BLOOD, 28 JUNE 2012 - VOLUME 119, NUMBER 26

blockade reversed the PAI-1 inhibitor-mediated improved neovas-
cularization and neutrophil recruitment in the peripheral blood and
locally within the ischemic tissue/niche. Remarkably, adoptive
transfer of ischemic muscle-derived neutrophils derived from
PAI-1 inhibitor-treated mice enhanced revascularization. Pharmaco-
logic PAI-1 blockade under ischemic conditions not only increased

the absolute number of granulocyte-1 marker (Gr-1%) myeloid -

cells, but also enhanced their angiogenic performance.

These data provide a fundamental insight into how PAI-1
conditioning of the ischemic niche induces leukocyte influx and
controls angiogenesis and suggest that PAI-1 inhibition using
small-molecule inhibitors could be a promising cellular target for
the treatment of ischemic diseases.

Methods

Animal studies

MMP-9** and MMP-9~/~ mice and tPA*/* and tPA~'~ mice were each
used after > 10 back crosses onto a C57BL/6 background. C57BL/6 mice
were purchased from SLC. C57BL/6 mice that express GFP under a 3-actin
promoter were used for transplantation experiments at the age of 6-8 weeks.
Animal studies were approved by the animal review board of Juntendo
University.

PAl-1 inhibitor

The recently described PAI-1 inhibitor TMS5275, 5-chloro-2-((2-(4-
(diphenylmethyl) piperazin-1-yl)-2-oxoethoxy acetyl)amino]benzoate, pro-
vided by T.M. inhibited PAI-1 activity with a half-maximal inhibition (ICsp)
value of 6.95uM, as measured by assay of tPA-dependent hydrolysis of a
peptide substrate. The ICsy values of TMS5007 and PAI-749 are 5.60, and
8.37uM, respectively.! In vitro, TM5275 (up to 100pM does not interfere
with other serpin/serine protease systems such as alpha;-antitrypsin/trypsin
and alphay-antiplasmin/plasmin). Therefore, its PAI-1-inhibitory activity
appears to be specific. Preincubation of PAI-1 with TMS5275 abolishes
detection of the covalent PAI-1-tPA complex by SDS-PAGE."™ Oral
administration of 50 mg/kg of TM5275 to mice resulted in a maximum
plasma concentration after 1 hour. The highest plasma drug concentration
observed was 6.9 mol/L and the terminal phase half-life of the drug was
6.5 hours. No effect of TM5275 on platelet aggregation induced by ADP
and collagen was observed 2 hours after oral administration (10 mg/kg).

Study design

The PAI-1 inhibitor was resuspended in 200 pL of 0.5% carboxymethyicel-
lulose (MP Biomedicals) and administered orally (10 mg/kg body weight)
daily to mice with or without induction of HL ischemia from days 0-6.
Control mice received vehicle (200 pL of 0.5% carboxymethylcellulose).
Recombinant tPA (Eizai) resuspended in 150 mL of 0.2% BSA (Sigma-
Aldrich) was administered (10 mg/kg body weight) to mice by daily IP
injections from days 0-2.1°

HL model

Mice were anesthetized with pentobarbital sodium (40 mg/kg body weight)
that was given intraperitoneally. Briefly, an incision was made in the skin on
the medial aspect of the left thigh. The femoral artery was ligated using
4-0 silk sutures (Ethicon) and cut immediately distal to the inguinal
ligament and proximal to the popliteal bifurcation site. Changes in blood
flow were recorded at days O, 1, 4, 7, 14, and 21 after the procedure using a
laser Doppler perfusion image analyzer (Moor Instruments). Blood was
collected via retroorbital bleeding using heparin-coated and plain
capillary tubes and WBCs were counted. Plasma and serum samples
were stored at —30°C. Mice were killed 1, 5, 15, and 21 days after
resection of the femoral artery.
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Isolation of Gr-1 cells from muscle tissue after HL ischemia
induction

Muscle-derived Gr-1" cells were isolated from HL-ischemia-induced
C57BL/6 mice treated with or without PAI-1 inhibitor on day S using
MACS. In brief, muscles were excised and cut into small pieces. After
excision, tissue pieces were lysed with a buffer containing 20mM Tris-HCl,
SmM EDTA, 1% collagenase II, 2.4 U/mL of Dispase, imM PMSEF, and
10 pmol pepstatin for 1.5 hours. Gr-1* and Gr-1" cells were isolated using
the anti-Ly-6G Microbead kit (Miltenyi Biotec). Cell morphology was
determined on cytospins after Wright-Giemsa staining.

In vivo blocking experiments

HL-ischemic mice treated with or without the PAI-1 inhibitor (days 0-6)
were coinjected intraperitoneally with 10 pg of anti-mouse VEGF-A
(AF-493-NA; R&D Systems) or 10 p.g of goat specific anti-human FGF-2
(AF-233-NA; R&D Systems) on day 0. Appropriate isotype Ab controls
were included.

Transplantation of PAI-1 inhibitor-mobilized Gr-1* cells

Muscle-derived Gr-1* cells were isolated from HL-ischemia-induced
C57BL/6 donor mice treated with or without PAI-1 inhibitor on day 5 by
FACS using a FACSCalibur flow cytometer (BD Biosciences). Gr-1* cells
(5 X 10* cells/injection/d) were injected daily intramuscularly into C57BL/6
recipient mice on days 0 and 1 after HL ischemia induction.

Flow cytometry

PBMCs were stained with the following Abs: CD45-FITC (1:200, clone
30-F11; BD Pharmingen), CD11b-APC (1:200, clone M1/70; BD Pharmin-
gen), and Gr-1-PE (1:200, clone RB6-8C5; BD Pharmingen). Cells were
analyzed by FACS.

Histological assessment

Ischemic adductor or, if indicated, hamstring (posterior thigh) muscle tissue
samples were snap-frozen in liquid nitrogen. Transverse cuts of the whole
leg were prepared. Sections were stained with H&E.

Tissue sections were washed, serum blocked, and stained with the first
Ab overnight at 4°C. Muscle sections were stained with the anti-CD31 Ab
(clone T-2001; BMA Biomedicals) followed by biotin-conjugated goat
anti-rat 1gG (Vector Laboratories) and FITC-conjugated streptavidin (Al-
exa Fluor 488; Molecular Probes). In addition, tissues were stained with the
primary anti-mouse FGF-2 (clone D0611; Santa Cruz Biotechnology) and
FGF-R1 (clone 755639; Abcam) and VEGF-A Abs, followed by a goat
anti-rabbit IgG Ab conjugated with Alexa Fluor 488 (Molecular Probes).
Muscle sections were also stained with anti-mouse VWF Ab (Dako),
followed by Cy3-conjugated streptavidin (Alexa Fluor 594; Molecular
Probes) using the M.O.M kit (Vector Laboratories) according to the
manufacturer’s instructions. Neutrophils were identified using the Gr-1 Ab
(clone RB6-8CS; R&D Systems), followed by biotin-conjugated goat
anti—rat IgG (Vector Laboratories) and Cy3-conjugated streptavidin (Alexa
Fluor 594; Molecular Probes) Abs. Macrophages were identified using the
F4/80 Ab (clone A3-1; AbD Serotec), followed by biotin-conjugated goat
anti-rat IgG (Vector Laboratories) and Cy3-conjugated streptavidin (Alexa
Fluor 594; Molecular Probes) Abs. In addition, tissues were stained with the
primary anti-mouse VEGF-A Ab (clone A-20; Santa Cruz Biotechnology),
followed by the goat anti-rabbit IgG Ab conjugated with Alexa Fluor
488 (Molecular Probes). Nuclei were counterstained with DAPI
(Molecular Probes).

RT-PCR analysis

Total RNA was extracted from the gastrocnemius muscle of HL-ischemic or
untreated mice using RNA TRIzol (Invitrogen) according to the manufactur-
er’s directions. Briefly, 25 mg of muscle was immediately immersed in
1 mL of TRIzol reagent. The muscle was homogenized on ice using a
homogenizer. The aqueous and organic phases were separated using 200 pL
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of chloroform. Total RNA was precipitated using 500 pL of isopropyl
alcohol, washed 3 times with 75% ethanol, and redissolved in 24 pL of
DEPC-treated H,0. The concentration and purity of the RNA was deter-
mined using a UV spectrophotometer by measuring the absorbance at
260 and 280 nm. cDNA was amplified by PCR using the following specific
forward and reverse primer pairs: for uPA: (5'-GTCCTCTCTGCAACA-
GAGTC-3") and (5'-CTGTGTCTGAGGGTAATGCT-3"); for tPA: (5'-

GTACTGCTTTGTGGACT-3") and (5'-TGCTGTTGGTAAGTTGTCTG-3");

for PAI-1: (5'-AAAGGACTCTATGGGGAGAA-3') and (5'-TAGGGAG-
GAGGGAGTTAGAC-3"); and for the b-actin control: (5’-TGACAGGATG-
CAGAAGGAGA-3") and (5'-GCTGGAAGGTGGACAGTGAG-3").

ELISA

Plasma and serum samples from PAI-1 inhibitor-treated and untreated mice
with HL-ischemia induction were assayed for murine VEGF-A, MMP-9,
KitL, G-CSF, PAI-1, and tPA using ELISA kits (R&D Systems, Cell
Sciences, and Molecular Innovations).

