficiency Delays the Onset and Protects from
Demyelination and Paralysis in Autoimmune
Neuroinflammatory Disease

Maureen A. Shaw,' Zhen Gao,' Kathryn E. McElhinney,' Sherry Thornton,* Matthew J. Flick,> Adam Lane,

Jay L. Degen,? Jae Kyu Ryu,’ Katerina Akassoglou,>® and Eric S. Mullins'

Divisions of 'Hematology, 2Experimental Hematology and Cancer Biology, and *Bone Marrow Transplantation and Immune Deficiency, Cancer and Blood
Diseases Institute, and “Division of Rheumatology, Cincinnati Children’s Research Foundation, Cincinnati Children’s Hospital, Cincinnati, Ohio 45229,
SNeurological Disease, Gladstone Institutes, San Francisco, California 94158, and *Department of Neurology, University of California, San Francisco,

San Francisco, California 94158

Multiple sclerosis (MS) is a neuroinflammatory, demyelinating disease of the CNS. Fibrinogen deposition at sites of blood- brain barrier
breakdown is a prominent feature of neuroinflammatory disease and contributes to disease severity. Plasminogen, the primary fibrino-
lytic enzyme, also modifies inflammatory processes. We used a murine model of MS, experimental autoimmune encephalomyelitis
(EAE), to evaluate the hypothesis that the loss of plasminogen would exacerbate neuroinflammatory disease. However, contrary to initial
expectations, EAE-challenged plasminogen-deficient (PIg™) mice developed significantly delayed disease onset and reduced disease
severity compared with wild-type (Plg™) mice. Similarly, pharmacologic inhibition of plasmin activation with tranexamic acid also
delayed disease onset. The T-cell response to immunization was similar between genotypes, suggesting that the contribution of plasmin-
ogen was downstream of the T-cell response. Spinal cords from EAE-challenged Plg™ mice demonstrated significantly decreased demy-
elination and microglial/macrophage accumulation compared with Plg” mice. Although fibrinogen-deficient mice or mice with
combined deficiencies of plasminogen and fibrinogen had decreased EAE severity, they did not exhibit the delay in EAE disease onset, as
seen in mice with plasminogen deficiency alone. Together, these data suggest that plasminogen and plasmin-mediated fibrinolysis is a
key modifier of the onset of neuroinflammatory demyelination.
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Multiple sclerosis is a severe, chronic, demyelinating disease. Understanding the pathobiology related to the autoreactive T-cell
and microglial/macrophage demyelinating response is critical to effectively target therapeutics. We describe for the first time that
deficiency of plasminogen, the key fibrinolytic enzyme, delays disease onset and protects from the development of the paralysis
associated with a murine model of multiple sclerosis, experimental autoimmune encephalomyelitis (EAE). Administration of a
widely used, pharmacologic inhibitor of plasminogen activation, tranexamic acid, also delays the onset of neuroinflammation
associated with EAE. j

ignificance Statement

Introduction
Multiple sclerosis (MS) is a chronic demyelinating disease of the
CNS. A primary pathophysiologic feature of this disease process
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is autoreactive CD4" T cells driving microglial/macrophage-
mediated destruction and phagocytosis of the myelin sheath
(Frohman et al., 2006). As the principal effector cell of the neu-
roinflammatory demyelination response, microglial cells and re-
cruited macrophages play a significant role in the development of
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MS (Gehrmann et al., 1993; Lassmann et al., 1993; Heppner et al.,
2005). While the adaptive immune response is important in the
initiation of neuroinflammatory disease, microglial/macrophage
activation and function are critical for the development of neu-
ropathologies associated with MS (Davalos et al., 2012).

As macrophage function is critical in the development of MS,
interference with activation or recruitment of macrophages to
lesions in the CNS is an attractive target in this disease process.
Indeed, alteration of fibrinogen, which is known to be central to
macrophage activation events, modifies disease severity in a mu-
rine model of MS, experimental autoimmune encephalomyelitis
(EAE; Akassoglou et al., 2004; Adams et al., 2007). Diminution of
fibrinogen or mutation of the a8, binding motif on the y chain
of fibrinogen both ameliorates the paralysis associated with EAE
and reduces CNS demyelination. This diminution of disease is
mechanistically tied to diminished macrophage activation/
phagocytosis in the CNS (Adams et al., 2007).

Plasmin is the primary enzyme that degrades and clears fibrin
matrices. Beyond fibrinolysis, plasmin has a broader proteolytic
specificity and is capable of modifying other extracellular matrix
proteins (Liotta et al., 1981; Chain et al., 1991), directly and
through the activation of other proteases (He et al., 1989; Ma-
kowski and Ramsby, 1998), as well as growth factors (Houck et
al., 1992; Campbell and Andress, 1997; Shanmukhappa et al.,
2009), complement (Barthel et al., 2012), and other proteins (El-
lis et al., 1968; Pepinsky et al., 1988). Given this wide array of
proteolytic targets, plasmin has been implicated in multiple cel-
lular processes beyond its well characterized role in fibrinolysis.
Plasmin-mediated proteolysis is key in wound healing (Romer et
al., 1996), host defense (Degen et al., 2007; Guo et al., 2011), and
cell migration (Ploplis et al., 1998). Frequently, the importance of
plasminogen has been linked to fibrinogen/fibrinolysis. How-
ever, fibrinogen-independent roles of plasminogen have been
unambiguously recognized as well, including hepatic repair
(Shanmukhappa et al., 2009).

One of the most intriguing recognized functions of plasmin,
both fibrinolysis dependent and fibrinolysis independent, is the
control of inflammatory events. Plasmin plays a critical role in the
trafficking of macrophages to the peritoneal cavity in peritonitis
challenges (Ploplis et al., 1998). Further, plasminogen supports
the development of asthma in mice (Swaisgood et al., 2007). Ad-
ditionally, both plasminogen and plasminogen activators pro-
mote the development of autoimmune inflammatory arthritis
(Cook et al., 2010; De Nardo et al., 2010; Raghu et al., 2014).

Given the key role of fibrinogen in the setting of neuroinflamma-
tion, we investigated the potential for plasminogen to influence in-
flammatory disease. Here we establish for the first time that
plasminogen deficiency results in a major delay in disease onset and
protection from paralysis in myelin oligodendrocyte protein
(MOG) peptide-induced EAE. Further, fibrinogen deficiency alone
reduces EAE severity, while fibrinogen deficiency combined with
plasminogen deficiency abrogates the early delay to disease onset
conferred by plasminogen deficiency alone. These findings establish
an unanticipated role for plasminogen as a regulator of disease onset
in autoimmune neuroinflammatory disease.

