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The fibrinolytic system is known to play an important
role in the inflammatory response to bacterial infec-
tions. In the present study, relationships between
protein components of the fibrinolytic system and
infectivity by Mycobacterium avium were analyzed.
Infections were initiated through noninvasive intra-
tracheal administration of M. avium 724 in mice indi-
vidually deficient for plasminogen, tissue-type plas-
minogen activator, urokinase-type plasminogen
activator, and urokinase-type plasminogen activator
receptor, along with wild-type control mice. There
were no differences in lung colony counts among all
mouse genotypes throughout a 10-week infection.
However, in tissue-type plasminogen activator and
plasminogen-deficient mice an earlier dissemination of
M. avium to other organs was observed. Nevertheless,
the M. avium growth rates in the liver, spleen, and lung
did not differ between the various mouse populations
throughout a 10-week infection. Histochemical and im-
munohistochemical analyses at 5 and 10 weeks after
infection demonstrated that plasminogen-deficient
mice, compared to wild-type mice, had enhanced fibrin
and fibronectin deposition, as well as increased neutro-
phil infiltration within liver granulomas. These results
suggest that plasmin(ogen) plays a role in the turnover
of extracellular matrix proteins within granulomas and
has a limited effect in the early dissemination of M.
avium from lungs. Thus, plasmin(ogen) functions in
limiting progressive fibrosis in the granuloma during a
chronic mycobacterial infection. (Am J Pathol 2003,
163:517–531)

Mycobacteria are the etiological agents of numerous hu-
man and animal diseases, including tuberculosis and
Mycobacterium avium complex. The lung is considered a
major entry point for many pathogenic mycobacteria.
Control of the mycobacterial infection in the lung requires
granuloma formation and a proper Th1 cell response.
Evidence suggests that dissemination of mycobacteria to
the draining lymph nodes is required for initiating an

effective T cell response.1 The mycobacteria can then
disseminate to other organs, such as the liver and spleen.
The manner in which mycobacteria gain access to the
lymph nodes is unclear, but may involve migration of
infected macrophages or dendritic cells through the lym-
phatic system.2 Degradation of extracellular matrix
(ECM) proteins may play a role in this dissemination
process. Further, migration of macrophages and other
leukocytes to the site of a mycobacteria infection, as well
as formation of a granulomatous response, require deg-
radation of ECM and basement membrane.3 Deposition
of a proper ECM may also be important in maintaining the
correct structure of a granuloma and in retaining the
recruited leukocytes within the granuloma.

One important class of proteins involved in ECM and
basement membrane degradation and remodeling are
the fibrinolytic proteins. These include the zymogen,
plasminogen (Pg), which is activated to a serine pro-
tease, plasmin (Pm), an enzyme that degrades the fibrin
clot. At least two distinct serine protease-related Pg ac-
tivators exist in mammals, namely, tissue-type plasmino-
gen activator (tPA) and urokinase-type plasminogen ac-
tivator (uPA). A cellular uPA receptor (uPAR) stimulates
Pg activation on the cell surface. Regulation of this sys-
tem at the protein level exists through inhibition of Pg
activators by the serpins, PAI-1 and PAI-2, and via inhi-
bition of Pm by another serpin, �2-antiplasmin.4 Pm not
only catalyzes lysis of fibrin(ogen), but also functions in a
variety of pathophysiological processes, including deg-
radation of the ECM and basement membrane.5

Various studies have shown that pathogenic bacteria,
such as group A, C, and G streptococci and Staphylo-
coccus aureus, can activate Pg,4,6 and it has been pro-
posed that cell surface-bound Pm provides a possible
mechanism for the acquisition of protease activity to as-
sist in bacterial invasion of the surrounding matrix.7 Bind-
ing of Pg and Pm to a variety of cell types occurs, and
principally involves interactions of the lysine binding sites
of kringle domains of Pg/Pm with appropriate ligands.
One obvious protein-based ligand is the carboxyl-termi-
nal lysine residue that exists on several Pg-binding pro-
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teins,8–10 but an internal psuedo-lysine arrangement was
found to be responsible for the high-affinity binding be-
tween Pg and the M-like protein from group A strepto-
cocci.11–13 Recent studies also indicate that M. tubercu-
losis can bind and activate Pg.14 Unlike most of the
infectious agents that possess Pg/Pm receptors, myco-
bacteria are intracellular pathogens. Therefore, the role of
Pg activation in mycobacterial pathogenesis and dissem-
ination is less clear.

The fibrinolytic system has also been found to be im-
portant in immune and inflammatory responses. Uroki-
nase-deficient (UPA�/�) mice showed increased sus-
ceptibility to Pneumocystis carinii and decreased levels of
lymphocytes and macrophages were found in the
lungs.15 A similar finding was observed in UPA�/� mice
infected with Cryptococcus neoformans.16 Further, uPAR
expression by human monocytes is required for chemo-
taxis of these cells,17 likely because of the effect of uPAR
on �2-integrin mediated adhesion to ECM and endothe-
lial cells.18

Therefore, to determine whether the fibrinolytic system
plays a role in granuloma formation, dissemination, and
immune responses to mycobacterial infections, mice in-
dividually deficient in Pg, tPA, uPA, and uPAR were in-
fected with M. avium 724, and characterized in this re-
gard. The results of this study are summarized herein.

