
Immunomodulatory effects of plasminogen activators on
hepatic fibrogenesis

A. A. Higazi,* M. El-Haj,† A. Melhem,†

A. Horani,† O. Pappo,‡ C. E. Alvarez,§

N. Muhanna,† S. L. Friedman§ and
R. Safadi†

*Department of Clinical Biochemistry,
†Liver/Gastroenterology Units, Division of

Medicine, ‡Division of Pathology, Hadassah

University Hospital, Jerusalem, Israel, and
§Division of Liver Diseases, The Mount Sinai

School of Medicine, New York, USA

Summary

Tissue-type plasminogen activators (tPA) and urokinase-type plasminogen
activators (uPA) are involved in liver repair. We examined the potential immu-
nomodulatory actions of uPA, tPA and uPA-receptor (uPAR) in carbon-
tetrachloride-induced hepatic fibrosis in wild-type (WT), tPA-/-, uPA-/- and
uPAR-/- mice. Carbon-tetrachloride treatment increased fibrosis in four
groups but significantly less in three knock-out models. Serum cytokines and
intrahepatic T cells elevated significantly following fibrosis process in WT
animals but not in the knock-out groups. In culture, uPA increased lymphocyte
proliferation significantly in WT and uPA-/- but not uPAR-/- animals. Follow-
ing uPA exposure in vivo, there was CD8 predominance. To isolate uPA’s effect
on lymphocytes, WT mice were irradiated sublethally and then reconstituted
with WT or uPA-/- lymphocytes. In these animals fibrosis was decreased and T
cells were reduced in the uPA-/- recipients.Based on these data we postulate that
plasminogen activators affect fibrosis in part by liver-specific activation of CD8
subsets that govern the fibrogenic activity of hepatic stellate cells.
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Introduction

In the liver, matrix remodelling is directed by cell-associated
and extracellular proteases [1,2]. The extracellular pro-
teolytic cascade is composed of plasminogen and plasmino-
gen activators, and plays a central role in liver repair after
acute injury [3–8]. The serine proteases, tissue-type plasmi-
nogen activator (tPA) and urokinase-type plasminogen acti-
vator (uPA) are the principal plasminogen activators in
mammals. Activation of the proenzyme plasminogen by tPA
or uPA leads to the generation of plasmin [9].

uPA and its receptor (uPAR) have been implicated in cell
migration through fibrin and subcellular matrices during
angiogenesis, wound repair, inflammation, immunity and
tumour metastasis [10,11]. Mice with a genetic deletion of
the uPA-gene (uPA-/-) have defects in fibrinolysis [9], wound
healing [12], neointima formation [13] and tumour dissemi-
nation [14], among others [15]. In uPAR-/- mice, impaired
mobilization of leucocytes to sites of inflammation leads to
enhanced mortality during infections [16].

Both uPA and tPA are also implicated in vasoreactivity
[10], the development of pulmonary fibrosis [17] and in
post-stroke neurotoxicity [18] by inducing apoptosis in cor-
tical neurones [19]. Studies of liver repair in mice deficient in

one or more components of the plasminogen activation
system have shown that in the absence of plasminogen or
urokinase, clearance of necrotic cell debris and matrix com-
ponents are severely impaired [3–5]. These studies indicate
that plasminogen activation mediates in part the pleiotropic
effects of uPA in liver injury and repair [7].

We have examined the plasminogen activator’s contribu-
tion to the immune response in liver following injury. This
question has become especially relevant in view of our recent
finding that the immune system plays a direct role in hepatic
stellate cell (HSC) activation and fibrogenesis after liver
injury [20].

Hepatic fibrosis is the result of chronic liver injury, regard-
less of aetiology, during which HSCs proliferate and activate
into matrix-producing cells [21]. The activity of HSCs is
influenced by an array of cytokines [22]. T helper 1 (Th1)
lymphocytes express high levels of anti-fibrotic cytokines
such as interferon (IFN)-g [22], whereas the Th2 lympho-
cytes express high levels of pro-fibrotic cytokines such as
interleukin (IL)-4 [23], such that the Th1 : Th2 ratio can tilt
the balance in favour of or against fibrosis [24].

In our previous studies [20] hepatic fibrosis was shown
to be CD8-mediated, while CD4 T cells were reduced
significantly. However, the mechanisms by which these
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lymphocyte alterations affect hepatic fibrosis are still
unclear.

In this study we used mice with a genetic deletion of the
plasminogen activators or uPAR to investigate their potential
role in the immunomodulation of hepatic fibrosis. Our data
suggest that plasminogen activators contribute to hepatic
fibrosis in part by regulating activation and proliferation of
lymphocytes, which in turn stimulate HSC activation.

