
Introduction

Recent studies reveal that haematopoietic progenitor cells (HPCs)
sense signals from the bone marrow (BM) microenvironment [1].
In response to cytotoxic stress, cells in the BM secrete proteinases
such as MMP-9 [2, 3]. These enzymes proteolytically inactivate
adhesive signals including membrane-bound KitL (mKitL), cKit,
SDF-1 and CXCR-4 that anchor HPCs in the BM microenviron-
ment; their inactivation allows HPCs to proliferate and become
released in the peripheral blood [2, 3].

Plasminogen (Plg) is activated to plasmin via proteolytic cleav-
age by two plasminogen activators (PA), i.e. tissue-type PA (tPA)
and urokinase-type PA (uPA); the latter binds to membrane-
anchored uPAR (uPAR). We recently found that uPAR is a novel
adhesive signal for HPCs, and that plasmin inactivates uPAR,

thereby enabling mobilization of HPCs from the BM [4]. Besides,
plasmin also inactivates another adhesive signal for HPCs, namely
mKitL, which could also contribute to the impaired haematopoietic
recovery upon loss of Plg [4].

However, we explored in this study whether plasmin might reg-
ulate haematopoietic recovery via (yet) additional mechanisms.
Indeed, plasmin is capable of cleaving a wide spectrum of sub-
strates, including cell surface receptors, extracellular matrix
(ECM) proteins and fibrin (reviewed in [5]). Several of these plas-
min targets are present in the BM and regulate haematopoietic
recovery. For instance, VCAM-1 and the ECM proteins fibronectin
and laminin ensure adhesion of HPCs in the BM microenviron-
ment, whereas their breakdown facilitates HPC migration to the
peripheral blood and repopulation of blood cells [2, 6–12]. In addi-
tion, fibrinogen supports the proliferation and differentiation of
HPCs in vitro [13–15]. In the BM, fibrinogen is localized at the
luminal side of sinusoidal vessels, where it might promote matu-
ration of megakaryocytes [16].

It remains unknown whether, in response to cytotoxic stress,
plasmin affects haematopoiesis via mechanisms other than cleav-
age of uPAR and mKitL, for instance via fibrinolysis. This is a 
relevant question, as health and survival of Plg�/� mice are
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improved after inter-crossing with mice lacking fibrinogen
(Fbg�/�), indicating a critical role of the fibrinolytic system [17]. In
addition, based on fibrin(ogen) immunostaining results, a recent
paper suggested that fibrin(ogen) might play a role in haematopoi-
etic regeneration following chemo-myeloablation, however, without
providing functional evidence for a role of fibrinolysis [18]. It also
remains outstanding whether plasmin cleaves any of the abovemen-
tioned ECM proteins, onto which HPCs adhere and are retained.

Even though administration of exogenous tPA improved
haematopoietic recovery [18], it still remains unknown whether the
endogenous PA are important in this process and, if so, whether tPA
or uPA are relevant. We therefore analysed the role of the PA in the
response to cytotoxic stress in further detail. Since initial experi-
ments revealed that loss of tPA or uPA did impair haematopoietic
recovery (unlike what has been reported recently [18]), we analysed
haematopoietic recovery in mice lacking tPA and/or uPA, and, for
reasons of comparison and in order to study the role of fibrinolysis,
also in mice lacking Plg, as such and after depletion of fibrinogen.

Experimental methods

Animal studies

Wild-type (WT) mice and mice lacking Plg, uPA, tPA, and both uPA and tPA
(all in mixed 75% C57Bl6 25% 129Sv background) were used. For all exper-
iments, age-, gender- and strain-matched mice were used. Mice were main-
tained in HEPA-filtered IVC units. All experiments were performed accord-
ing to the guidelines for care and use of laboratory animals approved by the
institutional ethical animal care committee. Mice were injected with a bolus
i.v. of 5-FU (150 or 200 mg/kg, Fluroblastin®, Pharmacia, Brussels,
Belgium). Peripheral blood was repetitively sampled by retro-orbital punc-
ture under light anaesthesia, and full blood counts (EDTA buffered) were
determined on a haemocytometer (Cell-Dyn 1300, Abbott, Louvain-la-
Neuve, Belgium). Tranexamic acid (Exacyl®, Bournonville, Brussels,
Belgium) was administered via osmotic minipumps (1.8 mg/day; Alzet
2001, Charles River, Brussels, Belgium) and via drinking water (20 mg/ml),
as described [19]. Ancrod (1 IU; NIBSC, Hertfordshire, UK) was adminis-
tered via daily i.p. injections, as described [20, 36].

