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Expression of the cytokine osteopontin (OPN) is elevated in granulomas caused by Mycobacterium tubercu-
losis. We tested the hypothesis that OPN contributes to host protection in a mouse model of mycobacterial
infection. When infected with Mycobacterium bovis BCG, mice lacking a functional OPN gene had more severe
infections characterized by heavier bacterial loads and a delayed clearance of the bacteria. The OPN-null mice
had greater granuloma burdens consistent with the elevated bacterial load. The ability of osteopontin to
facilitate the clearance of mycobacteria was most pronounced early after infection and appeared to be
independent of known mediators of resistance to infection by mycobacteria: antigen-specific T-cell immunity,
gamma interferon production, and nitric oxide production. BCG grew more rapidly in macrophages derived
from OPN-null mice than in those from wild-type mice, demonstrating that the null phenotype was due to an
intrinsic macrophage defect. These results indicate that osteopontin augments the host response against a
mycobacterial infection and that it acts independently from other antimycobacterial resistance mechanisms.

Tuberculosis is a pandemic infection that involves much of
the world’s population and is caused by Mycobacterium tuber-
culosis. The World Health Organization has raised concern
over the epidemic potential of this organism because of in-
creasing antimicrobial resistance (36). Recently, an isolate of
M. tuberculosis with an extraordinary growth rate and with
increased rates of transmission was isolated (46). These find-
ings have generated interest in understanding the unique in-
teractions of host cells and mycobacteria: M. tuberculosis can
elude host immune responses and persist in a latent state for
years. The granuloma is a feature of this host-pathogen inter-
action. Granulomas are characterized by a mononuclear cell
infiltration of macrophages and lymphocytes, by the formation
of giant cells and epithelioid cells, and by fibrosis, sometimes
with calcification (2, 12). The public health concerns and the
unusual pathology of tuberculosis led us to question what is
normally involved in the host macrophage response after in-
fection by mycobacteria.

We have undertaken a study of macrophage gene expression
changes after infection by mycobacteria. By differential screen-
ing of a cDNA library and probes derived from a murine
macrophage cell line, one gene isolate, osteopontin (OPN),
was identified repeatedly in cells infected by mycobacteria
compared with cells infected by Escherichia coli (35). We found
that osteopontin gene expression in human pulmonary macro-
phages increased after infection with virulent M. tuberculosis

and that OPN protein expression was widespread in human
tuberculosis pathology (35).

OPN is a secreted, phosphorylated, glycoprotein that is as-
sociated with several host inflammatory states. The gene en-
coding OPN, known as spp1, cosegregates with resistance to
lethal infection by Orientia (Rickettsia) tsutsugamushi in mice
(16, 23). The protein stimulates the migration of macrophages
(22, 34, 42) and of smooth muscle cells (29, 51). OPN is found
in the inflammatory macrophages of rat myocardium after
cryoinjury (33), in arterial atherosclerosis (21, 24), and in sev-
eral granulomatous conditions (3, 35). OPN has been labeled a
cytokine based on its proinflammatory properties (38, 45) and
is a likely candidate for mediating or modulating mononuclear
cell infiltration and chronic inflammation.

We and others have identified genes whose expression
changes in mammalian cells after infection (35, 52). These
findings merit further studies to determine the roles of these
genes in infection. The work detailed here describes the use of
OPN knockout mice (28) to investigate whether OPN influ-
ences the host response against infection by mycobacteria.
Animals lacking OPN had more severe infections and were
delayed in eliminating the mycobacteria after infection. The
findings identify a novel role for OPN as an accessory molecule
to activate macrophages and to augment the clearance of in-
flammatory stimuli.

MATERIALS AND METHODS

Animals. OPN mutant mice (spp1tm1) and wild-type controls 5 to 8 weeks old
and matched for age and sex were used for experiments. The generation of the
OPN mutant mice has been described elsewhere (28). The experiments described
herein were done with wild-type and mutant animals on a (129 3 Black Swiss)
hybrid background as was used previously (28). Genotyping was confirmed on all
breeding pairs with a PCR analysis. All animal procedures were performed
according to the guidelines of the Massachusetts Institute of Technology Com-
mittee on Animal Care.

