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Recent data suggest that mast cells (MC) and their products (heparin, proteases) are involved in the regulation of coagulation and
fibrino(geno)lysis. The key enzyme of fibrinolysis, plasmin, derives from its inactive progenitor, plasminogen, through catalytic
action of plasminogen activators (PAs). In most cell systems, however, PAs are neutralized by plasminogen activator inhibitors
(PAIs). We report that human tissue MC as well as the MC line HMC-1 constitutively produce, express, and release tissue-type
plasminogen activator (tPA) without producing inhibitory PAIs. As assessed by Northern blotting, highly enriched lung MC
(>98% pure) as well as HMC-1 expressed tPA mRNA, but did not express mRNA for PAI-1, PAI-2, or PAI-3. The tPA protein
was detectable in MC-conditioned medium by Western blotting and immunoassay, and the MC agonist stem cell factor (c-Kit
ligand) was found to promote the release of tPA from MC. In addition, MC-conditioned medium induced fibrin-independent
plasmin generation as well as clot lysis in vitro. These observations raise the possibility that MC play an important role in
endogenous fibrinolysis. The Journal of Immunology,1999, 162: 1032-1041.

in a number of physiologic and pathophysiologic pro- brinolytically in vivo and has successfully been used as a throm-
cesses, including ovulation, embryogenesis, cell migra-bolytic agent in patients (7).
tion, clot lysis, tumor spread, angiogenesis, and wound healing The plasmin-generating activity of tPA (and uPA) is under con-
(1-5). The key enzyme of fibrinolysis, plasmin, derives from thetrol of physiologic inhibitors (PA inhibitors (PAIs)). PAI-1, PAI-2,
proenzyme plasminogen. This inactive progenitor is converted intaind PAI-3 are capable of neutralizing PAs by ligand binding and
the active enzyme by two plasminogen activators (PASsue-  complex formation (5, 8, 9). Thus, in contrast to free, uncomplexed
type plasminogen activator (tPA) and urinary-type plasminogerPA, the PA-PAI complexes are ineffective molecules with respect

T he enzymatic system of fibrinolysis has been implicatedfibrin. In line with this concept, recombinant tPA (rtPA) acts fi-

activator (UPA; urokinase) (1-5). ~ to plasminogen activation. Under various pathologic (inflamma-
Recent data suggest that both tPA and uPA play a role in entory) conditions, the levels of circulating PAls may increase (10).
dogenous fibrinolysis. Thus, the functional disruption of tRé& The cellular basis of endogenous fibrinolysis has been a matter

gene in experimental animals (knockout mice) leads to impairethf numerous speculations and investigations. Endothelial cells
clot lysis (6). Mice with a combined deficiencyPA and uPA  (EC) apparently are a major source of tPA (11-14). However,
genes) suffer from extensive fibrin deposition with impaired organthese cells also produce significant amounts of PAI-1 in vitro (15,
function, occurrence of vascular thrombosis, loss of fertility, andle). Activated macrophages and smooth muscle cells are another
reduced survival (6). The emerging concept is that endogenousoyrce of PAs and PAls (17—20). However, in most physiologic
tPA and uPA are involved in the degradation of locally generatet.e|is and under a variety of circumstances, the production of
PAls is sufficient to antagonize and overcome tPA. By contrast,
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medium induced clot lysis in vitro. These observations suggest thahononuclear cells (pbbMNC) were obtained from two healthy volunteers by

MC contribute to the process of endogenous fibrinolysis. Ficoll gradient centrifugation, and bone marrow (bm) MNC were obtained
from two patients with idiopathic thrombocytopenic purpura. Polymorpho-

Materials and Methods nuclear leukocytes were prepared from one healthy donor, and one patient
suffering from hypereosinophilic syndrome using dextran (after isolation,

Reagents, Abs, and buffers eosinophil purity was 85% in the hypereosinophilic syndrome patient).

Recombinant human (rh) stem cell factor (SCF) was purchased from l3e[L_nformed consent was obtained in all patients. Cell lysates were prepared

rotech (Rocky Hill, NJ); collagenase type Il was obtained from Sebak y exposing cells (constant volume and cell number) to distilled water and

(Suben, Austria), toluidine blue, hydrocortisone, and collagenase type 14r€€2€-thawing. Cell-free supernatants (supernatargenditioned media)
were purchased from Sigma (St. Louis, MO); RPMI 1640 medium gen_Were prepared from cultured cells (2 or 24 h at 37°C) after centrifugation.

tamicin, amphotericin B, and FCS were obtained from Sera Lab (CrawleyCe” lines

Down, U.K.); and Iscove’s modified Dulbecco’s medium (IMDM), glu-

tamine, penicillin, and streptomycin were purchased from Life Technolo-The human MC line HMC-1 (40) was provided by J. H. Butterfield (Mayo
gies (Gaithersburg, MD). EC basal medium and EC growth factor wereClinic, Rochester, MN). HMC-1 cells were cultured in IMDM supple-
obtained from PromoCell (Heidelberg, Germany); rtPA was purchasedmented with 10% FCS and antibiotics at 37°C and 5%, Clhe human
from Boehringer Ingelheim (Ingelheim, Germany); purified PAI-1, a neu- basophil cell line KU-812 (47) was provided by K. Kishi (Nijgata Univer-
tralizing anti-tPA Ab (polyclonal), and anti-PAI-2 mAb were obtained sity, Nijgata, Japan) and kept in RPMI 1640 medium and 10% FCS. Other
from American Diagnostica (Greenwich, CT). A polyclonal goat-anti tPA cell lines used in this study were KG-1 (myeloid), U937 (monoblastic),
Ab and mAb against PAI-1 were obtained from Biogenesis (Poole, U.K.).THP-1 (monoblastic), HL-60 (myeloid), RPMI-1 (B cell), Molt-4 (T cell),
An alkaline phosphatase-conjugated mAb against tryptase MPW5UK (G3xnd A431 (epithelial). Cell lines were maintained in medium (RPMI 1640
was purchased from Chemicon (Temecula, CA). The mAbs MPW3VPAogr IMDM) with 10% FCS (37°C, 5% Cg). Conditioned medium (super-
(anti-tPA), MPW5UK (anti-uPA), and 5PAI-12 (anti-PAl-1) were pro- natant) was prepared by culturing cells for 2 or 24 h.