Western blotting

Muscle tissue extracts were prepared for Western blotting. Briefly, gastroc-
nemial muscle tissues were lysed in a buffer containing 20mM Tris-HCl,
5mM EDTA, 1% Trton X-100, ImM PMSF, and 10pM pepstatin after
mashing between 2 glass slides. Whole-muscle lysates were subjected to
SDS-PAGE (8%), followed by electroblotting onto a PVDF membrane.
Membranes were blocked in 20mM PBS and 0.05% Tween-20 (vol/vol)
containing 5% (wt/vol) skim milk powder at room temperature, followed by
overnight incubation with the anti-PAI-1 Ab (1:1000; Abcam), and an
HRP-conjugated secondary Ab (1:20; Nichirei Biosciences) for 1 hour.
Membranes were developed using the ECL Plus system (Amersham Life
Sciences).

Reverse fibrin zymography

Reverse fibrin zymography, although similar to fibrin zymography, uses
agar gels that contain uPA in addition to fibrinogen and plasminogen to
determine unbound/free PAI-1. Protein extracts (50 p.g) from normal and
ischemic muscle tissues were loaded on an 8% acrylamide gel, and, after
SDS-PAGE, the SDS was removed by washing the acrylamide gels with
distilled water followed by incubation for 2 hours with a buffer containing
2.5% Triton X-100, 0.05 M/L of Tris-HCI (pH 7.5), and 0.1 M/L of NaCl to
renature the enzymes. The gels were then incubated for 12-24 hours at 37°C
in buffer containing 0.05 M/L of Tris-HCI (pH 7.5) and 0.01 M/L of CaCl,.
After this incubation, the gels were stained for 1 hour with Coomassie blue
diluted with 50% methanol and 10% acetic acid and decolorized with buffer
containing 25% methanol and 8% acetic acid. No fibrinolysis occurs in the
area of the gel where the PAI-1 protein is located, resulting in a visible band.
Gels were then photographed.

Fibrin plate assay

Plasma fibrinolytic activity was measured using the modified fibrin plate
method. Briefly, blood samples were collected in plain tubes containing
3.2% sodium citrate, mixed at a ratio of 9:1, and centrifuged at 3000g for
20 minutes at 4°C. The euglobulin fraction was prepared by acidification of
1:10 diluted plasma to pH 5.9 with 0.25% (vol/vol) glacial acetic acid at
4°C, which was then centrifuged at 500g at 4°C for 10 minutes. The
supernatant was discarded. The euglobulin precipitate was resuspended in
an EDTA-gelatin-barbital buffer (pH 7.8), and 30 mL of each sample were
placed in identical depressions in a fibrin-agarose plate. Next, 10 mL of a
1.5 mg/mL bovine fibrinogen solution in Barbitol buffer (50mM sodium
barbitol, 90mM NaCl, 1.7mM CaCl,, and 0.7mM MgCl,, pH 7.75) and
10 mL of a 1% agarose solution were brought to 45°C in a water bath, and
10 NIH units of thrombin (250 NIH units/mL) were then added into the
agarose solution. The fibrinogen and agarose solutions were mixed in a
140-mm Petri dish and kept at room temperature for 2 hours to form fibrin
clots. Enzymes were dissolved and diluted to the appropriate concentration
in Barbitol buffer. Each enzyme solution (10 mL) was dropped into a hole
preformed on the fibrin plate. The plate was incubated at 37°C for 18 hours.
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The zone of lysis on the fibrin plate (fibrinolytic activity) was measured
using Area Manager (Ruka International).
Statistical analyses

All data are presented as means = SEM. Student ¢ tests were performed.
P < .05 was considered significant.

Resuits

Ischemia is associated with increased expression of PAI-1 in
ischemic muscle tissue

Because oxygen deprivation, such as that which occurs during
tissue ischemia, can tip the natural anticoagulant/procoagulant
balance,® in the present study, we investigated whether the
fibrinolytic factors are present within ischemic gastrocnemius
muscle- tissues. An increase in PAJ-I, uPA, and tPA mRNA
expression, as determined using quantitative PCR (Figure 1A-C),
and an increase in PAI-1 protein and activity, as determined by
Western blotting and reverse fibrin zymography, respectively
(Figure 1D-E), were detected in ischemic muscle tissues from HL
ischemia-induced mice compared with nonischemic controls. These
results demonstrated that ischemia increased ischemic muscle
PAI-1 activity and simultaneously augmented local fibrinolytic
activity.

We next evaluated the effects of administration of the PAI-I
inhibitor TM5275 on fibrinolytic factor release into the circulation.
The PAI-1 inhibitor TM5275 (hereafter referred to as the PAI-I
inhibitor) is an effective novel oral drug that inhibits PAI-1 by
preventing binding of PAI-1 to tPA.'8 Both active and latent forms
of PAI-1 can circulate.?0 PAI-1 inhibits tPA and uPA and PAI-1 is
usually present in excess over tPA in plasma. In the present study,
PAI-1 inhibitor treatment administered daily from days 0-6 blocked
the systemic increase in active PAI-1 in plasma (Figure 1F) and
augmented plasma tPA (Figure 1G) and plasmin levels during
HL-ischemic recovery (Figure 1H). When the PAI inhibitor
treatment was suspended, plasma tPA and plasmin levels returned
gradually to baseline levels in 14-21 days. These data indicate that
PAI inhibition during ischemic recovery creates a fibrinolytic state.

Pharmacologic targeting of PAl-1 promotes ischemic
revascularization and tissue regeneration.

We next determined the consequences of PAI-1 inhibition for tissue
regeneration after HL ischemia induction by treating ischemia-
induced C57BL6/C mice with the PAI-1 inhibitor or vehicle
control. Foot digit necrosis was prevented in PAI-1 inhibitor-
treated animals (Figure 1I). The ischemic limb of PAI-1 inhibitor-
treated mice displayed faster perfusion recovery, as determined by
taser Doppler perfusion image analysis, than vehicle-treated con-
trols (Figure 1I-J). Smaller areas of necrosis were detected in
histochemically stained ischemic muscle tissue sections of the
lower and upper limb (ie, the gastrocnemius and hamstring
muscles) from PAI-inhibitor treated than from vehicle-treated mice
(Figure 1K-N). These data demonstrate that PAI inhibition acceler-
ates ischemic tissue recovery.

Endogenous tPA and MMP-9 are required for the
tissue-regenerative effects observed after PAl inhibition

We reported previously that the fibrinolytic factor tPA promotes
angiogenesis and tissue regeneration in HL-ischemic tissue, which
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Figure 1. PAl-1 inhibition improves HL-ischemic tissue regen-

eration. (A-E) C57BL/6 mice were HL treated and gastrocnemius

muscles were analyzed on day 1. (A-C) Quantitative RT-PCR
analysis of the mRNA expression of PAI-1 (A), uPA (B), and {PA
(C) in nonischemic and HL-ischemic muscle tissue using B-actin
as an internal control (n = 3/group for all experiments).
(D-E) Homogenates of ischemic and nonischemic tissues that
were harvested on day 1 after HL-ischemia induction in 3 different
C57BL/6 mice were assayed for murine PAI-1 protein by Westem
blot analysis (D) or for PAI activity by reverse fibrin zymography
(E). Densitometric analysis is shown (bottom). (F-N) HL ischemia
was induced in C57BL/6 mice, followed by oral administration of
the PAI-1 inhibitor or vehicle given daily from days 0-6. Arrows
indicate when the PAI inhibitor was administered. Plasma levels
of active PAI-1 (F), tPA (G), and plasmin (H) were assayed in
PAl-1~ or vehicle-treated HL-ischemic mice by ELISA (n =7/
group for PAI-1 and tPA; n = 6/group for plasmin). (I-J) Represen-
tative macroscopic images (I} and the limb perfusion ratio (isch-
emic/nonischemic; J) of ischemic limbs after HL-ischemia in-
duction. Macroscopic evaluation of the limbs on day 21 (I, bottom)
shows foot-digit necrosis only in HL + vehicle-treated animals
(n = 5/group). (K-N) Muscle sections of a nonischemic limb and
of gastrocnemius (K-L) and hamstring muscles (M-N) of the
ischeric limbs from treated mice were stained with H&E (after
21 days; scale bars, 200 mm; K,M) and necrotic areas were
evaluated (n = 4 for vehicle group; n = 3 for PAI-1 inhibitor group;
L,N). Data represent means = SEM. *P < .05; **P < .001.
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requires the up-regulation of MMP-9.' In the present study, we plasma levels during HL-ischemic recovery in tPA*/* mice com-
found that PAI-1 inhibitor treatment during ischemic recovery pared with vehicle-treated tPA*/* mice, suggesting that increased
augmented fibrinolytic activity in blood samples from tPA+* mice, tPA and MMP-9 may mediate the observed effects of PAI-I (Figure
but not from tPA~~ mice (Figure 2A), and augmented MMP-9  2B). No change in MMP-9 plasma levels was observed in
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Figure 2. Improved ischemic tissue regeneration
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HL-ischemia—induced tPA~/~ mice treated with vehicle or with the
PAI-1 inhibitor (Figure 2B).

We next determined whether endogenous tPA and MMP-9 mediate
the improved tissue regeneration that is observed after PAI-1 inhibitor
treatment. Indeed, PAI-1 inhibitor treatment resulted in faster blood flow
recovery in the ischemic limbs of wild-type mice compared with
vehicle-treated wild-type mice, but such enhancement was not observed
in tPA~~ mice or MMP-97/~ mice (Figure 2C-F). Ischemic tissue
sections from PAI-1 inhibitor-treated ®PA~~ and MMP-9~~ mice
showed vast areas of necrotic tissue compared with PAI-1 inhibitor-
treated tPA** and MMP-9*/* mice (Figure 2G-J). These data indicate
that endogenous tPA and MMP-9 are required for the tissue-regeneration-
promoting effects of PAI-1 inhibition.