Materials and Methods

Animals

Wild-type (WT), UPA�/�, TPA�/�, and UPAR�/� mice
in C57BL/6 strain were purchased from Jackson Labora-
tories (Bar Harbor, ME). PG�/� mice were generated as
previously described,19 and backcrossed at least to the
F8 generation in strain C57BL/6. Experimental mice were
8 to 12 weeks of age and included both genders. All
animal experiments were performed in accordance with
protocols approved by the Institutional Animal Care and
Use Committee (IACUC).

Infections

M. avium 724 (provided by Andrea Cooper, The Trudeau
Institute, Saranac Lake, NY) and M. bovis BCG (American
Type Culture Collection no. 35734, Rockville, MD) were
passaged, in vivo, in C57BL/6 mice and cultured in
Middlebrook 7H9 (Difco, Detroit, MI) medium with oleic
acid, albumin, dextrose, Tween 20, and NaCl (OADC)
(Sigma, St. Louis, MO) at 37°C in shaker flasks for 1
week. Before infection, aliquots of the inoculum were
tested to confirm CFU of M. avium 724 and M. bovis BCG
being delivered.

Mice were anesthetized with an intraperitoneal admin-
istration of 0.075 mg ketamine/0.015 mg xylazine/0.0025
mg aceprozamine/g weight of animal. Intratracheal ad-
ministration of 1 � 108 CFU of M. avium 724 or 5 � 107

CFU of M. bovis BCG in 50 �l of sterile phosphate-
buffered saline (PBS) was performed by infusion through
the vocal cords using a fiber optic light source for illumi-

nating the entrance into the trachea. Mycobacterial infec-
tions were performed on a set of gene-inactivated and
WT control mice, and were repeated on two separate
experimental groups for each genotype. Control animals
included PBS-treated and nontreated mice.

Measurement of the Total Colony Counts in
Organ Homogenates

At 1, 5, and 10 weeks after infection, mice were sacrificed
and the spleen, one lobe of liver, and both lungs were
removed aseptically. After the liver sample was weighed,
the organs were homogenized individually in a sterile
glass grinder with 5 ml of sterile PBS/1% IGEPAL (Sig-
ma). To determine the CFU present in each organ, serial
10-fold dilutions of whole organ homogenates were made
and plated on Middlebrook 7H10/OADC agar plates. My-
cobacterial colony numbers were determined after 14
days (M. avium 724) or 21 days (M. bovis BCG) of incu-
bation at 37°C. The lowest limit of detection was 2 � 103

CFU per organ.

Histochemistry and Immunohistochemistry

Lungs were inflated to total lung capacity by intratracheal
infusion with 4% paraformaldehyde-PBS and then li-
gated. Lungs and liver were fixed in 4% paraformalde-
hyde-PBS for 2 hours, set in paraffin blocks, and serially
sectioned at 3 to 4 �m thickness. Tissue sections were
deparaffinated, rehydrated, and stained with hematoxylin
and eosin (H&E), Masson’s Trichrome, and Ziel-Neelsen
stain (acid-fast bacilli staining).

To identify macrophages and neutrophils, tissue sec-
tions were deparaffinated, and placed in Peroxoblock
(Zymed Laboratories, South San Francisco, CA), followed
by incubation in trypsin (macrophages) or heated in ci-
trate buffer, pH 6.0 (neutrophils). The slides were placed
in rat anti-mouse F4/80 IgG (Serotec, Raleigh, NC) as the
primary antibody for macrophages or rat anti-mouse neu-
trophil IgG2a (Serotec). After this, the slides were incu-
bated in horseradish peroxidase-conjugated STAR 72
goat anti-rat IgG (Serotec) as the secondary antibody.
Diaminobenzidine chromogen was applied for positive
staining. Slides were counterstained with hematoxylin.

For anti-fibrin(ogen) staining, all slides were placed in
Peroxoblock (Zymed Laboratories), followed by a heat
step for antigen retrieval. The slides were then incubated
with a goat anti-mouse fibrin(ogen) IgG (Nordic Immuno-
logical Laboratories, Tilburg, The Netherlands), followed
by rabbit-anti-goat IgG (DAKO, Carpinteria, CA) in 10%
normal mouse serum. Afterward, a diaminobenzidine
chromogen was applied and then the slides were coun-
terstained.

For anti-fibronectin and anti-Factor XIII staining, all
slides were heat treated for antigen retrieval and blocked
for internal peroxidase activity. The slides were incubated
with a rabbit anti-fibronectin AB-10 polyclonal antibody
(LabVision, Fremont, CA), or a rabbit polyclonal antibody
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against the Factor XIII subunit A (BioGenex, San Ramon,
CA), followed by biotinylated swine-anti-rabbit IgG
F(ab�)2 (DAKO). After incubation with horseradish perox-
idase-conjugated streptavidin (BioGenex), the slides
were stained with 3�-aminoethyl carbazole (AEC) as a
chromogen, and counterstained.