vided by Technoclone (Vienna, Austria). The anti-c-Kit mAb YB5.B8

(lgG1) (35) was provided by L. K. Ashman (University of Adelaide, Ad- Stimulation of MC with rhSCF

laide, Australia). One liter of G4/Mg?*-free Tyrode’s buff tained
8;' geof ;élra(;éo)s gr;)ef lll;rPoO‘fHZO %.8 E;e; N)ggl eaz 1“;&;?&2';5 Purified lung MC (91% pure) were incubated in RPMI 1640 medium and

All oligonucleotide probes and primer pairs (for Northern blotting and 10% FCS in the presence or the absence of rhSCF (100 ng/ml) for 2 h.

RT-PCR) were obtained from MWG Biotech (Ebersberg, Germany). g’:ﬂgsl ‘{"Zerhe Z)I(Ipi?]ii%;gorgsvcvgrgg&?gﬂ‘;ﬁ";ﬁ%‘}?' medium (IMDM)

Purification of primary lung MC .
Northern blot analysis
Lung tissue was obtained from 11 patients suffering from bronchiogenic )
carcinoma. Informed consent was given in each case. MC were isolatediotal RNA was extracted from lung MC98% pure (pool from six do-
from surgical specimens according to published techniques (36, 37). IMOrs; total cell number, % 10°) and 91% pure (one donor; control medium
brief, tissue was chopped into small fragments, washed if'N@g2 " -free VS ThSCF (2 h); cell number, each>3 107)) and HMC-1, by the guani-
Tyrode’s buffer, and then incubated in collagenase type Il (2 mg/ml) atdinium isothiocyanate/cesium chloridg extraction _technique (42)._Northern
37°C for 1-3 h. Dispersed cells were recovered by filtration through Nytexblot analysis was conducted as previously described (43). In brigfgl0
cloth, washed, and examined for the percentage of MC (Giemsa or toluof RNA were size fractionated on 1.2% agarose gels, transferred to syn-
idine blue staining). Cell suspensions were further enriched for MC bythetic membranes (Hybond N, Amersham, Aylesbury, U.K.) with<20
countercurrent flow centrifugation (elutriation) as previously describedSSC (X SSC consists of 150 mM NaCl and 15 mM sodium citrate, pH
(37). In brief, cells were loaded at a flow rate of 12 ml/min into a Beckman 7-0) overnight, and cross-linked to membranes by UV irradiation (UV
elutriator equipped with a JE-6B rotor (Beckman Instruments, Palo Alto,Stratalinker 1800, Stratagene, San Diego, CA). RNA was prehybridized at
CA). Fractions were recovered at increasing flow rates (14, 18, 20, and 365°C fa 4 h in 5< SSC, 7% SDS, 10< Denhardt's solution (X Den-
mi/min). A selection was performed based on the content of MC. In onehardt’s solution consists of 0.02% BSA, 0.02% polyvinyl pyrolidone, and
donor, two fractions contained90% MC (total number of cells, & 107). 0.02% Ficoll), 10% dextran sulfate, 20 mM sodium phosphate (pH 7.0),
These MC were cultured overnight (37°C, 5% §Owashed, and then Sonicated salmon sperm DNA (1Qy/ml), and poly(A)" (100 pg/ml).
exposed to rhSCF (100 ng/ml;»3 107 cells) or control medium (X 107) Hybridization was performed witi?P-labeled synthetic oligonucleotide
at 37°C in 5% CQ for 2 h. Cell-free supernatants were recovered by Probes (Table I). Blots were washed once in $SC, 5% SDS, 10<
aspiration. MC were washed in RNase-free NaCl (0.9%) and subjected t®enhardt’s solution, and 20 mM sodium phosphate, pH 7.0, for 30 min at
RNA isolation (some cells were used for cytospin preparations). In thef5°C, and once in % SSC and 1% SDS for 30 min at 65°C. Bound
other donorsi{ = 10), the elutriated MC were further enriched by cell radioactivity was visualized by exposure to XAR-5 films-af0°C using
sorting using anti-c-Kit mAb YB5.B8 (37). MC were sorted as c?Kit  intensifying screens (Eastman Kodak, Rochester, NY).
cells, and were>98% pure as assessed by Giemsa staining. Six of the terh_l_ PCR
MC preparations (each98% pure) were pooled (total cell number in pool, B