FACS analysis

Murine BMCs were filtered through a 40 or 70 �m nylon mesh (Falcon, VWR,
Haasrode, Belgium). To quantify Lin�Sca1� BMCs, we combined magnetic
bead depletion (EasySep, Stem Cell Technologies, Grenoble, France) with flow
cytometry. Staining was performed with PE- or FITC-labelled anti-mouse anti-
bodies against the following antigens: Sca-1, BrdU (all from BD Biosciences,
Erembodegem, Belgium), and cKit (eBioscience, Halle-Zoersel, Belgium).
Control stainings included appropriate isotype control antibodies. Non-spe-
cific binding was prevented by addition of mouse serum (DakoCytomation,
Heverlee, Belgium), as alternative for Fc-receptor block. Apoptosis was
analysed using TUNEL staining (fluorescein in situ cell death detection kit,
Roche, Brussels, Belgium), as described previously [21]. For cell cycle analy-
sis, BM cells were stained with primary antibodies, fixed in 70% ethanol and
treated with propidium iodide (PI/RNAse, BD Biosciences), as previously

described [2]. To determine HSC proliferation, mice were injected i.p. with
BrdU (1 mg) every 8 hrs and the number of BrdU� Lin�Sca1� BMCs were
quantified by flow cytometry, as described previously [22].

Immunohistochemistry

Mice were killed by cervical dislocation, the femurs were removed, fixed in 2%
paraformaldehyde in phosphate buffer solution (PBS) for 24 hrs, and decalci-
fied in 0.5 M EDTA solution for 8 days. After dehydration and paraffin embed-
ding, 10 �m longitudinal sections were prepared on Superfrost Plus slides.
Immunohistochemistry was performed using antibodies against tPA, uPA
(both from Santa Cruz, Boechout, Belgium), laminin and fibronectin (both from
Sigma, Bornem, Belgium), and fibrin (ogen) (Nordic, Tilburg, Netherlands).
Specificity for PA staining was performed with the use of deficient mice.
Corresponding secondary antibodies labelled with HRP or biotin (for signal
amplification via TSA (Perkin Elmer, Zaventem, Belgium) or via Vectastain
ABC kit (Vector Laboratories, Brussels, Belgium) were used. For light
microscopy, sections were developed with 3,3’-diaminobenzidine (DAB,
Sigma) as a chromogen substrate and counterstained with Harris
Haematoxilin. For fluorescence imaging, sections were counterstained with
DAPI and mounted with Vectashield (Vector Laboratories). Analysis was
performed on a Zeiss Axioplan2 connected to a 3CCD video camera (DXC-
93OP, Sony), and KS300 software (Zeiss, Zaventem, Belgium). Laminin or
fibronectin immunopositivity was quantified by integration of the stained
area and expressed as the ratio of the immunopositive area over the BM
matrix and near the endosteum, respectively.

ELISA, reagents, protease activity 
and Western blotting

BM extracellular fluid (BM plasma) from mice was obtained as described pre-
viously [23]. Briefly, femurs were flushed with PBS; after centrifugation, the
supernatant was collected and frozen for analysis. Total protein amounts on
BM plasma samples were determined with the BCA protein analysis kit
(Perbio, Erembodegem, Belgium), to control for loading. Murine sVCAM-1
protein levels were quantified in BM plasma samples using a commercially
available ELISA (R&D Systems, Abingdon, UK), which uses antibodies specif-
ically raised against sVCAM-1 according to manufacturer. Western blotting
was performed on reduced BM plasma samples, which were neutralized with
a cocktail of protease inhibitors (Complete Inhibitor � EDTA; Roche). ECM
components were detected with rabbit antibodies against fibronectin and
laminin (both from Sigma), appropriate secondary HRP-labelled antibodies
(DakoCytomation) and the ECL detection system (Amersham Biosciences,
Diegem, Belgium). Notably, we used an affinity purified rabbit anti-laminin
polyclonal antibody from Sigma, which specifically recognizes (vascular)
basement membrane laminins including the beta1 and gamma1 chain, and its
plasmin cleavage products ([24, 25] and instructions of the manufacturer).
We used an affinity purified rabbit anti-fibronectin polyclonal antibody from
Sigma, which specifically recognizes fibronectin and its plasmin cleavage
products ([25] and instructions of the manufacturer).