Materials and Methods

Mice and induction of experimental autoimmune encephalomyelitis. Plas-
minogen-deficient mice (Plg™; RRID:IMSR_JAX:002830), fibrinogen-
deficient mice (Fib~; RRID:MGI:3663779), and combined Plg™/Fib™ mice
have been previously described (Bugge et al., 1995, 1996; Suh et al., 1995).
Both Plg™ and Fib™ animals have a known normal adaptive immune re-
sponse (Kitching et al., 1997; Drew et al., 2001; Flick et al., 2007; Munks et al.,
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2010; Berrietal., 2013). All animals used were backcrossed a minimum of six
generations to C57BL/6] and, consistent with the known sex bias of disease,
only females were used. All animals used were generated from the same
colony at Cincinnati Children’s Research Foundation. EAE was induced in
10-week-old animals by subcutaneous injection of MOG;5 55 (MEVGW
YRSPESRVVHLYRNGK) emulsified in complete Freund’s adjuvant on day
0 (Hooke Laboratories). Animals received 230 ng of pertussis toxin, i.p.
(Hooke Laboratories), in PBS on days 0 and 1 of the induction period. An
observer blinded to genotype performed all clinical scoring. Mice were
scored daily as follows, based on motor symptoms: 0, no disease; 1, loss of tail
tone; 2, hindlimb ataxia; 3, hindlimb paralysis; 4, forelimb ataxia or paralysis;
5, moribund or death. The Cincinnati Children’s Research Foundation In-
stitutional Animal Care and Use Committee approved all experiments.

Rotarod treadmill assay. Mice were challenged on a rotarod treadmill
specifically designed for mouse usage (Med Associates) to evaluate motor
function and stamina. Studies on the rotarod were first initiated before
the induction of EAE to acclimatize the animals to the instrument and to
remove learning as a variable and then were repeated in the same cohorts
over time. Mice with any motor symptoms were closely monitored while
using the rotarod. An acceleration setting was used, the initial speed
started at 4 rotations per minute (rpm) with gradual acceleration to a
maximum of 40 rpm. Analyses are reported as the mean of three separate
trials on the rotarod apparatus with a maximum time limit of 360 s.

Quantitative PCR. Spinal cords were isolated from either unchallenged
animals or challenged animals at the peak of disease after first perfusing
the killed animals with PBS through the left ventricle of the heart. Whole
spinal cords were then obtained by flushing the spinal canal with PBS.
The spinal cords were then homogenized in TRIzol (Life Technologies)
using a TissueLyser II (Qiagen), and RNA was isolated according to the
manufacturer directions. Total RNA was used to make cDNA with a
high-fidelity RNA-to-cDNA kit (Life Technologies) and quantitative
PCR (qPCR) was performed. Primer sets for matrix metalloprotease 9
(MMP9), F4/80, interleukin (IL)-6, IL-17«, interferon-y (IFN-vy), IL-1f3,
chemokine (C-C motif) ligand 5 (CCL5), and chemokine (C-X-C motif)
ligand (CXCL1) were used in conjunction with a primer set for Polr2a as
a reference gene (TagMan). Relative expression of each gene was calcu-
lated using the Pfaffl method (Pfaffl, 2001).

Isolation of splenocytes, splenocyte proliferation assay, and FACS analysis.
Spleens were removed at the peak of EAE disease and a splenocyte prolifer-
ation assay was performed as previously described (Ma et al., 1998). Briefly,
splenocytes were mechanically dissociated via passage through a 40 M sieve,
washed with an erythrocyte lysing solution (Invitrogen), and then placed
into RPMI (Invitrogen) containing 2% C57BL/6] mouse serum using 96-
well plates at 2 X 107 cells/well. The cultured cells were incubated in media
alone or stimulated with either 0.1 mg/ml MOG;;_55 (Hooke Laboratories)
or anti-CD3 antibody (antibody-2C11, American Type Culture Collection;
RRID:CVCL_7234) as a positive control. After 48 h in culture, the superna-
tant was harvested, and then the cells were pulsed with 1 uCi of [methyl-
*H]-thymidine (PerkinElmer) for 24 h. Incorporation of [methyl-*H]-
thymidine per well was determined. Splenocytes (1 X 10°) were also
immunostained for separate flow cytometry analyses using fluorescence-
conjugated antibodies to CD3 (fluorescein isothiocyanate clone 145-2C11,
BD Biosciences; RRID:AB_394594), CD19 (phycoerythrin, clone 1D3, BD
Biosciences; RRID:AB_395050), F4/80 (allophycocyanin, clone BM8, eBio-
sciences; RRID:AB_469452), and CD25 (allophycocyanin, clone PC61.5,
eBiosciences; RRID:AB_469366). FACS analysis was performed with a BD
FACS Canto system (BD Biosciences) and analyzed with BD FACS Diva 8.0
(BD Biosciences). Supernatant cytokine levels (IFN-vy, IL-13, IL-2, IL-4,
IL-6, IL-12, and IL-17¢c) were determined by a multiplex Luminex assay
(Millipore).

Treatment of mice with tranexamic acid. The drinking water of experimen-
tal cohorts was supplemented with 50 mg/ml tranexamic acid (TXA). Simi-
lar doses of TXA have previously been found to be biologically effective in
mice (Hattori et al., 2000; Bruno et al., 2008). Control animals were main-
tained on standard water without supplement. Three days after the initiation
of TXA treatment, mice were immunized with MOG, as described above.
Mice were evaluated for clinical scores for 4 weeks following EAE induction.
An additional cohort of TXA-treated mice had spinal cords harvested at the
time of peak disease for histological analysis.
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Passive EAE induction. For adoptive transfer of EAE in SJL/J mice,
wild-type donor SJL/] mice were immunized with 100 ug of proteolipid
protein 139-151 (PLP,54_,5,) (HSLGKWLGHPDKEF, Auspep) in com-
plete Freund’s adjuvant (Sigma-Aldrich) supplemented with 400 ug of
heat-inactivated mycobacterium tuberculosis H37Ra (Difco; Adams et
al.,2007). Ten days after immunization, cells from draining lymph nodes
and spleen were isolated. Lymphocytes were restimulated with 20 pug/ml
PLP,34_;5; peptide and 10 ng/ml IL-12 (eBioscience) for 4 d in complete
RPMI-1640, and 3 X 107 cells were transferred into healthy SJL/J recip-
ients. For the treatment of mice with TXA, the drinking water was sup-
plemented with 50 mg/ml TXA 3 d before cell transfer. We monitored
mice daily for clinical signs as described above.