7R'|?<P1C:02 for INQrthe”c} _blct)ttlng. In tw,\c;lgonors pu?foP\Avere used for Total RNA was isolated from a known number (30,000) of pur©8%)
analysis, and in two donors MC were used for tPA measurementgc (jung,n = 2) using a modified guanidinium isothiocyanate-acid phenol
(by_ ELISA). Supernatants of MC were used for tPA measurements and clokyiraction procedure (RNAzol B method, Biotecx, Houston, TX). After
lysis assay. washing, cell pellets were resuspended in 0.8 ml of RNAzol B. Then,
Purification and preparation of other cells chloroform' (SOM_I) was added. The mixtureg were kept at 4°C for 5 min.
After centrifugation at 12,00 g (4°C, 15 min), the upper aqueous phase
Apart from MC, several other cells were tested for expression of tPA andwvas collected. Six micrograms of carrier RNA (yeast transfer RNA, stored
their ability to induce clot lysis. HUVEC were isolated from umbilical as a 4 mg/ml solution in RNase-free water) were added before precipitation
veins f = 3) as previously described (14, 38). Informed consent was givenn isopropanol 20°C, 12 h). Precipitated RNA was centrifuged at
by mothers. HUVEC were isolated using collagenase type IA and werel2,000X g (4°C) for 15 min. The pellets were washed in 75% ethanol,
cultured in EC basal medium with 10% FCS, EC growth factor (10 ng/ml), dissolved in RNase-free water, and stored in liquid nitrogen. cDNA syn-
hydrocortisone, and antibiotics (37°C, 5% 9@ fibronectin-coated plas-  thesis was performed using a single-stranded cDNA synthesis kit (First
tic dishes (Costar, Cambridge, MA). After one or two passages, HUVECStrand cDNA Synthesis Kit, Pharmacia Biotech, Brussels, Belgium) ac-
were analyzed. Human skin-derived microvascular EC were isolated frontording to the manufacturer’s instructions. Total RNA (dissolved in.20
adult skin (one patient, surgery for melanoma) according to published techef RNase-free water) was heated to 65°C for 10 min, quick-chilled on ice,
nigues (14) and cultured in medium 199 (Sigma) containing 20% FCS, 5@&nd incubated with 11ul of Bulk First-Strand Reaction Mix (cloned,
ng/ml EC growth supplement (39), and 5 U/ml heparin (Fisons, CastleFPLCpure (Pharmacia Biotech) murine reverse transcriptase, RNAguard,
Hill, New South Wales, Australia). Human skin-derived microvascular EC RNase/DNase-free BSA, and 1.8 mM each of dATP, dCTP, dGTP, and
were passaged twice before use. Human smooth muscle cells were prdTTP in aqueous buffer), LI DTT solution (200 mM aqueous solution),
pared from coronary arteries (one heart transplant recipient) and cultured @d 1ul pd(N)s primer (random hexadeoxynucleotides at @dgZml, aque-
previously described (15). Lung fibroblasts were cultured from a primaryous solution) at 37°C for 1 h. The reaction was terminated by heating to
lung cell suspension (see above) by serial passage of adherent cells. SKO°C (5 min). Samples were chilled on ice immediately and stored at
fibroblasts were cultured from juvenile foreskin (two patients undergoing—20°C. Aliquots of the cDNA products, i.e., @I for the constitutively
circumcision, informed consent obtained from parents). Peripheral bloogxpresseg-actingene and 1%l for the tPA gene, were used for RT-PCR
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Table I. Oligonucleotide probes used

Gene Sequence of Probe Ref.
tPA 5-GGTTCTGTGCTGTGTAAACCTTGCCTATCAGG-3 68
uPA 5-CGATGGAACTTGATGAAGTTCATTGCTGCC-3 69
PAI-1 5-GCTGAGACTATGACAGCTGTGGATGAGGAGG-3 70
PAI-2 5-CCAGTTCTCCCTGTCATAACACCTCCTGTGC-3 71
PAI-3 5-TCTCCACCTGCTGCATCTTTCCCTCACTG-3 72
c-kit 5'-CCTTACATTCAACCGTGCCATTGTGCTTGAATGC-3 73
SCF 5-GCTGTCTGACAATTGTACTACCATCTCGCTTATCC-3 74
CD25 5-CCTCTGTGTAGAGCCCTGTATCCCTGG-3 75
c-fms 5'-GGTCTCAACAGTCAGCAGGCTCTGCACCG-3 76
GAPDH* 5'-CCATGGTGGTGAAGACGCCAGTGGACTCC-3 s

2GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

in a final volume of 100ul containing PCR buffer (Perkin-Elmer/Cetus, assay (BIA; Chromogenix) using plasmin substrate S-2403 (48). The tPA
Emeryville, CA), 2.5 U of Tag DNA polymerase (Perkin-Elmer/Cetus), BIA showed a detection limit of 0.017 U/ml (rtPA).

and 0.25.M of both upstream and downstream primers specifitPéy (5’ .

primer, 18-mer, gene position 1345-1362;GAGGAGAGCAGCGTG Clot lysis assay

GTC-3; 3’ primer, 18-mer, gene position 1771-1788,&GICGGGTGT Supernatants of various cells (HMC-tt, = 4; pure lung MC,n = 3;
TCCTGGTCA-3) or B-actin (5' primer, 20-r_ner, gene position 969—_988, HUVEC, n = 1; lung fibroblastsn = 1; blood MNC,n = 1; smooth

5" AGGCCGGCTTCGCGGGCGAC-33" primer, 21-mer, gene position  myscle cellsp = 1), rtPA, or control medium were analyzed for clot lysis
1327-1347, 5CTCGGGAGCCACACGCAGCTC-3 and nucleotides  activity. The clot lysis assay was performed as previously reported (49). In
(200pM each of dATP, dGPT, dTTP, and dCTP). Samples were subjectedyyief, the clot was prepared by mixing plasminogen (@ntol), fibrinogen

to RT-PCR to amplify the 444-bp DNA fragmentP@) and the 245-bp (1 mg), caC} (4 mmol), and thrombin (0.5 U) in 30al. Cell supernatants
DNA fragment -actin) by running 35 cycles (94, 59, and 72°C, each for (1¢f cells, 37°C, 2 h), rtPA (200 ng/ml), or control medium were added to
1 min) after initial denaturation at 95°C (2 min). PCR products were sub-the clot reaction mixture to a final volume of 10Q0. Mixtures were
jected to electrophoresis and visualized by ethidium bromide. placed in 24-well plates (Costar, Cambridge, MA) at 37°C. In selected
. o . experiments, PAI-1 (100 U/ml) or a blocking anti-tPA Ab (2@/ml;
Detection and quantitation of tPA and PAI-1 protein American Diagnostics, Greenwich, CT) were added together with MC or
Expression of the tPA protein and PAI-1 protein in cell lysates and/orHMC-1 supernatants, or tPA. After 2, 12, and 24 h (37°C), the wells were
supernatants was quantified by ELISA. The tPA ELISA (Chromogenix,'nSpeCt_ed_by microscope. C_Iot lysis was defined as a complete dissolution
Molndal, Sweden) showed a detection limit of 0.5 ng/ml and no cross-Of the fibrin meshwork within 24 h.