PAI-1 inhibition improves tPA-dependent ischemic
revascularization

PAI-1 inhibitor treatment resulted in faster collateral vessel
growth, which was observed macroscopically (Figure 3A) and
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microscopically after VWF staining in the ischemic limb of
C57BL/6 mice (Figure 3B) and in the ischemic limb of tPA*/*
mice compared with vehicle-treated mice (Figure 3C-D), but did
not show such enhancement in the ischemic limb of tPA~/~
mice. We have shown previously that tPA treatment increases
VEGF-A plasma levels and that tPA administration can promote
myeloid-cell expansion by MMP-9~mediated release of KitL
from stromal/niche cells.!® Indeed, augmented plasma levels of
VEGF-A (Figure 3E) and KitL (Figure 3F) were found in PAI-1
inhibitor-treated HL-ischemic tPA*/* mice, but not in PAI-1
inhibitor-treated tPA~/~ mice. Furthermore, G-CSF, a cytokine
known to stimulate BM granulopoiesis, was also increased after
PAI-1 inhibitor treatment in HL-ischemic mice in a MMP-9~
and tPA-dependent manner (Figure 3G-H). In addition, recombi-
nant tPA administration augmented G-CSF serum levels in
normoxic C57BL/6 mice (Figure 3I). These data indicate that
PAI-1 inhibition during ischemic recovery augments both
angiogenic and hematopoietic factors.
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Figure 3. In vivo blockade of PAI-1 augments neoangiogen-
esis and growth factor release. (A) Macroscopic images of
the lower limb region of nonischemic and PAI-1 inhibitor- or
vehicle-treated wild-type mice were captured on day 14 after
HL ischemia induction (magnification, 25X; scale bars,
2000 mm). The insert box depicts areas of neocangiogenesis.
(B-G) HL ischemia was induced in C57BL/6, tPA*/*, and
tPA~/~ mice, and the mice were then treated with or without
PAl-1 inhibitor daily from days 0-6. (B-C) Capillary density was
measured in sections of the hamstring (B) and adductor
muscles (C) based on immunohistochemical staining of VWF
per high power field (HPF). (B,D) Representative images of
anti-VWF mAb immunohistochemical staining of ischemic
muscle sections from HL-ischemia—induced C57BU/S6, tPA*/*,
and tPA~/~ mice either left untreated or treated with or without
the PAI-1 inhibitor (n = 6/group) analyzed on day 14 after the
procedure (scale bars, 200 mm). Arrows depict VWF+ capillar-
ies. (E-G) Plasma levels of VEGF-A (E) and KitL (F) and serum
levels of G-CSF (G) in HL-ischemia~induced tPA** and
tPA~/~ mice treated with or without PAI-1 inhibitor were
determined by ELISA (for VEGF-A, n = g for tPA*/* mice and
n = 3 for tPA~/~ mice; for Kitl. and G-CSF, n = 7 for tPA*/+
mice and n = 3 for tPA~/~ mice; for KitL, n = 3 for G-CSF).
(M) G-CSF serum levels were analyzed by ELISA in HL-
ischemia—induced MMP-9+/* and MMP-8~/~ mice treated with
or without PAI-1 inhibitor (H) and in C57BL/6 mice treated with
a serpin-resistant {PA mutant (n = 4-5/group). Values repre-
sent the means = SEM. P < .05; ™ P < .001.

PAI-1 inhibition mobilizes neutrophils into the circulation and
promotes neutrophil recruitment into ischemic tissues in vivo

The PAI-]1 inhibitor-mediated increase in hematopoietic cytokines
prompted us to examine whether the inflammatory response during
ischemic recovery might be altered after PAI-1 inhibition. Isolation
of leukocytes from ischemic muscle tissues, followed by MACS
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separation using the anti-Gr-1 Ab, revealed that approximately
40% of infiltrating leukocytes were neutrophils on day 5 of HL
ischemia (Figure 4A). PAI-1 inhibitor treatment increased the
number of Gr-1* neutrophils in ischemic sections of tPA*/*
mice, but not in tPA™/~ mice, compared with vehicle-treated
mice (Figure 4B-C).
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Figure 4. Pharmacologic PAl inhibition mobilizes neutrophils into the circulation and improves their tissue infiltration, a process dependent on endogenous tPA
and MMP-9. (A) Wright-Giemsa staining of MACS-isolated infiltrating Gr-1* and Gr-1- cells derived from ischemic tissues of C57BL/6 mice on day 5 after HL induction.
(B) Immunofluorescent staining of Gr-1 was performed on nonischemic muscle tissues or on HL-ischemic muscle tissues derived from vehicle- or PAI-1 inhibitor-treated
HL-ischemic tPA** and tPA~/~ mice 14 days after the HL procedure. PAI-1 inhibitor was administered daily on days 0-6 after the procedure. The arrows indicate Gr-1* cells
(scale bars, 200 mmy). Nuclei were counterstained with DAPI (blue). (C) Quantification of Gr-1* cells in ischemic muscle tissues (n = 3/group). (D-K) The total number of WBCs
{D,H) and the number of neutrophils (E,l), CD11b*Gr-1* cells (F,J), and manocytes (G K) were determined in the peripheral blood of PAI-1 inhibitor-treated or vehicle-treated
tPA** and tPA~/~ mice (for B-G, n = 4) and in MMP-9+/* and MMP-9-/~ mice (for H-K, n = 6) by counting (D,E,G,H,!,K) or by FACS analysis (F,J). (L-M) The total number of
WBCs (L) and neutrophils (M) were counted in in MMP-9+/* and MMP-9~/~ mice (n = 4). *P < .05; **P < .001 for recombinant tPA-treated versus vehicle-treated C57BL/6
mice. Values represent the means = SEM. Data are expressed as the absolute number of each cell type per millititer of blood. *P < .05.

We next analyzed blood samples to determine whether the
augmented neutrophil influx in ischemic tissues was due to an
overall increase in circulating blood cells. PAI-1 inhibitor-treated
HL-ischemic tPA** mice, but not tPA~/~ mice, showed an
increase in the number of WBCs, including neutrophils, as
determined by cell counting and FACS analysis using Abs against

CD11b and Gr-1 (Figure 4D-F), but not monocytes, compared with
vehicle-treated animals (Figure 4G). MMP-9 deficiency prevented
the leukocyte and neutrophil increase, but not the monocyte
increase, caused by PAI-1 inhibitor treatment (Figure 4H-K),
indicating that PAI-1 inhibitor-mediated peutrophilia was depen-
dent on endogenous MMP-9. Administration of recombinant tPA
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Figure 5. Adoptive transfer of Gr-1* cells from PAI-1
inhibitor-treated mice improves neoangiogenesis.
(A-F) Muscle-derived Gr-1* cells isolated from HL-
ischemia—induced-C57BL/6 donors treated with/without
PAl-1 inhibitor were transplanted into HL-ischemia~
induced recipients for 3 days (n = 6/group). (A) Experi-
mental scheme of the muscle-derived Gr-17* cell trans-
plantation assay. (B) Blood fiow was determined after
transplantation of PAI-1 inhibitor-mobilized versus vehicle-
mobilized (mob.) Gr-1* cells in HL-ischemic C57BL/6
recipients. (C) VWF immunostaining of lower limb isch-
emic tissue of mice receiving vehicle- or PAI-1 inhibitor-
mobilized cell transplantations. Arrows indicate capillar-
ies. Nuclei were counterstained with DAPI (blue staining).
Scale bars indicate 200 mm. (D) Capillary density was
evaluated per high-power field (HPF). (E) immunofluores-
cent staining of Gr-1 and VEGF-A was performed on
sections derived from vehicle or PAI-1 inhibitor-mobilized
Gr-1 celltransplanted mice. The arrows indicate trans-
planted Gr-1* cells costained with VEGF-A in ischemic
tissues. Nuclei were counterstained with DAP! (blue).
(F) Quantification of Gr-1* VEGF-1* cells under a HPF. \
Data represent means = SEM.*P < .05. o 1 4

Ischamic / normal biood

HL - Vehicle HL » PAI-T inhubiior
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meb. Gr-1 calls

Gr-1
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induced neutrophilia and, similar to PAI-1 inhibitor administration,
this process required endogenous MMP-9 (Figure 4L-M). There-
fore, PAI-1 inhibitor treatment not only augmented the absolute
number of circulating Gr-17* cells/neutrophils, but also improved
their incorporation into ischemic tissues in a tPA- and MMP-9-
dependent manner.

Adoptive transfer of Gr-1* myeloid celis from PAI-1
inhibitor-treated mice improves revascularization after HL
ischemia induction

Our data suggested that neutrophils could be the cellular target for
PAI-1 inhibitor-induced improved tissue regeneration. We hypoth-
esized that PAI-1 induction during HL ischemia may alter the
ability of neutrophils to stimulate angiogenesis. To test this
hypothesis, muscle-derived Gr-17* cells were obtained from HL-
ischemia~induced donor mice that had been treated with or without
the PAI-1 inhibitor. These Gr-1* cells were transplanted into HL
recipient mice (Figure 5A) by intramuscular injection. In contrast
to cells from vehicle-treated mice, Gr-17 cells isolated from muscle
tissues of PAI-1 inhibitor-treated mice accelerated ischemic reper-
fusion (Figure 5B) and increased capillary density in ischemic
tissues of HL-ischemic recipients (Figure 5C-D). We showed that
neutrophils release the proangiogenic factor VEGF-A.?! Consistent
with that result, the absolute number of Gr-17"VEGF-17 cells was
higher in ischemic recipient tissues transplanted with Gr-17 cells
from PAI-1-treated mice (Figure SE-F).
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These data indicate that PAI-1 inhibitor-mediated neoangiogen-
esis is partially driven by a Gr-1* muscle-residing cell population.

