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SUMMARY: To understand the role of the proinflammatory cytokine interleukin-1 (IL-1) in mycobacterial inflammation, IL-1 a/b
double-knockout (KO) mice were produced. These mice were infected with either Mycobacterium tuberculosis H37Rv by the
airborne route using an airborne infection apparatus, and their capacities to control mycobacterial growth, granuloma formation,
cytokine, and nitric oxide (NO) production were examined. The IL-1 a/b mice developed significantly larger (p , 0.01)
granulomatous, but not necrotic, lesions in their lungs than wild-type (WT) mice after infection with H37Rv. Inflammatory lesions,
but not granulomas, were observed in spleen and liver tissues from both IL-1 a/b KO and wild-type mice. Granulomatous lesion
development in IL-1 a/b KO mice was not significantly inhibited by treatment with exogenous recombinant IL-1a/b. Compared
with wild-type mice, splenic IFN-g and IL-12 levels were within the normal range. NO production by cultured alveolar
macrophages from IL-1 a/b KO mice was lower than in wild-type mice but were increased by the addition of recombinant IL-1
a/b. Our data clearly indicate that IL-1 is important for the generation of early-phase protective immunity against mycobacterial
infection. (Lab Invest 2000, 80:759–767).

I nterleukin (IL)-1 (IL-1a and IL-1b) is the prototypic
multifunctional cytokine. Unlike lymphocyte and

colony-stimulating factors, IL-1 affects nearly all cell
types. Wide variety of biologic effects of IL-1 have
been reported to date (Dinarello, 1996; Durum and
Oppenheim, 1993; Zheng et al, 1995), and these
include induction of fever, hypotension, neutrophilia,
hyperlipidemia, and hypoferremia, among others. The
changes in immunologic responses produced by IL-1
are interesting: IL-1 increases antibody production
and lymphokine synthesis, up-regulates IL-2 recep-
tors, and enhances spleen cell mitogenic responses to
bacterial lipopolysaccharides (LPS). Its inflammatory
effects are well known and include proliferation of
fibroblasts, smooth muscle cells, and mesangial cells
(Lonnemann et al, 1995), increased HIV-1 expression,
neutrophil and albumin influx into the lungs after
intratracheal instillation, increased nonspecific resis-
tance to infection (pretreatment), and increased he-
patic acute-phase protein synthesis (refer to Dinarello,
1996 for review).

We are currently studying the mechanisms underly-
ing Mycobacterium tuberculosis-induced granuloma
formation at the molecular level. We have previously

found that granulomas are induced in mice with a
disrupted interferon (IFN)-g gene by avirulent forms of
Mycobacterium, but not by virulent strains of M.
tuberculosis (Sugawara et al, 1998). IFN-g may be
primarily responsible for macrophage activation in
murine experimental tuberculosis (Cooper et al, 1993;
Dalton et al, 1993; Flynn et al, 1993; Sugawara et al,
1998). Using tumor necrosis factor (TNF-a) gene-
knockout mice, we and other researchers have also
shown that TNF-a plays an important role in protective
immunity against virulent mycobacteria (Bean et al,
1999; Kaneko et al, 1999). Very recently, it has been
shown that IL-18 (IFN-g inducing factor) is important
for the generation of protective immunity against my-
cobacteria, and that its main function is the induction
of IFN-g expression (Sugawara et al, 1999). Many
cytokines other than IFN-g, TNF-a, IL-18, and IL-12
may be involved in the development of protective
immunity against infectious diseases, including myco-
bacterial infection.

IL-1 is a major mediator of inflammation and exerts
pleiotropic effects on the neuro-immuno-endocrine
system. Various pathophysiological roles of IL-1 have
been described, including involvement in inflamma-
tion, acute-phase responses, host defense against
bacterial and viral infection, activation of the immune
system (including thymocyte maturation (Zuniga-
Pflücker et al, 1995) and T helper 2 cell proliferation),
bone metabolism (including osteoclast activation and
secretion of metalloproteases), the development of
fever, and effects on the hypothalamic-pituitary-
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adrenal axis (Dinarello, 1996; Durum and Oppenheim,
1993). The physiological role of IL-1 in acute and
chronic inflammation is, however, still unclear. Thus, it
is very important to clarify the physiologic role of IL-1
in the development of protective immunity. We there-
fore produced IL-1 a/b doubly deficient knockout (KO)
mice (Horai et al, 1998). Using these KO mice, we
studied the effects of IL-1 in M. tuberculosis-induced
experimental tuberculosis.