Materials and methods

Animals

Twelve-week-old male wild-type (WT), tPA-/-, uPA-/- and
uPAR-/- C57/B6 mice [25] were housed in a barrier facility
according to National Institutes of Health guidelines.

Hepatic fibrosis model

Carbon tetrachloride (Sigma, C-5331) fibrosis was induced
by intraperitoneal injections at 0·5 ml pure carbon
tetrachloride/g body weight, twice weekly for 6 weeks [20].
Hepatic fibrosis was induced in WT,uPA-/-,uPAR-/- and tPA-/-

mice, then compared with naive animals from the same four
genetic backgrounds. In total, there were eight animal groups,
each of which included 10 mice. At the time of death, mice
were weighed and anaesthetized intramuscularly with 0·1 ml
of ketamine : xylazine : acepromazine (4:1:1) per 30 g of
body weight, and blood samples were collected from the
inferior vena cava. Determination of serum alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
was performed using an automated enzymatic assay with the
Vistros Chemistry Systems 950.Whole livers and spleens were
harvested and weighed. As there was variability in the total
body weights, we calculated the liver weight : body weight
ratio to standarize results for each animal. Liver samples were
harvested from both liver lobes to reduce sampling variability
among experimental and control mice.

Total-body irradiation model

Mice were irradiated sublethally with a single total-body
dose of 700 cGy from a dual Cs-source (62 cGy/min) before
induction of fibrosis by carbon tetrachloride. Sublethal doses
were used to suppress lymphocyte proliferation while main-
taining the animal in an apparently healthy state [26].

Liver histology

The posterior third of the liver was fixed in 10% formalin for
haematoxylin and eosin (H&E) and Sirius Red staining [20].

Fibrosis quantization

The extent of fibrosis in Sirius Red-stained slides was evalu-
ated using the Bioquant® computerized method [20]. We also

assessed the expression of alpha smooth muscle actin
(aSMA) and beta actin (b-actin) by immunoblot [20]. Bands
were scanned (Hewlett-Packard 3400C) as TIF-files
(8 bit, 300 dpi) and quantified (Scion-Image analysis pro-
grammer). Corresponding b-actin bands were also scanned
and the final result was calculated as a ratio of each protein
[27]. To standardize results from different gels, results were
expressed as fold change from naive mice in each gel.

Cytokine measurements

To measure serum IL-4, IFN-g and IL-10 levels, OptEIA-
enzyme-linked immunosorbent assay kits (Pharmingen, San
Diego, CA, USA) were used according to the manufacturer’s
protocol. A standard curve was generated using recombinant
cytokines and concentrations of samples were determined by
a polynomial curve fit analysis.

Lymphocyte isolation, staining and flow cytometric
analysis

The spleen and intrahepatic lymphocytes were isolated,
washed, counted and stained for fluorescence-activated cell
sorter (FACS) analysis [20]. Antibodies used for staining
were mouse anti-CD4/CD8/CD3/CD45 and pan-natural
killer (NK)-antibodies, conjugated by fluorescein isothio-
cyanate, phycoerythrin, peridinin chlorophyll and allo-
phycocyanin respectively (BD Biosciences, Transduction
Laboratories, San Diego, CA, USA). Intracellular staining
with anti-IFN-g and anti-IL-4 antibodies (fluorescein
isothiocyanate and phycoerythrin conjugated, respectively)
was performed according to the manufacturer’s protocol
(BD Biosciences).

Direct effect of plasminogen activators on lymphocytes

One million splenocytes from either naive WT, uPA-/- or
uPAR-/- C57/Bl6 mice were cultured in vitro for 48 h with
100 nM of either single-chain uPA (scuPA) or tPA. uPA is
secreted by the cells as scuPA and converted in the medium
(or extracellular space) to two-chain uPA known commonly
as uPA. scuPA is converted to uPA after cleavage of a single
peptide bond by the proteolytic enzyme plasmin. As a
control, lymphocytes from each strain were also stimulated
with either 50 ng/ml phorbol 12-myristate 13-acetate,
200 ng/ml ionomycin or with culture medium alone. At
each concentration, 10 triplicates from 10 animals were
tested. Cells were cultured in 10% fetal calf serum supple-
mented with RPMI-1640 (Atlantic Biologicals, Norcross,
GA, USA), 2-mercaptoethanol (5 ¥ 10-5 M) and 1%
penicillin–streptomycin–glutamine (1% BRL; Gibco, Grand
Island, NY, USA). Cultured cells were analysed for T cell
proliferation. The median result from each triplet was used
for statistical analysis.