The proangiogenic PAI-1 inhibitor enhances FGF-2 and VEGF-A
function/signaling

We reported previously that a serpin-resistant tPA promoted
macrophage-mediated angiogenesis.?? To determine whether PAI-1
inhibition accelerates macrophage recruitment into ischemic tis-
sues, we quantified the number of infiltrating F4/80* cells 3 days
after initiation of HL ischemia. PAI-1 inhibition did not increase the
recruitment of macrophages in muscle tissues compared with
vehicle treatment (Figure 6A).

To identify the molecular mechanisms underlying the enhanced
angiogenesis observed after PAI-1 inhibition, we examined the
expression of angiogenesis-related factors in ischemic muscle
tissues derived from PAI-1 inhibitor- and vehicle-treated animals.
FGF-2 signaling has been associated with neutrophil-mediated
angiogenesis® and PAI-1 activity.?> Immunohistochemical analysis
of ischemic muscle tissues demonstrated that the number of F4/80+
cells coexpressing FGF-2 or VEGF-A was not significantly differ-
ent from vehicle- and PAI-1 inhibitor-treated tissues (Figure 6B). In
contrast, the number of ischemic tissue-resident Gr-1* cells
coexpressing both FGF-2 and VEGF-A was higher in sections
derived from PAI-1 inhibitor-treated mice (Figure 6C).

FGF-2 can signal through syndecan-4 independently of FGF
receptors.?? Therefore, in the present study, we investigated whether
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Figure 6. PAIl -inhibition induces angiogenesis during HL-ischemic recovery via FGF-2- and VEGF-A-mediated pathways. (A-C) HL-ischemia~induced C57BL/6 mice
were treated with the PAI-1 inhibitor or vehicle. Ischemic sections of PAI-1 inhibitor or vehicle-treated mice 3 days after the HL procedure were costained for F4/80 (A), F4/80
and VEGF-A or F4/80 and FGF-2 (B), or Gr-1 and VEGF-A or Gr-1 and FGF-2 (C). Nuclei were counterstained with DAPI (blue). Left panels are representative
immunofiuorescent images. Arrows indicate VEGF-A*, FGF-2+, F4/80+, or Gr-1* cells. Right panel shows the quantification of the indicated cell populations per high-power
field (HPF; n = 5/group for each experiment). (D-G) Hi-ischemia~induced C57BL/6 mice were treated with the PAI-1 inhibitor and coinjected with neutralizing doses of
anti-FGF-2, anti-VEGF-A, or anti-igG control Abs (n = 4/group). (D-E) Ischemic muscle tissues from Ab-treated animals 14 days after the HL procedure were
immunofluorescently costained for FGF-2/VWF and FGF-R1/VWF. Nuclei were counterstained with DAPI (blue staining). Arrows indicate FGF-2*/VWF* and FGF-R1+/VWF+
cells (scale bars, 200 mm). Right panel shows the indicated cell populations quantified per HPF. (F) Left panel, ischemic muscle tissue sections were stained with H&E (scale
bars, 200 mm). Right panel shows the quantification of necrotic areas in ischemic H&E-stained tissue sections. (G) Blood flow was determined at the indicated time points.
(H) ischemic muscie tissue sections stained with Abs against VWF antigen on day 14 were used to determine capillary density. Data represent means = SEM. *P < .05.
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Figure 7. Schematic diagram showing the various
molecules involved in the proangiogenic effect of
PAI-1 inhibition. Under ischemic conditions, the local
balance between the fibrinolytic factor tPA and one of its
endogenous inhibitors, PAI-1, is shifted toward a profi-
brinolytic state with a local increase in tPA. Ischemia
systemically results in a profibrinolytic state, a process
dependent on endogenous tPA. Pharmacologic PAI-1
inhibition during ischemic recovery improved tissue regen-
eration due to an expansion of circulating and tissue-
resident Gr-1* neutrophils coexpressing VEGF-A, FGF-2,
and TIMP-1—free MMP-8, and to increased release of the
angiogenic factor VEGF-A, the hematopoietic growth
factor KitL, and G-CSF. Ab neutralization and genetic-
knockout studies indicated that both the improved tissue
regeneration and the increase in both circulating and
ischemic tissue-resident Gr-1* neutrophils were depen-
dent on the activation of tPA and MMP-9 and on VEGF-A
and FGF-2.

Angiogenesis

expression of FGF-2 or FGFR1 is altered in PAI-1 inhibitor-treated
ischemic tissues. Immunohistochemical analysis of ischemic muscle
tissue sections revealed that PAI-1 inhibitor treatment augmented
FGF-2 and FGF-R1 expression and that this expression colocalized
more often to VWF™ cells compared with vehicle-treated controls
(Figure 6D—E).

FGF-2~induced angiogenesis requires VEGF signaling.?* Block-
ade of VEGF-A and FGF-2 signaling with Abs against murine
VEGF-A and FGF-2 inhibited the PAI-1 inhibitor-mediated FGF-2
and FGFR-1 increase on VWF™ cells (Figure 6D-E), as well as the
PAI-1 inhibitor-mediated ischemic tissue recovery, and reversed
the necrosis-reducing effect of PAI-1 inhibitor treatment (Figure
6F-G) and myeloid cell mobilization (supplemental Figure 1A-C,
available on the Blood Web site; see the Supplemental Materials
link at the top of the online article) in an HL-ischemic model.

Although it is clear that FGF-2-induced angiogenesis requires
VEGF signaling,® it was unclear whether VEGF-A and FGF-2
signaling are required for PAI-1 inhibitor-mediated tissue neoangio-
genesis. Our present data suggest that this might be the case,
because VEGF-A and FGF-2 mAb prevented PAI-1 inhibitor-
mediated ischemic tissue recovery and neoangiogenesis in an
HL-ischemic model (Figure 6F-G).

The results of the present study indicate that the proangiogenic
effects observed after PAI-1 inhibitor treatment are mediated by the
2 potent proangiogeneic factors FGF-2 and VEGF-A, and that
neutrophils seem to be a source for these growth factors. In
addition, both factors were essential for the PAI-1 inhibitor-
mediated recruitment of “angiogenic hematopoietic effector cells”
into ischemic tissues.

Discussion

The present study identifies activation of the FGF-2 and VEGF-A
pathways as the cause of the proangiogeneic effect of drug-induced
PAI-1 deficiency in a murine model of HL ischemia. Our data
support a mechanism whereby drug-induced PAI-1 inhibition
enhances angiogenesis through up-regulation of endogenous tPA
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" Ischemic tissu

and MMP-9. Both proteases are required for neutrophil mobiliza-
tion and for the release of proangiogenic cytokines, including
FGF-2 and VEGF-A (Figure 7). In addition, muscle-infiltrating
CD11b*Gr-1* neutrophils harvested from PAI-1 inhibitor-treated
mice coexpressed FGF-2 and VEGF-A and showed an improved
capacity to stimulate angiogenesis on adoptive transfer compared
with equal numbers of carrier-treated ischemic tissue-derived
neutrophils. Ab-blocking experiments revealed that PAl-inhibitor—
induced tissue regeneration required FGF-2 and VEGF-A signal-
ing. These data are important for the design of future cell-based
therapies, especially in the light of a recent study demonstrating
that BM cells harvested from mice with distant ischemia show a
reduced capacity to stimulate angiogenesis on adoptive transfer.?’
FGF family members and its receptors (FGFRs) can promote
angiogenesis. In the present study, PAI-1 inhibition-induced aug-
mentation of FGFR1 expression on endothelial cells in ischemic
tissues coincided with increased KitL plasma levels. This result is
consistent with a previous study showing that FGFR-1~deficient
embryoid bodies show decreased expression of KitL.?¢ KitL can
improve tissue recovery in animal models of HL ischemia.?’-%
Recombinant tPA therapy augments circulating KitL levels?® and
promotes ischemic revascularization.!® Confirming these data, in
the present study, we found that drug-induced PAI-1 inhibition
raised KitL plasma levels via tPA augmentation. Our data imply a
relationship among the fibrinolytic factors PAI-1/tPA, FGFR1
signaling, and KitL production. However, further studies are
required to determine how these pathways interact with each other.
PAI-1 in cooperation with integrins, coagulation, fibrinolysis,
and endocytosis has been shown to be important for macrophage
migration.” In the present study, we show that pharmacologic
blockade of PAI-1 increased MMP-9- and tPA-dependent augmen-
tation of tissue-residing neutrophils, but not F4/80* macrophages,
under ischemic conditions. Therefore, PAI-1 seems to act as a
negative regulator of neutrophil recruitment during HL-ischemic
recovery. Supporting our observations, Renckens et al demon-
strated that PAI-1 gene-deficient mice showed an enhanced early
influx of neutrophils to the site of inflammation in a murine model
of turpentine-induced tissue injury.?! In this model, no difference
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was found between PAI-1~/~ and PAI-1*/* mice in factors known
to attract neutrophils, including keratinocyte-derived chemokine
and macrophage inflammatory protein-2.

Among the factors that can enhance the survival, proliferation,
differentiation, and function of neutrophil precursors and mature
neutrophils®? is the hematopoietic growth factor G-CSF. In the
present study, we demonstrate for the first time that recombinant
tPA and endogenous tPA that is enhanced by PAI-1 inhibition
promote the release of G-CSF. G-CSF has been shown to improve
tissue recovery in animal models of HL?! and myocardial® and
focal cerebral ischemia injuries in both mice and humans®* by
modulating various cell types, including endothelial cells and
neutrophils.2!-32 Various studies have demonstrated the importance
of MMP-9 for neutrophil-driven neoangiogenesis in an HL-
ischemic mode] 2192135 A recent study demonstrated that tissue-
infiltrating neutrophil pro-MMP-9 induces angiogenesis catalyti-
cally via an FGF-2/FGFR2 pathway.?3 Consistent with that study,
we have shown previously that pharmacologic PAI-1 inhibition
results in the accumulation of FGF-2~ and VEGF-A-expressing
Gr-17 neutrophils within ischemic muscle tissues through an effect
on endogenous tPA and MMP-9, and in an increase of plasma
VEGF-A via up-regulation of endogenous tPA.!? Neutrophils can
secrete tissue inhibitors of metalloproteinase (TIMP)~free MMP-9
that can act in concert with, for example, macrophages to liberate
proangiogenic growth factors such as VEGF and FGF-2 that are
sequestered to the extracellular matrix.

