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Key Points Macrophage activation syndrome (MAS) is a life-threatening disorder characterized by
a cytokine storm and multiorgan dysfunction due to excessive immune activation.
* Plasminogen/plasmin is Although abnormalities of coagulation and fibrinolysis are major components of MAS, the
excessively activated in the role of the fibrinolytic system and its key player, plasmin, in the development of MAS
murine model of fulminant remains to be solved. We established a murine model of fulminant MAS by repeated
MAS. injections of Toll-like receptor-9 (TLR-9) agonist and p-galactosamine (DG) in immuno-
e The gen etic or competent mice. We found plasmin was excessively activated during the progression of
pharmacological inhibition fulminant MAS in mlce: Genetic and pharmacological inhibition of plasmin c?unteracted
. . MAS-associated lethality and other related symptoms. We show that plasmin regulates

of plasminogen/plasmin - - . : . .
) the influx of inflammatory cells and the production of inflammatory cytokines/chemokines.
Count_eraCted i Cytoklne storm Collectively, our findings identify plasmin as a decisive checkpoint in the inflamma-

and tissue damage in

) tory response during MAS and a potential novel therapeutic target for MAS. (Blood.
fulminant MAS. 2017;130(1):59-72)

Introduction

Macrophage activation syndrome (MAS) is a hyperinflammatory state
with high mortality. MAS patients show signs of prolonged fever,
pancytopenia, hepatosplenomegaly, hyperferritinemia, hypertriglycer-
idemia, liver dysfunction, coagulopathy, and hemophagocytosis. MAS
is clinically linked to hemophagocytic lymphohistiocytosis syndrome
(HLH) and hemophagocytic syndrome (HPS), and is characterized
by an acute episode of severe overshooting inflammation and the ac-
tivation and expansion of macrophages. An excess of activated mac-
rophages and lymphocytes produces high levels of tumor necrosis
factor-a (TNF-a), interferon-y (IFN-y), and interleukin-6 (IL-6),
which leads to multiorgan failure and high mortality.'* The cytokine
storm drives the systemic inflammatory humoral and cellular response,
and generates imbalances between coagulation and fibrinolysis. Key
molecular players of the coagulation cascade like tissue factor,
thrombin, and fibrinogen are linked with the inflammatory response.
Plasmin activation occurs in the acute phase of inflammation and is
associated with enhanced macrophage influx into inflamed tissues.>*
Activated macrophages produce increased levels of plasmino-
gen activator leading to hyperfibrinolysis in MAS.® Plasmin, a key
enzyme of the fibrinolytic cascade, can degrade fibrin clots. However,
other roles of fibrinolytic factors like plasmin in MAS are not well
understood.

Plasmin can activate other proteases like matrix metalloproteinases
(MMPs) by cleavage of inactive precursors to form the active enzymes.é'8
Plasma TNF-a, Fas-ligand (Fas-L), and soluble IL-2 receptor levels
were elevated in the active phase of MAS.'! Shedding of these
cytokines can be catalyzed by several MMPs.'> Plasminogen/plasmin
can induce the transcription of TNF-a, IL-1, IL-6, and CCL21318 by
activating NF-kB, and can modify macrophage migration.'’°
Lipopolysaccharide-challenged IL-6 transgenic mice showed fea-
tures typically present in MAS patients,”' demonstrating that active
inflammation contributes to the development of MAS.

Given that anticytokine therapeutics like anti-TNF-a and anti-IL-1
agents are effective against therapy-resistant MAS,”*' and plasmin
regulates the inflammatory response, we hypothesized that plasmin
could be a novel therapeutic target for MAS.

We investigate the role of fibrinolytic factors in a murine model
of MAS. It was reported that repeated Toll-like receptor (TLR)
TLR-9 stimulation by its ligand cytosine guanine dinucleotide
[CpGJ-oligodeoxynucleotide 1826 (ODN1826) (henceforth termed
CpG) resulted in a MAS-like disease in immunocompetent mice. One
drawback of this model was that although typical MAS symptoms
could be observed, no lethality was observed. This is in contrast to the
high death rate in patients with fulminant HLH/HPS. > p-galactosamine
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(DG) enhances TLR-9 signaling in mice leading to TNF-a/TNFRI
activation and hepatocyte apoptosis.>* Furthermore, DG-sensitized
mice succumb to lethal toxic shock due to macrophage-derived TNF-«
causing fulminant apoptosis of liver cells.** We established a lethal
murine MAS by adding DG to the repeated CpG injections. We
demonstrate that inhibition of plasmin prevented the progression
of MAS, and ameliorated the disease by suppressing the influx of
inflammatory cells and the production of inflammatory cytokines/
chemokines.

Materials and methods
Mice

Eight-week-old female C57BL/6 mice were purchased from Japan SLC Inc.
Eight-week-old female Mmp9*'*, Mmp9™'~, Plg™*, and Plg™'~ mice were
each used after at least 10 backcrosses onto a C57BL/6 background. Animal
studies were approved by the Animal Review Board of the Institute of Medical
Science, University of Tokyo.