Immunohistochemical analyses were performed on
sets of samples from both WT and gene-inactivated mice
at the same time. For histopathological evaluation the
slides were examined by independent observers in a
randomized manner.

Cytokine Measurements

Enzyme-linked immunosorbent assay measurements of
tumor necrosis factor (TNF)-� and interferon (IFN)-� lev-
els in liver and lung homogenates were performed using
appropriate kits (Pharmingen, San Diego, CA).

Statistical Analysis

Values were expressed as mean � SD. Comparisons
were made using Student’s t-test or Mann-Whitney’s U-
test between two groups or, when more than two values
were compared, analysis of variance. P values �0.05
were considered significant.

Results

Course of M. avium 724 Infection in WT,
UPA�/�, TPA�/�, and PG�/� Mice

The colony counts of M. avium 724 in the spleens, livers,
and lungs of WT and gene-inactivated mice at 1 week
after infection are shown in Figure 1; a to c. Some dis-
semination of M. avium 724 infection from the lungs to the
spleens and livers was seen at this time point. However,
�37% of the WT mice did not show detectable levels of
mycobacteria in livers. The number of livers with unde-
tectable levels of mycobacteria were lower in UPA�/�,
TPA�/�, and PG�/� mice than WT mice (22%, 17%,
and 11.1%, respectively). Further, it was found that
TPA�/� mice had significantly higher total colony counts
than WT mice in spleens, and PG�/� mice had signifi-
cantly higher total colony counts than WT mice in spleens
and livers at 1 week after infection. Together, these data
indicate that the inactivation of the PG gene, and, to a
lesser extent, the TPA gene, resulted in increased dis-
semination. In the lungs, there were no differences
among all genotypes tested at 1 week after infection.

The initial rates of M. avium 724 growth from 1 to 10
weeks after infection were similar for each group (Figure
1; d to f). The total colony counts were increased more
than 10,000-fold in the spleens and livers, and �100-fold
in the lungs during this period. Almost all mice in each
group were still alive at the end of this protocol, and there
were no deaths because of mycobacterial infections.

Although PG�/� mice showed more M. avium dissemi-
nation at 1 week after infection, there were no differences
in the total colony counts of the spleens and livers at the
late phase of M. avium 724 infection.

Histological Findings in the Livers and Lungs
from WT and PG�/� Mice at 1 and 5 Weeks
after Infection with M. avium 724

Histological analysis was performed on the lungs at 1
week after infection (Figure 2). WT and PG�/� mouse
lungs showed patchy densely stained areas near the
arteries and the bronchioles, with normal alveolar spaces
(Figure 2, b and c). One week after PBS intratracheal
administrations, WT mouse lungs displayed normal alve-
olar structure and no cell infiltration (Figure 2a). In both
infected groups of mice, each lesion was composed of
collections of macrophages and lymphocytes in alveolar
spaces around bronchioles and arteries (Figure 2, d and
g). These data demonstrate that the intratracheal method
of administrating M. avium results in the terminal bronchi-
ole as the initial site of entry. The macrophages and
lymphocytes showed dense distribution throughout the
lung. There were also accumulations of lymphocytes
around the small blood vessels. Immunohistochemical
staining for F4/80 antigen was used to display the distri-
bution of alveolar macrophages in lung tissue. Both WT
and PG�/� mouse lungs showed similar distributions of
macrophages at 1 week after infection (Figure 2, e and
h). These cells were tightly packed and aggregated with
lymphocytes and some neutrophils, and most of the mac-
rophages contained acid-fast bacilli (Figure 2, f and i).
UPA�/� and TPA�/� mouse lungs showed similar his-
tological findings to lungs from infected WT and PG�/�
mice (data not shown). At 1 week after infection, all mice
showed no significant liver pathologies (data not shown).

Histological findings in the livers and lungs 5 weeks
after infection are shown in Figure 3. WT and PG�/�
mouse livers possessed a large number of granulomas of
varying sizes (Figure 3, a and c). The granulomas
showed peripheral lymphocyte infiltration and some
granulomas appeared to have expanded and fused to-
gether. No differences were observed in the size, num-
ber, and distribution of granulomas between WT and
PG�/� mouse livers, indicating that Pg was not required
for granuloma formation. The macrophages in the liver
granuloma displayed acid-fast bacilli (Figure 3e). In the
lungs, both WT and PG�/� mice had similar histological
characteristics after the 5-week infection (Figure 3, b and
d). At this time, a significantly greater inflammatory cell
infiltration was observed compared to 1 week after infec-
tion, as well as a decrease in the alveolar spaces and
thickening of alveolar walls in both groups of mice. The
macrophages within the lung showed a diffuse distribu-
tion and many were parasitized with acid-fast bacilli (Fig-
ure 3f). UPA�/� and TPA�/� murine livers and lungs
showed similar histological findings to PG�/� mice (data
not shown).
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Histological Findings in the Livers and Lungs
from WT and PG�/� Mice at 10 Weeks after
Infection with M. avium 724

Histological analyses were performed on the livers and
lungs at 10 weeks after infection in WT and PG�/� mice
(Figure 4). WT murine livers contained large numbers of
mature, well-organized, and fused granulomas in the in-
tact structure of hepatic lobe (Figure 4a). Some mature
granulomas had giant cell formations and a small amount
of necrosis. PG�/� livers presented with granulomas of
similar size, number, and distribution compared to those
of WT mice (Figure 4b). The macrophages in the granu-

lomas were heavily infiltrated with acid-fast bacilli in both
WT and PG�/� livers (Figure 4, e and f).