Results
Effective Control of Bacterial Replication by IL-1

IL-1 a/b KO and wild-type (WT) littermates were
infected by the airborne route (105 to 106 CFU) with
the virulent H37Rv strain. All of the IL-1 a/b KO and
WT mice survived until the date of sacrifice (up to 100
days after infection). First, we measured the weights of
the spleens, lungs, and livers of groups of IL-1 KO and

Figure 1.
Weight changes of major organs infected with H37Rv from IL-1 KO mice.
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WT mice sacrificed at weekly intervals for organ col-
ony forming unit (CFU) assay. As shown in Figure 1,
the lungs of the IL-1 KO mice became heavier 5 weeks
postinfection and there was a significant difference in
lung weight between the KO and WT mice (p , 0.01).
However, there were no significant differences in the
weights of the livers and spleens between the WT and
IL-1 a/b KO mice. The number of mycobacterial
colonies in the lungs increased from 3 weeks postin-
fection onward, and there was a significant difference
in lung CFU counts at 7 weeks postinfection between
the IL-1 KO and WT mice (Fig. 2, p , 0.01). No
colonies were found in the spleens of the IL-1 KO and
WT mice for the first 2 weeks and subsequently there
was no significant difference in spleen CFU counts
between the IL-1 KO and WT mice.

Histologic Features of Infections

When 106 CFU of the H37Rv strain was given to the
IL-1 a/b KO mice by the airborne route, larger granu-
lomas were developed in the lungs of IL-1 KO mice
than in those of the WT controls (Fig. 3). No Langhans-
like giant cells were found in the granulomatous le-
sions. The average diameter of 10 granulomas in the
lungs of IL-1 KO mice was 1412 1 132 mm, whereas
that in WT mice was 403 1 29 mm (Table 1). This
difference was significant (p , 0.01). No necrotic
lesions were present in these granulomas. When ex-
ogenous recombinant IL-1 was administered to the
IL-1 KO mice infected with H37Rv subcutaneously,
the sizes of the granulomatous lesions were not re-
duced significantly (mean diameter, 1295 1 13 mm)
and the difference between the treated and untreated
group was not significant (p , 0.01) (Fig. 3D). IL-1
treatment did not reduce the mycobacterial burden
significantly as assessed by spleen tissue CFU assay
(data not shown).

Using electron microscope, the epithelioid macro-
phages in the granulomas of the IL-1 KO mice showed
less incorporation of H37Rv into phagosomes. No
ultrastructural changes resulting from the uptake of M.
tuberculosis were apparent in epithelioid macro-
phages from either KO or WT mice (Fig. 4). Neutrophil
infiltration was not found in the granulomatous lesion.

Reverse Transcription Polymerase Chain Reaction

To examine the major cytokine mRNA expression
profiles of IL-1 KO mice infected with H37Rv, we
examined mRNA expression levels of IFN-g, TNF-a,
IL-12 p40, iNOS, IL-4, and IL-10 in their lungs by
reverse transcription polymerase chain reaction (RT-
PCR). The expression levels of these cytokine mRNAs
increased with the progression of infection, except for
those of IL-4 and IL-10, and there were no significant
differences between IL-1 KO and WT mice (Figure 5).
IL-4 and IL-10 mRNAs were expressed to a mild
degree in the lungs of IL-1 KO mice.

Secretion of Monokines

We also examined the monokine secretion capacities
of alveolar macrophages from IL-1 KO mice after in
vitro stimulation with either LPS or BCG because
alveolar macrophages are targets of mycobacterial
infection. As shown in Table 2, the alveolar macro-
phages secreted TNF-a in response to both BCG and
LPS. However, after stimulation with BCG, the alveolar
macrophages of IL-1 KO mice secreted TNF-a to a
significantly greater extent than those of WT mice.
Alveolar macrophages from IL-1 KO mice secreted
less IL-12 than those from WT mice after stimulation
with either BCG or LPS.