Infections. Mycobacterium bovis bacillus Calmette-Guérin (BCG) (ATCC
35734; Trudeau mycobacterial culture collection no. 1011, “BCG Pasteur”) was
grown from a frozen stock for 6 to 7 days (to an optical density at 600 nm of
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;1.4) in Middlebrook 7H9 broth with 0.5% glycerol, 0.05% Tween 80, and ADC
enrichment (Difco, Detroit, Mich.). On the day of infection, bacteria were
resuspended in phosphate-buffered saline (PBS), and an inoculum of approxi-
mately 107 CFU was delivered intraperitoneally. This route of inoculation was
selected because of previous studies of OPN and infection (23, 37) and because
intraperitoneal infections can successfully generate systemic mycobacterial in-
fections (32). At various times after infection, organs were harvested for analysis.
For CFU analysis, liver sections were weighed and disrupted in PBS with an
electric homogenizer (Polytron PT 1200B; Kinimatica). Serial dilutions were
made in 7H9 medium, and aliquots were spread on 7H10 plates. CFU were
enumerated 3 to 4 weeks later.

Immunohistochemistry. Organs were harvested for histologic analysis at the
times indicated after infection. Tissues were fixed in buffered formalin and
processed by standard histologic techniques. For immunohistochemistry, paraf-
fin-embedded tissue sections were deparaffinized in HistoClear (National Diag-
nostics, Atlanta, Ga.), rehydrated in graded ethanol washes, and washed in PBS.
The F4/80 antibody (Harlan Bioproducts, Indianapolis, Ind.) was used according
to the manufacturer’s recommendations. Rabbit antiserum against holo-NOS2
(49) was a gift from Qiao-wen Xie and Carl Nathan and was used as described
previously (30), except that a 1:750 dilution was incubated with specimens at
room temperature for 2 h. Biotinylated secondary antibodies, avidin-biotin-
horseradish peroxidase conjugates, and substrates (Vector Labs, Burlingame,
Calif.) were used according to the manufacturer’s directions. Slides were coun-
terstained with hematoxylin (Dako, Carpinteria, Calif.). After the completion of
staining, specimens were dehydrated in graded ethanol and ClearRite 3 (Rich-
ard-Allan Scientific, Kalamazoo, Mich.) before being mounted with Permount
(Fisher, Fair Lawn, N.J.).

Quantitation of granuloma burden. The percent granuloma burden, the total
percentage of liver surface area covered by granulomas, was measured by mac-
rophage immunostaining and a Bioquant image analysis system (Nashville,
Tenn.) (26, 27). The Bioquant system is an operator-interactive image analysis
device linked to stage x-y encoders, utilizing a Dage MTI CCD72 video camera
system with a Leitz Aristoplan microscope. A systematically random sampling
scheme was used to select fields for measurement of granuloma burden: a grid
was overlaid over the liver section, and from a random start point, every eighth
500-mm by 500-mm field was captured by video under a 316 objective with the
fluorescein cube. The counting chamber consisted of a 500-mm by 500-mm
sampling box with extended exclusion lines. For each field, a threshold optical
density was obtained, which discriminated staining from background. Manual
editing of each field eliminated artifacts, as well as excluding granulomas touch-
ing the lower and left borders of the counting chamber, while including granu-
lomas touching the upper and right borders. Granulomas were defined as areas
of immunoreactivity greater than 150 mm2, or greater than approximately two to
three macrophages. The total number of granulomas, the area of each granu-
loma, and the sum of the areas of the granulomas divided by the total area
sampled (granuloma burden) were determined over four to five liver sections for
each animal. Some background counts could be attributed to the confluence of
Kupffer cells that registered above the threshold filter. Statistical analysis was by
t test comparing homozygous spp1tm1 and wild-type mice. The appropriateness of
the sampling scheme was evaluated by calculating the precision of the estimates,
expressed as the coefficient of error (CE) (48). The CE was ,0.10, suggesting
that a minimal amount of variance in the granuloma burden measurement was
from the sampling technique and that measured differences reflected true bio-
logical variability. All measurements were performed by a single examiner (G.N.)
blinded to treatment group.

In vitro cell stimulation. Spleens were harvested at the times indicated after
infection and were crushed through nylon mesh to obtain single-cell suspensions.
Cells were washed and resuspended to 4 3 106 cells/ml, and 1 ml was plated per
well of a Falcon 24-well plate (Becton Dickinson, Lincoln Park, N.J.) with
various antigens or concanavalin A (ConA). The purified protein derivative
(PPD) from M. tuberculosis was generously donated by Lederle Laboratories
(Pearl River, N.Y.). Supernatants were harvested 72 h later. The gamma inter-
feron (IFN-g) MiniKit from Endogen (Woburn, Mass.) was used to assay the
culture supernatants.