To assess the direct in vivo effect of plasminogen activators
on lymphocytes, eight WT C57/B6 mice were treated by
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intraperitoneal injection of scuPA, and were compared with
eight naive animals. Because of a bleeding diathesis of the
treated mice, three scuPA doses were given at 6-h intervals.
Animals were killed 2 h following the last scuPA injection and
intrahepatic lymphocytes were isolated for FACS analysis of
CD4, CD8 and intracellular staining for IFN-g and IL-4.

Role of plasminogen activators in lymphocyte–HSC
interaction

In another in vivo study, 16 C57/B6 male mice were irradi-
ated sublethally and served as recipients. One million
splenocytes were transferred intraperitoneally from naive
donors to irradiated recipients every week for 5 weeks. Naive
donor splenocytes were isolated from WT or uPA-/- animals,
and were then reconstituted in the irradiated recipients.
Eight recipients were reconstituted with WT lymphocytes
and another eight had uPA-/- cells. Beginning in the second
week, hepatic fibrosis was induced by carbon tetrachloride
for 4 weeks. Recipients were then killed and liver lympho-
cytes were analysed by FACS and Western blotting.

Statistical analysis

Lymphocyte subsets, serum aminotransferases, fibrosis
quantification and cytokine concentrations in animal groups
were analysed for statistically significant differences by Stu-
dent’s t-test. Comparison between the three recipient groups
was performed according to the Mann–Whitney U-test.
Results are presented as mean values � standard deviation.
Standard error was used in the case of Bioquant® analysis, as
each group includes 360 readings.

Results

Decreased hepatic fibrosis in tPA-/-, uPA-/- and
uPAR-/- mice

All animal groups survived the 6 weeks of observation after
carbon tetrachloride treatment. The extent of fibrosis was
determined in naive and fibrotic WT, uPA-/-, uPAR-/- and
tPAR-/- mice. Fibrotic septa stained with Sirius Red were
more established in WT than in -/- animals (Fig. 1a). Based
on Bioquant® morphometry, the proportion of the mean
liver area with fibrosis (� standard error) in naive WT
animals was 0·37 � 0·068%; this value is similar to that
described by us and other groups [20]. The extent of fibrosis
in the other naive animals (uPA-/-, uPAR-/- and tPAR-/- mice)
was in the same range (data not shown). Six weeks after
carbon tetrachloride treatment, fibrosis increased signifi-
cantly in all animal groups (P = 0·00001, Fig. 1b). Figure 1b
shows a greater reduction in the degree of fibrosis in uPA-/-

compared with uPAR-/- animals (P = 0·02), suggesting that
either another receptor(s) subtype(s) or another uPA-related
pathway is involved; this conclusion is supported by our

previous findings, which demonstrated that the stimulatory
effect of uPA on vascular smooth muscle cells is mediated
by the low-density lipoprotein receptor-related protein/
alpha(2)-macroglobulin receptor [28]. In WT mice the
fibrosis area rose to 1·7 � 0·08% compared with
1·14 � 0·09, 0·82 � 0·12 and 1 � 0·06% in uPA-/-, uPAR-/-

and tPAR-/- animals (P = 0·00001), respectively.
To support the finding of decreased fibrosis in the mutant

mice, the expression of aSMA (a marker of HSC activation)
was evaluated in liver protein extracts. Figure 1c shows that
the reduced fibrosis in the knock-out mice was associated
with diminished expression of aSMA, as assessed by immu-
noblot (lower panel), indicating decreased HSC activation.
Semi-quantitative densitometry of immunoblot bands
revealed the same pattern (upper panel). aSMA expression
was increased to 4·96 � 0·9-fold in fibrotic WT compared
with naive mice. Compared with fibrotic WT mice, however,
aSMA expression to fibrotic knock-out mice was reduced
significantly (P < 0·0001) to 1·44 � 0·41-fold in uPA-/-,
1·33 � 0·32 in uPAR-/- and 1·68 � 0·94 in tPAR-/- animals.
No other organ impairment was seen in -/- mice following
hepatic fibrosis induction (data not shown), including his-
tology of lungs, heart, colon, muscle and kidneys.

Impaired clearance of necrotic tissue in uPA
knock-out mice

We found no significant ALT/AST differences among the
naive/untreated groups; the serum ALT levels in the naive
WT, uPA-/-, uPAR-/- and tPAR-/- mice were 36 � 12,
58 � 28, 17 � 0 and 48 � 5, and the AST levels were
120 � 44, 235 � 206, 101 � 1 and 137 � 46 units, respec-
tively (Fig. 2a, upper panel). ALT/AST serum levels increased
significantly after fibrosis induction (P < 0·01) to 227 � 83/
299 � 83, 166 � 53/146 � 33, 286 � 58/513 � 47 and
260 � 204/456 � 308 units, respectively (Fig. 2a, lower
panel). Serum AST levels were higher in the uPA-/- group
compared with WT and uPAR-/- (P < 0·001), but this was less
prominent compared with tPA-/- animals [P = not signifi-
cant (n.s.)]. ALT serum levels also tended to be elevated in
the uPA-/- (tPA) group compared with all others, but this was
significant only when compared with the uPAR-/- mice
(P = 0·007). These results do not suggest marked differences
in hepatic injury, but are more suggestive of impaired clear-
ance of necrotic tissue in the absence of PA or uPAR, as
described below.