Blood—brain barrier leakage assay. Unchallenged and EAE-challenged
mice were injected with 150 ul of 1% Evans Blue dye in PBS. Two hours
later, mice were killed and perfused with 10 ml of PBS. Whole spinal
cords were obtained by flushing the spinal column with PBS. Subse-
quently, Evans Blue dye was extracted from the spinal cord tissue using
formamide overnight at 55°C and quantified using a fluorescence reader
(SpectraMax M2, Molecular Devices) with excitation at 620 nm and
emission at 680 nm. Evans Blue dye was expressed as the total dye per
gram of tissue.

Zymography. Spinal cords were harvested from both Plg™ and Plg™
animals at the peak of disease. The cords were homogenized in PBS and
total protein concentrations were determined by BCA assay (Thermo-
Fisher Scientific). Gelatin zymography (10% gel; Bio-Rad) was per-
formed with 20 g of total protein, as previously described (Raghu et al.,
2014). Gel images were captured with a Canoscan LIDE 30 Scanner
(Canon). Densitometry of the zymography gels was performed using the
Fiji configuration of Image] (National Institutes of Health).

Histopathology. Histopathologic examination of mouse spinal cords
was performed on spinal cord sections obtained from animals harvested
at the time of peak disease. Spinal cords were removed from the spinal
canal of perfusion-fixed mice and processed into paraffin. Tissue sections
were stained with Luxol fast blue (Electron Microscopy Services) and
counterstained with hematoxylin and eosin (Sigma-Aldrich) to evaluate
demyelination. Macrophages were immunostained using a rabbit anti-
Ibal primary antibody (Wako Chemicals) together with a biotinylated
goat anti-rabbit antibody (Vector Laboratories), the ABC Streptavidin/
horseradish peroxidase detection system (Vectastain, Vector Laborato-
ries), and diaminobenzidine (Sigma-Aldrich). Photomicrographs were
captured using an Axioplan 2 microscope and an AxiocamHR camera
(Carl Zeiss). Determination of the percentage area of spinal cord demy-
elination was performed by an observer blinded to mouse genotype by
manual measurement of areas of demyelination on six cross-sections of
spinal cord per mouse using Image]J. Area of Ibal staining was established
by applying manual thresholding to the image using the Threshold Color
Image] Plugin (Dr. G. Landini, University of Birmingham, Birmingham,
UK) on Image]. The percentage of total Ibal area was averaged for six
spinal cord sections per mouse.

Statistical analysis. For endpoints measured serially, differences be-
tween groups at specified time points were two-sided tests obtained from
a linear mixed model using all measurements taken throughout the ex-
periment. Within-subject correlation was accounted for using an order
one autoregressive error structure. These analyses were performed using
SAS version 9.3. All other statistical analysis was accomplished using
GraphPad Prism version 6 for Windows (GraphPad Software). Time
until onset of disease and time until onset of hindlimb/forelimb paralysis
were compared using log-rank analysis. All remaining analyses were per-
formed using a two-tailed Mann—Whitney U test. SE is expressed as SEM.

Results

Plasminogen deficiency delays the onset and decreases
severity of paralysis associated with EAE

To test the hypothesis that plasminogen deficiency modifies
neuroinflammation in EAE, cohorts of Plg* (n = 19) and Plg~
(n = 21) mice were challenged with MOG;5_s5s-induced EAE.
Contrary to expectations, based on evidence that fibrinogen is a
potent driver of neuroinflammatory disease in mice, and despite
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the fact that the loss of the key fibrinolytic protease plasmin
would favor fibrin persistence, EAE-challenged Plg™ mice exhib-
ited significantly decreased clinical disease scores relative to con-
trol Plg™ mice. In contrast to Plg™ mice, Plg™ mice exhibited
improved motor function over the entire observation period of
>5 weeks (Fig. 1A). While EAE disease penetrance was 100% in
both groups of animals, loss of plasminogen also resulted in a
significantly prolonged time to EAE disease onset (i.e., any symp-
tom of EAE, loss of tail tone, or ataxia) with a median of 14 d for
Plg™ mice versus 16 d for Plg™ mice (Fig. 1B). Additionally, time
to more advanced motor function loss (e.g., hindlimb paralysis)
was also significantly prolonged in Plg™ mice, with a median of
15 d for Plg* mice and 19 d for Plg™ animals (Fig. 1C). At no
point of time during the >5 weeks that the mice were followed
did the Plg~ animals develop a similar level of disease as the Plg™
mice. At the peak of disease (day 19), the loss of motor function
was typically limited to only mild ataxia in PIg™ mice yielding a
mean clinical score of 2.3 + 0.3, whereas Plg* animals challenged
in parallel typically exhibited hindlimb paralysis and/or partial
forelimb paralysis, yielding a mean score of 3.4 == 0.2 (p < 0.001).
A similar highly significant benefit in motor function capability
was observed in Plg™ mice relative to Plg™ cohorts late in the
disease course. At day 38, the mean clinical score for Plg™ animals
was 2.3 = 0.3 compared with a mean clinical score of 3.3 = 0.3 for
Plg™ animals (p < 0.01). This difference is not only statistically
significant, it is also quite functionally significant, as a score of 2 is
defined by ataxia alone, compared with paralysis associated with
a score of 3. Further, the total days of paralysis (clinical scores
equal to or >3) were significantly increased in the Plg™ cohort
versus in the Plg™ cohort (Fig. 1D). Plg™ animals were also spared
from the severe body weight loss typically associated with devel-
oping EAE. At the peak of disease, Plg”™ mice (n = 10) had a
median body mass of 94.0 £ 3.2% of their body mass before
disease onset, compared with a median of 79.9 = 2.4% of initial
body mass in Plg™ animals (n = 10; p < 0.005).