Reagents

Trans-4-aminomethylcyclohexanecarbonyl-Tyr(O-Pic)-octylamide (YO-2)
(provided by Kobe Gakuin University) was dissolved in 200 wL of phosphate-
buffered saline (PBS) at 375 wg/mL. The following reagents were used: CpG
(sequence: 5'-tccatgacgttcctgacgtt-3" [bases are phosphorothioate]) (Fasmac),
D-(+)-galactosamine hydrochloride (WAKO), mouse plasmin (Innovative
Research).

Cell culture

RAW-264.7 cells were cultured in Dulbecco modified Eagle medium sup-
plemented with 10%(vol/vol) fetal bovine serum and antibiotics. RAW-264.7
cells (1 X 10 cells per well) were stimulated with 1 WM CpG and 0.43 TU/mL
mouse plasmin. RAW-264.7 cells (1 X 10° cells per well) were stimulated with
1 wM CpG 1 hour after preincubation of cells with 5 uM YO-2 or PBS.

Induction of MAS in mice

MAS was induced in 8-week-old female C57BL/6, Mmp9™*'™, Mmp9 ™'~
Plg*'™, and Plg™'™ mice by intraperitoneally injecting CpG1826 (2.5 p.g/g
body weight [BW]) and DG (0.25 mg/g BW) at indicated time points.

Drug administration in MAS mice

MAS model mice were intraperitoneally injected with 3.75 pwg/g BW of YO-2 or
PBS daily from day 0 or day 4 to day 25. YO-2 or PBS injections were performed
3 hours before the injections of CpG/DG when mice were injected on the same
day.

Cytokine and protein analysis

Enzyme-linked immunosorbent assay (ELISA) kits were used to measure
murine plasma samples for TNF-a, IFN-y, and CCL2 (Biolegend Inc), Fas-L and
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total MMP-9 (R&D Systems), plasmin-a2 antiplasmin complexes (PAPs) and
fibrinogen degradation products (FDPs) (Cusabio Biotech Co), thrombin-
antithrombin complex (TAT) (Abcam), total urokinase-type plasminogen
activator (uPA) and total tissue-type plasminogen activator (tPA) (Innovative
Research Inc), and ferritin (ALPCO Diagnostics). Plasma was assayed for
triglyceride levels using the Quantification Colorimetric/Fluorometric kit
(BioVision).

Immunohistochemistry

Paraffin tissue sections were washed with PBS, serum blocked, and stained with
the first antibody (Ab) overnight at 4°C, followed by second Ab staining and
development with diaminobenzidine chromogen (brown color). First antibody:
anti-MMP9 Ab (R&D Systems), CD11b (clone M1-70; BD Pharmingen), F4/80
(clone A3-1; AbD Serotec). Secondary antibody: N-Histofine® Simple Stain
Mouse MAX-PO(G) and MAX-PO(Rat) (Nichirei Biosciences Inc).

Flow cytometric analysis

Cells were stained with: CD11b-phycoerythrin (PE) Cy7, CD11c-PE, Ly6g-
allophycocyanin (APC), Ly6c-PE, CD3e-APC, B220-PE (BD Pharmingen),
F4/80-fluorescein isothiocyanate (FITC), TER119-Pacific Blue, APC
Cy7-streptavidin (Biolegend), CD71-biotin (eBioscience), CCR2-FITC (R&D
Systems). Cells were also stained with propidium iodine to exclude dead cells.
Cells (5 X 10°) were analyzed on a BD FACS Verse/Arial.

Gelatin zymography

For more details, see Heissig et al.*> Band densities were quantified using image
analysis software (ImagelJ).

Western blotting

RAW cells were lysed with lysis buffer (Cell Signaling Technology) according
to the manufacturer’s instructions. For more details, see Sato et al?

Plasmin concentration assay

Samples were incubated with thrombin (1 U/mL) and fibrinogen (5 mg/mL)
at 37°C for 30 minutes then put on ice for 2 minutes. Samples were centrifuged
at 15000 rpm for 5 minutes. Supernatants were recovered and the protein
content, representing degradation products of fibrin in the presence of plasmin,
was measured at 280 nm.

Quantitative real-time PCR analysis

Total RNA was extracted using RNA TRIzol (Invitrogen), and complementary
DNA (cDNA) was generated according to the manufacturer’s protocols. This
c¢DNA(10 ng) was used as a template for each polymerase chain reaction (PCR)
amplification using the following specific forward and reverse primer pairs,
respectively: mouse /8s-rRNA (5'-ccgaagegtttactttgaaaaa-3") and (5'-tccattattce
tagctgeggtatc-3'); mouse uPA (5'-gtectetetgcaacagagte-3') and (5'-ctgtgte
tgagggtaatgct-3'); mouse uPAR (5'-tctggatcttcagagcetttc-3") and (5'-agcacatc
taagcctgtage-3'); mouse MMP9 (5'-ggtactggaagatgtegtgt-3') and (5'-tg
aagtctcagaaggtggat-3'); mouse TNF-a (5'-gccgatttgctatetcatac-3') and
(5'-ggtatatgggctcataccag-3"); mouse CCL2 (5'-tccctgteatgettetgg-3") and
(5'-ctgetggtgatectcttgta-3"). For quantitative real-time PCR, PCR mixtures