WT mouse lungs displayed extensive cell infiltration oc-
cupying almost all of the alveolar area (Figure 4c). A large
number of lymphocytes, macrophages, and neutrophils in-
filtrated into the lungs and there were diffuse and extensive
fibrin depositions in the alveolar space. PG�/� mouse
lungs had similar histological findings to those of WT mouse
(Figure 4d). WT and PG�/� mouse lungs displayed no
differences in the pattern and severity of inflammatory cell
infiltration. PG�/� mouse lungs showed denser and more
extensive fibrin depositions in the alveolar space. The mac-
rophages, heavily parasitized with acid-fast bacilli, were

Figure 1. The course of M. avium 724 infection in WT, UPA�/�, TPA�/�, and PG�/� mice. Mice were intratracheally infected with 1 � 108 CFU of M. avium
724. Total colony counts were determined in the spleens (CFU/organ) (a), livers (CFU/g weight) (b), and lungs (CFU/organ) (c) at 1 week after infection. d–f:
Plots of the colony counts at 1, 5, and 10 weeks after infection in each genotype. The data represent the mean � SD of CFU in the organs of gene-inactivated
mice and WT mice. *, P � 0.05.
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diffusely distributed in the alveolar space in both WT and
PG�/� mice (Figure 4, g and h).

Fibrin and Fibronectin Deposition in the Livers
and Lungs of WT and Gene-Inactivated Mice at
5 and 10 Weeks after Infection

Immunohistochemical stainings for fibrin(ogen) in the liv-
ers and lungs of WT and gene-inactivated mice at 5
weeks after infection are shown in Figure 5. Liver granu-
lomas from WT mice showed only limited fibrin deposition
(Figure 5a) whereas the PG�/� livers showed dense
fibrin deposition within the granulomas (Figure 5b). Little
fibrin deposition was observed outside of the granulomas
in both WT and PG�/� livers. In the lungs, WT mice
showed small levels of diffuse fibrin deposition in the area
of inflammatory cell infiltration (Figure 5c). In contrast,

PG�/� lungs displayed an extensive deposition of fibrin
(Figure 5d). UPA�/� and TPA�/� mice had similar fibrin
staining patterns compared to WT mice in both livers and
lungs after the 5-week infection (data not shown).

Fibrin deposition in the livers and lungs were also
analyzed at 10 weeks after infection in WT and gene-
inactivated mice (Figure 6). WT, UPA�/�, and TPA�/�
mouse livers showed no fibrin deposition in the granulo-
mas (Figure 6; a, b, and c, respectively). In contrast, liver
granulomas from infected PG�/� mice showed signifi-
cant fibrin deposition, which was considerably higher
than that observed in PG�/� mice after a 5-week infec-
tion (Figure 6d). Little fibrin staining was observed in the
intact hepatic structure in PG�/� mice. In the lungs, WT
mice showed small amounts of diffuse fibrin deposition in
the area of inflammatory cell infiltrations (Figure 6e) and
these findings were similar to those of WT mice at 5
weeks after infection. The lungs of both infected UPA�/�

Figure 2. Photomicrographs of representative livers and lungs from WT and PG�/� mice 1 week after infection with 1 � 108 CFU of M. avium 724. a to d and
g were stained with H&E, e and h were stained with anti-mouse F4/80 antibody, and f and i were stained for acid-fast bacilli. a: PBS-treated WT mouse lung
showing normal alveolar structure and no cell infiltration. b and c: WT and PG�/� mouse lungs showing patchy distributions of lesions with normal alveolar
space. d: WT mouse lung displaying focal cell infiltration of macrophages and lymphocytes in the alveolar space around bronchioles and arteries. e: In the focal
cell-infiltrated area of the WT mouse lung, macrophages are tightly packed and aggregated with lymphocytes. f: WT mouse lung showing acid-fast bacilli in the
cytoplasma of macrophages. g and h: A PG�/� mouse lung showing similar findings to those observed in WT mice. i: In a PG�/� mouse lung, macrophages
with acid-fast bacilli were similar to WT mice. Original magnifications: �40 (a–c); �200 (d, g); �400 (e, h); �1000 (f, i).
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and TPA�/� mice displayed increased fibrin deposition,
as compared to WT mouse lungs (Figure 6, f and g). After
a 10-week infection, the lung lesions of PG�/� mice
displayed a more dense and extensive fibrin deposition,

compared to WT, UPA�/�, and TPA�/� mice (Figure
6h). Overall, PG�/� mice had significant fibrin deposi-
tion within the liver granulomas and in areas of inflamma-
tory cell infiltration in the lungs.