One of the distinctive features of hepatic fibrosis in mice is
a decrease in liver size [3–6]. Figure 2b shows that there were
no significant differences in the size of the liver between the
different naive groups. Figure 2b (upper panel) also displays
an increase in liver volume in uPA-/- animals after the induc-
tion of fibrosis (from 1·2 � 0·4 to 5 � 0·5 g, P < 0·0001); this
contrasts with the WT mice, which displayed a tendency
towards decreased liver volume. The fourfold increase in liver
size in fibrotic uPA-/- was maintained when liver volume was
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Fig. 1. Reduced fibrosis in urokinase

type plasminogen activator knockout

(uPA-/-), uPA receptor (uPAR-/-) and

tissue PA (uPA-/-)versus wild-type (WT)

animals in a carbon tetrachloride model

of liver injury. Tissue sections were

stained with Sirius Red, as described in

Materials and methods. Representative

tissue sections are shown (a). Fibrotic

septa, which are more established in WT

than in -/- animals, are highlighted by

arrows (scale bars are illustrated in the

bottom of each field and presented with

mm). Relative fibrosis area, expressed as

percentage of total liver area, was

assessed by analysing 36 Sirius

Red-stained liver sections per animal

(b). Each field was acquired at 10¥
magnification and then analysed using a

computerized Bioquant® morphometry

system. The relative fibrosis area in the

livers of -/- animals was lower than that

seen in WT mice. P-values refer to

comparisons between WT and –/–

animals after carbon tetrachloride.

Whole liver protein lysates were

extracted and 30 mg total protein was

loaded per lane and analysed for alpha

smooth muscle actin (aSMA) and

b-actin expression (c). Decreased aSMA

expression (lower panel) was found in

lysates from uPA-/-, uPAR-/- and tPA-/-

compared with WT receiving carbon

tetrachloride and compared with naive

WT animals. To obtain standardizations

of b-actin/aSMA expression of all tested

wells, bands were scanned and

quantified as described in Methods.

Results were expressed as fold increase

compared with naive mice from each gel

and (c, upper panel). The findings are

representative of at least four different

experiments with the same number of

eight to 10 animals in each subgroup.

Sirius red staining(a)

(b)

(c)
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corrected for total body mass, as presented in Fig. 2b (lower
panel). This finding is in line with the data published by
Bezerra et al. in an acute carbon tetrachloride model [3,4].

The hepatic volume expansion seen in fibrotic uPA-/- mice
was due to accumulation of large amounts of necrotic tissue.

H&E microscopic analysis of fibrotic livers from uPA-/- mice
(Fig. 2c, right upper panel) revealed pericentral necrosis
after carbon tetrachloride and pronounced accumulation of
non-cleared necrotic cells in the centrilobular area, which
were responsible for the pale appearance, with the remaining
normal periportal hepatocytes comprising the red foci.
These changes were modest in the tPA-/- mice (Fig. 2c, right
lower panel) but less prominent in WT and uPAR-/- fibrotic
groups (Fig. 2c, left upper and lower panels, respectively).
The higher ALT serum levels in the uPA-/- and tPA-/- fibrotic
groups are consistent with H&E microscopic analysis. Mea-
surements of spleen mass and number of splenocytes from
fibrotic -/- mice did not show significant differences when
compared with WT (data not shown).

Plasminogen activators modulate lymphocyte subsets

There is mounting evidence that the immune system plays
an important role in the development of liver fibrosis
[20,29,30]. On the other hand, uPA is necessary and suffi-
cient for the generation of the monocyte/macrophage matu-
ration promoting fragment mactinin, in vitro and in vivo
[31]. uPAR is also a multi-functional molecule involved in
migration and adhesion of leucocytes to sites of inflamma-
tion [32–34].