NO measurement. Peritoneal exudate cells (PEC) were isolated 5 to 7 days
after intraperitoneal inoculation of 1 ml of 3% thioglycolate. In some instances,
macrophages were purified by adherence and recovered by dispase treatment
and scraping (7). The production of nitric oxide (NO) by the PEC was assessed
by measuring the accumulation of nitrite in culture supernatants. Griess reagents
were used as described previously (25).

In vitro assay of BCG growth. The measurement of BCG growth in macro-
phages was performed by using a [3H]uracil assay that has been widely used to
measure the growth of mycobacteria (5, 17, 18, 40); uptake closely correlates with
CFU (17). Thioglycolate-derived PEC (2 3 105) and BCG (multiplicity of in-
fection, 5 to 10 bacteria per 1 macrophage) were cocultured with RPMI (Life
Technologies, Gaithersburg, Md.) with 1% heat-inactivated fetal calf serum in
U-bottom plates (ICN Biomedicals, Inc., Aurora, Ohio). After 4 h of coincuba-
tion, the wells were washed with warm Hank’s balanced salt solution (Life
Technologies) to remove extracellular BCG and nonadherent cells and RPMI
medium–1% fetal calf serum was added. At various times after the infection,
[3H]uracil was added to the wells, and after 18 h, the contents of the wells were

harvested with a cell harvester (Skatron, Inc., Sterling, Md.) by using Triton
X-100 for macrophage lysis and trichloroacetic acid.

RESULTS

Reduced clearance of M. bovis BCG in OPN-deficient mice.
Wild-type and OPN-null mice were infected with BCG, and
the bacterial load in liver sections was assessed over 12 weeks
by using standard tissue staining for acid-fast bacilli. Four
independent experiments were performed, and representative
results are shown in Fig. 1. When sections of liver and spleen
obtained 4 weeks after infection from wild-type mice were
stained for acid-fast organisms, few bacilli were detected (Fig.
1A and C). In contrast, the mycobacteria were easily identified
in the livers and spleens of OPN-null animals (Fig. 1B and D).
Similar results were seen in lung sections (data not shown).

The burden of mycobacteria in infected tissue was measured
by serial dilutions of homogenized liver samples from the wild-
type and OPN-null mice (Fig. 1E). Similar numbers of bacilli
were found in wild-type and spp1tm1 mice immediately after
infection. However, there was a significant difference in the
mycobacterial burden 4 weeks after infection. In three inde-
pendent experiments, OPN-null mice had 10- to 40-fold more
bacteria per gram of liver tissue than wild-type mice. The
spp1tm1 animals were, however, capable of reducing the myco-
bacterial burden by 12 weeks. These results show that the
OPN-null mice have impaired clearance of BCG early after
infection compared to that in wild-type mice.

Increase in granuloma number and size in OPN mutants.
Several biological activities have been attributed to OPN that
suggested it would be involved in granuloma formation: OPN
is known to activate macrophage migration in vitro and in vivo
(22, 34, 42), and it can bind calcium (6). However, histologic
analyses of tissues after infection showed that granulomas were
present in OPN-null animals; immunohistochemical analyses
showed that these granulomas were comprised of both macro-
phages and T cells similar to those of the wild type (data not
shown). The macrophage staining did indicate a difference in
the total amount of hepatic tissue involved with granulomas.
This difference was quantitated by measuring the granuloma
burden. Liver sections stained for macrophages with the F4/80
monoclonal antibody and the Vector red alkaline phosphate
substrate were subjected to a stereologic evaluation to measure
the granuloma burden. The fluorescent emissions from the
Vector red substrate clearly demonstrated that the OPN-null
mice had more macrophages within the liver and overall a
greater burden of granulomas (Fig. 2A). The granuloma bur-
dens of liver specimens from 20 animals were systematically
measured as described in Materials and Methods. The wild-
type animals had an estimated 1.1% of the liver tissue area
involved with granulomas (Fig. 2B). In contrast, the OPN-null
mice had 3.1% of the liver tissue area involved with granulo-
mas. Statistically significant differences were also observed
when the sections were analyzed for the number of granulomas
and the average granuloma size (Fig. 2B). The inability of
OPN-null mice to clear BCG was reflected in more extensive
granulomatous inflammation.