A subsequent cohort of Plg™ (n = 11) and Plg™ (n = 9) mice
were challenged with EAE to assess motor function on a rotarod
treadmill. On day 6, before the onset of clinical disease, no statis-
tical difference was observed in the time that Plg™ or Plg™ ani-
mals were able to actively remain on the slowly accelerating
treadmill. However, by day 15 after the induction of EAE, there
was a statistically significant twofold diminution in the time that
Plg™ animals could remain on the treadmill relative to the initial
analysis at day 6. In stark contrast, at day 15, there was no dis-
cernible decrease in the time EAE-challenged Plg™ mice could
actively remain on the rotarod treadmill relative to initial times,
before disease onset, at day 6 (Fig. 1E).

Decreased blood—brain barrier leakage in Plg™ animals

To further define any genotype-dependent differences in early
pathological changes associated with the development of EAE, we
assessed blood—brain barrier (BBB) leakage using the well de-
scribed method of Evans Blue extravasation. Here, cohorts of
EAE-challenged mice were administered Evans Blue dye at the
peak of disease (day 15) and the extent of dye leakage into the
CNS tissues evaluated. Consistent with prior results, a statistically
significant difference in clinical scores between Plg* (1 = 12) and
Plg™ (n = 8) animals was observed at day 15 (mean scores, 3.6 =
0.2 vs 0.8 = 0.4, respectively; p < 0.0001). Consistent with the
notion that plasminogen is mechanistically coupled to vascular
leakage in the CNS in the context of MOG-induced neuroinflam-
matory disease, EAE-challenged Plg™ mice had a statistically
significant twofold diminution in vascular leakage relative to
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Figure 1.  Micelacking plasminogen exhibit diminished EAE disease severity and paralysis. 4, Cohorts of Plg ™ (n = 19) and Plg™ (n = 21) animals were challenged with MOG-induced EAE. Plg ™

animals exhibited significant protection from both disease onset and paralysis throughout the study period. These data reflect two combined experiments with similar results. *p << 0.05; Ap < 0.01;
§p << 0.005; #p << 0.001. B, Kaplan-Meier analysis of time until onset of any EAE disease-related symptoms. Plg~— animals have a statistically increased time until disease onset; however, all of the
Plg™ animals developed symptoms of EAE. C, Time to onset of hindlimb or forelimb paralysis (a clinical score of =3). Plg™ mice were found to have significantly prolonged time to the onset of
hindlimb paralysis. Indeed, >20% of the Plg— mice did not exhibit any paralysis during the study period. D, Plg— animals also exhibited fewer days of paralysis per mouse during the study period.
The majority of Plg ™~ mice had <<10 d of paralysis, while the majority of Plg ™ mice had >20 d of paralysis. E, Cohorts of Plg ~ and Plg™ mice were challenged with EAE and tested with the rotarod
apparatus. These animals were challenged on the rotarod before the MOG injection, at 6 d after the injection (before the onset of disease), and again at day 15 (after disease onset, but before peak
disease). While the Plg ~ animals had no significant difference in their ability to use the rotarod at day 15 compared with day 6, the Plg™* mice had a significant decrease in the capability to walk on
the apparatus both compared with themselves on day 6 and the Plg — mice at day 15. F, EAE-challenged wild-type animals were found to have significantly increased BBB permeability (23-fold) over
nonchallenged wild-type mice. However, Plg — animals challenged with EAE did not demonstrate a statistically significant increase compared with unchallenged mice. EAE-challenged Plg — animals

exhibited a twofold reduction in BBB leakage compared with EAE-challenged Plg™ mice.

EAE-challenged Plg* mice (Fig. 1F; p < 0.05). EAE-challenged
Plg™ mice had a robust increase of vascular permeability com-
pared with unchallenged Plg* animals (Fig. 1F; p < 0.005), while
EAE-challenged Plg™ mice had only modest vascular leakage over
unchallenged Plg™ mice, but the difference was not statistically
significant (Fig. 1F; p > 0.25).

Pharmacological suppression of plasminogen activation
ameliorates EAE pathology

To complement the genetic studies in Plg™ mice, EAE studies
were performed in mice treated with a pharmacologic inhibitor
of plasminogen activation. Here, EAE-challenged wild-type
mice were treated with a pharmacologic suppressor of plas-
minogen activation, TXA, which is widely used and clinically
approved for the suppression of bleeding events. Compared
with wild-type mice treated with water alone, mice treated
with TXA exhibited a significantly improved early disease
course (Fig. 2A). Additionally, mice treated with TXA had a
significant prolongation until the onset of any EAE disease-
related symptoms compared with water-treated controls (Fig.
2A,B). Furthermore, as an additional objective metric of the

benefits of TXA in limiting the disease progression, TXA-
treated mice were significantly protected from the body mass
loss associated with EAE compared with mice that received
only water (Fig. 2C).

Histological analysis of spinal cords revealed prominent areas
of demyelination throughout the cords of control animals that
received water alone (Fig. 2D, representative image). In contrast,
the spinal cords of the TXA-treated cohort had substantially
fewer and smaller areas of demyelination and inflammation (Fig.
2E, representative image). Quantification of the area of demyeli-
nation also revealed a significant decrease in the area of demyeli-
nation at the peak of disease (Fig. 2F).

Regulation of peripheral T-cell responses is not a major
function of plasminogen in EAE

To determine the mechanisms linking plasminogen to EAE disease
onset and progression, we first analyzed whether diminished pathol-
ogies noted in Plg™ mice were linked to a decreased autoreactive
T-cell response following MOG peptide immunization. First, we
examined the differential composition of the splenocytes of the Plg™
and Plg™ mice at the peak of disease (day 14). There was no signifi-
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cant difference in CD3-, CD3/CD25-,
CD19-, or F4/80-expressing cells between
the two genotypes (Fig. 3A-D). Next, cul-
tured splenocytes from the same cohorts of
both Plg* and Plg ™ animals were compared
for specific proliferative response by mea-
suring cellular [*H]-thymidine incorpora-
tion following stimulation with MOGs;5_s5.
Consistent with prior findings, there was a
significant separation of clinical scores in
Plg" and Plg ™ mice at the time of splenocyte
isolation. Nevertheless, no significant differ-
ence was noted in MOG peptide-induced
T-cell proliferation in splenocytes isolated
from Plg™ or Plg™ mice in any of the treat-
ment groups (Fig. 3E). We next assessed
whether plasminogen contributes to T-cell
polarization in EAE induction. Splenocytes
of EAE-challenged Plg* and Plg~ mice were
stimulated with media alone, MOG, or a
CD-3 antibody. The supernatant from these
cultures was harvested after 48 h and as-
sessed for cytokines associated with T helper
type 1 (Th-1), Th-2, or Th-17 cell response.
There was no difference between Plg* or
Plg™ splenocyte production of any cytokine
among those that were incubated with me-
dia only. A modest, but statistically signifi-
cant, decrease in IFN-vy production was
noted in the MOG-stimulated Plg™ spleno-
cytes, compared with the Plg™ splenocytes
(Fig. 3H). Otherwise, no significant differ-
ences were found among the MOG-stimu-
lated splenocytes (Fig. 3G,I-L). Among
those treated with the anti-CD3 antibody, a
modest, statistically significant increase in
IL-2 production was noted in the Plg™
splenocytes (Fig. 3G).