Figure 3. Photomicrographs of representative livers and lungs from WT and PG�/� mice 5 weeks after infection with 1 � 108 CFU of M. avium 724. a to d were
stained with H&E and e and f were stained for acid-fast bacilli. a and c: WT and PG�/� mouse livers showing small and mature granulomas. The sizes and
distributions of granuloma formations were similar in both groups. b and d: WT and PG�/� mouse lungs showing much more cell infiltration than that observed
at 1 week after infection, as well as a decrease of alveolar space, and thickening of alveolar walls. e and f: PG�/� murine liver and lungs showing large
macrophages parasitized by acid-fast bacilli. These findings were similar to those of WT mice. Original magnifications: �400 (a, c, e, f); �200 (b, d).

Figure 4. Photomicrographs of representative liver and lungs from WT and PG�/� mice at 10 weeks after infection. a to d were stained with H&E; e to h were
stained for acid-fast bacilli. a: WT mouse liver showing mature and fused granulomas. The numbers and sizes of the granulomas were increased as compared to
those at 5 weeks after infection. b: PG�/� mouse liver showing similar granuloma formations to those of WT livers, containing some fibrin deposition in
granulomas. c: WT mouse lung showing extensive cell infiltration occupying most of the alveolar space. d: PG�/� murine lung showing similar findings to those
of WT lungs, and more extensive fibrin deposition. e and f: WT and PG�/� mouse livers showing heavily parasitized macrophages within granulomas. g and
h: WT and PG�/� mouse lungs showing diffuse distribution of heavily parasitized macrophages. Original magnifications: �400 (a, b, e–h); �200 (c, d).
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There were also significant differences in the deposition
of fibronectin within the granulomas of WT and PG�/�
mouse livers after 10 weeks (Figure 7, a and b). Granulo-
mas in the PG�/� mice showed a dense and extensive
deposition of fibronectin, with the distribution being similar
to that of fibrin in infected PG�/� mice. These findings
suggest a general increase in the deposition of ECM pro-
teins within the granulomas of infected PG�/� mice. Both
WT and PG�/� mice demonstrated positive reactions in
the hepatic sinuses, but the intensities were quite similar
between the two groups, likely indicating a simple back-
ground reaction. Staining with Factor XIII was performed to
determine whether this protein co-localized with fibrin(ogen),
thus possibly cross-linking fibronectin and fibrin(ogen). Small
amounts of this protein were found in both WT and PG�/�
mice, but there were no differences between the two groups
(Figure 7, c and d).

Neutrophil Infiltration in WT and PG�/� Mouse
Livers at 10 Weeks after Infection

Immunohistochemical analyses for neutrophils were per-
formed on the livers of WT and PG�/� mice at 10 weeks
after infection (Figure 7). WT mice showed very limited

neutrophil infiltration in the livers (Figure 7e), whereas
PG�/� mice presented a much larger neutrophil infiltration
centered around the granulomas (Figure 7f). There was no
infiltration of neutrophils in the normal hepatic structure in
PG�/� mice. It is possible that the accumulated fibrin de-
posits resulted in increased neutrophil migration to the
granuloma. In the lungs, both WT and PG�/� mice dis-
played diffuse neutrophil infiltration and accumulation of
neutrophils in the necrotic area (data not shown).

Course of Infection of M. avium 724 in WT and
UPAR�/� Mice

The time course of colony counts in the spleens, livers,
and lungs of WT and UPAR�/� mice infected with M.
avium 724 is shown in Figure 8. In the spleens and livers,
both WT and UPAR�/� mice had similar mycobacterial
growths at 1 and 5 weeks after infection and the colony
counts in the lungs of both WT and UPAR�/� mice were
similar through 10 weeks. However, at 10 weeks after infec-
tion, UPAR�/� mice had twofold to threefold higher colony
counts in the spleens and livers than those of WT mice.

Figure 5. Anti-fibrin(ogen) staining in liver and lungs from infected WT and PG�/� mice 5 weeks after infection. a: WT mouse liver showing no fibrin deposition
in granulomas. b: PG�/� mouse liver showing dense fibrin deposition in granulomas. c: WT murine lung showing a small amount of diffuse fibrin deposition.
d: PG�/� mouse lung showing dense and highly extensive fibrin deposition. Original magnifications, �400.
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Figure 6. Anti-fibrin(ogen) staining in liver and lungs from infected WT and gene-inactivated mice 10 weeks after infection. a–c: WT, UPA�/�, and TPA�/�
mouse livers, respectively, showing no fibrin deposition in granulomas. d: PG�/� mouse liver showing denser and more extensive fibrin deposition in
granulomas, as compared with genotypically similar mice at 5 weeks after infection. e: WT mouse lung showing a small amount of diffuse fibrin deposition. f and
g: Murine UPA�/� and TPA�/� lungs displaying increased fibrin deposition as compared to WT murine lungs. h: PG�/� mouse lung showing dense and more
extensive fibrin deposition.
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Histological Findings in Liver and Lung
from UPAR�/� Mice at 1 and 10 Weeks
after Infection