Figure 2.
CFU in lung and spleen tissues of IL-1 KO and WT mice exposed to 106 CFU of H37Rv strain by the airborne route. At the indicated weeks after infection, four mice
from each group were sacrificed and homogenates of lung and spleen tissues were plated. Error bars indicate standard errors of the means.
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Figure 3.
Histologic examination of lung tissues. The KO and WT mice were sacrificed 7 weeks after infection, and formalin-fixed sections were stained with hematoxylin and
eosin (A, C, and D) and for acid-fast bacilli (B). A, Lung tissue from IL-1 KO mouse infected with H37Rv strain. A large granuloma with several foamy macrophages
is noted. Magnification, 3100. B, Lung tissue from IL-1 KO mouse infected with H37Rv strain. Mycobacteria stain red and are recognized in the granuloma by
Ziehl-Neelsen staining. Magnification, 3600. C, Lung tissue from WT mouse infected with H37Rv strain. A small, discrete granuloma is formed. Magnification, 3100.
D, Lung tissue from IL-1 KO mice infected with H37Rv strain and treated four times subcutaneously with recombinant IL-1a/b (53104 units each time). The
granulomatous scar is recognized. Magnification, 3100. E, Lung tissue without vehicle. The typical granulomatous lesion is recognized. Magnification, 3100.
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NO Production

NO levels in the supernatants of alveolar macrophage
cultures were determined using the Griess reagent
and reference to a standard NaNO2 curve. The levels
of NO produced by unstimulated alveolar macro-
phages from both WT and IL-1 KO mice were low.
However, when the alveolar macrophages were stim-
ulated overnight with H37Rv (103 CFU/well), NO levels
increased to 43 mM (KO mice) and 51 mM (WT control).
When 1,000 units recombinant IL-1 a/b were added to
the cultures of alveolar macrophages from KO mice,
NO production increased to a moderate degree (50
mM) (Fig. 6). Addition of recombinant IFN-g did not
promote NO secretion activity by H37Rv-stimulated
alveolar macrophages of IL-1 KO mice.

Discussion

In the present study, we found that large granulomas
lacking a central necrotic area were induced by infect-
ing IL-1a/b deficient mice with a virulent M. tubercu-
losis strain. Although mice deficient in IL-1b, IL-1
receptor antagonist, or IL-1 receptor I have been
generated previously (Fantuzzi and Dinarello, 1996;
Labow et al, 1997; Schormick et al, 1996; Zheng et al,
1995), IL-1a and IL-1 a/b double-KO mice have not
been available until now, and were produced for the
first time by one of the present authors (Horai et al,
1998). It has previously been shown that inflammatory
responses and cytokine synthesis are defective in
IL-1b KO mice, and that these KO mice become
resistant to the induction of fever. Their acute-phase
response is also impaired (Dinarello, 1996). However,
the role of IL-1 in chronic specific inflammation re-
mains unclear. It is, therefore, interesting that IL-1
played a protective role during the development of
chronic inflammation in our experimental model.

IL-1 has been reported to induce fibroblast prolifer-
ation (Lonnemann et al, 1995). Therefore, we specu-
lated that IL-1 would play an important role in granu-
loma formation. Our data clearly show that the
granulomas formed in the present study were sur-
rounded by proliferating fibroblasts. Collagen deposi-
tion was demonstrated in these granulomas by colla-
gen staining (Masson Trichrome stain). Thus, other
unknown cytokine(s) may be involved in the mecha-
nism underlying granuloma formation.

Necrotic lesions are induced to a marked extent in
IFN-g, TNF-a, and IL-12 KO mice (Cooper et al, 1993;
1997; Flynn et al, 1993; Kaneko et al, 1999; Sugawara
et al, 1998). However, necrotic lesions were not in-
duced in our IL-1 a/b double KO mice. We examined
IFN-g, TNF-a, and IL-12 mRNA levels in the infected
lung tissues of the IL-1 a/b KO mice, and strong
expression was noted. This explains the development
of granulomas without central necrosis. The fact that
granulomatous lesions were induced in IL-1 KO mice
with high-level IL-12, TNF-a and IFN-g mRNA expres-
sion reveals that IL-1 is also important in generating
protective immunity against mycobacterial infection.