PAI-1 can inhibit cell adhesion and migration by inhibiting the
activity of uPA receptor (uPAR)-bound uPA and by preventing
integrin association to vitronectin. Studies with uPAR™/~ mice
have emphasized the critical role of this receptor in leukocyte
trafficking.?! Indeed, uPAR™/~ mice displayed a profoundly re-
duced neutrophil recruitment to the peritoneal cavity after IP
administration of thioglycollate.?® Qur present results are consis-
tent with the findings that neutrophil extravasation into the
interstitium after lung ischemia-reperfusion injury after lung trans-
plantation was blocked in tPA-deficient mice.?” At the molecular
level, this blockage was associated with reduced expression of
platelet endothelial cell adhesion molecule-1 mediated through the
tPA/low-density lipoprotein receptor—related protein/NF-«B signal-
ing pathway.

Reichel et al showed that extravasated plasmin(ogen) mediates
neutrophil recruitment in vivo via activation of perivascular mast
cells and secondary generation of lipid mediators.3
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The combined data suggest that strategies aimed at inactivation
of PAI-1 (eg, the use of the small-molecule TM5275) could be an
immediately clinically applicable therapeutic option for improving
angiogenesis in ischemic patients. The results of the present study
shed new light on the mechanism by which PAI-1 and tPA enhance
neovascularization by modulation of the local and systemic growth

- factor environment and by alteration of neutrophil migration.
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Plasmin inhibitor reduces T-cell lymphoid tumor growth by suppressing matrix
metalloproteinase-9-dependent CD11b " /F4/80 " myeloid cell recruitment
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Activation of the fibrinolytic system during lymphoma progres-
sion is a well-documented clinical phenomenon. But the
mechanism by which the fibrinolytic system can modulate
lymphoma progression has been elusive. The main fibrinolytic
enzyme, plasminogen (Plg)/plasmin (Plm), can activate matrix
metalloproteinases (MMPs), such as MMP-9, which has been
" linked to various malignancies. Here we provide the evidence
that blockade of Plg reduces T-cell lymphoma growth by
inhibiting MMP-9-dependent recruitment of CD11b*F4/80™
myeloid cells locally within the lymphoma tissue. Genetic Plg
deficiency and drug-mediated Plm blockade delayed T-cell
lymphoma growth and diminished MMP-9-dependent
CD11b " F4/80 " myeloid cell infiliration into lymphoma tissues.
A neutralizing antibody against CD11b inhibited T-cell lympho-
ma growth in vivo, which indicates that CD11b™* myeloid cells
have a role in T-cell lymphoma growth. Plg deficiency in T-cell
lymphoma-bearing mice resulted in reduced plasma levels of
the growth factors vascular endothelial growth-A and Kit
ligand, both of which are known to enhance myeloid cell
proliferation. Collectively, the data presented in this study
demonstrate a previously undescribed role of Plm in lympho-
proliferative disorders and provide strong evidence that
specific blockade of Plg represents a promising approach for
the regulation of T-cell lymphoma growth.

Leukemia (2012) 26, 332-339; doi:10.1038/leu.2011.203;

published online 20 September 2011
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Introduction

Lymphomas are a heterogeneous group of malignancies of the
lymphoid system that account for ~75000 new tumor cases
every year. In lymphoma patients, activation of the fibrinolytic
system is frequently reported.! However, the mechanism by
which the fibrinolytic system modulates tumor/lymphoma
growth is not well understood. The f[brmolytlc system is known
to dissolve fibrin blood clots (fibrinolysis).? The serine proteinase
plasminogen (Plg) is the main component of the fibrinolytic
system and can be converted to the active enzyme, plasmin
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(PIm), by distinct Plg activators (PA), such as tissue-type Plg
activator and urokinase-type Plg activator, which leads to
fibrinolysis. The activities of tissue-type Plg activator and
urokinase-type Plg activator are regulated by complex formation
with PA inhibitors. Aside from flbrlnolySIs, le can actlvate
several matrix metalloproteinases (MMPs) in vitro® and in vivo,*

which are linked to tissue remodeling and various diseases,
including lymphoid malignancy. Increased plasma MMP-9

levels were reported in Hodgkin’s and non-Hodgkin’s lympho-
ma patients.” But the distinct role of MMP-9 and the relation
between Plg and MMP-9 in lymphoma growth is still not clear.

The biological and clinical behavior of, for example, T-cell
lymphomas, which ranges from aggressive to indolent clinical
features, is determined by the balance between tumor growth-
supporting and tumor growth-repressive factors in the non-
malignant microenvironment together with contributions from
hematopoietic cells.®

The tumor mxcroenvxronment can influence neoplastic
progression and growth.” MMPs are secreted as inactive pro-
forms and are involved in anglogeneSls cytoklne processing,
extracellular matrix degradation and invasion during tumor
progression.>® In spite of the importance of MMPs during
lymphoma growth, attempts to use MMP inhibitors in cancer
therapy have been disappointing in clinical trials due to
observed severe side effects.” One way to overcome this
problem is to control the MMPs by manipulating MMP-
regulatory factors.

Here, we demonstrate that Plg deficiency, either as a genetic
knockout or by pharmacological inducement using YO-2, an
active-center-directed inhibitor of PIm,'® inhibits MMP-9-depen-
dent T-cell lymphoma growth. Using in vivo models, we provide
compelling evidence that Plg regulates T-cell lymphoma growth
and the influx of myeloid cells into the lymphoma niche in an
MMP-9-dependent manner. Thus, Plm is a novel therapeutic
target for treatment of certain lymphoid malignancies.

Materials and methods

Mice

WT (Plg*/*) and Plg™~ mice'" and WT (MMP-9"/*) and
MMP-9~"~ mice (kindly provided by Zena Werb, University of
California San Francisco, USA and Leif R Lund, University of
Copenhagen, Denmark) were obtained by heterozygous breed-
ing of mice backcrossed into a C57BL/6J background. For the



in vivo experiments, all mice were inoculated at age 6-8 weeks.
Animal procedures were approved by the Animal Care
Committee of Juntendo University. C57BL/6 mice were pur-
chased from SLC, Inc. (Shizuoka, Japan).

Cell lines

B6RV2 cells' were cultured in Iscove’s modified Dulbecco’s
medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum (MP Biomedicals, Aurora, OH, USA), penicillin and
streptomycin (WAKO, Osaka, Japan). RMA and FBL3 cells were
cultured in RPMI medium 1640 (SIGMA, St Louis, MO, USA)
containing 10% fetal bovine serum. EL4T cell lymphoma cells
were expanded in RPMI medium 1640 containing 10% fetal
bovine serum supplemented with 2 mm L-glutamine, 0.05 mm 2-
mercaptoethanol (Invitrogen), penicillin and streptomycin.

In vivo T-cell lymphoma model

The dorsal skin of mice was shaved 1 day before inoculation.
The following day, washed lymphoma cells, exceeding 95% cell
viability by trypan blue dye exclusion were inoculated into mice
(108 B6RV2, 5 x 107 FBL3 or 6 x 10° RMA cells per mouse into
the dorsal subcutis). Some mice received 10® B6RV2 intrave-
nous. Lymphoma length, width and height were measured.
tymphoma volume was calculated as ((length) x (width) x
(height). Mice were injected daily with YO-2 or carboplatin
or mutant tPA (Eizai, Tokyo, Japan) for the first 5 days at the
concentration of 3.8 or 50 or 10 mg/kg body weight, respec-
tively. White blood cells were measured using an automatic
blood cell counter MEK-6308 (Nihon Kohden Co., Tokyo,
Japan). Survival was monitored.

In vivo CD11b blocking experiment
Mice were inoculated with 10% B6RV2 cells subcutaneously and
treated with/without 500 ug anti-CD11b (clone 5C6), or with
control immunoglobulin G on days 1, 3, 5 and 7. T-cell
lymphoma volume was then determined.

Fluorescence-activated cell sorting (FACS)

Harvested T-cell lymphoma tissue was minced. Cell pellets were
blocked with an Fc block (clone 2.4G2, BD Pharmingen, San
Diego, CA, USA), washed and stained with anti-CD45-Pacific
Blue (clone 30-F11, BiolLegend, San Diego, CA, USA), anti-
vascular endothelial growth factor (VEGF) receptor-1 (R1)-biotin
(clone MF-1, ImClone Systems, New York, NY, USA), anti-F4/
80-FITC (BM8, BioLegend), anti-Gr-1-FITC (clone RB6-8C5, BD
Pharmingen), anti-CD11b-PE (clone M1/70), BD Pharmingen)
or anti-CXCR4-FITC (clone 2B11/CXCR4, BD Pharmingen).
Cells stained with VEGF-R1-biotin were washed and then
incubated with Streptavidin-APC (BD Pharmingen) at 4 °C for
15min. Dead cells were excluded using propidium iodide
staining. Cells were analyzed using a FACSAria machine (BD
Biosciences, San Jose, CA, USA).