Furthermore, we tested the effects of
plasminogen in adoptive transfer EAE. As
the PLP-induced model of EAE is better
suited for passive transfer of disease, we im-
munized wild-type SJL mice with PLP and
transferred PLP,;4_,5,-primed lympho-
cytes and splenocytes to wild-type mice
treated with TXA or vehicle. Similar to ac-
tive EAE (Fig. 2A), passive EAE mice treated
with TXA had a delayed onset of EAE dis-
ease in contrast to control mice (Fig. 4).
Overall, these data suggest that the regula-
tion of the primary T-cell response is not a
primary function of plasminogen in EAE.

Decreased demyelination and
inflammation in spinal cords of

Plg™ mice

To assess the degree of pathology within
the CNS of EAE challenged mice at the
peak of disease, spinal cords were har-
vested from cohorts of Plg”™ and Plg™
animals (17 d after immunization). As
expected, inflammatory infiltrates cor-
related with areas of demyelination
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Figure3. ResponsetoMOGimmunization.A-D, Splenocytes were harvested at the peak of disease (day 14), labeled, and analyzed via FACS. No differences among (D3, (D3/CD25, (D19, or F4/80

were observed between genotypes. E, Splenocytes from the same cohort of animals were used for a proliferation assay. Splenocytes were stimulated in vitro with either media alone, MOG,;_cc, or
astimulatory anti-CD3 antibody. No difference between genotypes was observed in any stimulatory group. Supernatants from the stimulated splenocytes were harvested and assayed to assess T-cell
polarization. F, I-L, No significant differences between stimulated splenocytes from Plg ™ or Plg ~ animals were noted for secretion of IL-6, IL-13, IL-12p70, IL-4, or IL-17 . G, A significant increase
in IL-2 secretion was seen in anti-CD3-stimulated splenocytes from Plg ™ animals. H, A small, but significant decrease in IFN-+y secretion was noted in MOG-stimulated splenocytes from Plg—

animals.

throughout the cords of Plg™ animals (Fig. 5A, C). In contrast,
Plg™ animals had dramatically decreased demyelination and
inflammation compared with the Plg*™ animals (Fig. 5B, D).
Quantification showed that Plg™ animals had over a fourfold

decreased area of demyelination in the spinal cords in contrast

to Plg™ animals (Fig. 5E).

Macrophage/microglial cell accumulation in the spinal cords was
examined in tissue sections using the specific marker for microglial
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Passive transfer of EAE disease in mice treated with TXA shows a similar pattern to active disease induction. Wild-type SJL mice were immunized with PLP, and spleens and draining

lymph nodes were harvested. These cells were stimulated with PLP in culture and transferred to mice treated with either water or TXA in the drinking water. A, Similar to TXA treatment of mice
undergoing active disease induction with MOG, passive EAE disease severity was delayed in mice treated with TXA. B, There was also a statistically significant delay of disease onset in mice treated

with TXA.

cells and macrophages Ibal. Tbal™ cells were present at low, baseline
levels in both unchallenged Plg™ and Plg~ spinal cords. While abun-
dantIbal™ cells were readily apparent throughout the spinal cords of
control EAE-challenged Plg™ animals (Fig. 5F,H), Plg~ animals
exhibited fewer Ibal™ cells in the spinal cords (Fig. 5G,I). Indeed,
Ibal™ cells in EAE-challenged Plg~ CNS tissue sections were only
modestly increased relative to unchallenged animals. Quantitative
image analyses established that the mean area of Ibal staining in
EAE-challenged Plg™ mice was less than half that observed in EAE-
challenged Plg* animals (Fig. 5]). As an additional objective mea-
sure of macrophage accumulation into the spinal cords of study
group mice, total RNA was purified from spinal cords and used for
qPCR of a second known monocyte/macrophage marker, F4/80.
Consistent with the macrophage/microglial immunohistochemical
studies, relative to EAE-challenged Plg* animals, EAE-challenged
Plg™ mice exhibited 2.7-fold less F4/80 RNA in spinal cord tissues
(Fig. 5K). As anticipated, the F4/80 RNA levels in spinal cord tissues
collected from EAE-challenged Plg ™ animals were an average of 3.4-
fold higher than those observed in unchallenged Plg™ controls. In
contrast, F4/80 RNA levels in spinal cord tissues from EAE-
challenged Plg™ animals exhibited a small increase (~1.1-fold) over
unchallenged Plg™ mice.

To better understand the signals underlying the macrophage
response, we looked at fibrinogen deposition, and CD4 T-cell and
B-cell infiltration into the spinal cords of EAE-challenged mice.
As previously reported (Adams et al., 2007), abundant fibrinogen
was identified within the spinal cords of Plg* animals at the peak
of disease (Fig. 6A). Consistent with the difference in disease
severity, Plg” mice demonstrated little fibrinogen deposition
within the spinal cords at the peak of disease (Fig. 6B). CD4" T
cells were prominent at sites of demyelination within the spinal
cords of Plg™ animals, while few CD4™ cells were found in the
spinal cords from Plg ™~ animals (Fig. 6C,D). Occasional CD20" B
cells were present within the inflammatory plaques of Plg" ani-
mals; however, few B cells were observed in the spinal cords of Plg™
animals (Fig. 6 E,F). Thus, Plg™ animals appear to have decreased
numbers of CD4 cells in the spinal cord and diminished BBB leak-
age, fibrinogen deposition, and macrophage infiltration.