Multinucleated giant cells have been recognized in
granulomas of IFN-g KO mice, but not in TNF-a or
IL-18 KO mice (Bean et al, 1999; Kaneko et al, 1999;
Sugawara et al, 1998; 1999). IFN-g may be involved in
macrophage fusion and the recruitment of epithelioid
macrophages to form multinucleated giant cells (Sug-
awara et al, 1998). Because no multinucleated giant
cells were found in our IL-1 KO mice, this effect may
be specific to IFN-g.

Our data also show that activated alveolar macro-
phages from IL-1 KO mice produce IL-12 and TNF-a,
despite the lack of IL-1 secretion. TNF-a may increase
compensatorily in IL-1 KO mice. Further study will be
required to elucidate this. IL-1 has been reported to
increase the synthesis of various lymphokines, includ-
ing IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, and
IL-12 (Dinarello, 1996). It has also been reported to
induce increased expression of IL-1 receptor antago-
nist, TNF, GM-CSF, TGF-b3, G-CSF and M-CSF, IL-8,
and macrophage inflammatory protein-1a (Dinarello,
1996). In our IL-1 KO mice, IL-4 and IL10 mRNA
expression was low, but IL-12 and TNF mRNA were
expressed to a significantly higher extent. Thus, there
may be a yet unknown mechanism that maintains
IL-12 and TNF mRNA expression within the normal
range in IL-1 KO mice.

NO production was impaired to a mild degree in our
IL-1 KO mice. Addition of exogenous recombinant
IL-1 did not restore NO production fully, suggesting
possible dysfunction of the IL-1 receptor. In contrast,
the iNOS system is regulated normally in IL-1 KO
mice, because iNOS mRNA is expressed to a signifi-
cant extent in the lung tissues of these mice.

Subcutaneous injection of IL-1 a/b failed to cure the
granulomatous lesions in the IL-1 KO mice com-
pletely. These mice are regarded as a form of hered-
itary IL-1 deficiency because the IL-1 gene was dis-
rupted, which might be difficult to treat effectively with
recombinant IL-1 a/b alone. We have experienced a
similar situation with IFN-g a and TNF-a KO mice
(Kaneko et al, 1999; Sugawara et al, 1998). However,
we recently reported that treatment with exogenous
IL-18 reduced the mycobacterial load significantly in
IL-18 KO mice, suggesting that IL-18 plays an impor-
tant role in the immune response against M. tubercu-
losis (Sugawara et al, 1999). The total dose of IL-1
injected during the present study may have been too
low. Alternatively, combination therapy consisting of

Table 1. Size of Pulmonary Granulomas Infected with
H37Rv Straina

Mice Size of granulomas (mm)

IL-1 a/b KO 1412 6 132
WT 403 6 29
IL-1 a/b KO treated with

recombinant IL-1
1295 6 13

a Ten pulmonary granulomas per group consisting of five mice were
measured with a micrometer. The difference in size of granulomas between
IL-1 a/b KO and WT mice was statistically significant at Student’s t test (p ,
0.01).
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different cytokines may be required to cure the gran-
ulomatous lesions completely.

Materials and Methods

Mice

IL-1a and IL-1b genomic clones were isolated from
mouse 129 genomic phage libraries. For the IL-1a
targeting vector, a 1.5 kb DNA fragment lying between
the Sau3AI and KpnI sites in exon 5 and intron 5,
including the NH2 terminal coding region for mature
IL-1a, was deleted, and a lacZ-pA-PGK-hpn-pA cas-
sette was inserted in its place. For the IL-1b targeting
vector, a 2.45 kb DNA fragment situated between the

HincII and BstXI sites in exons 3 and 5 including the
NH2 terminal coding region for mature IL-1b, was
deleted, and a lacZ-pA-PGK-neo-pA cassette was
inserted in its place (Horai et al, 1998). ES cells were
electrophorated with 20–25 mg of the linearized IL-1a
and IL-1b targeting vectors per 107 cells, as described
previously (Asano et al, 1997). Mice heterozygous for
the resulting IL-1a and IL-1b mutations were inter-
crossed to yield mice homozygous for the mutation.
All of the KO mice were fertile, and the pups were born
healthy. After birth, the IL-1a/b KO mice developed
normally. They were kept under specific pathogen-
free conditions in an environmentally controlled clean
room at the Laboratory Animal Research Center, In-