Figure 1. Fulminant MAS in mice after injection with TLR9 agonist, CpG, and DG leads to the activation of plasminogen/plasmin. (A) CpG and DG were administered
intraperitoneally into 8-week-old female C57BL/6 mice at days 0, 2, 4, 7, 9, 11, 14, 16, 18, and 21 (Oh, 48h, 96h, 168h, ...). (B) Survival rate of PBS- (n = 10), DG- (n = 10),
CpG- (n = 10), or CpG/DG-injected mice (n = 25). (C) Wright-Giemsa—stained slides of peripheral blood, BM, and spleen cells of CpG/DG-injected mice at day 10 show
engulfment of erythrocytes in macrophages, so-called hemophagocytosis. Bar represents 20 nm. (D-F) (D) Counts of white blood cells (WBC), (E) red blood cells (RBC), and
(F) platelets (PIt) of PBS-, DG-, CpG-, or CpG/DG-injected mice at day 10 (n = 5-7 per group). (G) Number of mononuclear cells in spleens of PBS-, DG-, CpG-, or CpG/DG-
injected mice at day 10 (n = 5-7 per group). (H) Representative images of hematoxylin-and-eosin (H&E)—stained sections of the liver from PBS-, DG-, CpG-, or CpG/DG-
injected mice at day 10. Bars represent 200 w.m. Black dotted lines indicate mononuclear cell infiltration; black arrows, hepatocellular degeneration. () Representative images
of H&E-stained sections of the BM from PBS-, DG-, CpG-, or CpG/DG-injected mice at day 10. Bars represent 200 um. (J) Plasma PAP levels of untreated mice, DG-, CpG-,
or CpG/DG-injected mice at 2 hours and 50 hours (n = 5-7 per group). (K) Plasma levels of total tPA of untreated mice and CpG/DG-injected mice 50 hours after CpG/DG
injection (n = 5-6 per group). (L) Plasma levels of total uPA of untreated mice and CpG/DG-injected mice 50 hours after CpG/DG injection (n = 5-6 per group). Data represent
mean + SEM. *P < .05, **P < .01, ***P < .001, using 1-way ANOVA with the Tukey posttest or the unpaired, 2-tailed Student t test for significance and using the log-rank test
for survival curves.
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were prepared using SYBR Premix Ex Tagll (Takara) containing 0.2 mM of
each primer, and amplification reactions were performed. Gene expression
levels were measured using the ABI Prism 7500 sequence detection system
(Applied Biosystems). PCR product levels were estimated by measurement
of the intensity of SYBR Green fluorescence.

Statistical analysis

All data are presented as means =+ standard error of the mean (SEM). All P values
were calculated by 1-way analysis of variance (ANOV A) with the Tukey posttest
or the Student unpaired 2-tailed # test, as appropriate. Survival curves were plotted
using Kaplan-Meier estimates with the log-rank test. P < .05 was considered
statistically significant.

Results

Repeated injections of the TLR-9 agonist and DG cause
fulminant MAS in mice and lead to the activation of
plasminogen/plasmin

The recently published murine model of MAS using TLR-9 agonist
CpG injections does not induce lethality.*> Coinjection of DG with
CpG,**** but neither CpG nor DG alone, caused high lethality in
C57BL/6 mice (Figure 1A-B). Cytospins of splenocytes, peripheral
blood, and bone marrow (BM) cells derived from CpG/DG-injected
mice at day 10 showed erythrocyte engulfment by macrophages, a
typical sign of hemophagocytosis (Figure 1C). In addition, CpG/DG-
injected mice showed characteristic features of MAS including
peripheral pancytopenia associated with a hypocellular BM, spleno-
megaly, and liver damage with mononuclear cell infiltration (Figure
1D-11I). The addition of DG to CpG, but not DG alone, increased
circulating plasmin levels in vivo (Figure 1J). We chose this murine
MAS model for further analysis because it fulfilled 5 of 8 criteria
required to diagnose HLH/HPS in humans (supplemental Table 1, see
supplemental Data available at the Blood Web site). Deaths were
observed in CpG/DG-injected mice (Figure 1B). Early-phase deaths
coincided with the development of severe liver damage whereas later
deaths coincided with severe BM suppression (Figure 1H-I).

Plasma levels of PAP levels were higher in CpG/DG-injected mice
compared with CpG-injected mice (Figure 1J). Plasma levels of uPA
and tPA were elevated after CpG/DG injection (Figure 1K-L), indicating
that the fibrinolytic system was accelerated in fulminant MAS.

Plasminogen/plasmin deficiency ameliorates MAS disease
progression in mice

To understand the role of plasmin during the progression of fulminant
MAS, the treatment of plasmin inhibitor YO-2 was started from either
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day O or day 4 (Figure 2A). YO-2 blocks the catalytic site of plasmin
and efficiently inhibits circulating plasmin.*® When YO-2 injection was
delayed starting from day 4, the early death occurring within the first
week could not be prevented. In contrast, daily injections of YO-2
starting from day O protected mice from early and delayed death
(Figure 2B), indicating that plasmin was responsible for early and late
death. YO-2 was given starting from day 0 in further experiments.
YO-2 prevented the time-dependent upregulation of plasma PAP
(Figure 2C).