Using FACS analysis, lymphocyte subsets were analysed in
splenocytes, thymus, lymph nodes (data not shown) and
intrahepatic lymphocytes from all animal groups. Significant
differences were confined mainly to intrahepatic lympho-
cytes (Fig. 3). The proportion of CD4 T cells (presented as
percentage of CD45+ cells) from naive mice was reduced
significantly in all knock-out groups (P < 0·001) compared
with WT mice; CD4 T cells were 26 � 1% of CD45+ cells in
naive WT mice and 6·4 � 1·6, 7 � 1·2 and 13·5 � 3·4 in
uPA-/-, uPAR-/- and tPA-/- mice, respectively (Fig. 3a). The
significant change in CD4+ T cells seen in tPA-/- compared
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(uPA)-/- mice (a): serum aspartate (AST, filled bars) and alanine (ALT,

plain bars) aminotransferase levels showed no significant differences

in naive animals (upper panel). Following fibrosis induction, ALT/AST

serum levels increased significantly (P < 0·01) in all groups (lower

panel), but specifically AST levels in the uPA-/- group (P < 0·001).

Increased ALT/AST values represent the accumulation of non-cleared

necrotic tissue. Accumulation caused an increase in liver volume (b).

Liver volume, presented as weight (g) (upper panel) or corrected for

total body mass, presented as ratios (lower panel), was similar in all

naive wild-type (WT), tissue-type (tPA) -/-, uPA-/- and uPA-receptor

(uPAR)-/- groups (plain bars). Following induction of fibrosis (filled

bars), liver volume in the uPA-/- fibrotic group increased fivefold

(P < 0·0001). A repeated experiment showed the same pattern.

Haematoxylin and eosin staining (c) demonstrates increased necrosis

(dark arraws) mainly in the uPA-/- fibrotic animals (right upper

panel) and to a lesser extent in the tPA-/- mice (right lower panel),

but is minimal in WT and uPAR-/- fibrotic animals (left upper/lower

panels, respectively).
�
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with uPA-/- and uPAR-/- mice also suggests that either
another receptor(s) subtype(s) or another tPA-related
pathway are involved. This conclusion might be supported
indirectly by reports from patients infected with human
immunodeficiency virus (HIV)-1 who have low CD4 counts.
HIV-1 infection activates or damages the endothelium and
significantly increases plasma levels of von Willebrand
factor, tumour necrosis factor-a and IL-6 but not tPA [35].
Figure 3a also shows differences in CD4 T cells between WT,
uPA and uPAR knock-out mice after induction of fibrosis.
WT mice show a significant decrease in CD4 T cells from
26 � 1% in naive to 13 � 0·6% in fibrotic mice (P = 0·001),
but there was no change in the uPA-/- animals. There was also
no significant change in uPAR-/- mice, whereas a change was
seen in the tPA-/- subgroup (13·5 � 3·4, 7 � 1·8; P = 0·007).

Similar changes were seen in CD8 T cells. In naive animals
the levels were significantly lower in all knock-out mice com-
pared with WT mice. Average CD8 T levels in naive mice were
17·6 � 0·4% in WT compared with 5·7 � 1·1%, 5·3 � 2·1%
and 5·6 � 1·7% in uPA-/-, uPAR-/- and tPA-/- mice, respec-
tively ((P < 0·002 for each) (Fig. 3b).After induction of fibro-
sis in WT mice, CD8 T cells increased from 17·6 � 0·4% of
total CD45+ lymphocytes in naive mice to 21·3 � 1·8% in
fibrotic mice (P = 0·05); there was no significant difference
between naive and all types of fibrotic knock-out mice. Induc-
tion of liver fibrosis had no effect on NK cells (Fig. 3c).

Serum cytokine levels were reduced significantly in
fibrotic knock-out animals

uPA is known to stimulate the activation of lymphocytes
[32,33], and cytokines can modulate liver fibrosis; some
cytokines stimulate, whereas others inhibit the fibrotic
process [33,36]. Figure 4 shows that IFN-g concentrations in
the naive animals were 6 � 1·5 pg/ml in WT, 3·4 � 5 pg/ml in
uPA-/- and undetectable in uPAR-/- and tPA-/- mice. In WT
animals, induction of fibrosis led to a significant increase
in the serum concentration of IFN-g from 6 � 15 to
36 � 21 pg/ml (P < 0·02). In contrast, induction of liver
fibrosis in all knock-out mice failed to induce any significant
change in the level of serum IFN-g, suggesting strongly
that the reduced fibrosis in livers of -/- mice is not the result
of an enhanced anti-fibrotic environment generated by this
cytokine.

No significant differences in IL-4 levels were detected
among all four groups of naive mice. The induction of fibro-
sis in WT mice led to a significant increase of the serum
concentration of IL-4 from 31 � 26 to 100 � 44 pg/ml
(P < 0·001). In the three knock-out groups there were no
significant changes in IL-4 levels after induction of fibrosis,
suggesting that the decreased fibrosis seen in -/- mice may
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result, at least in part, from a deficiency in the production of
this pro-fibrotic cytokine (Fig. 4).