At 1 week after infection, UPAR�/� mice lungs showed
similar findings to those of WT mice (Figure 9, a and b).
Focal cell infiltrations of macrophages and lymphocytes
in the alveolar spaces around the bronchioles and arter-
ies were found in UPAR�/� mice. In immunohistochem-

ical analyses for the F4/80 antigen, macrophages were
aggregated with lymphocytes both in WT and UPAR�/�
mouse lungs, and there were no discernable differences in the
number or distribution of inflammatory cells between WT and
UPAR�/� lungs. At 10 weeks after infection, the livers from
UPAR�/� mice showed mature, well-organized, and fused
granulomas (Figure 9c), and these granulomas contained a
small amount of fibrin deposition, similar to the UPA�/� and
TPA�/� mice (Figure 9e). In the 10-week infected lungs, an

Figure 7. Immunohistochemical analyses for fibronectin, Factor XIII, and neutrophils in livers from WT and PG�/� mice at 10 weeks after infection. a and b were
stained with anti-fibronectin antibody, c and d were stained with anti-Factor XIII subunit-A antibody, and e and f were stained with anti-neutrophil antibody. a:
WT mouse liver showing a small amount of diffuse fibronectin deposition in granulomas. b: PG�/� mouse liver showing a more dense and extensive fibronectin
deposition in granulomas, as compared with WT mice. c and d: WT and PG�/� mouse livers, respectively, showing a small amount of Factor XIII deposition
in granulomas. e: WT mouse had a few neutrophils at the peripheral areas of the granulomas. f: PG�/� mouse had much stronger neutrophil infiltration around
the granulomas. The distribution of fibronectin deposition was similar to fibrin in granulomas. Original magnifications, �400.
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extensive cell infiltration was found in UPAR�/� mice, which
occupied most of the alveolar space, and showed limited
levels of diffuse fibrin deposition (Figure 9, d and f).

Cytokine Production in Liver and Lung
Homogenates of M. avium 724-Infected WT
and Gene-Inactivated Mice

The roles of TNF-� and IFN-� in initiating an anti-myco-
bacterial immune reaction are well documented.20–22 To
determine whether the levels of TNF-� and IFN-� varied
between WT and the fibrinolytic-deficient mice at different
stages of an M. avium infection, cytokine levels were
measured by enzyme-linked immunosorbent assay in the
organ homogenates of both liver and lungs. The concen-
trations of IFN-� showed no increase from 1 week to 10

weeks of infection within each genotype in both livers and
lungs. These results indicate that both WT and gene-
inactivated mice infected with M. avium 724 did not initi-
ate a strong IFN-� response to control M. avium 724
infection. Liver and lung homogenates showed increased
TNF-� production during the course of infection, although
there were no consistent differences among the groups.
These results suggest that the fibrinolytic proteins do not
play major roles in the cytokine production during the
chronic phase of a M. avium infection.

M. bovis BCG Infection in WT and PG�/�
Mice at 5 Weeks after Infection

To determine whether results were specific to M. avium
724, WT and PG�/� mice were infected with M. bovis
BCG, an attenuated strain of M. bovis, which shows lim-
ited pathogenicity in C57BL/6 mice.23 The colony counts
of M. bovis BCG in the spleens and lungs of WT and
PG�/� mice at 5 weeks after infection are shown in
Figure 10. Unlike the M. avium 724 infection, the WT
C57BL/6 mice were able to control the M. bovis BCG
infection. In the spleens and lungs, both WT and PG�/�
mice had similar total colony counts at 5 weeks after
infection. These data suggest that Pg is not playing a
significant role in controlling a mycobacterial infection
during the chronic phase.

Discussion

A basic understanding of the steps involved in a pulmo-
nary mycobacterial infection has been developed and
involves ingestion by resident alveolar macrophages, mi-
gration of leukocytes to the site of an infection, granuloma
formation, and mycobacterial dissemination. Yet a num-
ber of important questions remain. These include elabo-
ration of the roles of host proteases in both granuloma
formation and dissemination of mycobacteria, definition
of the extracellular components that comprise a granu-
loma, and the manner in which these proteases are in-
volved in the process of granuloma formation. Another
important set of issues involves the nature of the pro-
teases that function to promote leukocyte migration dur-
ing a mycobacterial infection. To address these ques-
tions, studies were initiated to examine the role of the
fibrinolytic proteins in controlling a mycobacterial infec-
tion. The importance of this system is emphasized by the
fact that the serine protease, Pm, not only catalyzes
limited digestion of the fibrin clot, but is the major plasma
extracellular protease with a range of substrates. Its abil-
ity to degrade the ECM directly through its activity toward
proteoglycans,24 fibronectin,25 laminin,26 and type IV col-
lagen,27 and indirectly via its activation of prometallopro-
teases, such as stromelysin and procollagenase,28,29

provides a means for Pm to facilitate cell migration for
tissue remodeling. This enzyme also functions in the con-
version of latent cell-associated transforming growth fac-
tor-�1 to its active form, and via this route may be in-

Figure 8. The time course of M. avium 724 infection in WT and UPAR�/�
mice. Mice were infected with 1 � 108 CFU of M. avium 724. Total colony
counts were determined in the spleens (CFU/organ), livers (CFU/g weight),
and lungs (CFU/organ) of both genotypes at 1, 5, and 10 weeks after
infection. The data represent the mean � SD of CFU in the organs of WT and
UPAR�/� mice. *, P � 0.05 versus WT mice.
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volved in regulation of the inflammatory response.30 Pm
can function to activate the classic31 and alternate32

complement pathways, and in bradykinin generation
from kininogen.33 These activities implicate the fibrino-
lytic system in a wide range of pathophysiological pro-
cesses that could affect the response to infection.