reactivity with tryptase, histamine, heparin, IL-1 through -13, or TNF-  poyple immunohistochemistry

The PAI-1 ELISA (Technoclone, Vienna, Austria) showed a detection

limit of 2.5 ng/ml. No cross-reactivity with heparin or cytokines (see Tissue was obtained from one explanted heart (heart transplant recipient

above) was detectable. suffering from dilated cardiomyopathy) at surgery, from lobular lung re-
) section (patient suffering from bronchiogenic carcinoma), and from juve-
Western blot analysis nile foreskin (circumcisionn = 1). Informed consent was obtained in each

. . case. In addition, tissue was obtained from one heart at autopsy according
Western blot analysis was performed using HMC-1 supematants and Abﬁ) the guidelines of the local ethical committee. Tissue was fixed in neutral

against tPA, PAI-1, and uPA, according to published techniques (15, 44)bui’fered formalin, embedded in paraffin, and cut intpu®-sections.

Icr:Jr?tg?rIi’nlOfO%/l g;?ggﬁg?i?}tj g‘_’grrﬁ Sggll('ﬁ]d or(]elg-c\)/\_/ict? ‘{;Sggrmg rgiedlz Simultaneous double immunohistochemistry was performed essentially
and thengsub'eocted){o electrophoresis for 16 r? %\fter electro0 horZsis se,a-S previously described (32, 50) using Abs against tPA (1/200), PAI-1

0l p . ’ phoresis, se 1/20), or PAI-2 (1/20) and an alkaline phosphatase-conjugated monoclo-
arated proteins were transferred to a nitrocellulose membrane using a Bi

Rad Trans Blot (Bio-Rad, Richmond, CA) with 0.025 M Tris, 0.192 M al mouse Ab (clone G3) against human tryptase (1/500; Chemicon). Sec-

) ions were treated with TBS and 0.1% protease type XIV (Sigma) for 10
glylcme ((%'3 8'3|))’ and Zooﬁ’ (V/\f/t) methar;ol af] transfer Il?ulffer ata constaninin After washing the slides in TBS atppH 7.6 n)é)?\specifi(c bgindiZIg was
voltage volt) overnight. After transfer, the nitrocellulose strips were . S0 : o . . .
treated with 2% milk powder in Tris-buffered saline (TBS) for 1 h. Then, blocked with 1% rabbit serum or 1% horse serum (according to the species

h ) 3 ) of the second-step Ab; Vector, Burlingame, CA). First-step Abs were di-
strips were incubated with mAbs MPW3VPA (anti-tPA) (44), MPWSUK luted in TBS and 1% rabbit (or 1% horse) serum, and applied for 60 min.

(aTlil-uPA()j (45)’1‘%'%’ ?PAZI-ﬁZT(ﬁnn-PQI-l) (46)b(]’09/ ml each mArl;))dln hred en. sections were washed and incubated with either a biotinylated horse
?rhesp?r\llvoeorSLDo Tweeﬁrzo iﬁ TBeSre%oeurr’u;nriﬂb;a\;\]/i?evﬁcr:eul;ltla?: defort Zr?]eanti-mouse Ab or a biotinylated rabbit anti-goat Ab (Vector) for 30 min.
with a per-oxidase-labeled rabbit énti-mouse Ab (Amersham Aylesburysubsequently' FITC-gtreptavidin complexes (Vector) were applied for 30
U.K.) dissolved in milk powder and TBS (Ab titer, 1/300). After incuba- - After washing, slides were photographed. Thereatfter, anti-tryptase Ab
tién. membranes were washed. and Ab reactivi’ty was -made visible bwas applied, and the reaction was visualized by fast red. Slides were coun-
’ ) o . Yerstained in Gill's hematoxylin. In control experiments, slides were sim-
coupled color reaction as previously described (15). ilarly treated, with the primary Ab omitted or using isotype-matched con-
trol Abs. All Ab reactions were confirmed for single cells by double
staining experiments in serial sections. The staining reaction of MC with
anti-tPA Ab was also confirmed for isolated MC. For this purpose, purified

The enzymatic activities of rtPA, purified cellular tPA (HMC-1), and crude 'Ung MC (>90% pure) and HMC-1 were spun on cytospin slides, fixed in
HMC-1 supernatant, were analyzed and compared using a plasminogeﬁ—_cem”e? or methanol,_ and stained \_Nlth anti-tPA or anti-tryptase. Streptavi-
activation assay. HMC-1 supernatants were obtained by conditioning celldin-conjugated peroxidase and amino-ethylcarbazole were applied for tPA
in serum-free medium at 37°C for 24 h. The tPA protein was purified fromSt&ining, and streptavidin-conjugated alkaline phosphatase and fast red
supernatants using an immunoaffinity column (3VPA-Sepharose) as devere used for tryptase staining of isolated MC.

scribed previously (47). The tPA activity was determined by measuring th |

generation of plasmin from native Glu-plasminogen in the absence or th?esu ts

presence of CNBr fragments of human fibrinogen or heparin. The plasmifExpression of PA and PAI mRNA in MC

generated was quantified by synthetic paranitroanilide substrate S-2251 . e -

previously described (47). Values for specific tPA activities were given in%s assessed by Northern blotting, punf'ed unstimulated lung MC
nanomolar concentrations of generated plasmin per nanogram of tPA (a§S Well as HMC-1 expressed substantial amounts of tPA mRNA
sessed by ELISA). The tPA activity was also quantified by a bioimmuno-(Fig. 1). Transcripts for tPA were detectable in 91% pure MC (one

Purification of tPA from MC supernatants and analysis of tPA
activity
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A
. -

c-kit GAPDH uPA c-fms CD25

FIGURE 1. Expression of tPA tPA PAI-1 PAI-2  PAI-3  SCF
mRNA in MC. Purified lung MC were
cultured in control medium or rhSCF B
(100 ng/ml) at 37°C for 2 h. RNA ex-
traction and Northern blotting were per-
formed as described in the tedtshows

a Northern blot analysis of RNA (10

ng) from >98% pure unstimulated lung

MC (MC pool,n = 6 donors) using oli-
gonucleotide probes specific for tPA - -

and other genes as indicated. The blot : '

was stripped at 90°C after each hybrid- ; ' .
ization. MC were found to express tPA-

and c-Kit mRNA, but did not express

detectable transcripts for uPA or PAls.