Macrophage recruitment in OPN-null mice. OPN induces
inflammatory infiltrates when administered in vivo (42), and it
is expressed rapidly after intraperitoneal administration of in-
flammatory stimuli (37). Because we used an intraperitoneal
route of infection, it was possible that the elevated bacterial
counts in spp1tm1 mice were a result of an early defect in
inflammatory cell accumulation after inoculation. To test this
possibility, we quantitated the acute inflammatory response
after infection. Seventy-two hours is sufficient time to allow
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peak OPN gene expression after instillation of a peritoneal
irritant (37). At this time after BCG inoculation, OPN-null
mice unexpectedly had more cellular exudates than wild-type
mice (Fig. 3A). To assess the specificity of this response, in-
traperitoneal injection of thioglycolate was used to elicit in-
flammatory cells. In repeated experiments, the PEC from
spp1tm1 mice outnumbered those from wild-type mice (Fig.
3B). Cytospin and fluorescence-activated cell sorter analyses of

the inflammatory exudates demonstrated there was an abun-
dance of macrophages in PEC from both genotypes (data not
shown). These results indicate that spp1tm1 mice did not have
a defect in macrophage recruitment; in fact, these animals had
a exaggerated inflammatory responses to peritoneal irritants.

IFN-g production and NO metabolism are normal in OPN-
null mice. The production of IFN-g (9, 19) and reactive nitro-
gen intermediates (RNI) (4, 5, 13, 30) is crucial to the success-
ful eradication of M. tuberculosis infections. It was possible that
the OPN-null mice were deficient in producing one or both of
these important factors after infection by BCG.

We analyzed the induction of antigen-specific immunity in
spp1tm1 versus that in wild-type animals. Splenocytes from an-
imals infected 4 weeks earlier were stimulated in vitro with
ConA, an irrelevant antigen (ovalbumin [OVA]), the relevant
mycobacterial antigen (purified protein derivative [PPD]), or
culture medium only. The results in Fig. 4A demonstrate that
splenocytes from OPN-null animals were capable of producing
IFN-g specifically after stimulation with the relevant antigen,
PPD. The level of IFN-g produced by splenocytes from null
animals was comparable to that produced by splenocytes from

FIG. 1. Mycobacterial organism burden in tissues of OPN-null mice after
intraperitoneal infection with BCG. (A to D) Ziehl-Nielson stains of liver (A and
B) and spleen (C and D) from wild-type (A and C) and spp1tm1 (B and D)
animals. The mycobacteria stain red. Similar findings were observed in 15 ani-
mals per genotype from four different experiments. Original magnification,
3500. (E) CFU determination from liver samples of animals infected intraperi-
toneally at time 0 weeks. Symbols represent means 6 standard errors for three
to four animals per group. A 10- to 40-fold difference in CFU between wild-type
and spp1tm1 animals at 4 weeks was observed in three different experiments. P ,
0.05 at 4 weeks postinfection. A similar 10-fold difference in CFU was also
observed in these animals’ spleens at the 12-week time point.
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wild-type animals; this occurred when the difference between
the CFU was the greatest. There was no difference in the
kinetics of induction of T-cell immunity, because splenocytes
of both genotypes produced similar levels of IFN-g 1 week
after infection (Fig. 4B). In addition, splenocytes from wild-
type and OPN-null mice did not differ in their production of
interleukin-4 (IL-4) or IL-10 after stimulation (data not
shown). Therefore, the OPN mutant mice mounted appropri-
ate T-cell responses after infection. In addition, there was not
a defect in antigen presentation.

We next tested macrophages for RNI production by mea-
suring the surrogate marker for NO, NO2

2 (14). Figure 5A
shows the production of RNI by PEC from wild-type and
spp1tm1 mice treated with inflammatory stimuli. Cells from
both strains of mice produced comparable RNI after stimula-
tion by IFN-g plus lipopolysaccharide (LPS) or plus tumor
necrosis factor alpha (TNF-a).

Because the requirements of NO production in vivo may
differ from the conditions used in the in vitro culture system,
the expression of NOS2 was assessed in vivo. Immunohisto-
chemical staining of liver sections revealed widespread NOS2
protein in the granulomas of both wild-type and OPN mutant
animals 4 weeks after infection (Fig. 5B). Macrophages infil-
trating the livers of both wild-type and mutant animals 1 week
after infection also stained faintly for NOS2 (data not shown).

FIG. 2. Assessment of granuloma burden after infection with BCG. (A) Fluorescent images of liver sections from mice of each genotype captured in the BioQuant
system. A low-power-view of granuloma burden in OPN-null and wild-type mice viewed by fluorescent microscopy under a fluorescein cube is shown. The original
images were captured with a 316 objective lens. (B) Comparison of granuloma burden, granuloma number, and average granuloma size of wild-type versus spp1tm1

animals. Measurements were performed with 10 OPN-null and 10 wild-type animals from four separate experiments. OPN-null animals had more extensive hepatic
inflammation by all measures. Values are 6 standard error. P , 0.05 for each comparison. Livers from uninfected control animals of each genotype showed granuloma
burdens of ,0.05%.