Potential genotype-dependent differences in inflammatory
signals critical to the pathogenesis of neuroinflammatory disease
were also evaluated. Here, spinal cords from Plg~ and Plg" mice
were harvested at the peak of neuroinflammatory disease (day
14), and total RNA preparations were analyzed for cytokine gene

expression levels by qPCR. Given that the Th-17 response is cru-
cial for the development of human MS and murine EAE
(Komiyama et al., 2006), we assayed for IL-17a. EAE-challenged
plasminogen-deficient mice had a significant threefold reduction
in IL-17a levels compared with wild-type mice (Fig. 7A). Th-1
responses are also central to the development of EAE and MS
(Merrill et al., 1992). Consistent with the reduced clinical signs
and diminution in histological evidence of neuroinflammatory
disease in EAE-challenged Plg™ mice, the expression of IFN-v,
IL-6, and IL-18 were all significantly decreased in Plg~ spinal
cord tissue compared with Plg™ spinal cord preparations (Fig.
7B-D). Furthermore, RNA levels of proinflammatory chemo-
kines CXCL1 and CCL5, which are known to support leukocyte
chemotaxis in EAE (Godiska et al., 1995; Carlson et al., 2008),
were similarly diminished in the Plg™ mice compared with con-
trol animals (Fig. 7E-F).

Plasminogen regulates the activation of matrix
metalloproteinases in EAE

Previous reports have pointed to a mechanistic relationship be-
tween plasmin and MMP9 in inflammation and the recruitment
of macrophages at sites of inflammation (Liu et al., 2005; Gong et
al., 2008). To determine whether plasminogen deficiency directly
and/or indirectly altered MMP9 activation within CNS tissues of
EAE-challenged mice, spinal cord extracts were prepared from
cohorts of plasminogen-sufficient and plasminogen-deficient
mice at peak EAE disease (16 d post-MOG induction) and MMP9
activity was assessed by gelatin zymography. EAE-challenged
Plg” mice uniformly exhibited prominent proteolytic activity
corresponding to MMP9 based on molecular weight (Fig. 8A). In
contrast, spinal cord extracts from EAE-challenged Plg™ animals
were found in most cases to have essentially no detectable MMP9
activity (Fig. 8A). Interestingly, no MMP?2 activity was detected.
MMP9 activity in the spinal cords of Plg" mice was induced in
response to MOG peptide immunization, as little to no MMP9
activity was observed in unchallenged mice regardless of geno-
type (Fig. 8B). Densitometry of gel images revealed a statistically
significant diminution in MMP9 activity for spinal cords har-
vested from EAE-challenged Plg ™ mice relative to Plg " mice (Fig.
8C). MMP?9 activity did not appear to be a function only of dis-
ease score, as Plg™ mice with similar scores to Plg" animals did
not have similar levels of MMP9 activity. To determine whether
the altered MMP9 activity was linked to plasminogen-dependent
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Figure5. Diminished demyelination, inflammation, and microglial/macrophage accumulation in spinal cords of Plg ™ animals. 4, Spinal cords were harvested at the peak of disease from both
Plg™ and Plg™ mice and stained with Luxol fast blue to delineate areas of demyelination. Plg™ animals exhibited prominent areas of demyelination throughout the spinal cord (indicated by
asterisks; 20X ). C, Higher-power view of an area of demyelination reveals a profuse inflammatory cellinfiltrate (40X ). B, D, However, Plg — animals had significantly less demyelination throughout
the spinal cords. E, The area of demyelination was quantified using ImageJ, and a statistically significant decrease in demyelination was present in the Plg ™ animals compared with Plg™ mice.
F, G, Significant macrophage accumulation was found in the Plg ™ (F) animals while the Plg ™ (G) animals had substantially less macrophage accumulation. H, I, At high power (H), the macrophage
predominance in the areas affected is well appreciated in the Plg™* animals; however, similar accumulation is not seen in the Plg ~ mice (/). J, The area of Iba1 staining was quantified using Image).
Asignificant diminution of area stained was present within the spinal cords of EAE-challenged Plg ~ animals compared with challenged Plg™* mice. F, F4/80 expression was determined within the
spinal cords of EAE-challenged and EAE-unchallenged mice. Corresponding to the immunohistochemical analysis, a significant diminution of microglial/macrophage accumulation in challenged
Plg™ mice compared with Plg™ animals was noted in this assay. Scale bars, 100 wm.

changes in overall MMP9 expression or MMP9 zymogen activa-  Delay in EAE onset in plasminogen deficiency is dependent
tion in spinal cords, qPCR-based MMP9 RNA analyses were per-  on fibrinogen degradation

formed. At the peak of disease in control mice (day 14), no  The premier proteolytic target of plasmin is fibrin (Bugge et al.,
significant difference in MMP9 mRNA levels was observed be- ~ 1996). Fib™ mice or mice treated with fibrinogen-depleting antico-
tween the Plg™ and Plg™ mice (Fig. 8D). agulants have decreased severity of neuroinflammation (Akassoglou
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etal., 2004; Adams et al., 2007). With this in
mind, we sought to determine whether plas-
minogen was mechanistically linked to fi-
brinogen in the modification of
neuroinflammatory disease. We interbred
Plg™ with Fib™ animals and challenged co-
horts of Plg*/Fib™, Plg™/Fib*, Plg*/Fib~,
and Plg™/Fib~ mice with EAE. Plg™/Fib~
mice showed reduced disease severity com-
pared with Plg™/Fib™ mice (Fig. 9A), simi-
lar to pharmacologic depletion of
fibrinogen and the prevention of thrombin-
mediated fibrinogen polymerization (Inoue
et al., 1996; Akassoglou et al., 2004; Han et
al., 2008). Among all experimental groups,
only Plg™/Fib™ mice had a significantly pro-
longed time to the onset of paralysis and ex-
hibited significant early protection from
neurologic signs of EAE (Fig. 9A). Plg™/
Fib™ mice had a significantly prolonged
time to initial disease onset compared
with Plg” /Fib™ mice (median time, 15
vs. 12 d, respectively; p < 0.05). More
impressively, the Plg™/Fib™ animals had
a significantly prolonged time to onset
of paralysis compared with the Plg™/
Fib~ mice. Plg*/Fib™, Plg*/Fib~, and
Plg™ /Fib™ mice had essentially an iden-
tical time to the onset of paralysis. How-
ever, there was a median of 7 d
difference between these groups and the
Plg™/Fib* animals (Fig. 9B). These data
suggest that plasminogen and fibri-
nogen are mechanistically coupled to
regulate disease onset in EAE.