B shows expression of tPA mRNA in tPA PAI-1 c-kit SCF GAPDH
HMC-1 cells. Like primary MC,

HMC-1 expressed tPA- and c-Kit C

mRNA. Exposure of HMC-1 to rhSCF tPA GAPDH

(+SCF) resulted in decreased expres-

sion of tPA mRNA compared to control - -

medium (control).C shows expression Co SCF Co SCF

of tPA mRNA in 91% pure MC (1 do-

nor) exposed to rhSCF (SCF) or control

medium (Co) for 2 h. Again, SCF

caused down-regulation of tPA mMRNA tPA, nglml

expression. Théower graphshows the 30
tPA protein concentration (ELISA) in

the supernatants of these MC.

control
+ SCF
control
+ SCF
control
+ SCF
control
+ SCF
control
+ SCF

10

co SCF

donor) as well as in>98% pure MC (MC pool, six donors) by Expression and release of the tPA protein

Northern blotting. Expression of kit and glyceraldehyde-3-phos- Expression of the tPA protein was analyzed by an ELISA quanti-

phate dehydrogenase mRNA in MC (positive control) was alsoying hoth complexed (with PAI) and uncomplexed tPA. Pure lung
demonstrable. By contrast, neither MC nor HMC-1 expressed de-

tectable transcripts for uPA, PAI-1, PAI-2, PAI-3fiis CD25, or
SCF (Fig. 1,A andB). Exposure of lung MC (91% pure) to re-
combinant SCF (100 ng/ml, 2 h) was followed by a decrease in the
expression of tPA mRNA (Fig.@). The same effect of rhSCF was
seen in HMC-1 cells (Fig.B). rhSCF (100 ng/ml, 2 h) failed to
induce expression of PAI-1, PAI-2, PAI-3, or uPA mRNA in MC
or HMC-1. In control experiments the probes that showed negative
results with MC gave positive results with human placenta (PAI-1,
PAI-2, and uPA), fetal liver (PAI-3), leukemic (monoblastic) cells FIGURE 2. ~ Detection of tPA mRNA in MC by RT-PCR analysis. RT-
(cfm9, activated T cells (CD25), and thrombin-activated EC PCR analysis of RNA from purex98%) lung MC incubated with thSCF
(SCF). In two lung MC preparations-8% pure), the expression (lanes 1and2) or contrpl mediumlanes 3and4). P_nmers speC|f|(_: for tPA
. . (lanes 2and4) or B-actin (anes land3) were applied. The tPA signal was
of tPA mRNA was analyzed by RT'PCR' In line with ou.r Northern weak in SCF-treated MQdne 2 compared with that in MC kept in control
blot results, tPA mRNA transcripts were detectable in MC, andmedium {ane 4. Beads-purified CD19 B cells (~97% pure, 2x 10%)

rhSCF (100 ng/ml, 2 h) caused down-regulation of expression okxpressings-actin (ane 5, but not tPA [ane 6), served as control. Size
tPA mRNA (Fig. 2). markers denote 600, 500, 400, 300, and 200 bp.

«= 444 bp

<« 245bp

1 2 3 4 5 6 SM
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Table Il. Expression of fibrinolytic activity and tPA in mast cells: comparison to other tells

tPA-Activity tPA Ag
PAI-1 Ag
Cell Type Induce Clot Lysis Lysate 2 h sup Lysate 2 h sup 2 h sup
Primary cells
Lung MC + + + + + _
HUVEC - - - NT NT NT
HSMEC NT - - + + +
SMC - - - + + +
Skin fibroblasts NT - - + + +
Lung fibroblasts - - — + + +
pbMNC - - NT * NT NT
bmMNC NT - NT + NT —
pbPMN NT - NT + NT —
eos (HES) NT - NT - NT —
Cell lines

HMC-1 + + + + 4 _
KU-812 NT - + — — _
KG-1 NT - - — — _
HL-60 NT - + — — _
U-937 NT - - — — _
THP-1 NT - - — — _
RPMI-1 NT - - — _
Molt-4 NT - - — + _

2 Primary cells and cell lines were tested for their ability to induce clot lysis and to express tPA and PAI-1 (lysates and

supernatants (sups)). Expression of proteins was analyzed by ELISA, and the tPA activity by BIA (see text). The tPA activity
and tPA Ag were measured in cell-free sups (sups, froficills per ml, 2 h) and cell lysates @@ells). Lung MC (purity
>90%); HUVEC, human umbilical vein endothelial cells; HSMEC, human skin microvascular endothelial cells; SMC, smooth
muscle cells; ppMNC, peripheral blood mononuclear cells; bmMNC, bone marrow MNC; PMN, polymorphonuclear leukocytes;
eos (HES), pb eosinophils (85% pure, from a HES patiehf)trace amounts measurable. NT, not tested.