M. avium 724, a highly pathogenic M. avium strain in
mice, was selected for the infection studies. An intratra-

cheal route of infection was also chosen so that the
involvement of fibrinolytic proteins in a primary infection,
as well as in dissemination of the mycobacteria to sec-
ondary sites with establishment of a systemic infection,
could be studied. Several reports indicate that a pulmo-
nary infection with M. avium 724 can result in a systemic
disseminated infection in C57BL/6 mice.34,35 In the present
studies, it was found that both WT and gene-inactivated

Figure 9. Photomicrographs of representative livers and lungs from UPAR�/� mice at 1 and 10 weeks after infection. a, c, and d were stained with H&E, b was
stained with anti-mouse F4/80 antibody, and e and f were stained with anti-fibrin(ogen) antibody. a: UPAR�/� mouse lung at 1 week after infection showing
focal cell infiltration of macrophages and lymphocytes in the alveolar space around bronchioles and arteries. These findings were similar to those of WT lung
(Figure 2, a and b). b: Anti-F4/80 antibody staining showing macrophages aggregated with lymphocytes in UPAR�/� mouse lung at 1 week after infection. These
findings were similar to those of infected WT lungs (Figure 2, a to e). c: UPAR�/� mouse liver at 10 weeks after infection showing mature and fused granulomas.
d: UPAR�/� mouse lung at 10 weeks after infection displaying extensive cell infiltration that occupies most of the alveolar space. e and f: UPAR�/� mouse liver
and lung showing a minimal amount of fibrin deposition. Original magnifications: �200 (a); �400 (b–f).
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mice were not able to control the M. avium 724 infection,
leading to continuous mycobacterial growth and progres-
sive tissue destruction in several organs. There were no
differences in this effect between WT, PG�/�, UPA�/�,
and TPA�/� mice after 5-week and 10-week infections.
This result suggests that the fibrinolytic proteins do not play
a major role in the immune responses during the chronic
phase of a M. avium infection. Several studies have indi-
cated a role for Pg and uPA in T cell activation during an
immune response against various bacterial patho-
gens.15,16,36 Although we did not directly evaluate the T cell
response in the Pg-sufficient and -deficient mice after the M.
avium and M. bovis BCG infections, our CFU results suggest
that the T cell responses are similar between the WT and
PG�/� mice.

The immune response to mycobacteria depends on
the proper cytokine secretion profile. Both IFN-� and
TNF-� are key cytokines in controlling a mycobacterial
infection.20–22,37,38 uPA has been shown to have an im-
portant role in the production of IFN-� and interleukin
(IL)-12 after a pulmonary Cryptococcus neoformans infec-
tion.39 Therefore, the levels of IFN-� and TNF-� in liver
and lung after a M. avium 724 infection were analyzed.
The results showed similar cytokine production in these
organs from WT, PG�/�, UPA�/�, and TPA�/� mice
after a 5-week and 10-week M. avium infection, again
indicating a limited role for the fibrinolytic proteins in
dictating an immune response against mycobacterial in-
fection.

Several studies have reported a role for uPAR in the
immune response during the control of various bacterial
pathogens.40,41 Stimulation by the bacterial infection in-
duces an up-regulation of uPAR expression on mono-
cytes and neutrophils.42–44 This receptor is involved in
cellular movement by generating cell-surface Pm activity,
via uPA binding, and by uPAR binding to �2-integrins,
particularly CD11b/CD18 (Mac-1).41 It is likely that the
increased CFU in UPAR�/� mice is caused by Pm-
independent mechanisms, because there were no differ-

ences in CFU after a 10-week infection among UPA�/�,
PG�/�, and WT mice. In M. tuberculosis infection, it has
been reported that absence of CD11b had a small effect
on the control of infection.45 Our data suggests a limited
role for uPAR during the chronic phase of a mycobacte-
rial infection.

Previous studies using thioglycollate to induce a peri-
toneal inflammatory reaction indicated that a reduction in
Pm activity suppresses monocyte and lymphocyte re-
cruitment.46 Macrophages, as well as other leukocytes,
can bind Pm and thus lead to increased proteolytic ac-
tivity at the cell surface with consequent enhancement of
migration of these cells by direct or indirect degradation
of ECM proteins.47 The histological results obtained in
this study showed a similar number and distribution of
lung macrophages in both WT and PG�/� mice 1 week
after infection and similar mycobacterial growth after 5-
and 10-week infections, suggesting that a deficiency in
Pg is not affecting the recruitment of macrophages after
a M. avium pulmonary infection.