CD4

CD20

Figure 6.

Discussion
Previous studies of neuroinflammatory dis-
ease in mice have established that fibrinogen
and plasminogen activators are positive and
negative determinants, respectively, of dis-
ease severity (Lu et al., 2002; Akassoglou et al., 2004; East et al., 2005;
Adams et al., 2007; Davalos et al., 2012; Gur-Wahnon et al., 2013). A
strong, but untested, inference of these findings was that a loss of
plasmin-mediated fibrinolysis would worsen EAE. However, plas-
minogen has been linked to processes beyond fibrinolysis, including
monocyte/macrophage cell migration, via mechanisms linked to
other proteolytic targets, such as MMP9 (Gong et al., 2008). There-
fore, we sought to determine the contribution of plasminogen to the
initiation and progression of neuroinflammatory disease in EAE-
challenged mice. Here, we report that mice with genetically imposed
plasminogen deficiency developed significantly delayed onset of
EAE and reduced paralysis. While we have not found an impairment
in T-cell response in plasminogen-deficient animals, future studies
to include additional early time points to study peripheral T-cell
infiltration would be beneficial. Consistent with our genetics-based
findings, pharmacologic suppression of plasminogen activation us-
ing TXA, a widely used pharmacological agent to suppress bleeding
symptoms, also significantly delays the onset of EAE disease symp-
toms.

Fibrin is the premier, albeit not sole, proteolytic target of plas-
min. Extravascular fibrin deposits are a conspicuous feature of
sites of vascular leak and tissue injury. Accordingly, fibrin has

Fibrin(ogen)
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Fibrinogen deposition and (D4 and (D20 infiltration into spinal cords during disease. Spinal cords, harvested at the
peak of disease, were examined for fibrinogen deposition. 4, Plg ™ cords were found to have abundant fibrinogen throughout the
areas of demyelination. B, However, minimal fibrinogen was identified in the spinal cords of Plg ™ animals, corresponding with
decreased levels of disease and diminished BBB leak. €, (D4 cells were readily identified in the spinal cords from Plg™ mice,
typically associated with areas of demyelination and inflammation. D, In spinal cords of Plg~ animals, few (D4 cells were identi-
fied. E, F, (D20 cells were identified in areas of demyelination in cords from Plg ™ animals (E); however, very few (D20 cells were
identified in the Plg ™ spinal cords (F).

been documented in demyelinating plaques of both MS patients
and experimental animals with EAE (Sobel and Mitchell, 1989).
In many disease settings, including neuroinflammation (Adams
etal.,2007; Davalos etal., 2012), inopportune or exuberant fibrin
promotes disease development and/or severity. Fibrin-rich ma-
trices are an important local cue for leukocyte activation, medi-
ated via interaction with the integrin receptor (3, (Flick et al.,
2004). Elimination of the a3, binding motif on fibrinogen,
while retaining clotting function, significantly protects mice in
the settings of inflammatory joint disease, colitis, Duchene’s
muscular dystrophy, and, most notably, EAE (Adams et al., 2007;
Flick et al., 2007; Steinbrecher et al., 2010; Vidal et al., 2012). In this
latter context, fibrin matrices appear to drive microglial/macro-
phage migration and local activation events, leading to demyelina-
tion and loss of motor function in EAE (Adams et al., 2007; Davalos
et al., 2012; Ryu et al., 2015). Based on prior findings in mice with
altered fibrinogen and individual deficits in plasminogen activators,
our studies were initiated with the working hypothesis that the loss of
plasminogen and plasmin-mediated fibrinolysis would accelerate
disease onset and/or exacerbate disease. However, alternatively, loss
of plasmin-mediated proteolysis may impede macrophage migra-
tion, leading to diminished neuroinflammation. Indeed, this second
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Reduction of proinflammatory cytokine and chemokine expression in Plg ™ spinal cords. Spinal cords from cohorts of Plg ™ and Plg™ animals were harvested at the peak of disease

(day 14), and total RNA preps were prepared and used for quantitative PCR. 4, Expression of IL-17a, the defining cytokine of the Th-17 response, was significantly decreased in the spinal cords of Plg
animals in contrast to Plg ™ animals. B~D, The Th-1 response, also required for the development of neuroinflammatory disease, was assessed by determination of expression of IFN-+, IL-6, and
IL-13. Significantly decreased expression of each of these crucial cytokines was found in the Plg™ mice compared with Plg™ controls. £, F, Additionally, evaluation of the proinflammatory
chemokines CXCL1 and CCL5 revealed significantly decreased expression in the Plg ™ mice in contrast to the control animals.
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Reduction of MMP9 activityin Plg— spinal cords. A, Zymography was performed on protein samples from spinal cords harvested at the peak of disease (day 16) from animals challenged

with EAE. No significant MMP2 activity was noted. However, while all EAE-challenged Plg ™ animals showed readily appreciable MMP9 bands, the majority of Plg ~ mice showed no significant bands
(thelone Plg™ animal with a notable band is shown here). B, Samples from spinal cords of unchallenged mice from either genotype demonstrated little to no evidence of MMP9 activity. €, Images
of the gels were captured, and, using Image), quantitative densitometry was performed. A significant decrease in relative activity was noted for the Plg ~ animals compared with the Plg™ animals.
Further, there was no significant difference between the EAE-challenged Plg — mice and the unchallenged Plg ™~ mice. D, Quantitative PCR was performed to assess MMP9 expression in spinal cords
of mice at the peak of EAE disease (day 14). No significant difference in MMP9 expression between EAE-challenged Plg ™ and Plg™ animals was found. Further, no significant difference between

EAE-challenged and EAE-unchallenged mice was observed.
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Early protection in plasminogen deficiency is dependent upon fibrinogen. 4, In comparative studies of Plg ™ /Fib ™, Plg ™ /Fib—, Plg ™ /Fib™, and Plg — /Fib ~ animals, we found that the

PIg’/Fib+ animals (n = 8) had significant protection from early disease compared with Plg ™ /Fib— (n = 9), PIng/Fib+ (n=14),and PIg*/Fib’ mice (n =9).Plg™ /Fib~ and Plg ™" /Fib ~ mice
had similar disease onset but decreased severity compared with Plg™ /Fib™ mice. *p << 0.05, Ap << 0.01, #p << 0.005. B, Impressively, Plg ™~ /Fib™ animals had a significantly prolonged time to

paralysis compared with all other genotypes, including Plg ™ /Fib— mice.

hypothesis proved correct, as plasminogen deficiency led to a pro-
found protection from the onset and progression of neuroinflam-
matory disease.