In vitro cleavage experiments

For studying in vitro cleavage of membrane-bound VCAM-1, we used the
mouse BM cell line OP9, which expressed VCAM-1 as determined on flow
cytometry (not shown). Cells were seeded in 48-well plate (2.5 � 105 cells
per well), allowed to adhere, and starved overnight in serum-free medium.
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Thereafter, cells were stimulated with human active plasmin (1 nM), diluted in
serum-free medium, and incubated at 37�C for 5 hrs. This protocol yielded
reproducible plasmin activity (assayed by S-2403) without affecting cellular
viability (not shown). Levels of VCAM-1 in cell lysates and conditioned
medium were quantified using commercially available ELISAs (R&D Sytems).

Statistics

We used SPSS v. 11.0 for statistical calculations. Unless stated otherwise,
data (mean � S.E.M.) were statistically analysed by an unpaired Student’s
t-test. To determine the genotypic differences in white blood cell (WBC)
counts after 5-FU, an ANOVA for repeated measurements was used, comple-
mented with Dunnett’s multiple comparison t-test (correction for multiple
testing using a single control group) to identify statistically significant
genotypic differences at each individual time point. Cox regression was
used to analyse the genotypic differences in survival after 5-FU. P � 0.05
was considered statistically significant.

Results

Expression of PA in the BM

Proteinases have been implicated in the haematopoietic recovery
of 5-fluorouracil (5-FU)-induced myeloablation [2]. To evaluate a
possible role of the Plg system, we determined the expression pat-
tern and levels of its components in the BM of WT mice. Integrin
expression in stem cells from bone marrow and adipose tissue
during chondrogenic differentiation Initial immuno-histochemical
experiments revealed that uPA was expressed in stromal and
haematopoietic cells in steady-state conditions and, even stronger
so after 200 mg/kg 5-FU (Fig. 1A). Expression of tPA was largely,
though not exclusively, confined to endothelial sinusoids in steady-
state conditions (Fig. 1A). After 200 mg/kg 5-FU, a weaker tPA
signal was detected in these cells, presumably because endothelial
cells were destroyed by 5-FU (not shown) [26]; interestingly, how-
ever, tPA staining was stronger in cells lining the endosteum
(putatively identified as osteoblasts) after 5-FU (Fig. 1A). We next
analysed, by casein zymography, whether activity levels of tPA and
uPA in the BM plasma of WT mice changed during haematopoietic
recovery in response to 5-FU. As a result of the BM damage, tPA
and uPA levels were reduced at 7 days after 200 mg/kg 5-FU 
(Fig. 1B). Indeed, compared with day 0, both tPA and uPA activity
were reduced at 7 days after 5-FU (in artificial units: tPA: 90 � 10
at 0 days versus 30 � 20 at 7 days; uPA: 300 � 10 at 0 days
versus 160 � 60 at 7 days; n 	 4: P 
 0.05). However, during the
recovery period from 10–14 days onwards, tPA and, especially,
uPA levels were elevated above steady-state (Fig. 1B).

Loss of Plg or its activators impairs 
haematopoietic recovery

We first characterized the haematopoietic response to 5-FU in WT
mice and in mice lacking plasminogen (Plg�/�), which are unable

to generate plasmin [27]. To avoid any confounding interpretation
due to the progressive development of morbidity in Plg�/� mice
beyond 16 weeks of age, we consistently used 9- to 12-week-old
healthy Plg�/� mice without overt signs of morbidity. No major
haematopoietic defects were found in these mice in steady-state
conditions (not shown). Administration of 200 mg/kg 5-FU i.v. to
WT mice resulted in an initial reduction in WBC counts on day 7,
followed by a rebound leukocytosis by day 14, which normalized
at day 17 (Fig. 1C). By contrast, 5-FU induced a much more pro-
found leukopenia in Plg�/� mice on day 7 and 11, without
rebound leukocytosis at all on day 14 (Fig. 1C), indicating that
plasmin participates in myeloid recovery after 5-FU. Similar data
were obtained when WT mice were treated with the plasmin
inhibitor tranexamic acid (Fig. S1). Microscopic analysis revealed
a more severe BM aplasia in Plg�/� than WT mice, 7 days after 5-
FU (Fig. 1D). Also, FACS analysis for Sca-1�, Sca-1�cKit�,
Lin�Sca-1� or Lin�Sca1�cKit� cells revealed that the number of
HPCs was significantly reduced in the BM of Plg�/� mice after 
5-FU (Fig. 1E). This deficit was, however, not caused by genotypic
differences of HPC counts in the BM in steady-state conditions
(Fig. 1E). Additional experiments revealed that the reduced HPC
counts in the BM of Plg�/� mice after 5-FU was at least in part
explained by impaired HPC proliferation (Fig. S2). Also, up to 75%
of Plg�/� mice died already from day 4 after 5-FU onwards,
whereas only 10% of WT mice succumbed, and only at later times
(Fig. 1F). As found previously with this mouse model [2], the WBC
counts normalized in the few surviving Plg�/� mice (and
tPA�/�:uPA�/� mice; see below) at 17 days after 5-FU (Fig. 1C).
Thus, plasmin proteolysis plays a role in the haematopoietic
recovery in response to 5-FU.