Expression of IL-10 by HSC increases during cellular acti-
vation [37] and is associated with reduced matrix accumu-
lation in culture [38]. Moreover, levels of IL-10 are reduced
in progressive human hepatitis C virus fibrosis [39], imply-
ing that loss of IL-10 might contribute to increased
fibrogenesis. Animal models, including IL-10 knock-out
mice [40–42], have also substantiated the anti-fibrotic activ-
ity of IL-10. We measured serum IL-10 concentrations and
detected no significant differences among the four groups of
naive mice. In serum from WT mice, the concentration of
IL-10 increased after induction of fibrosis from 31 � 41·4 to
63·2 � 25·1 (P < 0·001), similar to the changes in IL-4. In
contrast, there were no significant changes in the levels of
IL-10 in the serum of uPA-/-, uPAR-/- and tPA-/- mice. Taking
these results together, we infer that the increase in IL-10 in
WT mice reflects a response to active fibrosis; this assertion is
in line with the finding that high transgenic levels of IL-10
decrease fibrosis [20].

Plasminogen activators increase the in vitro
proliferation of lymphocytes

Our data demonstrate that knock-out mice had less liver
fibrosis than WT animals, which was accompanied by
decreased levels of CD4 and CD8 T cells and related cytok-
ines; these observations suggest that plasminogen activators
affect the development of liver fibrosis by regulating the
expression of cytokines that govern the activity of the HSC,
which are directly responsible for liver fibrosis [20]. To
examine our hypothesis directly, splenocytes from naive WT
and uPA–/– mice were incubated alone or in the presence
of scuPA (100 nM). As a positive control, splenocytes
were incubated with phorbol 12-myristate 13-acetate or
ionomycin.

As expected,phorbol 12-myristate 13-acetate increased cell
proliferation of WT, uPA-/- and uPAR-/- mice almost two- to
threefold: from 370·6 � 108·6 counts per min, 367·3 � 284·4
and 333·1 � 0·2 (as baseline culture with medium) to
628·4 � 206·9 (P = 0·006), 1024·5 � 771 (P = 0·03) and
724 � 288·2 (P = 0·007), respectively (Fig. 5a). Ionomycin
stimulation resulted in a similar pattern wherein pro-
liferation increased to 933 � 413·3 (P = 0·003), 980·3 � 326
(P = 0·0006) and 887·7 � 465·9 (P = 0·008), respectively. No
significant changes were observed between all strains follow-
ing phorbol 12-myristate 13-acetate or ionomycin stimula-
tion. Phorbol 12-myristate 13-acetate and ionomycin
proliferation responses therefore appear to be independent
from plasminogen activator pathways (Fig. 5a). Figure 5b
shows that incubation of splenocytes with scuPA induced a
significant increase in WT cell proliferation (P = 0·0002)
compared with cells cultured in medium alone. A similar
stimulatory effect of scuPA was obtained when lymphocytes
from uPA-/- mice were used (Fig. 5b) compared with cells

incubated with culture medium alone (Fig. 5a); their prolif-
eration increased to 2822·3 � 3796 (P = 0·04) in the presence
of scuPA. The effect of stimulation with tPA was similar to
that seen with scuPA (Fig. 5b), where WT and uPA-/- cell
proliferation increased significantly, to 2245 � 1449/
932 � 658 at 100 nM tPA (P < 0·001). Cells from uPAR-/-

animals, however, did not react to either scuPA or tPA admin-
istration because of the lack of a receptor, as they were
485·3 � 330·2 and 514·2 � 100·2, respectively, similar to
those cultured with medium alone (369 � 267, P = n.s.).

Effect of uPA on lymphocyte subsets and
the cytokine profile

To assess the direct effect of uPA in vivo on hepatic lympho-
cyte subpopulations,WT mice were treated by intraperitoneal
injections of scuPA and were compared with naive animals.
Intrahepatic lymphocytes were isolated and evaluated by
FACS analysis. Figure 6a shows that following scuPA injection
CD4 T cells decreased from 19 � 3 to 16·3 � 3·5 (P = 0·03),
while CD8 subsets increased from 8·8 � 0·4 to 9·8 � 1
(P = 0·01). The CD4/CD8 ratio (Fig. 6b) decreased signifi-
cantly towards CD8 predominance (P = 0·01); from 2·3 � 0·4
to 1·7 � 0·4. Intracellular staining for cytokines revealed that
CD4 subsets showed a Th1 shift (Fig. 6c), resulting in a sig-
nificant increase of IFN-g-secreting CD4 subsets (from
11·5 � 4·8% to 19·2 � 5·6% of total CD4 cells) (P = 0·05). A
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(WT) (filled bars), urokinase-type plasminogen activator (uPA)-/-