Immunohistochemistry

Acetone-fixed frozen T-cell lymphoma sections were stained for
F4/80. In brief, sections were blocked with the Biotin-Blocking
System (Dako, Carpinteria, CA, USA) and 5% goat serum
(VECTOR, Burlingame, CA, USA), and incubated overnight at
4.°C with the anti-F4/80 antibody (Ab) (10 pg/ml; clone C1:A3-1,
Serotec, Oxford, UK). Rat immunoglobulin G (clone 141945,
R&D Systems Inc., Minneapolis, MN, USA) served as a negative
control. Next, endogenous peroxidase was blocked using 3%
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H,0, in methanol followed by biotin-labeled rabbit anti-rat
immunoglobulin G Ab (clone CLCC40015, Cedarlane Labora-
tories, Hornby, ON, Canada) and a horseradish peroxidase or
Alexa594-conjugated Streptavidin Ab. DAB (WAKO or Alexa
594, Molecular Probes, Eugene, OR, USA), developed sections
were counterstained with hematoxylin. Sections were stained
with an anti-CD31 Ab (clone: T-2001, BMA, Rockland, ME,
USA) followed by a biotin-labeled rabbit anti-rat immunoglo-
bulin G Ab (clone CLCC40015, Cedarlane Laboratories) and an
Alexa594-conjugated Streptavidin Ab (Alexa 594, Molecular
Probes).

Reverse transcription-PCR

RNA was extracted using Trizol (Invitrogen), followed by a
DNase (Nippon Gene, Tokyo, Japan) reaction. The purity and
integrity of the extracted RNA was checked spectroscopically
and by gel electrophoresis before use. cDNA was generated
using a High Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA, USA) and was stored at —80°C. PCR mixtures
(12 ul final volume) contained 6pl of a 2 X PCR master mix
(Promega, Heidelberg, Germany), 1l of template cDNA and
primers (at a final concentration of 1um). Reaction mixtures
were incubated in a thermocycler. The respective forward and
reverse murine primers used for reverse transcription-PCR were
as follows: B-actin: 5-GCTTCTTTGCAGCTCCTTCGT-3' and
5'-CCAGCGCAGCGATATCG-3'; transforming growth factor-f;:
5'-TCCCGTGGCTTCTAGTGCTG-3' and 5-ATTTTAATCTCTG
CAAGCGCA-3/, VEGF-A: 5-CAGGCTGCTGTAACGATGAA-3’
and 5-AATGCTTTCTCCGCTCTGAA-3'; c-Kit: 5'-ATCCCGACT
TTGTCAGATGG-3/, 5-AAG GCCAACCAGGAAAAGTT-3'.

Enzyme-linked immunosorbent assay

Mice were bled retro-orbitally using heparin-coated glass
capillaries. MMP-9, VEGF-A, and Kit ligand (KitL) plasma levels
were measured using the commercially available enzyme-
linked immunosorbent assay kits (R&D Systems Inc.).

Statistics
Data are reported as the meants.e.m. Student ttests were
performed. P<0.05 were considered significant.

Results

Plg and MMP-9 are required for T-cell lymphoma
growth

To assess the role of Plg in T-cell lymphoma growth, T-cell
lymphoma cells were inoculated subcutaneously into Plg™~
and WT mice. B6RV2, RMA and FBL3T cell lymphoma growth
was delayed in Plg™~ mice compared with WT mice (Figures
1a—c). Daily recombinant tissue-type Plg activator administra-
tion accelerated B6RV2 lymphoma growth in WT, but not in
Plg™~ mice (Figure 1a). We previously demonstrated that Plg
can upregulate MMP-9 during tissue regeneration.* Plasma
MMP-9 levels increased over time in WT, but not in Plg™~
B6RV2T cell lymphoma-bearing mice (Figure 1d). To under-
stand the role of MMP-9 in T-cell lymphoma growth, T-cell
lymphoma cells were inoculated subcutaneously into MMP-9~
~ and WT mice. Lymphoma growth of B6RV2, RMA and FBL3T
lymphoma cells (Figures 1e-g) was delayed in MMP-9~'~ mice
compared with WT mice. Overall, these studies provide solid
evidence that Plg and MMP-9 have a role in T-cell lymphoma
growth.
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Figure T Plg and MMP-9 are required for lymphoma growth. (a-c) WT and Plg™~ mice were injected subcutaneously with B6RV2 or RMA cells or
FBL3 cells. (a) B6RV2 lymphoma growth was determined in WT and Plg™~ mice treated daily with/without recombinant tissue-type Plg activator
(tPA) for 5 days (n=6 for tPA-treated WT mice; n=10 for WT mice; n=6 for tPA-treated Plg™ mice; n=11 for Plg™™ mice; *P<0.05
and **P<0.01 comparing WT with Plg™~ mice; *P<0.05 comparing tPA-treated WT with WT mice). (b) RMA lymphoma growth was determined
in WT and Plg™~ mice (n=>5; *P<0.05 comparing WT with Plg™" mice). (c) FBL3 lymphoma growth was determined in WT and Plg™~ mice
(n=4; *P<0.05 comparing WT with Plg™~ mice). (d) Plasma samples derived from B6RV2 lymphoma-bearing WT and Plg™~ mice were analyzed
for total MMP-9 levels by enzyme-linked immunosorbent assay (n=3; *P<0.05). (e-g) WT and MMP-9™~ mice were injected subcutaneously, with
murine B6RV2 or RMA cells. (e) B6RV2 lymphoma growth was determined (n=9 for WT mice; n=5 for MMP-9™" mice; *P<0.05 comparing WT
with MMP-97" mice). (f) RMA lymphoma growth was determined (n=8 for WT mice; n=4 for MMP-9~'" mice; *P<0.05 comparing WT with

MMP-9~= mice). (g) FBL3 lymphoma growth was determined (n=>5; *P<0.05 comparing WT with MMP-9™'~ mice).

Plg and MMP-9 are required for myeloid cell infiltration
during T-cell lymphoma growth

We next addressed the potential role of Plg and MMP-9 in
myeloid cell infiltration. Lymphoma cells were inoculated
subcutaneously into Plg™~, MMP-9™~ and WT mice and then
infiltrating hematopoietic cells were identified by FACS in
minced lymphoma tissues using cell markers known to promote
angiogenesis or tumorigenesiss CD45+VEGF-RT*CXCR4™*
(hemangiocytes),’® CD45¥CD11b* Gr-1%  (myelomonocytic
cells) and CD45*CD11b ¥ F4/80* (macrophages and eosino-
phils).’> CD45+*CD11b " F4/80" cells were the most abundant
infiltrating cells in WT lymphoma-bearing mice, and their
frequency was reduced in Plg™~ and MMP-9™~ B6RV2
lymphoma-bearing mice (Figures 2a and b), and in Plg™~
RMA T-cell lymphoma-bearing mice (Figure 2c). Infiltration of
CD45*CD11bTGr-1% cells was reduced only in Plg™~
lymphoma (Supplementary Figure S1) All other tested cell
populations showed a low frequency of infiltration (<1%) and
showed no difference between T-cell lymphoma tissue derived
from Plg™~ or MMP-9™~ and that from WT mice (data not
shown). The number of infiltrating F4/80% myeloid cells was
reduced in B6RV2 lymphoma tissues derived from Plg™~ and
MMP-9~/~ compared with those derived from WT mice (Figures

Leukemia

2d and e) and in Plg™~ RMA T-cell lymphoma tissue (Figure 2f),
indicating that CD45*CD11b* F4/80% myeloid cell infiltration
into T-cell lymphomas is driven by host-derived Plg and MMP-9.