We also analysed the response to 5-FU in mice lacking uPA
(uPA�/�), tPA (tPA�/�), or both activators (tPA�/�uPA�/�). No
major haematopoietic defects were found in these mice in steady-
state conditions (not shown). Compared with WT mice, WBC
counts in tPA�/�uPA�/� mice were significantly lower at day 7
and 11 after administration of 200 mg/kg 5-FU, and failed to
become compensatorily up-regulated by day 14 (Fig. 1C). WBC
counts were also lower in uPA�/� and tPA�/� mice at 7 days after
5-FU (Fig. 1C) and WBC recovery remained impaired in uPA�/�

mice (Fig. 1C). In contrast to WT mice, up to 75% of
tPA�/�:uPA�/� mice died already from day 4 after 5-FU onwards,
whereas a large fraction (60%) of uPA�/� mice died at 10 days
after 5-FU (Fig. 1F). tPA�/� mice survived (Fig. 1F), presumably
because loss of tPA promotes megakaryopoiesis after 5-FU
(Note S1). Thus, uPA and tPA play a role in haematopoietic recovery
after cytotoxic therapy.

Plasmin stimulates haematopoietic recovery,
independently of fibrinolysis

To investigate whether plasmin stimulates haematopoietic recov-
ery by promoting fibrinolysis (which is defective in Plg�/� mice
[5, 17, 27]), we performed the following experiments. We first
analysed by immunostaining the expression pattern of fibrin(ogen)
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in the BM in steady-state conditions and after 5-FU. When using an
antibody that recognizes both fibrinogen and fibrin, a fibrin(ogen)
immunoreactive signal was detected mainly at the luminal side of
sinusoidal BM vessels in steady-state conditions (Fig. 2A), consis-
tent with previous reports [16]. After 5-FU, fibrin(ogen)
immunoreactivity was also detectable in the BM matrix (Fig. 2A),
likely caused by extravasation of plasma proteins through 

damaged vessels following cytotoxin exposure [26]. A similar 
pattern of fibrin(ogen) staining was observed in Plg�/� mice 
(Fig. 2A). Consistent with previous findings [27], we did not detect
intravascular fibrin clots nor excessive deposition of fibrin(ogen)
in the BM of Plg�/� mice (Fig. 2A, Fig. S3).

We then analysed whether depletion of fibrinogen would rescue
the haematopoietic recovery defect in Plg�/� mice (as one would