Although leukopenia and thrombocytopenia persisted, YO-2—
treated mice showed a lower degree of anemia (Figure 2D) and reduced
MAS-associated spleen enlargement (Figure 2E). YO-2 treatment
prevented hematopoietic cell depletion within the BM at day 10
(Figure 2F). Histopathological analysis of the liver revealed a reduction
of infiltrating mononuclear cells and less tissue damage at day 10 in
YO-2-treated mice (Figure 2G). CpG/DG-injected, but not YO-2—
treated mice developed hyperferritinemia and hypertriglyceridemia, as
described in patients with MAS (Figure 2H-I).

Although fibrinogen plasma level elevation occurred independent
of plasmin inhibition (supplemental Figure 1A), the generation
of FDPs, as a measure of increased fibrinolysis, was inhibited in
YO-2—treated mice at day 10 (supplemental Figure 1B), indicating that
YO-2 blocked fibrinolysis. Elevated plasma levels of TAT in
CpG/DG-injected mice were detected, but significant differences in
plasma TAT levels were not observed between PBS- and YO-2—treated
mice (Figure 2J). These data suggest that although the coagulation
system is activated during MAS progression, YO-2 did not exaggerate
coagulation while suppressing fibrinolysis.

Liver apoptosis has been reported in DG-sensitized mice treated
with CpG.* Liver sections from YO-2-treated MAS mice showed less
TUNEL* YO-2 cells (supplemental Figure 1C). These findings
demonstrate that plasmin can control the induction of hepatocyte
apoptosis after CpG/DG injection. To examine the role of plasmin
on erythropoiesis in YO-2—treated animals, erythroblast numbers
(Ter119*CD71" cells) were quantified (supplemental Figure 1D-G).
MAS mice showed reduced numbers of BM erythroblasts whereas the
splenic erythroblast number increased (supplemental Figure 1D-E),
a trend inhibited by YO-2 treatment. Apoptotic cells are Annexin V™
and propidium iodide negative. A 10-fold increase in the percentage
of Annexin V™ erythroblasts within the spleen of untreated MAS
compared with PBS-treated mice was found. Fewer Annexin V*
erythroblasts were found in splenocytes of YO-2—treated mice
(supplemental Figure 1F-G), suggesting that plasmin can influence
splenic erythroblast apoptosis during MAS development.

Plg™"™ mice suffer a progressive wasting disease and develop other
spontaneous pathologies.”” To understand the role of plasminogen/
plasmin activation during MAS progression, we examined
plasminogen-deficient (Plg ') mice. CpG/DG-injected Plg '~ mice

Figure 2. Plasmin inhibitor treatment prevents MAS-associated lethality and tissue destruction. (A) Experimental schedule for the induction of MAS using CpG/DG
intraperitoneal injections, and cotreatment with the plasmin inhibitor YO-2 starting from day 0 or from day 4. (B) Survival rate of CpG/DG-injected mice treated with PBS (n = 20) or
YO-2 with treatment starting on day 0 (day 0~; n = 15) or day 4 (day 4~; n = 15). (C) PAP levels were determined at indicated time points in plasma samples of control and CpG/DG-
injected mice coinjected with PBS or YO-2 (n = 5-10 per group). (D) Percentage of WBC, RBC, and Pltin CpG/DG-injected mice treated with PBS or YO-2 (day 0~) at day 10 (n = 10
per group) (set as 100% for day 0). (E) Spleen cell counts at day 10 of untreated and CpG/DG-injected mice administered with PBS or YO-2 (day 0~) (n = 7 per group). (F)
Representative images of H&E-stained BM sections of untreated and CpG/DG-injected mice treated with PBS or YO-2 (day 0~) at day 10. Scale bars = 200 p.m. Right
panel, Total number of BM nucleated cells per femur (n = 5 per group). (G) Representative images of H&E-stained liver sections from untreated and CpG/DG-injected mice
treated with PBS/carrier or YO-2 (day 0~) at day 10. Scale bars = 200 wm. Black dotted lines indicate mononuclear cell infiltration; black arrows, hepatocellular degeneration.
Right panel, Histopathological liver score in groups of these mice (n = 5 per group). Cell infiltration: none = 0, mild = 1, moderate = 2, severe = 3. Liver damage: none = 0,
mild = 1, moderate = 2, severe = 3. (H) Plasma ferritin levels of untreated mice and CpG/DG-injected mice injected with PBS or YO-2 at day 10 (n = 5 per group). (I) Plasma
triglyceride levels of untreated mice and CpG/DG-injected mice treated with PBS or YO-2 at day 10 (n = 5 per group). (J) Plasma TAT levels of untreated mice and CpG/DG-
injected mice treated with PBS or YO-2 50 hours after CpG/DG injection (n = 5 per group). Data represent mean = SEM. *P < .05, **P < .01, ***P < .001, using 1-way
ANOVA with the Tukey posttest or the unpaired, 2-tailed Student ¢ test for significance and using the log-rank test for survival curves. BMNC, bone marrow nucleated cells;
i.p., intraperitoneally.
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Figure 3. Plasminogen deficiency suppresses clinical symptoms of MAS in CpG/DG-injected mice. (A) Survival rate of CoG/DG-injected Plg*™’™ or Pig™’~ mice (n = 12
per group). (B) Percentage of WBC, RBC, and PLT set as 100% for day 0 in CpG/DG-injected Plg*’* or Plg~'~ mice at day 10 (n = 6-8 per group). (C) Mononuclear spleen
cell counts of CpG/DG-injected Plg*™'* or Plg~’~ mice at day 0 and day 10 (n = 5-7 per group). (D) Representative images of H&E-stained sections of liver isolated from CpG/
DG-injected Plg™'* or Plg™'~ mice at days 0, 4, and 10. Scale bars = 200 um. Black dotted lines indicate mononuclear cell infiltration; black arrows, hepatocellular
degeneration. Right panel, Histopathological liver score in groups of these mice (n = 5 per group). (E) Representative H&E-stained BM section images of CpG/DG-injected
Plg*'* or Pig~’~ mice at day 0 and day 10. Scale bars = 200 um. Data represent mean + SEM. *P < .05, **P < .01, ***P < .001, using 1-way ANOVA with the Tukey posttest
or the unpaired, 2-tailed Student t test for significance and using the log-rank test for survival curves. N.S., not significant.