Plm inhibitor blocks lymphoma growth by suppressing
MMP-9-dependent CD11b™ F4/80" cell recruitment
The in vivo results above raised the hypothesis that Plg regulates
T-cell lymphoma growth via MMP-9. To test this hypothesis, we
evaluated the effect of the Plm inhibitor YO-2 against T-cell
lymphoma growth. Daily injections of YO-2 reduced T-cell
lymphoma growth in WT mice (Figure 3a), but did not further
decrease lymphoma growth in Plg™™ mice (Figure 3a). We
compared the T-cell lymphoma growth-controlling effect of
YO-2 with the antitumor drug carboplatin (Figure 3b) using the
B6RV2T cell lymphoma murine model. Similar tumor growth
retardation was observed in the YO-2-treated group compared
with the carboplatin-treated group. YO-2 treatment in combina-
tion with carboplatin did not further inhibit tumor growth.
Interestingly, YO-2 treatment did not further decrease
lymphoma growth in MMP-9~" mice (Figure 3c). Plasma
MMP-9 level elevation observed in WT lymphoma-bearing
mice was blocked in YO-2-treated lymphoma-bearing WT mice
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Figure 2 Plg and MMP-9 are required for myeloid cell infiltration during tymphoma growth. (a, b) B6RV2 lymphoma tissues were obtained from
WT, Plg™~ and MMP-9™/~ mice on day 7 after cell inoculation. The number of CD11b¥F4/807 cells was determined by FACS (a) in minced WT
and Plg™~ lymphoma tissue derived from B6RV2 lymphoma (n=19 for WT and n=10 for Plg~"~-derived cells; *P<0.05) and (b) in minced WT
and MMP-9~~ lymphoma tissue derived from B6RV2 lymphoma (n= 19 for tissue-derived cells from WT and n=9 for MMP-9~""mice; *P<0.05),
() RMA lymphoma tissues were obtained from WT and Plg™~ mice on day 6 after cell inoculation. The number of CD11b*F4/80+ cells in
minced WT and Plg™~ RMA lymphoma tissue was determined by FACS (n=3 for WT and n=3 for Plg~/~-derived cells; *P<0.05). (d) The
number of F4/80% cells per high power field is decreased within Plg™~ compared with WT B6RV2 lymphoma tissue as determined by
immunohistochemical staining on day 7 (n=3; *P<0.05). Arrows indicate F4/80 T cells. Scale bar =100 pm. (e) Immunohistochemical staining of
day 7 tissues of F4/80% cells in B6RV2 lymphoma tissue. The number of F4/80* cells per high power field was assessed (n=6; *P<0.05). Scale
bar=100um. (f) Immunohistochemical staining of day 7 tissues of F4/80* cells in RMA lymphoma tissue. The number of F4/80™ cells per high
power field was assessed (n=3 for WT and n=4 for MMP-9~/~-derived lymphoma tissue; *P<0.05). Scale bar= 100 pm.
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Figure 3 Plm inhibitor blocks lymphoma growth by suppressing MMP-9-dependent CD11b*F4/80* cell recruitment. (a-¢) MMP-97/~ and
Plg™~ and corresponding WT control mice were injected subcutaneously with BERV2 cells and treated intra-peritoneal with/without Pim inhibitor
YO-2. (a—c) Lymphoma volume was measured at different time points after cell inoculation @): n=9 for WT mice; n= 10 for YO-2-treated WT
mice; n=9 for MMP-9~'~ mice; n= 10 for YO-2-treated MMP-9™/~ mice; n=5 for YO-2-treated Plg™'~ mice; *P<0.05 and **P<0.01 comparing
WT with YO-2-treated WT mice, (b, €); n=4*"#P<0.05 and ** * +#P<0.01). (d) ELISA assay for measurement of total MMP-9 levels in plasma
samples obtained from WT mice treated with or without YO-2 (n=3; *P<0.05 and **P<0.01 comparing WT with YO-2-treated WT mice).
(e, ff MMP-97"~ and WT mice were injected subcutaneously with B6RV2 cells and treated intra-peritoneal with/without Plm inhibitor YO-2. (e) On
day 7, the number of CD11b ¥ F4/80 cells was determined by FACS within crushed lymphoma tissues of the mice (n= 11 for WT and n=6 for
YO-2-treated WT-derived cells; n= 11 for MMP-9~~ and n =8 for YO-2-treated MMP-9~""-derived cells; *P<0.05 and **P<0.01) (f) The density
of F4/807 cells was quantified in day 7 lymphoma tissues (n=4 for WT and n=7 for YO-2-treated WT-derived lymphoma tissue; *P<0.05 and
**P<0.01, and n=4 for MMP-9™~ or n=8 for YO-2-treated MMP-9™"-derived lymphoma tissue). Scale bar= 100 pm.

(Figure 3d). These results indicate that B6RV2 lymphoma growth We mainly found eosinophils in crushed tumor tissues of B6RV2
is controlled by Plg via MMP-9, and YO-2 can block B6RV2 and RMA, and monocytes in tumor tissues established using
lymphoma growth. This conclusion suggests that Plg is a direct ~ EL4, B16 and Lewis lung carcinoma cells (Figure 4b). Anti-
therapeutic target to tackle lymphoma. CD11b treatment reduced T-cell [ymphoma growth in WT mice
Plg/Plm is the main enzyme among the fibrinolytc system. To  and no significant further T-cell lymphoma growth retardation
test whether other fibrinolytic inhibitors are also applicable to was observed in anti-CD11b-treated Plg™~ mice (Figure 4c).
the treatment of T-cell lymphoma, B6RV2-bearing mice were In mice challenged intravenously with lymphoma cells,
treated with tranexamic acid (TA), a synthetic derivative of the  treatment with Plm inhibitor YO-2 prolonged the survival
amino-acid lysine, which exerts its anti-fibrinolytic effect ~ compared with the phosphate-buffered saline-treated group
through the reversible blockade of lysine binding sites on Plg  (Figure 4d), although the white blood cell counts were not
molecules. TA caused T-cell lymphoma growth retardation, but  significantly different between both groups (Figure 4e). Indeed,

this effect did not reach significance (Supplementary Figure S2). treatment of YO-2 in vitro did not affect lymphoma cell
TA is a drug that blocks fibrinolysis although it does not inhibit ~ proliferation (data not shown). These data indicate that YO-2
the enzymatic activity of PIm.'® This indicates that Plg regulate improved the survival of lymphoma-inoculated mice not by
T-cell lymphoma growth independently of its fibrinolytic  suppressing the proliferation of B6RV2 cells but by modulating
function. the local lymphoma microenvironment. Taken together, these

YO-2 treatment reduced the tissue infiltration of  results suggest that YO-2, a specific Plm inhibitor, can reduce
CD45+CD11b*F4/80* myeloid cells, and the infiltration of  T-cell lymphoma growth through regulating MMP-9-dependent
F4/80% cells in WT, but not in MMP-9~~ lymphoma-bearing ~ CD11b™/F4/80*+ myeloid cell recruitment.
mice, respectively (Figures 3e and f). Additionally, the infiltra-
tion of CD11b ¥ Gr-17 cells was inhibited in WT mice but not in
MMP-9~/~ mice by YO-2 treatment (Supplementary Figure S1).  PIm inhibitor blocks cytokine increase during T-cell
To identify the hematopoietic cell types within the  [ymphoma growth
CD45%CD11b*F4/80% cells derived from T-cell lymphoma  Protease—cytokine interactions are important in the remodeling
tissues, we sorted CD457CD11b*F4/80™ cells according to  of the T-cell lymphoma microenvironment in T-cell lymphoma
their sideward light scatter (SSC) into SSC&" and SSC'°% cells ~ growth. Recent reports have indicated that tumor-infiltrating
using FACSAria. The SSCM&" fraction consisted of eosinophils, myeloid cells are a source for local cytokine release into the
whereas the SSC'°" fraction contained mainly monocytes tumor microenvironment in vivo and related to tumor malig-
(Figure 4a). We observed delayed tumor growth in Plg™~ mice  nancy.'”’® We examined T-cell lymphoma growth-associated
injected with B6RV2 or RMA T-cell T-cell lymphoma cells, but ~ cytokine expression in FACS-isolated CD45%CD11b*F4/80*
not in mice inoculated with the ELAT cell T-cell lymphoma, cells from B6RV2-bearing T-cell lymphoma tissues (Figure 5a).
Lewis lung carcinoma or B16 melanoma cells (data not shown). Tumor-infiltrating  CD45+CD11b*F4/80% cells expressed
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Figure 4 Lymphoma-derived CD457CD11b*F4/80™ cells consisted of eosinophils. (a, b) Lymphoma-derived CD45"CD11b*F4/80* cells
were gated into SSC"'&" and SSC'°* cells and were isolated by FACSAria. The SSC"'8" fraction consisted of eosinophils, whereas the SSC'* fraction
mainly contained monocytes as visualized on May Grunwald-stained slides. (b) Relative contribution of different hematopoietic cell types within
the tumor-infiltrating CD45+CD11b™* cell population isolated from various murine tumors. (n=3). (c) B6RV2-injected Plg™~ and WT mice were
treated with anti-CD11b or control antibodies (n=3; *P<0.05; **P<0.01). Tumor volume was measured. (d) WT mice were injected
intravenously with B6RV2 followed by treatment with phosphate-buffered saline or YO-2 and survival rate was observed. Statistic analysis using

log rank test showed P-value of 0.0395 (n=7). (e) WT mice were injected intravenously with B6RV2 followed by treatment with PBS (phosphate-
buffered saline) or YO-2. White blood cell (WBC) count was measured (n=4).
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Figure 5 Plm inhibitor blocks cytokine increase during lymphoma growth. (@) CD457CD11b*F4/80% cells were sorted out from B6RV2
lymphoma-bearing WT mice and cDNA was obtained. Reverse transcription-PCR was performed for several cytokines and receptors. The resuit
was confirmed by repeating once. (b, c) ELISA assay of VEGF-A in plasma samples: (b); n=3; *P<0.05 and **P<0.07; (c); n=3; *P<0.05 and
#P<0,01 comparing PBS-treated WT with YO-2-treated WT mice; *P<0.05 comparing PBS-treated WT with PBS-treated MMP-9™'~ mice;
*P<0.05 comparing PBS-treated WT with YO-2-treated MMP-9™~ mice. (d, e) ELISA assay of KitL in plasma samples: (d) n=3; *P<0.05, (e);

n=3; **P<0.01 comparing PBS-treated WT with YO-2-treated WT mice; *P<0.05 and #*P<0.01 comparing PBS-treated WT with PBS-treated
MMP-9"~ mice; *P<0.05 comparing PBS-treated WT with YO-2-treated MMP-97™~ mice.

transforming growth factor-p 1, VEGF-A and c-Kit. The former
factors are known to influence the survival and proliferation of
T-cell lymphoma cells."”