© 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 Impaired haematopoietic recovery after 5-FU in Plg�/� mice. (A) Immunostaining for uPA and tPA on longitudinal sections through the femur of
WT mice. uPA immunostaining (brown) in steady-state conditions (upper left) and after 5-FU (upper right) revealed that uPA was expressed by stromal
and haematopoietic cells (black arrowheads, and inset). Note the enhanced expression of uPA in BM stroma after 5-FU. Immunostaining for tPA (red)
in steady-state conditions (lower left) revealed expression of tPA predominantly in sinusoids (white arrowheads; inset) and in megakaryocytes (yellow
arrows). In contrast, 5-FU (lower right) increased tPA expression in cells lining the endosteum (white arrows); high magnification imaging showed that
cells lining the endosteum (DAPI nuclear counterstaining; blue) indeed expressed tPA (inset). The dotted line demarcates the border between the 
cortical bone (left) and BM (right). Magnification bars: 50 �m. (B) Casein zymography, revealing an initial reduction (7 days) and subsequent increase
(14 days) in tPA and uPA activity (evidenced by the lysis and clearing of the gel) in BM plasma of WT mice after 5-FU. Each BM plasma sample loaded
on the gel contains an equal amount of protein. Representative example of 4 experiments. (C) White blood cell (WBC) counts in WT, uPA�/�, tPA�/�,
tPA�/�uPA�/� and Plg�/� mice at the indicated days after 5-FU (n 	 8–12). P � 0.05 for all genotypes versus WT (ANOVA). *: P � 0.05 versus WT per
time point (Dunnett). The values (%) above the bars in the text box indicate the percentage reduction as compared to the respective steady-state value
for each genotype. (D) Representative pictures from BM sections (H&E) of WT (upper) and Plg�/� (lower) mice at day 7 after 5-FU (200 mg/kg i.v.),
revealing impaired repopulation of the bone marrow in Plg�/� mice. Note the hypocellular BM in Plg�/� mice. Magnification bars: 100 �m. (E) The
number of HPCs in the BM of WT and Plg�/� mice in steady-state conditions and at 7 days after 5-FU (200 mg/kg i.v.). Upper: Sca-1� and Lin�Sca-1�

HPCs. Lower: Sca-1�cKit�, Lin�Sca-1�cKit� HPCs. *: P � 0.05 versus WT (n 	 3–8). (F) Survival of WT, uPA�/�, tPA�/�, tPA�/�uPA�/� and Plg�/�

mice after 200 mg/kg 5-FU (n 	 8–12). P � 0.05 for Plg�/�, tPA�/�uPA�/� and uPA�/� versus WT (Cox regression).
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expect in case impaired fibrinolysis contributes to the impaired
haematopoietic recovery in Plg�/� mice), but first assessed
whether depletion of fibrinogen itself would alter haematopoietic
recovery in response to 5-FU. We therefore treated WT mice with
ancrod – a snake venom that depletes fibrinogen in blood and tis-
sues by more than 90% [20, 36]. Initial studies revealed that, con-
sistent with previous studies [20, 36], daily intraperitoneal injection
of 1 IU ancrod effectively reduced the levels of fibrinogen in blood
and BM plasma below the detection limit, but did not affect periph-
eral blood parameters including WBC and platelet counts (not

shown). Overall, depletion of fibrinogen did not alter the
haematopoietic recovery of WT mice in response to 5-FU (200
mg/kg) (n 	 10; P 	 0.64 by ANOVA; Fig. 2B). Ancrod did also not
affect the survival of WT mice after 5-FU (Fig. 2C). We then treated
Plg�/� mice with ancrod and analysed their response to 5-FU.
Ancrod did not alter the impaired haematopoietic recovery and sur-
vival after 5-FU (150 mg/kg) in Plg�/� mice (Fig. 2D and not
shown). Hence, the haematopoietic recovery defect in Plg�/� mice
was likely not attributable to excessive fibrin depositions, and fibri-
nolysis appears not to be required for haematopoietic recovery.

© 2008 The Authors
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Fig. 2 Role of fibrin(ogen) and fibrinolysis in haematopoietic recovery after 5-FU. (A) Immunostaining for fibrin(ogen) (brown) on longitudinal sections
through the femur of WT (upper) and Plg�/� (lower) mice. Note that no genotypic differences were found. Left column: in steady-state conditions, 
fibrin(ogen) was predominantly expressed at the luminal side of sinusoidal BM vessels. Middle column: in steady-state conditions, we did not observe
intravascular thrombi. Right column: after 5-FU, expression of fibrin(ogen) increased in the BM matrix, likely because of extravasation of plasma fib-
rinogen through the dilated leaky sinusoids. Magnification bars: 50 �m in outer panels and 10 �m in middle panels. (B) WBC counts in WT mice, treated
with daily i.p. injections of vehicle or ancrod, at the indicated days after 5-FU (200 mg/kg i.v.). P 	 NS versus vehicle (ANOVA); P 	 NS versus vehicle
per time point (n 	 10–13). (C) Compared with vehicle, survival of ancrod-treated WT mice after 5-FU (200 mg/kg i.v.) was similar. Please note that,
compared to Fig. 1F, the survival of control mice was reduced, likely because of the daily i.p. injections. P 	 NS versus vehicle (Cox regression; 
n 	 10–13). (D) Compared with WT mice, survival of vehicle- or ancrod-treated Plg�/� mice after 5-FU (150 mg/kg i.v.) was reduced. Please note the
similar survival curves for vehicle- and ancrod-treated Plg�/� mice. P � 0.05 versus WT (Cox regression; n 	 10–12).
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Plasmin remodels the BM microenvironment 
after 5-FU