(plain bars) or uPA receptor (uPAR)-/- (grey bars) mice were cultured
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or cultured with medium alone. Cultured cells were analysed for T
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ionomycin and PMA. While scuPA and tPA increased proliferation

in WT and uPA-/- mice, they did not affect uPAR-/- derived

lymphocytes. Results were similar in two different experiments.
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decrease of IL-4 from 11·6 � 3·8% to 7·4 � 2·9% (P = 0·04)
was also observed. CD8 subsets, however (Fig. 6d), showed
an increased secretion of both IL-4 (from 2·6 � 1% to
6·7 � 3·4% of total CD8 cells) (P = 0·01) and IFN-g (from
4·4 � 2% to 9·2 � 0·4%) (P = 0·001).

Role of plasminogen activators on lymphocytes and
HSC interaction

To elucidate further the relationship between plasminogen
activators/lymphocytes and liver fibrosis, we examined the
effect of uPA on the capacity of lymphocytes to activate HSC.
Sublethally irradiated WT mice were reconstituted with
WT or uPA-/- naive lymphocytes before and concurrent
with induction of fibrosis. Figure 7a shows that uPA-/-

lymphocyte failed to increase CD4 as well as many CD8
subsets. CD4 cells decreased from 30·4 � 6·7% to 24 � 1·2%
in recipients reconstituted with uPA-/- lymphocytes
(P = 0·02); CD8 subsets were reduced from 23·5 � 10·2% to
12·5 � 2% (P = 0·005). The NK cells remained unchanged.
We also found decreased expression (P = 0·002) of aSMA in
Western blots of mice reconstituted with uPA–/– lymphocytes
(Fig. 7b), indicating decreased HSC activation.

Discussion

Impaired tissue remodelling has been reported in lungs [43]
and livers [4] of mice lacking plasminogen activators or plas-
minogen [3,5–7]. The results of the present study demon-
strate reduced hepatic fibrosis in tPA-/-, uPA-/- and uPAR-/-

Fig. 6. Effect of tissue-type (tPA) on

lymphocyte subsets, and the cytokine profile:

liver lymphocytes were isolated from wild-type

(WT) animals treated by single-chain uPA

(scuPA) and compared with naive animals.

CD4, CD8 and intracellular staining was

performed as described in Methods. While

Fig. 5 shows that total proliferation increased in

presence of scuPA, (a) shows that intrahepatic

CD4 T cells decreased and CD8 subsets

increased (left upper panel). The CD4/CD8

ratio, however, decreased (P = 0·01) significantly

towards CD8 predominance (b). CD4 subsets

(c) showed a T helper 1 shift evident as a

significant increase of interferon (IFN)-g
secreting CD4 subsets and a decrease of

interleukin (IL)-4 secreting subsets. CD8

subsets, however (d) showed an increased

secretion of both IL-4 and IFN-g. Results were

regenerated twice with similar pattern.

%
 o

f 
C

D
4
5
 c

e
lls

%
 o

f 
C

D
4
 c

e
lls

%
 o

f 
C

D
8
 c

e
lls

R
a
ti
o

(a)

(c)

(b)

(d)

20

20

30

3

2

1

0

10

10

10

15

0

0 0

5

CD4

CD4/IFN-γ CD4/IL-4 CD8/INF-γ CD8/IL-4

CD4/CD8CD8

P=0·03

P=0·05
P=0·04 P=0·001 P=0·01

P=0·01

P=0·01

PA+
PA-

PA-

PA-

PA- PA-

PA-

PA-

PA+

PA+

PA+

PA+

PA+

PA+

Fig. 7. Role plasminogen activators (PAs)

on lymphocytes and hepatic stellate cell

interaction: to isolate uPA’s effect on

lymphocytes and their role in fibrogenesis,

wild-type (WT) mice were irradiated

sublethally and then reconstituted with WT or

urokinase-type plasminogen activator (uPA)-/-

lymphocytes. Next, fibrosis was induced by

carbon tetrachloride; decreased T cells (a) and

fibrosis (b) were identified in the uPA-/-

recipients. (a) Displays fluorescence activated

cell sorter analysis of liver lymphocytes. Western

blotting of beta actin and alpha smooth muscle

actin in the liver protein extracts are presented

in (b). Bands were scanned and quantified as

described in Methods. Results were expressed as

fold increase compared with naive mice from

each gel and (b, right panel). Similar results

were replicated in two different experiments.