Figure 4.
Electron micrographs of lung tissue infected with H37Rv strain, obtained at necropsy (7 weeks after infection). A, Epithelioid macrophage in the lung from a IL-1 KO
mouse. Phagosomes incorporating tubercle bacilli are not prominent. Original magnification, 36,500. B, Epithelioid macrophage in the lung from WT mouse infected
with H37Rv strain. Also, note many phagosomes ingesting tubercle bacilli. Original magnification, 36,500.
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stitute of Medical Science, University of Tokyo. All
experiments were carried out according to institutional
ethical guidelines for animal experiments and safety
guidelines for gene manipulation experiments.

Experimental Infections

The virulent H37Rv strain (ATCC 25618) of M. tuber-
culosis was grown in Middlebrook 7H9 medium (Difco)
to the mid-log phase (Sugawara et al, 1998). The
cultures were filtered through a 4-mm pore-size mem-
brane filter (Millipore) before use so that they were
dispersed evenly. Mice (both IL-1a/b KO and control
wild-type mice) were infected by the airborne route by
placing them in the exposure chamber of a Middle-
brook airborne infection apparatus (Model
099CA4212; Glas-Col, Inc., Terre Haute, Indiana)
(Cooper et al, 1993). The nebulizer compartment was
filled with 5 ml of a suspension of 105–6 colony-
forming unit (CFU) of H37Rv, a concentration calcu-
lated to result in uptake of ca. 200–500 viable bacilli
by the lungs just after inhalation exposure for 75
minutes under the experimental conditions for this
study (Sugawara et al, 1999). The infected mice were
divided into groups of five animals, and the survival of

each group was recorded for 100 days after infection
with M. tuberculosis.

Survival curves were plotted. The lungs and spleens
from the infected IL-1a/b knockout and WT mice were
retrieved on Day 0, or 1, 2, 3, 4, 5, 6 and 7 weeks after
infection, homogenized, diluted with physiological sa-
line, plated on Ogawa slant agar, and incubated at
37° C for 21 days. The resulting CFU were counted.

Histopathology

Some IL-1 a/b KO and WT mice were sacrificed 7
weeks after infection, while others were monitored for
up to 100 days postinfection. For light microscopy,
tissue sections (5 mm thick) cut from paraffin blocks
containing lung, liver, and spleen tissues were stained
with hematoxylin and eosin or by the Ziehl-Neelsen
method for acid-fast bacilli. We prepared sections
from every lung tissue sample with white nodular
lesions. The sizes of 10 granulomas per group con-
sisting of five mice were measured with a micrometer
(Nikon Optical Company, Tokyo, Japan) (Sugawara et
al, 1999). For electron microscopy, the fresh lung
tissues were cut into pieces, fixed with 2.5% glutaral-
dehyde, postfixed with 1% osmium tetroxide, and
embedded in Epon 815 resin. (Nakamura et al, 1990).

Cytokine Assays

Because alveolar macrophages are targets of infection
in our experiments, alveolar macrophages were pre-
pared from IL-1 a/b KO and WT mice to determine
whether they secreted various monokines (IL-12,
TNF-a, and IL-1). After the mice had been anesthe-
tized with 100 ml pentobarbital, alveolar macrophages
were obtained by bronchoalveolar lavage. Briefly, the
murine trachea was cannulated and 1 ml physiological
saline was poured in. The saline was recovered using
a 1 ml disposable syringe. The cells thus obtained
contained more than 99% macrophages as assessed
by phagocytosis of BCG. The cell suspensions were
plated (13105 cells/well) in 96-well culture plates and
incubated for 12 hours at 37°C in 5% CO2 in air, and
the cells were stimulated with either medium alone or
medium containing LPS (Sigma Chemical, St. Louis,
Missouri; 10 mg/ml) or live BCG organisms (103 CFU/
well). The concentrations of IL-12, TNF-a, and IL-1b in
the culture supernatants of these cells were measured
by sandwich enzyme-linked immunosorbent assay
(ELISA) (Biosource International, Camarillo, California).