Since plasmin did not regulate haematopoietic recovery through
fibrinolysis, we explored alternative mechanisms. Haematopoietic
recovery after 5-FU requires breakdown of ECM proteins such as
fibronectin and VCAM-1, onto which HPCs adhere [7], or laminin
around BM sinusoidal vessels [28, 29], which impedes
transendothelial migration and mobilization of HPCs [8–10].
Degradation of these ECM proteins facilitates the release and
migration of HPCs, required for repopulating the BM and periph-
eral blood [2, 6–12]. Plasmin-mediated matrix breakdown facili-
tates cell migration in diverse conditions [30, 31], whereas plas-
min is capable of cleaving fibronectin, laminin and VCAM-1 
in vitro ([32]; Note S2). Since reduced degradation of these ECM
proteins in Plg�/� mice might therefore contribute to their
impaired haematopoietic recovery after 5-FU, we analysed
whether plasmin was involved in the degradation of fibronectin,
laminin and VCAM-1 in the BM after 5-FU in vivo.

Since it is unknown whether 5-FU alters the amount, deposi-
tion and localization of fibronectin, laminin and VCAM-1 in the BM
microenvironment, we first performed immunostaining for
fibronectin and laminin on BM sections, and measured by ELISA
sVCAM-1 levels in BM plasma of WT mice after 200 mg/kg 5-FU.
In steady-state conditions, fibronectin was detected near the
endosteum, whereas laminin was predominantly found around
sinusoidal vessels, as reported previously [28] (Fig. 3A). At day 7
after 5-FU, the fibronectin-immunoreactive signal near the endos-
teum and the laminin-positive signal around the sinusoidal vessels
were much weaker (Fig. 3A), but became nearly normal again by
14 days after 5-FU (Fig. 3A). sVCAM-1 levels in the BM plasma
became transiently increased by ~1.6-fold on day 7 after 5-FU (%
of baseline levels: 157 � 18% at 7 days and 85 � 14% at 10 days
after 5-FU; n 	 4; P � 0.05 on day 7). Hence, administration of 
5-FU appears to result in the degradation of fibronectin, laminin
and VCAM-1 in the BM microenvironment.

We then morphometrically quantified the amount of immunore-
active fibronectin and laminin in the BM of Plg�/� mice at day 7
after 200 mg/kg 5-FU. No genotypic differences were detected in
baseline conditions (Fig. 3B; not shown). Substantially larger
deposits of fibronectin were detected in Plg�/� mice at day 7 after
5-FU (% fibronectin� area: 24 � 7% in Plg�/� mice versus 7 � 2%
in WT mice; n 	 4; P � 0.05). Laminin was also more abundant in
5-FU-treated Plg�/� mice (laminin� area: 11.8 � 3.8% in Plg�/�

mice versus 4.5 � 1.8% in WT mice; n 	 4; P � 0.05; Fig. 3B), sug-
gesting that loss of plasmin impaired degradation of these ECM pro-
teins. Immunoblotting confirmed that fibronectin and laminin in BM
plasma samples were degraded less in Plg�/� mice at day 7 after 
5-FU (Fig. 3C). ELISA measurements further demonstrated that, in
contrast to WT mice, sVCAM-1 levels failed to increase in the BM
plasma of Plg�/� mice on day 7 after 5-FU (% of baseline levels: 97
� 18% in Plg�/� mice versus 157 � 18% in WT mice; n 	 4; P �

0.05). Thus, during 5-FU recovery, plasmin breaks down various
ECM proteins, which anchor HPCs in the BM microenvironment.

Discussion

This study highlights a role for the Plg system in the haematopoi-
etic recovery after myeloablation. In response to 5-FU, plasmin
and the PA play a role in the restoration of WBC counts. Plasmin
regulates haematopoietic recovery after 5-FU via several mecha-
nism, i.e. by stimulating the proliferation of chemoresistant HPCs,
and by promoting proteolytic breakdown of adhesive ECM pro-
teins in the BM microenvironment. Notably, however, the
haematopoietic effect of plasmin was independent of fibrinolysis.