revealed a lower mortality rate than Plg"™'" mice (Figure 3A) mononuclear cells and less tissue damage indicated a low

lacking protection from early, but not late, death. Anemia wasless  pathological score in Plg™’'~ liver tissues at day 4 and day 10
severe in Plg~’~ mice (Figure 3B; supplemental Figure 2A-C).  (Figure 3D), and a decreased BM cellularity was observed in
Splenic cellularity was increased at baseline in Plg”’~ mice.*® Plg™'~ BM sections at day 10 (Figure 3E). These data indicate
MAS-associated splenomegaly was less pronounced in PIg~’~  that genetic plasminogen deficiency prevented clinical symptoms
than in Plg™'" mice (Figure 3C). Reduced numbers of infiltrating  of murine MAS.
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MMP-9 inhibition suppresses MAS progression in mice

Plasmin can activate MMPs like MMP-9 either directly or indirectly.*
MMP-9 activation contributes to tissue damage during inflammation.>*'°
To understand the mechanism of how plasmin inhibition can prevent
MAS progression, we focused on the role of MMP-9. Elevated plasma
levels of total MMP-9, both pro and active forms, but not MMP-2,
were found in CpG/DG-injected mice (Figure 4A). Increased levels of
circulating MMP-9 were detected in MAS controls but not YO-
2-treated mice (Figure 4B). Similarly, fewer MMP-9™ liver cells were
found in CpG/DG-injected YO-2—treated mice (Figure 4C).

To understand the functional significance of MMP-9 for the
progression of MAS, we used MMP-9 gene-deficient mice (Mmp9 '~
mice). Compared with Mmp9*'* mice, MAS-induced Mmp9 '~
showed an improved survival rate, and amelioration of other MAS-
related clinical features, such as anemia, splenomegaly (Figure 4D-F),
infiltrating mononuclear cells in liver tissues at day 4 and tissue damage
at day 10 (Figure 4G), and hypocellular BM (Figure 4H). These data
suggest that plasmin and MMP-9 are activated during MAS progres-
sion, and that MMP-9 seems to be a downstream target of plasmin
during MAS progression in vivo.

To examine whether the beneficial effect of YO-2 is driven by its
potential to prevent the activation of plasminogen/plasmin and MMP-9,
we treated Plg '~ and Mmp9 ™'~ mice with YO-2. Additional treatment
with YO-2 did not further increase the survival rate in Plg™’~ or
Mmp9~'~ mice (supplemental Figure 3A-B), indicating that the effect
of YO-2 on the clinical improvement in MAS symptoms was due to its
potential to inhibit the activation of plasminogen/plasmin and MMP-9.

Plasmin inhibition attenuates the production of inflammatory
cytokines/chemokines in MAS model mice

Central to the pathogenesis of MAS is a cytokine storm, with markedly
increased levels of numerous proinflammatory cytokines including IL-1,
IL-6, TNF-a, and IFN-y.'* Previous studies showed that plasmin binds
to monocytes/macrophages, and can alter the e)ipression of cytokines
such as TNF-a, IL-1, IL-6, and CCL2."*'** CCL2 can recruit
monocytes, T cells, and dendritic cells to sites of inflammation. Plasma
TNF-a levels were increased in CpG- or CpG/DG-injected mice (data
not shown). Plasmin deficiency, induced by YO2 treatment or by genetic
depletion using Plg ™~ mice, and MMP-9 deficiency attenuated TNF-a
increases (Figure SA-C). Similarly, YO-2 diminished plasma Fas-L
and CCL2 (Figure 5D-E) but not IFN-y levels (Figure 5F). These data
indicate that the blockade of plasmin during MAS progression reduced
the production of inflammatory cytokines/chemokines.