FIG. 3. Exaggerated inflammatory response of spp1tm1 mice compared to
wild-type animals after exposure to thioglycolate or BCG. (A) A total of 107

BCG organisms were inoculated intraperitoneally, and PEC were harvested 3
days later. Viable cells were counted on a hemocytometer by trypan blue exclu-
sion. Results are means 6 standard errors of 10 animals per group from two
separate experiments. P , 0.05 for the significance of differences. (B) PEC
accumulation 3 days after intraperitoneal injection of thioglycolate. Results are
means 6 standard errors for five animals per group. P , 0.05 for the significance
of differences. Significant differences in cell counts were observed in five other
experiments in which PEC pooled from OPN-null mice outnumbered those from
wild-type mice by 1.6- to 6-fold 5 to 7 days after administration of thioglycolate.
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As was observed with the T-cell activity (Fig. 4A), the NOS2
was present in tissues at the time of the greatest difference in
CFU between the genotypes.

Macrophages from OPN-null mice are defective in killing
BCG. The presence of specific T-cell immunity (Fig. 4) and the
apparently normal induction of NOS2 (Fig. 5) were consistent
with the fact that OPN-null animals eventually reduce the
numbers of BCG (Fig. 1E). It was possible, however, that there
was a difference in the ability of the macrophages from spp1tm1

mice to limit the growth of the BCG in the absence of antigen-
specific immunity. We tested the antimycobacterial activity of
macrophages from naı̈ve wild-type and null mice by infecting
them with BCG in vitro. As shown in Fig. 6, [3H]uracil incor-
poration by BCG, which correlates directly with CFU (17),
increased exponentially in macrophages derived from OPN-
null mice. In contrast, the incorporation of [3H]uracil by BCG
cultured with wild-type macrophages was linear throughout the
experiment (Fig. 6). Thus, the OPN-null mice have an intrinsic
defect in their macrophages that renders them more suscepti-
ble to BCG growth.

DISCUSSION

Resistance to tuberculosis in humans involves a complex
network of activation signals and effector responses. The more
primitive innate immune system relies on pattern recognition
of a microorganism to initiate containment of a pathogen (15).
Subsequently, initiation of the adaptive immune response en-
hances the eradication of M. tuberculosis via effector mecha-
nisms such as macrophage activation (10) or direct cytotoxicity
(44). The macrophage is a key participant in the innate re-
sponse and in the effector phase of the adaptive response.
Thus, understanding the interaction between macrophages and
mycobacteria should help to identify novel host factors that
influence resistance to this disease. Our previous analysis of
changes in gene expression in macrophages after BCG infec-
tion identified one protein, OPN, whose expression was closely
linked to tuberculosis infection. Our current studies with an
OPN-null mouse demonstrate that OPN enhances host de-
fenses against a mycobacterial infection.

Mice lacking a functional OPN gene suffered from more
severe infections by M. bovis BCG than wild-type controls. The
OPN-null animals had delayed eradication of live bacilli and
exaggerated peritoneal inflammation. The spp1tm1 mice also
had a greater hepatic granuloma burden, consistent with per-
sistence of the bacilli and delayed resolution of the inflamma-
tion. The defect of the OPN-null mice is intrinsic to the mac-
rophage and the cells’ inability to control the growth of the
mycobacteria.

Although it has been labeled a chemoattractant cytokine,
OPN’s role in the immune and inflammatory system has been
the subject of much speculation. Intradermal injection of the
protein can cause inflammation (22, 34, 42). Previous studies
have shown that animals treated with anti-OPN serum have a
macrophage migration defect (22, 50). In contrast, we found
that OPN-null mice had more macrophages accumulate in
response to thioglycolate or to an acute or a chronic mycobac-
terial infection. Similarly, there was no apparent difference in
macrophage accumulation between wild-type and spp1tm1 an-
imals after skin incision (28). While these findings do not
exclude OPN as a chemoattractant molecule, it appears some
stimuli, such as BCG, elicit signals that compensate for the
absence of OPN and promote macrophage accumulation.