%
 o

f 
C

D
4
5

+
 c

e
lls

(a)

(b)

20

30

40

10

0

CD4

WT lymphocytes

WT 

lymphocytes

WT 

lymphs

uPA-/- lymphocytes

uPA-/- 

lymphocytes

uPA-/-

lymphs

CD8 NK

P=0·02

P=0·005

P=0·002

F
o
ld

 i
n
c
re

a
s
e
 o

f 
α 

S
M

A

0

0·2

0·4

0·6

0·8

1·2

1·4

1·6

1α-SMA

β-actin

A. A. Higazi et al.

170 © 2008 The Author(s)
Journal compilation © 2008 British Society for Immunology, Clinical and Experimental Immunology, 152: 163–173



mice following chronic carbon tetrachloride injury
(Fig. 1).

As well as the decrease in liver fibrosis, uPA-/-, uPAR-/- or
tPA-/- mice develop an attenuated immune response that
may explain the impaired liver remodelling found in these
animals. The three groups of knock-out mice used in this
report showed a decrease in hepatic T cells, especially of the
CD8 subset and decreased levels of IFN-g and IL-4 in naive
animals [20], which did not increase following chronic
carbon tetrachloride injury. The link between the modifica-
tion of the immune response and the absence of the plasmi-
nogen activators in knock-out mice is supported by the
finding that treatment of WT naive (non-fibrotic) mice with
scuPA shifted hepatic T cell subsets towards CD8 predomi-
nance and CD4 reduction (Fig. 6). Furthermore, the data
from ex vivo experiments showing that plasminogen activa-
tors stimulate the proliferation of lymphocytes in general,
and increase the absolute numbers of CD8, support the
assertion that the plasminogen activation system is involved
in regulating the immune response to injury. As our ex vivo
lymphocyte experiments and the in vivo scuPA treatment
lacked a direct fibrotic stimulation and response, they
remain a limitation of this study.

On the other hand, the link between the decrease in liver
fibrosis and attenuation in the immune response is sup-
ported by our previous study [20], where the induction of
liver fibrosis was associated with increased total CD8+ T cells,
IL-4 secretion and an increased CD8 : CD4 ratio. The
present data show that induction of fibrosis in WT mice
increased the pro-fibrotic CD8 and IL-4, but decreased CD4
cells (Figs 3 and 4). Naive knock-out mice, however, exhib-
ited decreased CD8, CD4 and IL-4 levels, which did not
change after carbon tetrachloride treatment.

As well as the failure to increase levels of pro-fibrotic CD8
and IL-4 in knock-out mice, we found no increase in the
anti-fibrotic factors IL-10 or IFN-g. These findings suggest
that the decrease in liver fibrosis is due primarily to attenu-
ation of immune-mediated pro-fibrotic signals rather than
an increase of inhibitory signals. Our data, combined with
the finding that IL-10 transgenic mice [20] are protected
from hepatic fibrosis, suggest that the increase in IL-10
during liver fibrosis in WT mice may be a response to the
increased fibrogenic process.

The differences in phenotype between uPA-/- and tPA-/- in
liver size and in the capacity to remove necrotic tissue
suggest strongly that uPA has more than one role in the liver.
Combining our results with those of Bezzera et al. [3–7],
who demonstrated that the effect on necrotic tissue removal
in uPA-/- mice depends on plasminogen activation, we pos-
tulate that uPA is the principal plasminogen activator during
liver recovery, in addition to its effect on lymphocyte activa-
tion and cytokine expression that is shared with tPA.

The complementary experiments show that injection of
scuPA to WT non-fibrotic mice induces changes in T cells
confined primarily to the intrahepatic lymphocytes. This

finding explains the different impact of the absence of plas-
minogen activators on responses seen in diverse organs, e.g.
the increase in pulmonary fibrosis in the same knock-out
mice, and points to the importance of yet-to-be-discovered
organ-specific regulatory pathways.

Different inflammatory cells, including Küpffer cells and
lymphocytes, play a role in the convergence of pro- and
anti-fibrotic stimuli. Therefore, B cells, macrophages, den-
dritic cells and the activity of Küpffer cells and HSC in livers
of uPA-/- mice merit evaluation in future studies.

Our findings extend the known roles of the plasminogen
activator system in liver fibrosis and eventual cirrhosis
emerging from other studies. For example, plasminogen
activator inhibitor-1 expression in the liver is higher in obese
patients with diabetes mellitus than in non-obese patients
[44,45] and is inhibited by thiazolidinediones and statins
[45]. Its increase blocks the conversion of scuPA to the active
uPA [46]. Thus, scuPA levels are expected to increase and
may augment the lymphocyte activation in non-alcoholic
steatohepatitis, an issue under investigation. Immune modu-
lation of fibrosis induction by plasminogen activators is
therefore among the multiple factors engaged in this
complex response, and might reveal additional targets for
therapeutic intervention.
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