Plasmin inhibition reduces the number of infiltrating
monocytes/macrophages in the target organs in MAS
model mice

Patients with juvenile idiopathic arthritis had higher plasma levels of
TNF-o. and CCL2.*' Plasmin enhances CCL2-CCR2 signaling by
releasing a CCL2 fragment with improved chemoattractive ability >+
Given that YO-2 reduced plasma CCL2 levels (see Figure SE), and
CCL2, after binding to its receptor CCR2, induces monocyte recruit-
ment,”® we examined the role of plasmin for the recruitment of in-
flammatory cells. YO-2 reduced the number of splenic CCR2™,
CD11b*, and CD3", but not B220™ cells (Figure 6A-B). A detailed
analysis of the CD11b™ cell population revealed that YO-2 reduced the
number of myeloid dendritic CD11b*CD11c™ cells, CD11b F4/80"
macrophages, and CD11b " Ly6g"*"Ly6c"™" inflammatory monocytes
in splenocytes (Figure 6C). YO-2 prevented the influx of CD11b™ cells
in the liver (Figure 6D), and F4/80™ cells in the BM and the liver
(Figure 6D-E), indicating that plasmin inhibition suppressed the
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infiltration of monocytes/macrophages into the major target organs
in MAS.

tPA administration worsens clinical symptoms of MAS and
shortens survival in MAS-induced mice

During the progression of MAS, increased tPA levels were detectable
(see also Figure 1K). tPA can modulate the inflammatory response to
tissue injury in various models.*’ tPA treatment shortened survival in
MAS mice (supplemental Figure 4A) and worsened clinical symptoms
such as severe leukopenia, thrombocytopenia, and splenomegaly with
augmented numbers of infiltrating mononuclear cells into liver tissues
at day 4 (supplemental Figure 4C-F). As early as 1 hour after tPA
coinjection with CpG/DG, MAS mice showed a significant elevation in
plasma TNF-a levels when compared with non-tPA—treated MAS
mice (supplemental Figure 4G), suggesting that tPA accelerates
inflammation during MAS progression.

Plasmin potentiates CpG-mediated TLR-9 signaling
on macrophages

TLR-9 recognizes CpG in endosomes leading to macrophage
activation.** It was demonstrated that plasmin potentiates TLR-4
signaling.* The addition of the TLR-9 agonist CpG increased the
gene expression of uPA, uPA receptor (WPAR), and MMP-9 in cultured
RAW264.7 cells (Figure 7A). YO-2 addition inhibited plasmin
generation and TNF-a production induced by CpG (Figure 7B-C),
indicating that plasmin might enhance TLR-9 signaling.

TLRs signal through the recruitment of specific adaptor molecules,
leading to the activation of the transcription factors NF-kB.*® The
addition of plasmin and CpG additively enhanced the expression of
TNF-a,, CCL2, and MMP-9 and activated the NF-kB signaling pathway
(Figure 7D-G). These data provide evidence that plasmin, by enhancing
TLR-9 signaling and NF-kB signaling, augments monocytic cytokines/
chemokine expression that contributes to the inflammatory response.

Discussion

In the present study, we provide genetic and functional evidence that the
activation of plasminogen/plasmin and MMP-9 during experimental
fulminant MAS contributes systemic inflammation, a process in part
mediated by the increase in monocytes/macrophages in the target tissues
and the release of inflammatory cytokines/chemokines. Pharmacolog-
ical inhibition of plasmin reduced tissue damage and prevented
inflammation-associated lethality in a murine fulminant MAS model.
Our data introduce a novel paradigm by which plasmin mediates
systemic inflammatory responses, and provide evidence for essential
roles of the fibrinolytic system during the progression of MAS.

A fulminant MAS model

Although many of the clinical MAS symptoms observed in humans can
be recapitulated by TLR-9 activation in mice, no lethality was observed
in CpG-injected mice.***’ But in some familial HLH/HPS patients,
multiple organ dysfunction occurs leading to the death. With the
knowledge that TLR-9 stimulation induces a fulminant liver pathology
in DG-sensitized mice by enhancing the sensitivity to TNF-a.,**** we
included DG to the CpG injection schedule. TNF-a levels between
CpG- or CpG/DG-treated mice were not significantly different (data not

shown), implying that other factors might be responsible for the severe
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Figure 5. Plasmin and MMP-9 inhibition reduces the production of several inflammatory cytokines/chemokines in MAS mice. (A-C) Plasma TNF-a levels were
determined at indicated time points in samples from CpG/DG-injected (A), Plg*/* and Plg”’ (B), and Mmp9*'* and Mmp9~'~ (C) mice treated with PBS or YO-2 (n = 3-6 per
group). (D-F) Plasma Fas-L (D), CCL2 (E), and IFN-y (F) levels were determined at indicated time points in samples from CpG/DG-injected mice treated with PBS or YO-2
(n = 3-6 per group). Data represent mean = SEM. *P < .05, **P < .01, ***P < .001, using 1-way ANOVA with the Tukey posttest or the unpaired, 2-tailed Student t test

for significance. ND, not detected.

clinical progression. Early studies reported that DG-treated rats showed
an increased catabolism for fibrinogen.*®

Signaling through other death receptors, for example, Fas/Fas-L
might be responsible for the fulminant phenotype observed. Plasmin can
cleave Fas-L releasing a soluble proapoptotic Fas-L fragment from, for
example, endothelial cells.*® Further studies will be necessary to
determine the role of Fas-L in the MAS model. We showed DG addition
to CpG strongly induced plasminogen/plasmin activation in vivo. The
plasmin inhibitor YO-2 controlled the lethality better in CpG/DG-
induced MAS but not in CpG-induced MAS mice (data not shown).