MC (lysates of washed cells; MC purity>98%) contained
1,110 = 650 pg tPA/16 cells (W = 3), and HMC-1 contained
14,230+ 3,750 pg tPA/16 (n = 4). In a number of other cells,

increase in tPA activity (measured by BIA) in supernatants of un-
stimulated HMC-1 cells. rhSCF caused a slight (but insignificant)
increase in measurable tPA (protein and activity) in HMC-1 su-

including EC and smooth muscle cells, the tPA protein was als@ernatants, and a slight decrease in cellular tPA levels (not shown).
detectable (Table IlI). Western blot analysis revealed the expressiofihe amount of tPA protein in the 2-h supernatants of unstimulated
of the 70-kDa form of tPA in HMC-1 cells (conditioned medium) lung MC (1 cells in 1 ml) ranged between 1.8—-17.8 ng (mean,
corresponding to rtPA (70 kDa) expressed in CHO cells (not9.4). SCF augmented the baseline release of tPA from MC, al-
shown). By contrast, no tPA-PAI complexes, PAI-1, or uPA werethough a decrease in tPA mRNA expression was detectable in the
detectable in HMC-1 by Western blotting. Constitutive transcrip-same cells (Fig. @).

tion of tPA mRNA in primary MC and HMC-1 was associated

with release and accumulation of the protein in the conditioned- | tio0-o1 characterization of MC-derived tPA

medium. The 2-h supernatants of unstimulated HMC-1 cell§ (10
cells in 1 ml) contained 4.8 1.2 ng tPA/ml. A time-dependent The functional significance of MC tPA was made visible in a clot

increase in tPA protein and activity in conditioned medium of lysis assay. In this assay various cells (lysates or supernatants)

unstimulated HMC-1 was found. F|g 3 shows the time_dependenwere added to a Synthetic fibrin meshwork. Of all cell ’[ypes tested,
tissue MC (supernatants or lysates of lung M€938% puren =

3; Fig. 4) and HMC-1 (lysates or supernatanmts; 4) induced clot
lysis within 24 h. No clot dissolution was seen with supernatants

< 0.4 of HUVEC, smooth muscle cells, fibroblasts, or leukocytes (Table
S I). The clot lysis effect of MC (and rtPA) was completely inhib-
3:0-3- ited by addition of either PAI-1 or a neutralizing Ab against tPA
= (no clot dissolution seen after 24 h; Fig. 4).
2 0.2 The sp. act. of MC tPA was analyzed in a plasminogen activa-
E i tion assay. Both rtPA and purified HMC-1-tPA were able to induce
=01 significant (rapid) plasmin formation in the presence, but not the
// absence, of fibrin or heparin. Fig. 5 shows the specific tPA activ-
0.0- § ities of crude HMC-1 supernatant, purified HMC-1 tPA, and rtPA

.

0 2 4 6 8

10 12 in the absence of fibrin (and heparin). Remarkably, in contrast to
purified HMC-1 tPA or rtPA, the crude HMC-1 supernatant in-

duced rapid plasmin formation in the absence of fibrin or (exog-
supernatants. HMC-1 cells were grown in IMDM with 10% FCS at 37°C. enous) hgparin (Fig. 5)._I_nteresting|y, heparin was abl(_a_to function
At various time points, supernatants were recovered and analyzed for th%s_ a COSt'm_U_lam of purified MC tPA, in that the specific tPA ac-
presence of tPA activity (BIA). Results represent the measD of trip- tivity of purified HMC-1 tPA increased to the level of the crude

licate determinations from one experiment. Similar results were obtained isupernatant after addition of heparin (Fig. 5). Overall, in the pres-
a second experiment. ence of fibrin or heparin, the specific tPA activities obtained for

hours
FIGURE 3. Time-dependent accumulation of tPA activity in HMC-1
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FIGURE 6. Inhibition of tPA activity in HMC-1 supernatants by PAI-1.
HMC-1 supernatants exhibited significant tPA activity as assessed by clot
lysis assay or BIA. The inhibitory effect of increasing concentrations of
PAI-1 on tPA activity (analyzed by BIA) present in HMC-1 cell superna-
tants is shown.

FIGURE 4. MC-induced clot lysis in vitro. In contrast to all other cells

tested, MC-conditioned medium induced complete clot dissolution in vitro.

The figure shows the effect of control mediu#y),(lung MC supernatant

(B), a mixture of lung MC supernatant and anti-tPA antibo@y,@nd a  tPA activity was 530+ 450 mU/16¢ HMC-1 cells (lysatesn = 5).
mixture of MC supernatant and PAI-1 (100 U/rll) on a synthetic fibrin ~ The 2-h supernatants of MC and HMC-1 also contained measur-
clot after 24 h. As shown, the lung MC-conditioned medium induced fi- able amounts of tPA activity. All other cells tested (including EC,
brinolysis. Both the anti-tPA antibody and PAI-1 blocked the clot lysis smooth muscle cells, and various leukocytes) did not contain or
effect of the lung MC-conditioned medium. release measurable amounts of tPA activityl) mU/1C cells)
although several of these cells expressed the tPA protein (Table II).
These cells coexpressed PAI-1 in excess over tPA, explaining the
lack of detectable PA activity. Exposure of such cells to heparin
was not followed by a detectable expression of tPA activity (not
Comparative quantitative analysis of tPA and PAI-1 in various shown). In a consecutive series of experiments, supernatants and
cells lysates of HMC-1 were supplemented with increasing concentra-

The lysates and supernatants of various cells were analyzed for tt%'éms of PAI-L. In these experiments, the tPA activity of HMC-1

presence of tPA Ag (ELISA), tPA activity (BIA), and PAI-1 Ag could be r_leutrallzed by addition of PAI-1 in a dose-dependent
. . manner (Fig. 6).
(ELISA). Primary MC and HMC-1 were found to contain and i .
o . We next asked whether the contribution of MC-derived tPA
release tPA Ag and tPA activity, but did not express detectable - . S . L .
amounts of PAI-1 (Table I). As assessed by BIA, the calculatedWOUId be sufficient to induce profibrinolytic activity in a cell mix-

' ' ture composed of MC and EC, even if MC represent the minor cell
population. For this purpose, MC (HMC-1) and EC (HUVEC)
were mixed to various dilutions (but a constant total cell number),
and the tPA activities in the lysates of the cell mixtures were mea-
sured. As visible in Fig. 7, HMC-1-derived tPA was able to an-
tagonize and overcome HUVEC-derived PAI even if the ratio be-
tween EC and MC was 32=32-fold excess of HUVEC over

HMC-1).

crude HMC-1 supernatants, purified HMC-1 tPA, and rtPA were
all in the same range (not shown).