Administration of 5-FU causes several changes in the BM
microenvironment that affect proliferation, migration and mobi-
lization of HPCs, and the repopulation of the BM and blood 
[2, 11]. In the early phase after 5-FU, HPCs are released from
their BM microenvironment by inactivation of adhesive signals,
resulting in the proliferation and differentiation of HPCs [2, 11].
Our data indicate that plasmin participates in the proliferation of
HPCs in response to 5-FU; we presume that this mitogenic effect
is, at least in part, secondary to the fact that plasmin inactivates
adhesive signals for HPCs (though we obviously cannot exclude
additional mechanisms). Apart from cleaving the membrane-
associated form of uPAR (a novel adhesive signal for HPCs [4]),
plasmin also regulates the cleavage of the adhesive signal mKitL
into sKitL [18] (and unpublished findings), which is known to
promote HPC proliferation and migration [2, 11]. The present
findings now reveal that plasmin also stimulates the breakdown
of VCAM-1 and fibronectin, onto which HPCs adhere in the BM
microenvironment [7], and which would facilitate de-adhesion
and migration of HPCs [6, 7]. Moreover, plasmin promotes the
degradation of laminins, which are present around BM sinusoidal
vessels [28, 29]; since these ECM proteins impede transendothe-
lial migration and mobilization of HPCs [8–10], their breakdown
by plasmin would also enhance haematopoietic recovery. Hence,
plasmin promotes haematopoietic recovery after myeloablation,
at least in part, via breakdown of adhesive signals and migration
barriers for HPCs.

We also explored whether the role of plasmin in haematopoi-
etic recovery relied on fibrinolysis. Indeed, Plg�/� mice suffer
considerable morbidity and mortality, associated with excessive
intra- and extravascular deposition of fibrin [5, 17, 27]. Notably,
health and survival of Plg�/� mice were substantially improved on
a fibrinogen-deficient background, illustrating the importance of
the fibrinolytic system in health and disease [17]. A recent paper
suggested that plasmin-mediated fibrinolysis might play a role in
haematopoietic regeneration following myeloablation, but did not
provide any functional evidence for this hypothesis [18]. However,
our study indicates that plasmin does not regulate haematopoietic
recovery after 5-FU via fibrinolysis. A role of plasmin, independ-
ently of fibrinolysis, has been previously documented in other
conditions [31, 33].

Our data are consistent with a recent study by Heissig et al.,
documenting an impaired recovery and survival of Plg�/� mice
after 5-FU [18]. Our results differ, however, from their findings in
other aspects. For instance, Heissig et al. show that administration
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Fig. 3 Impaired ECM remodelling after 5-FU in Plg�/� mice. (A) Immunostaining (red) of fibronectin (upper) and laminin (lower) on longitudinal sec-
tions through the femur of WT mice at different time points after 5-FU (200 mg/kg i.v.). Upper: Note the loss of fibronectin expression near the endos-
teum (white arrow heads) at 7 and 10 days after 5-FU. The dotted line demarcates the border between the cortical bone (left) and BM (right). Lower:
Note the loss of laminin expression around the sinusoids (yellow arrow heads) at 7 and 10 days after 5-FU. Magnification bars: 10 �m. (B) Laminin
immunostaining (red) and nuclear DAPI staining (blue) of longitudinal sections through the femur, revealing a comparable pattern of laminin immunore-
activity around sinusoids in WT (upper left) and Plg�/� (lower left) mice in steady-state conditions. At 7 days after 5-FU, laminin is more abundant
around and in the interstitial space between the vascular sinusoids in Plg�/� (lower right) than WT (upper right) mice. The dotted line demarcates the
border between the cortical bone (left) and BM (right). Magnification bars: 100 �m. (C) Immunoblots, showing less degradation of fibronectin and
laminin in BM plasma samples of Plg�/� than WT mice after 5-FU. The apparent molecular weights of the degradation products of fibronectin 
and laminin, cleaved by plasmin, are consistent with previous reports [25, 32]. Laminin: intact beta/gamma form (220 kD), plasmin cleavage product
(65 kD); fibronectin: intact monomer (220 kD); plasmin cleavage product (160 and 130 kD).
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of exogenous tPA, via conversion of mKitL into sKitL (in part 
independently of plasmin generation), stimulates haematopoietic
regeneration, but also mention (as data not shown) that endoge-
nous tPA and uPA are redundant [18]. In contrast, our data clearly
show that single loss of uPA as well as loss of tPA alone each
impairs haematopoietic recovery. We do not have a precise expla-
nation for the differences between both studies, and can only
speculate that differences in experimental conditions may con-
tribute. Whatever the explanation, a role for uPA might not be
unexpected, given its up-regulated expression in the BM after
myeloablation and well-known prime role in tissue remodelling in
various pathological conditions [20, 31].