Plasmin/plasminogen deficiency prevented the late, but not the
early, death after CpG/DG injections in MAS mice. Early death in our
established MAS model seems to be dependent on a massive induction
of apoptosis of liver cells as early as day 4 that is driven by plasmin.

These data are in concordance with earlier studies demonstrating that
plasminogen deficiency leads to impaired remodeling after toxic liver
injury.”® In these earlier studies, it was demonstrated that Plg™'~/
fibrinogen '~ mice did not correct the abnormal phenotype, and they
concluded that plasminogen deficiency impedes the clearance of
necrotic tissue from a diseased hepatic microenvironment and the
subsequent reconstitution of normal liver architecture in a fashion that
is unrelated to circulating fibrinogen.

MMP-9 and plasminogen deficiency prevented the late onset of
death and reduced circulating plasma TNF-a levels. But the role of
TNF-a for the pathogenesis of MAS is not so clear. We suggest that
MMP-9 and plasminogen deficiency reduces tissue damage in part by
preventing extracellular matrix degradation and cytokine activation.
But further studies will be necessary to address this in more detail.

Figure 4. Plasmin drives MMP-9 upregulation worsens clinical outcome in CpG/DG-injeceted MAS mice. (A) Blood samples retrieved 50 hours after CpG/DG injection
from control and CpG/DG-injected mice treated with PBS or YO-2 were analyzed by gelatin zymography. Right panels, The quantification of the intensity of pro MMP-9, active
MMP-9, active MMP-2, and total MMP-2 bands were analyzed by comparing to the bands of untreated mice (n = 3 per group). (B) Total plasma MMP-9 levels of untreated mice
and CpG/DG-injected mice treated with PBS or with YO-2 at indicated time points (n = 5-7 per group). (C) Representative images of MMP-9 immunostained liver sections derived
from untreated mice and CpG/DG-injected mice treated with PBS or YO-2 at day 4. Scale bars = 200 wm. Black arrows indicate MMP-9™ cells. Right panel, The quantification of
MMP-9* cells in liver sections from untreated and CpG/DG-injected mice treated with PBS or YO-2 at day 4 (n = 5 per group). (D) Survival rate of CpG/DG-injected Mmp9** or
Mmp9~"~ mice (n = 12 per group). (E) Percentage of blood counts of CpG/DG-injected Mmp9™'* or Mmp9~'~ mice at day 10 (n = 6-8 per group) (set as 100% for day 0). (F)
Spleen cell number from CpG/DG-injected Mmp9*'* or Mmp9~'~ mice at day 0 and 10 (n = 5 per group). (G) Representative images of H&E-stained liver sections of CpG/DG-
injected Mmpg*™"* or Mmp9 ™'~ mice at day 0, 4, and 10. Scale bars = 200 um. Black dotted lines indicate mononuclear cell infiltration; blue arrows, hepatocellular degeneration.
Bottom panel, histopathological scores of CpG/DG-injected Mmp9™* or Mmp9™'~ mice at day 4 and 10 (n = 5 per group). (H) Representative images of H&E-stained BM sections
of CpG/DG-injected Mmp9™* or Mmp9™'~ mice at day 0 and day 10. Bars represent 200 um. Data represent mean + SEM. *P < .05, **P < .01, ***P < .001, using 1-way ANOVA
with the Tukey posttest or the unpaired, 2-tailed Student ¢ test for significance and using the log-rank test for survival curves. HPF, high-powered field.
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cells. Right panel, The quantification of F4/80" cells per HPF of tissue sections (n = 5 per group). Data represent mean = SEM. *P < .05, **P < .01, ***P < .001, using 1-way

ANOVA with the Tukey posttest or the unpaired, 2-tailed Student ¢ test for significance.

Plg "~ mice are predisposed to severe thrombosis and develop
spontaneous thrombotic lesions in visceral organs due to widespread
multiorgan fibrin deposition.”® The increased fibrinogen levels, the
increased splenic cellularity, and the leukocytosis at the start of the study
indicate that Plg ™'~ mice used in our study already showed phenotypic

symptoms of an elevated inflammation status. Although it is unclear at
this point how fibrin affects MAS progression and further studies will be
required to establish its role during MAS, studies in various inflammation
models indicate that fibrin extravasation induces local inflammation. It is
possible that fibrin accumulation during the early phase of the MAS
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model can trigger a severe inflammation response with augmented
macrophage and neutrophil recruitment that leads to death in the animals.

We showed that pharmacological rather than genetic ablation
of plasminogen/plasmin prevented MAS-like symptoms better. The
reason for that might lay in the differences in the fibrin deposition and
the fibrin-associated inflammatory response. Further studies on the role
of fibrinogen will be necessary to address the involvement of fibrin/
fibrinogen in MAS progression.