Contrary to our findings, loss of plasminogen frequently pro-
motes inflammatory disease through impaired fibrinolysis. Spe-
cifically, Plg™ mice develop exacerbated TNF-a-driven arthritis
(Raghu et al., 2014), glomerulonephritis (Kitching et al., 1997),
and inflammatory osteoporosis (Cole et al., 2014). Confirming
dependence on fibrinolysis, genetically superimposed loss of fi-
brinogen effectively uncoupled plasminogen deficiency from
worsened disease outcome in arthritis, glomerulonephritis, and
osteoporosis. The role of plasminogen in neuroinflammatory
disease appears to also depend, at least partially, on fibrinogen.
Using genetic deficiencies of plasminogen and fibrinogen in
combination and parallel, we determined that fibrinogen defi-
ciency abrogates the early protection conferred by plasminogen
deficiency alone. This suggests that the delay of EAE disease onset
in plasminogen deficiency is mechanistically linked to an inabil-
ity to clear fibrinogen. This early protection appears to be specific
for the Plg™ animals, since mice deficient only for fibrinogen
show decreased EAE severity; however, without the significant
delay of disease onset. Further, plasmin degradation of fibrin
leads to the release of fibrin degradation products. These prod-
ucts are known to be increased in inflammatory conditions; how-
ever, direct contribution to leukocyte activation and biology have
not been well characterized.

Plasminogen deficiency also leads to less inflammation in
other contexts of neuroinflammation, such as LPS-induced neu-
roinflammation, despite the presence of spontaneous fibrinogen
deposits (Hultman et al., 2014). The dual observations that fibrin
promotes neuroinflammatory pathologies in EAE and that the
loss of the premier fibrin clearance protease, plasmin, delays dis-
ease onset in the very same experimental setting, may point to
fibrin-independent plasmin targets in neuroinflammation. Nev-
ertheless, the absence of plasmin-mediated fibrin clearance ap-
pears to be at least one mechanism underlying the diminished
EAE in Plg™ mice. Beyond fibrin, other plasmin substrates could
influence EAE pathogenesis. Since BBB breakdown is a prerequi-
site for disease progression (Floris et al., 2004), it is of particular
interest that plasmin is reported to degrade components (e.g.,
laminin, fibronectin, collagen) critical to the architecture of the
BBB (Liotta et al., 1981; Mackay et al., 1990). Plasmin is capable
of proteolytically remodeling matrix components both directly
and indirectly via matrix metalloproteinase activation (e.g.,

MMP1, MMP3, and MMP9; He et al., 1989; Mackay et al., 1990).
MMP9 also plays a role in inflammatory diseases, including
EAE; young MMP9-deficient animals have decreased disease se-
verity (Dubois et al., 1999). Macrophage recruitment following
thioglycollate-induced peritonitis is both plasminogen depen-
dent (Ploplis et al., 1998) and MMP9 dependent (Gong et al.,
2008). Consistent with this are our observations that MMP9 ac-
tivity is significantly diminished in the spinal cords of EAE-
challenged Plg™ mice relative to challenged wild-type mice, and
macrophage infiltrates within the CNS are reduced in Plg™ mice
compared with wild-type animals. While provocative, the direct
linkage among plasminogen, MMP9 activity, leukocyte traffick-
ing, and BBB leakage in disease outcome remains to be formally
established. Future studies will dissect the effects of different plas-
min substrates during the course of EAE.

Mice lacking singular plasminogen activator deficiencies do
not phenocopy Plg™ mice regarding the amelioration of EAE
pathologies (Lu et al., 2002; East et al., 2005; Gur-Wahnon et al.,
2013). The precise impact of tissue plasminogen activator (tPA)
deficiency on EAE remains controversial; some studies report
early protection followed by worsened late-stage disease and
other studies report worsened disease throughout the disease
course (Luetal., 2002; East etal., 2005). Urokinase-type plasmin-
ogen activator (uPA)-deficient animals exhibit exacerbated
disease following EAE challenge (Gur-Wahnon et al., 2013),
whereas urokinase plasminogen activator receptor (uPAR)-
deficient animals exhibit either early disease protection or wors-
ened disease throughout (East et al., 2005; Gur-Wahnon et al.,
2013). One model that may reconcile these seemingly disparate
findings is that plasmin-mediated proteolysis of nonfibrin and
fibrin substrates present temporal liabilities and benefits in the
progression of neuroinflammatory disease. In this paradigm, the
differential targeting of plasmin substrates resulting from the loss
of individual plasminogen activators exacerbates EAE, whereas
the loss of all plasmin-mediated proteolysis delays EAE onset.
Absence of plasmin-mediated cleavage of matrix proteins that
support BBB function could be key advantages not gained in
tPA-, uPA-, or uPAR-deficient mice.

Evidence that plasminogen is a determinant of macrophage
recruitment in inflammatory settings has led to studies demon-
strating that multiple cell surface plasminogen binding proteins
[e.g., histone H2B (Herren et al., 2006), a-enolase (Miles et al.,
1991),S100A10 (MacLeod etal.,2003), and Plg-Ry- (Andronicos
etal., 2010)] also are central to macrophage migration (Das et al.,
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2007; Wygrecka et al., 2009; O’Connell et al., 2010; Lighvani et al.,
2011). No direct analyses of cell surface plasminogen-binding
proteins and EAE outcome have been reported, but their impor-
tance as a group is implied by our studies showing that pharma-
cological intervention with TXA ameliorates EAE pathologies.
One mechanism of action of TXA is to suppress plasminogen
binding to cell surface receptors and thereby suppress cell-
associated plasminogen activation and pericellular proteolysis.
Similarly, e-aminocaproic acid, also a lysine analog, has been
reported to limit EAE progression (Smith and Amaducci, 1982;
Koh and Paterson, 1987). These drugs are used clinically as safe
and effective agents to limit bleeding in surgical patients and to
treat bleeding disorders (Tengborn et al., 2015). Future studies
will determine whether there is any translational potential of
these agents in early stages of neuroinflammation.
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