"M PL min™ per ng tPA

HMC-1 HMC-1 HMC-1 rtPA 1-
sup. pur. tPA  pur. tPA o
+ heparin
FIGURE 5. Specific tPA activity of HMC-1 supernatant, purified MC
tPA, and rtPA. MC tPA was purified from HMC-1-conditioned medium
using an immunoaffinity column (3VPA-Sepharose). The tPA activities of
HMC-1 supernatant (HMC-1 sup.), rtPA, and purified HMC-1 tPA
(HMC-1 pur. tPA) were determined by measuring the generation of plas-
min from native Glu-plasminogen in the absence or the presence of cy- b
anogen bromide fragments of human fibrinogen (CNBr-f-Fib) or heparin. °
The plasmin generated was quantified by synthetic paranitroanilide sub- 0.01d
strate S-2251. Values for specific tPA activities are given in nanomolar 1:64 1:16 1:4 1:1
concentrations of generated plasmin per minute per nanogram of tPA (as- R .
sessed by ELISA). Results represent the meai8D of three independent MC:EC ratio
experiments. As shown, the specific tPA activity of crude HMC-1 super-FIGURE 7. Neutralization of MC tPA activity by EC. EC express sig-
natant was>20-fold higher than the tPA activity of purified HMC-1 tPA nificant amounts of inhibitory PAI. To explore the inhibitory effect of EC-
or rtPA (when no heparin or fibrinogen had been added). Addition of hep-derived PAI on MC, mixtures of HMC-1 cells and HUVEC were prepared,
arin to purified HMC-1 tPA (HMC-1 pur. tPA+ heparin) or rtPA (not  with varying relative concentrations (as indicated) of cells (final cell num-
shown) produced a substantial increase in specific tPA activity. Also, in thébers and concentrations were always the same). The cell mixtures were
presence of CNBr-f-Fib, the specific tPA activities obtained for purified then lysed, and the net amount of tPA activity present in the lysates (of cell
HMC-1-tPA and rtPA were in the same range as those for crude HMC-1mixtures) was measured by BIA. As shown, HMC-1 tPA was active even
supernatant. at a significant (up to 32-fold) excess of HUVEC over HMC-1 cells.

0.14

tPA activity, U/ml
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FIG_URE 8. ) In situ detection of tPA In chal tissue MC_' Double immu- FIGURE 9. Immunohistochemical detection of tPA in purified tissue
nohistochemistry of human cardiac MC using an Ab against ®A&0d an 1 The immunological detection of tPA] and tryptaseH) in isolated
Ab to MC tryptase B). Two MC (arrows) in the lower endocardium are human lung MC is shown. Note the granular staining pattern.

shown. Both cells apparently coexpress tPA and tryptase. Most of the local

vessels (V) also reacted with the anti-tPA Ab. M, myocardium.

heparin is unable to (directly) induce fibrin or clot lysis per se.
In situ expression of tPA and PAls More recent data suggest that MC-dependent compounds are also
To study in situ expression of tPA, double-staining experimentsinvowed in the regulation of fibrinolysis (53-55). Likewise, Stack
using Abs against tPA, PAI-1, PAI-2, and tryptase were per_and Johnson (53) have shown that MC tryptase is able to activate

formed. A clear reactivity of tissue MC (identified by tryptase Ab) single chain uPA (pro-urokinase). In the pr_esent study we show
. . . : that human MC express and release tPA without producing PAIs.
with anti-tPA Ab was found in all organs tested (lung, skin, and

heart). Fig. 8 shows the reactivity of cardiac MC with anti-tPA Ab. Moreover, we show that MC, unlike other cells (isolated from the

. ) ) microvasculature or blood), can induce fibrinolysis in vitro. In ad-
A granular staining pattern was obtained for MC analyzed in the ) y

: . . ._dition, heparin apparently cooperates with MC-derived tPA in
Elsiue selctrlonTI. ASstigagl?siiPAl-lhﬁgd rf?li V\\;\?r:e ?ﬁn?ntonb'ir:ddlasminogen activation. These observations strongly suggest that
0 vascular cefis, but not to tissue (not shown). The intens human MC are involved in the process of endogenous fibrinolysis.
of staining with anti-tPA varied from MC to MC, and a subpopu- : .

; : . ; o . The expression of tPA in MC was demonstrable by mRNA anal-
lation of tissue MC (10-50%) in normal physiologic tissue sites

(i.e.. no tumor cells or signs of inflammation seen) appeared to b¥sis, protein analysis, in situ staining experiments, as well as func-
o . . jonal assay. Both human tissue (lung) MC and the continuous
tPA-negative. Neither the tPAMC nor the tPA” MC appeared to Y (lung)

R . . human MC line HMC-1 were found to express tPA. The most
be located in distinct anatomical regions. In a separate set of ex-

periments, isolated lung MC and HMC-1 were analyzed for bind significant finding was that human MC not only express the tPA

! ; ! “protein, but also tPA (plasmi -plasmin- ti tivit
ing to anti-tPA Ab. In these experiments both cell types producedpro ein, but &iso (plasminogen-plasmin-converting) activity

. . . L d clot lysi tivity. Int tingly, th d PA, uPA, t
a clear staining reaction. Fig. 9 shows the reactivity of lung Mcigtegtgblisilr? S;Z;yMg (e)rreallz](g:i © secon . was no
with anti-tPA Ab. )