Plasmin activation due to TLR-9 stimulation can drive the
cytokine storm

We confirmed the previous reports by others***>? showing that TLR-
9 stimulation enhanced NF-kB signaling in macrophages leading to
augmented expression of NF-kB downstream target genes like TNF-c,
CCL2, uPA, and uPAR. Increased plasmin activity was found in
supernatants of TLR-9—stimulated macrophages in vitro, most likely
due to enhanced expression of uPA and uPAR in these cells. Similarly,
increased plasma levels of PAP and uPA were found in CpG/DG-
injected mice. As already reported, plasmin-induced activation of the
NF-kB pathway increases TNF-o and CCL2 gene expression in
monocytes/macrophages.'*'®4° Our findings are consistent with the
results by others showing that CpG-induced MMP-9 expression
required TLR-9—dependent activation of NF-«kB.>> Interestingly,
TLR-9 stimulation enhanced NF-«kB activation in synergy with
plasmin, a phenomena already reported for TLR-4.** The synergism
observed between TLR-4 and plasmin observed in macrophages did not
depend on protease-activated receptors 1 or 2, but required the catalytic
activity of plasmin. We speculate that plasmin-mediated TLR-4 and
TLR-9 signal potentiation might be due to modification of the activity of
protein targets in monocytes. We observed higher TNF-a gene expression
in TLR-9—-activated macrophages. Our data suggest an amplification
loop of TNF-« that, through the generation of more plasmin, maintains
NF-kB activation and TNF-a upregulation in vivo. But further studies
will be necessary to curtail the underlying mechanism.

Plasmin can alter TNF-a and Fas-L activity at the posttranslational
level via proteases by a process called shedding. MMP inhibitors can
also block the processing of TNF-o and Fas-L.**>*® Lower TNF-
plasma levels were found in MAS-induced Mmp9~'~ mice.* Our
present data are in line with murine inflammatory disease models,
where plasmin had been shown to activate MMP-9.>* These data
indicate that plasmin inhibition controls cytokine/chemokine pro-
duction by blocking both their transcription and processing.

Plasmin enhances monocyte/macrophage infiltration
into tissues

During infection and inflammation, CCL2-CCR2 signaling is important for
inflammatory monocyte mobilization from the BM to the periphery.>’
‘We showed that plasmin inhibition reduced CCL2 production in CpG/DG-
injected mice and suppressed the increase of CCR2" cells in the spleen.
CpG injection mobilizes inflammatory monocytes to the periphery, where
they differentiate into monocyte-derived dendritic cells and can engulf
erythroid cells.*” Our results expand these data by showing that plasmin, by
the production of chemokines such as CCL2, enhances this mobilization of
inflammatory monocytes and their infiltration into target organs.

Plasmin inhibition leads to reduction of inflammatory cytokines
like TNF-«

Plasmin inhibition could not alter elevated IFN-y in CpG/DG-induced
MAS, but improved anemia. The amelioration of anemia, but not
thrombocytopenia or leukopenia, in Plg™'~ mice and YO-2-treated
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mice suggests that plasmin-dependent effects on peripheral cellularity
were unique to the erythroid line. TNF-a and Fas-L can suppress eryth-
ropoiesis through TNF-R1 or Fas signaling, respectively.” Plasmin
inhibition attenuated the increase of plasma Fas-L and TNF-a levels in
CpG/DG-induced MAS and prevented splenic erythroblast apoptosis. Our
data indicate that plasmin inhibition ameliorates anemia in CpG/DG-
induced MAS mice through the reduction of inflammatory cytokines.
IEN-y promotes hemophagocytosis.®>®* IFN-y stimulation leads to
plasmin activation in monocytes/macrophages through the activation
of uPA/UPAR.®> We showed that plasma IFN-y elevation was not
changed after YO-2 treatment in CpG/DG-injected mice. Conversely,
IFN-y production can enhance plasminogen activator secretion from
macrophages generating more plasmin.” We suggest that blockade of
IFN-y may also be effective in CpG/DG-induced MAS due to this
feedback mechanism, but further studies will need to show that.

Plasmin inhibition ameliorates the fatal cytokine storm

‘We found that plasmin was excessively activated during the first4 days after
the onset of CpG/DG-induced MAS. Consistent with this, YO-2 treatment
was most effective given within the first 4 days. There is an important
therapeutic window to benefit from plasmin inhibition in the treatment of
MAS. In summary, we report that TLR-9 activation upregulates fibrinolytic
factors and MMP-9 in myeloid cells, like macrophages, in part by enhancing
NF-kB signaling. This proteolytic environment controls cellular infiltration
and the production and secretion of proinflammatory cytokines and
chemokines. Although plasmin is well known to dissolve fibrin clots, our
data suggest that the excessive production of plasmin can enhance the
inflammatory response in MAS. Targeting plasmin can suppress the
MMP cascade, thereby controlling the release of several proinflamma-
tory cytokines. Plasmin inhibition may be a useful treatment in the
prevention of inflammatory processes during MAS progression.
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