Rollo and colleagues have demonstrated an inhibitory activ-
ity of OPN on NO production and cytotoxicity by macrophages
in vitro (39). The production of nitrite after stimulation with
LPS and IFN-g was delayed, a result of failed NOS2 mRNA
induction (39). Our studies of the OPN-null mice have not
shown a gross abnormality of NO metabolism. While OPN may
inhibit NO production under certain conditions, our data in-
dicate that, overall, OPN enhances the eradication of myco-
bacteria in vivo.

The data presented here, together with those of other stud-
ies (41), implicate OPN and its receptor, CD44, as cofactors in
granulomatous inflammation. CD44 is believed to be one of
several receptors for OPN (47). Mice deficient in CD44 have
an exaggerated granulomatous response to intravenous Cory-
nebacterium parvum (41). Likewise, the spp1tm1 mice had an
increased granuloma burden after BCG infection. Thus, the
phenotypes of the two mutant mice are similar: a 1.5- to 2-fold
increase in granuloma size and number was observed in both
null animals after a challenge with an agent that induces gran-
uloma formation. A physiologic interaction of OPN with CD44
in granulomatous inflammation would explain the comparable
phenotypes observed in both null mice.

The current data support a model in which the OPN-null
mice have a defect in an important effector response of mac-

FIG. 4. OPN-null animals are capable of developing antigen-specific immu-
nity comparable to wild-type animals. Splenocytes were stimulated in vitro 4
weeks after infection (A) or 1 week after infection (B). IFN-g secretion was
measured in supernatants harvested after 72 h of incubation with culture me-
dium only, ConA (5 mg/ml), OVA (10 mg/ml), or PPD (10 mg/ml). Each symbol
represents an individual animal: solid symbols are spp1tm1 animals, and open
symbols are wild-type animals. Those symbols on the x axis represent cytokine
levels below the smallest y axis value or that were undetectable in the enzyme-
linked immunosorbent assay.
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rophages during a mycobacterial infection. OPN expression by
macrophages is increased soon after a mycobacterial infection
(35). We have now demonstrated that an OPN-null mutation
creates an early defect in the eradication of mycobacteria in
vivo and a defect in controlling BCG growth in vitro. These
results are consistent with findings of reduced debridement of
tissue wounds in the OPN-null mouse, probably due to poor
macrophage function (28). Together with the observations with
the CD44-null mouse described above, these data suggest that
OPN enhances macrophage activity to degrade material taken
up after phagocytosis, which would eradicate mycobacteria
more efficiently.

Multiple factors, such as the production of inflammatory
cytokines (10, 11, 19, 20) and the production of NO (4, 30), are
involved in host resistance to tuberculosis. Our present results
indicate that OPN has a costimulatory role in macrophage
activation to enhance the killing of mycobacteria by macro-
phages. A similar model of accessory molecule stimulation of

monocytes has been suggested previously (31). Activation of
human monocytes by IFN-g is enhanced when the cells are
cultured on fibronectin (31). In addition, interactions between
several cell types and the extracellular matrix can significantly
increase the expression of chemokines (43). OPN, like fi-
bronectin, contains an arginine-glycine-aspartic acid (RGD)
domain and may act as a soluble protein (42) or may be
cross-linked to extracellular matrix proteins (1).

The goal of our initial investigation was to identify macro-
phage genes whose expression was altered after infection by
mycobacteria. The current work confirms the biological rele-
vance of the findings of the genetic screen by identifying an
active role of OPN in the clearance of mycobacteria after
infection. Further delineation of OPN’s effects on macro-
phages may lead to new strategies to treat infections, similar to
using IFN-g in patients with multidrug-resistant tuberculosis
(8).

FIG. 5. Macrophages from OPN-null and wild-type animals produce similar
amounts of NO in vitro and NOS2 in vivo. (A) Nitrite production from PEC
stimulated in vitro. Thioglycolate-elicited PEC were stimulated with IFN-g (100
ng/ml) for 6 (experiment 1) or 16 (experiment 2) h followed by addition of
TNF-a (10 ng/ml [experiment 1] or 100 ng/ml [experiment 2]) or LPS (5 mg/ml)
for 48 h. Values are means 6 standard errors of quadruplicate cultures; open
bars and solid bars are PEC from wild-type and spp1tm1 animals, respectively. p,
none detected. There was no detectable nitrite produced by cells stimulated with
either TNF-a or LPS alone. (B) Immunohistochemical stain for NOS2 4 weeks
after infection with BCG. Representative animals are shown for each genotype.
Similar results were observed with 14 animals in three separate experiments. The
resident macrophages of control, uninfected animals did not stain for NOS2.
Original magnification, 3200.
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