Plg or MMPs can liberate VEGF-A from extracellular matrix

did not result in reduced vessel density in B6RV2T cell
lyraphoma tissues when compared with WT controls (Supple-
mentary Figure S3), implying that the reduced T-cell lymphoma

growth was not due to impaired angiogenesis. It has been shown
stores.'” Augmented plasma VEGF-A levels were observed in  that VEGF-A induces hematopoietic cell mobilization and

T-cell lymphoma-bearing WT, but not in Plg”~ mice  myeloid cell differentiation.”®?' KitL also induces myeloid cell
(Figure 5b), in YO-2-treated WT mice, nor in MMP-9~"" mice differentiation.??

with or without YO-2 treatment (Figure 5c). VEGF-A is a

Plasma KitL levels were increased in T-cell lymphoma-
well-known angiogenic factor. But surprisingly, Plg deficiency

bearing WT, but not in Plg™~ mice (Figure 5d), but did not
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rise in T-cell lymphoma-bearing mice with drug- or genetically-
induced Plg deficiency, with MMP-9 deficiency with or without
YO-2 treatment (Figure 5e). Interestingly, the peak of infiltration
of CD11b*F4/80™ cells into T-cell lymphoma tissues coincided
with peak plasma KitL levels in T-cell lymphoma-bearing WT
mice (data not shown). Lymphoma patients show abnormal
plasma levels of cytokines produced primarily by lymphoma
cells or secondarily by stromal cells.?® Myeloid cells can
provide proangiogenic factors such as VEGF-A and MMP-9.24
VEGF-A can be liberated from extracellular matrix stores after
Plg or MMP activation.'” Our data demonstrate that Plg
activation during lymphoma growth controls plasma VEGF-A
levels via MMP-9 modulation. Indeed, we showed that VEGFR1
was required for myeloid cell recruitment into B6RV2 lympho-
ma tissues in vivo.”” We have shown that activation of MMP-9
by Plm can expand the myeloid cell pool and mobilize pro-
angiogenic myeloid cells, a process dependent on VEGF-A and
KitL.* Here, our findings indicate that Plm activation during T-
cell lymphoma growth increases plasma VEGF-A and KitL levels
and recruits CD11b* F4/80* cells into T-cell lymphoma tissues.

Discussion

The tumor microenvironment including immune cells, fibrosis
and angiogenesis can influence the survival of lymphoma
patients after treatment.2® Our study provides in vivo evidence
that Plg regulates T-cell lymphoma growth upstream of MMP-9,
and controls both the infiltration of CD45%CD11b*F4/80%
into T-cell lymphomas and the release of stromal cell-associated
growth factors. We propose that targeted inhibition of Plg is a
new therapeutic approach that can control T-cell lymphoma
growth by modulating the T-cell lymphoma microenvironment.

We showed that T-cell lymphoma growth in a T-cell
lymphoma model was retarded in MMP-9™" mice and that
Plm inhibitors failed to further decrease the already low T-cell
lymphoma growth in MMP-9-deficient mice. Other protumor-
genic targets of Plg aside from MMP-9 are conceivable, for
example, MMP-3, as Plm also activate pro-MMP-1, pro-MMP-3
and pro-MMP13 %% 27.28) o1 pro_tumorgenic growth factors and
cytokines such as basic fibroblast growth factor.?®

A study using a spontaneous T-cell lymphoma model
demonstrated that MMP-9 deficiency in lymphoma cells
resulted in a drop in survival time caused by increased tumor
metastasis.>® Further studies will be necessary to unravel the role
of Plg and MMP in the invasion and metastasis of T-cell
lymphoma cells.

As previously stated, Plm induces fibrinolysis.” Recently,
tumor growth dependence on fibrinogen has been linked to the
anatomic location of the tumor.3" Tumor growth of Lewis lung
carcinoma was sustained in Plg™" mice when transplanted into
the dorsal skin but was suppressed in the footpad, where vaso-
occlusive thrombi occurrence limited tumor blood supply.
Fibrinogen deficiency restored tumor growth in footpad-
transplanted Plg™~ mice. How is T-cell lymphoma growth
controlled by Plm/the fibrinolytic system? Plm deficiency, either
genetically-induced (Plg™~ mice) or drug-induced (treatment
with YO-2, an inhibitor of Plm), blocked T-cell lymphoma
growth, indicating that Plg activation was required for T-cell
lymphoma growth. YO-2 treatment inhibited T-cell lymphoma
growth as efficiently as genetic deletion of Plg. Although YO-2
blocked the T-cell lymphoma growth, TA administration to the
T-cell lymphoma model did not cause T-cell lymphoma growth
delay (Supplementary Figure S2). TA is a drug that blocks
fibrinolysis, but can accelerate Plm formation in vitro.'®

Leukemia

We therefore proposed that T-cell lymphoma growth retardation
was due to the action of Plm, rather than to that of fibrino-
gen. Further studies will be necessary to prove this hypothesis.

Infiltrating innate immune cells support lymphoma cell
survival and/or proliferation and correlate with a poor prog-
nosis.”?> We show that CD457CD11b*F4/80™" myeloid cell
influx requires the presence of both MMP-9 and Plm whereas
infiltration of CD11b*Gr-1% myeloid cells into T-cell lympho-
ma tissues is Plg dependent, but is independent of MMP-9. The
importance of CD11b™ cells for T-cell lymphoma growth was
confirmed in the studies using neutralizing antibodies against
CD11b. T-cell lymphoma growth was inhibited in WT mice and
could not be further blocked in Plg™~ mice, indicating that the
role of Plg for T-cell lymphoma growth was driven by its ability
to regulate CD11b ™ cell migration. A role of Plg in CD45 7 cell
migration into the medial layer of allografted vascular tissue in
graft vascular disease model has been reported.>*

Cytokines and chemokines released from tumor cells can
regulate the influx of hematopoietic cells. Plg-dependent tumor
inhibition was observed in tumors in which a high rate of
infiltrating eosinophils had been detected. We observed
increased KitL levels in lymphoma-bearing mice, which was
blocked in Plg-deficient mice. KitL can recruit c-kit receptor-
positive eosinophils.®* Eotaxin, a potent eosinophil chemotactic
factor promotes eosinophil transmigration via the activation of
the Plg-Plm system® Further studies will be necessary to
understand whether these or other factors released from tumor.
cells have a role for the observed impaired influx of myeloid
cells into tumors after Plm inhibition. The role of eosinophils is
controversial in different types of malignancies as both growth
promoting and inhibitory effects had been described.>® Further
studies will be needed to understand the role of eosinophils in
T-cell lymphoma and to establish a role for Plg in the regula-
tion of other eosinophilia-associated diseases. In our model,
CD45FCD11b"F4/80% cells expressed cytokines such as
VEGF-A and transforming growth factor-p. These factors are
known to accelerate lymphoma growth.?” These studies support
our findings that myeloid cell infiltration is dependent on the
activation of the Plg/MMP-9 pathway. Furthermore, multiple
reports have shown that myeloid cells mediate key steps of
tumor progression.>®

In conclusion, we show that the Plg/MMP-9 pathway can
regulate T-cell lymphoma growth and accelerate the recruitment

_ of T-cell lymphoma growth supportive CD45+CD11b* F4/80 ™

myeloid cells into T-cell lymphoma tissues. Therefore, targeting
the Plg/MMP-9 pathway (for example, using YO-2) should offer
a new approach for therapeutic intervention in lymphoid
malignancy.
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Imatinib mesylate directly impairs class switch recombination through
down-regulation of AID: its potential efficacy as an AID suppressor
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Activation-induced cytidine deaminase
(AID) is essential for class switch recom-
bination and somatic hypermutation. Its
deregulated expression acts as a genomic
mutator that can contribute to the devel-
opment of various malignancies. During
treatment with imatinib mesylate (M), pa-
tients with chronic myeloid leukemia of-

ten'develop hypogammaglobulinemia, the
mechanism of which has not yet been
clarified. Here, we provide evidence that
class swiich recombination on B-cell acti-
vation is apparently inhibited by IM
through down-regulation of AID. Further-
more, expression of E2A, a key transcrip-
tion factor for AID induction, was mark-

edly suppressed by IM. These results
elucidate not only the underlying mecha-
nism of IM-induced hypogammaglobuline-
mia but also its potential eificacy as an
AlD suppressor. (Blood. 2012;119(13):
3123-3127)

Introduction

Activation-induced cytidine deaminase (AID) is essential for class
switch recombination (CSR) and somatic hypermutation.! Deregu-
lated expression of AID acts as a genomic mutator and can
contribute to tumorigenesis through genomic recombination and
aberrant somatic hypermutation.>* E2A, which harbors 2 binding
sites in the AID promoter, is the crucial transcription factor for
induction of AID.5 Imatinib mesylate (IM) has diverse immuno-
modulatory effects,’ including reduction of T-cell proliferation
and inhibition of T-cell effector functions.®® Previously, we re-
ported that serum titers of IgG and IgA, but not IgM, were
significantly lower in chronic myeloid leukemia patients treated
with IM versus those treated with IFN-o,!° suggesting that IM
impairs CSR. In the present study, we investigated the effects of IM
on CSR both in vitro and in vivo. Here, we present evidence that
IM inhibits CSR through down-regulation of AID expression in
splenic B cells.

Methods

Mouse immunization

Eight-week-old mice were immunized as previously reported,! with or
without 50 mg/kg imatinib mesylate. The experiments were approved by
the Committee of Animal Care at the Institute of Medical Science,
University of Tokyo.

Immunohistochemistry

Immunostaining for AID was performed on frozen sections following the
manufacturer’s instructions using an AID antibody (H-80; Santa Cruz
Biotechnology).

Primer sequences, reagents, and more detailed methods are shown in
supplemental Methods (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article).

Results and discussion

CSR is induced in splenic B cells by stimulation with IL-4 and
lipopolysaccharide (LPS).1} After stimulation with IL-4 and LPS
for 72 hours, IM decreased the proportion of IgG1-positive B cells
dose-dependently. The proportion of B cells expressing surface
IgG1 was approximately 16% without IM but was significantly reduced
to approximately 3% with 10.M IM (Figure 1A). In the present culture
system, only B cells can survive and proliferate,! suggesting that IM
may act directly on B cells and inhibit their CSR.

Next, we examined expression of the germline transcript
directed by the I promoter of IgGl and AID, both of which are
essential for CSR after B-cell stimulation.!? Expression of AID
was suppressed by IM dose-dependently (Figure 1B), whereas
the IgG1 germline transcripts were not decreased by IM (Figure
1C). Likewise, IgA CSR in CH12F3-2A cells was impaired by
IM in a dose-dependent manner (Figure 1D). These results
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