The murine intratracheal infection model used in this
study has the advantage of allowing both a pulmonary
and systemic mycobacterial infection to be followed. This
investigation showed increased CFU in the spleens and
livers from PG�/� and TPA�/� mice after a 1-week M.
avium infection, compared to infected WT mice, suggest-
ing an earlier dissemination from lungs in these gene-
inactivated mice. It is proposed that the CFU differences
are because of changes in dissemination versus control
of the M. avium infection, because at later time points the
infection levels were similar in spleen and liver among the
different gene-altered mice. Several lines of evidence
support the concept that the extrapulmonary dissemina-
tion involves both phagocytic and nonphagocytic cells.48

Alveolar macrophages and dendritic cells are thought to
convey the engulfed bacteria from the lungs to the drain-
ing lymph nodes and to other organs.2,49 Another path-
way of dissemination, which has been shown for M. tu-
berculosis, is a direct interaction and subsequent
migration of the mycobacteria through alveolar epithelial
cells.48 One of the possible mechanisms of increased
dissemination in PG�/� mice may be because of differ-
ences in extra-pulmonary dissemination through the
nonphagocytic cell. Pathogenic mycobacteria express
on their surface a heparin-binding hemagglutinin adhesin
glycoprotein, HBHA.50,51 HBHA is involved in attachment
of mycobacteria to pulmonary epithelial cells and plays
an important role in extra-pulmonary dissemination.52

The COOH-terminal region of HBHA contains two differ-
ent lysine-rich repeats and a terminal lysine residue.53

The previously described Pg-binding protein on myco-
bacteria could be HBHA because proteins that contain
COOH-terminal lysine residues are known to bind Pg.
This is supported by the similar molecular weight (ie, 30
kd) between one of the described Pg-binding proteins
from M. tuberculosis and HBHA.14 The ability of mycobac-
teria to bind Pg, likely through HBHA, may limit the ability
of the mycobacterium to interact with the epithelial cells
and, thus, its transmigration and dissemination. There-

Figure 10. M. bovis BCG infection in WT and PG�/� mice at 5 weeks after
infection. Mice were intratracheally infected with 5 � 107 CFU of M. bovis
BCG. Total colony counts (CFU/organ) were determined in the spleens (A)
and lungs (B) at 5 weeks after infection. Total colony counts in livers were
undetectable in both WT and PG�/� mice. The data represent the mean �
SD of five mice per group.
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fore, a lack of Pg may favor mycobacterial interaction with
alveolar epithelial cells through HBHA. At later stages of
infection, with increased numbers of infected macro-
phages and granulomas, dissemination may be medi-
ated almost exclusively through macrophages and den-
dritic cells.

Histological analysis of the infected mice showed pro-
gressive granuloma formation and fibrosis, which is a
hallmark of a chronic mycobacterial infection. After
5-week and 10-week infections, both WT and gene-inac-
tivated mice had well-developed granulomas in the liver.
These results indicate that fibrinolytic proteins are not
necessary for granuloma formation after a mycobacterial
infection. However, the livers of PG�/� mice had denser
and more extensive fibrin and fibronectin deposition in
granulomas than those of WT and other gene-inactivated
mice. Fibrin, and other ECM proteins, are believed to play
a role in the formation and in maintenance of a granulo-
ma,54,55 and fibrin(ogen) reportedly stimulates TNF-�
and IL-1� expression by macrophages/monocytes.56,57

Our results suggest that fibrin is produced within a WT
granuloma, but is rapidly degraded, because staining for
fibrin in granulomas from WT-infected mice was limited,
but strong fibrin staining was observed in PG�/� mice.
This also suggests that fibrin turnover is regulated by Pm,
perhaps through its binding to macrophages within the
granuloma. Activated macrophages show increased
binding to fibrin,58 and also up-regulate the expression of
uPAR, uPA, and PAI-1 at the cell surface.59,60 Although,
there was no apparent difference between WT and
PG�/� mice at the gross histological level after a 10-
week infection, a difference may become more apparent
at later times after infection. This is suggested from the
increased staining of fibrin and fibronectin in granulomas
from the PG�/� mice.

In a mouse infection model, activated macrophages
are thought to be responsible for ingesting and killing M.
avium. The role of neutrophils in controlling a chronic
mycobacterial infection is still unclear. However, it has
been reported that neutrophils may also be involved in
the defense against M. avium complex infection.61 The
histological analyses reported herein showed PG�/�
mice to maintain a much larger neutrophil infiltration
within liver granulomas than in WT mice. PG�/� mice
showed increased neutrophil counts in the peripheral
blood, but the kinetics of neutrophil recruitment into the
peritoneal cavity in PG�/� mouse was similar to those for
WT mouse after thioglycollate injection.46 Increased neu-
trophil infiltration within the granuloma of PG�/� mice
may be a consequence of both higher neutrophil counts
in peripheral blood and increased concentrations of fi-
brin(ogen), fibronectin, and perhaps other ECM that can
serve as chemotactic factors for neutrophils.62

In summary, our study demonstrates that Pg and other
fibrinolytic proteins do not play a significant role in initiating
or maintaining the immune response against a M. avium 724
or M. bovis BCG infection. However, these fibrinolytic pro-
teins may regulate the progression of fibrosis in the granu-
loma during the chronic phase of an infection.
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