A number of different cells are known to express and release
tPA (11-23). The molecular basis of the unique properties of MC
(as opposed to other physiologic cells) with regard to plasminogen
MC are equipped with several mediators and enzymes that play activation are of particular interest and seem to have several ex-
role in inflammatory or other biologic reactions (26—30). Like- planations. First, MC (both mature tissue MC and HMC-1) appar-
wise, MC-dependent compounds induce EC activation in vitro (29ently produce, express, and release the tPA protein in a constitutive
30) and supposedly contribute to capillary leak and edema formamanner. This is a significant observation, because many MC me-
tion in vivo (51, 52). On the other hand, MC are considered todiators are not constitutively expressed by (mature) MC at the
contribute to tissue repair following tissue injury. One of the MC- RNA level (56). The second reason for the potent profibrinolytic
derived “repair molecules” that may play a role in thrombosis andeffect of MC is their lack of inhibitors (PAIs). Thus, in contrast to
fibrin deposition following edema formation, is heparin. However, all other tPA-producing microenvironmental cells tested, MC did

Discussion
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not express detectable amounts of PAI-1, PAI-2, or PAI-3. Everthe myocardium of the same patients (54). This observation may
when stimulated with rhSCF f&2 h (significant MC activation), be explained by the release of tPA or by its decreased production.
lung MC did not express detectable PAI mRNA, and the samdn light of our mRNA and ELISA data for SCF-activated MC, both
result was obtained with HMC-1 cells. Also, in the disease modelpossibilities seem likely.
analyzed to date (auricular thrombosis), MC did not react with Abs The biologic relevance of MC tPA is not yet known. One im-
against PAI-1 or PAI-2 by in situ staining experiments (54). portant question is whether MC-derived tPA can really overcome
Usually, the tPA-induced conversion of plasminogen into plas-a massive PAI production by neighboring EC or other activated
min requires the presence of fibrin or heparin (57). Therefore, thenicroenvironmental cells in the case of a thromboembolic event or
observation that MC (conditioned medium of HMC-1) induce fi- an inflammatory process. Thus, although MC seem to accumulate
brin-independent plasmin activation is remarkable. Thus, crude sun areas of ongoing thrombosis (50) and migrate against thrombin-
pernatants of HMC-1 induced rapid plasminogen activation in ei-activated EC in vitro (65), no proof is available for the contribution
ther the absence or the presence of fibrin, whereas purified HMC-af MC-derived tPA to endogenous thrombolysis. To address the
tPA (like rtPA) induced plasmin activation only in the presence, question of whether tPA derived from a minority of MC can over-
but not in the absence, of fibrin or heparin. The underlying mo-come EC-derived PAIs, we performed experiments using mixtures
lecular basis of this phenomenon is not known. One reasonablef HUVEC and HMC-1. The results of these analyses suggest that
explanation may be the action of heparin or a similar proteoglycarindeed MC-derived tPA can overcome EC-derived PAI in vitro
(produced by MC) as a tPA cofactor(s). The possibility that me-even if MC (HMC-1) represent a minor cell population. However,
diators other than tPA in the conditioned medium were activewhether the same holds true for tissue MC and the situation in vivo
(plasminogen activation) seems unlikely. Thus, the plasminogenremains to be shown. It also remains unknown whether MC play
activating effect of MC- or HMC-1-conditioned medium could be a unique role as profibrinolytic cells in diverse microenvironmen-
neutralized by an Ab against tPA (as well as by addition of PAI-1).tal processes. Thus, under various conditions, activated macro-
An effect of the MC protease tryptase also seems unlikely, sincgphages or EC may also produce significant amounts of PAs (11—
this enzyme reportedly cleaves fibrinogen as specific substrate, ba#, 17, 19, 20). Therefore, it is tempting to speculate that a small
does not degrade fibrin (55). amount of MC-derived uncomplexed tPA can regulate tissue ho-
The c-Kit ligand SCF is a major regulator of human MC (and meostasis by influencing the balance between tPA/UPA and PAls
MC in other species). In particular, SCF induces differentiation ofproduced by microenvironmental cells.
MC from their progenitor cells as well as MC chemotaxis and The identification of MC as a source of active tPA may have
mediator secretion (58—63). In the present study rhSCF was founsgleveral implications. Since MC promote extravasation of fibrino-
to induce the release of tPA from lung MC after 2 h. However, ingen to tissues through delivery of vasoactive molecules (51, 52),
the same cells, a decrease in tPA mMRNA expression was seen. THi4C-tPA may function as a “repair molecule,” preventing fibrin
divergency may represent a feedback mechanism preventing exteposition during inflammatory or other MC-dependent reactions.
cess accumulation of tPA in the tissues. In the HMC-1 cell line,Interestingly, an inverse relationship between the number of MC
rhSCF also induced down-regulation of expression of tPA mRNA.and the amount of tissue fibrin was found in rheumatoid arthritis
However, the effect of SCF on tPA release was too small to reacl(66). The ideas that tPA deficiency can predispose for tissue fibrin
statistical significance. The reason for this weak response ofleposition (6) and that allergic reactions are associated with tran-
HMC-1 to SCF is not known, but may be related to a generalsient, but not prolonged, fibrin deposition are also in line with the
intrinsic “release defect” of these cells. It is also noteworthy in thisMC tPA concept. Another aspect of the concept is that MC accu-
respect that HMC-1 cells exhibit activating point mutations in themulate in areas of thrombus formation (50, 54) and that MC-de-
kinase domain of the SCF receptor c-Kit (64). Therefore, one posficient W/W' mice show increased susceptibility to thrombogenic
sibility could be that the receptor is intrinsically activated by the stimuli (67). Whether MC-derived tPA does indeed provide an
mutation, so that the additional release response to the ligand (@ssential contribution to the process of endogenous fibrinolysis is
Kit ligand) was insignificant. now under investigation.
The amounts of tPA in HMC-1 cells exceeded by far the In summary, our study provides evidence that the MC is a
amounts of tPA in the enriched primary MC-98% pure). The unique site of PA expression and fibrinolysis.
reason for this discrepancy is not known. One possibility could be
that tPA production in MC is (also) associated with proliferation or Acknowledgments
differentiation processes, explaining the lower tPA levels in matur%v
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