In conclusion, plasmin and both plasminogen activators play
a role in haematopoietic recovery following cytotoxic therapy, in
part, through remodelling of the BM matrix but independent of
fibrinolysis.
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The following supporting information is available for this article: 

Note S1: Compared with WT mice, tPA�/� mice exhibited an
impaired recovery of WBCs at day 7 but normal survival after 200
mg/kg 5-FU. We observed that, at 7 days after 5-FU, the BM of
tPA�/� mice contained increased numbers of (activated) megakary-
ocytes, and that recovery of platelets in the peripheral blood was
accelerated (data not shown). Further evidence that megakary-
ocytes might modulate the course of haematopoietic restoration in
tPA�/� mice following 5-FU is suggested by the observation that
inhibition of megakaryocyte recovery by anti-CD144 antibodies, as
used previously [12], impaired the recovery of WBCs and platelets
after 5-FU in of tPA�/� mice, and reduced their survival (data not
shown). These data will be presented in detail elsewhere.

Note S2: As VCAM-1 is sensitive to cleavage by serine proteases
such as thrombin and neutrophil elastase [34, 35], we investi-
gated whether plasmin might cleave membrane-bound VCAM-1 
in vitro. To this end, we tested the effect of plasmin on cultured
OP9 stromal cells, which expressed VCAM-1 as examined by flow
cytometry (not shown). Compared with control, plasmin increased
the levels of sVCAM-1 in the conditioned medium by ~1.7-fold, as
measured by ELISA. Consistent herewith, plasmin reduced the
levels of VCAM-1 on cell extracts by ~15% (measured by ELISA),
indicating that plasmin cleaves VCAM-1 in vitro.
Figure S1: Effect of tranexamic acid in WT mice after 5-FU. (A, B)
Compared with vehicle, administration of tranexamic acid (TA) via
osmotic minipumps and drinking water [19] from day 0 onwards
impaired the WBC recovery (A) and survival (B) of WT mice after
5-FU (250 mg/kg i.v.). Data are expressed as percentage versus
steady-state. These results might be clinically relevant because an
anti-fibrinolytic agent is sometimes given alongside cytotoxic
drugs. P � 0.05 versus vehicle (n 	 10; anova). *: P � 0.05
versus vehicle-treated WT mice per time point (A). P � 0.05 
versus vehicle (Cox regression; B).
Figure S2: Plasmin regulates HPC proliferation after 5-FU. To
study the role of plasmin on HPC proliferation after 5-FU, WT and
Plg�/� mice were challenged with one injection of 200 mg/kg 
5-FU together with 3 times daily administration of 1 mg/kg BrdU
i.p. [22], and the number of BrdU�Lin�Sca-1� HPCs in the BM
was quantified by flow cytometry 2 days later. Compared with WT
mice, the fraction of BrdU�Lin�Sca-1� cells was significantly
reduced in Plg�/� mice (Fig. S2A; *: P � 0.05 versus WT; n 	

3–4). Consistent herewith, up to ~85% fewer HPCs were in 
S-phase of the cell cycle in Plg�/� than WT mice on day 7 after 
5-FU (Fig. S2B; *: P � 0.05 versus WT; n 	 3–4). However, the
number of HPCs in S-phase was similar in WT and Plg�/� mice in
steady-state conditions (not shown). As the fraction of TUNEL-
positive Lin�Sca-1� cells on day 2 after 5-FU was similar in WT
and Plg�/� mice (Fig. S2C; P 	 NS versus WT; n 	 3–4), the
impaired haematopoietic recovery and survival of Plg�/� mice
appears to be caused by decreased proliferation and not increased
apoptosis of HPCs.
Figure S3: Positive control for the histological presence of
microthrombi. As positive control, a section of WT mouse injected
with LPS in the footpad to induce inflammatory thrombosis
showed a highly organized intravascular thrombus containing fib-
rin(ogen) and platelets. Magnification bars: 10 �m.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1582-4934.2008.
00521.x
(This link will take you to the article abstract).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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