Alveolar Macrophage Nitric Oxide Assay

Alveolar macrophages (53105/well) in RPMI 1640
supplemented with 10% (vol/vol) fetal calf serum were
plated in 96-well culture plates, left unstimulated or
stimulated with recombinant IL-1a/b (1000 units each,
Genzyme, Cambridge, Massachusetts), then cultured
with BCG or H37Rv overnight. The supernatants were
collected 24 hours after culture seeding and filtering,
and their nitrite concentrations were determined by
the Griess assay, as described previously (Green et al,
1990; Kaneko et al, 1999).

Figure 5.
In vivo expression of various cytokines and iNOS mRNA in H37Rv strain-
infected mice by RT-PCR. The lung tissues of IL-1 KO and WT mice were
removed 1, 3, 5, and 7 weeks after infection. b-actin gene primer sets were
used as an internal control.

Table 2. Monokine Secretion by Alveolar Macrophages
of IL-1 a/b KO Mice

Treatment

Amt (pg/ml) of Monokine Secreted by
Alveolar Macrophages from IL-1 a/b KO

Micea

IL-1b IL-12 TNF-a

None 0 10 6 2 150 6 12
(30 6 4) (20 6 3) (110 6 9)

BCG 0 50 6 4 3550 6 110
(50 6 2) (50 6 0) (1005 6 97)

LPS 0 65 6 5 2300 6 135
(45 6 2) (50 6 3) (2560 6 206)

a Monokine values for WT mice are given in parentheses. Values are mean 6
standard errors (SE) of the means.
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Reverse Transcriptase-Polymerase Chain Reaction

Lung tissue samples were taken from infected mice 1,
3, 5, or 7 weeks after infection, frozen in liquid nitro-
gen, and stored at 285°C until required for use, when
RNA was extracted as described previously. RT-PCR
was carried out using gene-specific primer sets for
inducible NO synthase (iNOS), TNF-a, IFN-g, IL-12
p40, IL-1b, IL-4, and IL-10 (CLP Inc., California), the
respective sizes of which were 306, 276, 405, 850,
447, 441, and 324 bp. The b-actin RNA from the
spleen tissues was used as an internal control for size
comparison in the RT-PCR analysis (Kaneko et al,
1999; Sugawara et al, 1998).

Reconstitution of IL-1 a/b KO Mice with Exogenous IL-1

KO mice were injected subcutaneously with 100 ml
recombinant IL-1 a and b (53104 units each, Gen-
zyme) in PBS or with PBS alone, on four occasions at
weekly intervals. The lungs from the infected IL-1 a/b
KO mice treated subcutaneously with recombinant
IL-1 were retrieved 7 weeks after infection. The lung
tissues were used for CFU assay and histopathologi-
cal analysis.

Statistical Analysis

All values were expressed as means 1 SE and com-
pared by Student’s t test. For all statistical analyses, a
p value of , 0.01 was considered significant.

In summary, the results presented in this report
indicate the importance of IL-1 in generating early
protective immunity against mycobacterial infection.
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Zuniga-Pflücker AM, Jiang D, and Leonardo MJ (1995).
Requirement for TNFa and IL-1a in fetal thymocyte commit-
ment and differentiation. Science 268:1906–1909.

IL-1 in Mycobacterial Infection

Laboratory Investigation • May 2000 • Volume 80 • Number 5 767


	Protective Role of Interleukin-1 in Mycobacterial Infection in IL-1 α/β Double-Knockout Mice
	Introduction
	Results
	Effective Control of Bacterial Replication by IL-1
	Histologic Features of Infections
	Reverse Transcription Polymerase Chain Reaction
	Secretion of Monokines
	NO Production

	Discussion
	Materials and Methods
	Mice
	Experimental Infections
	Histopathology
	Cytokine Assays
	Alveolar Macrophage Nitric Oxide Assay
	Reverse Transcriptase-Polymerase Chain Reaction
	Reconstitution of IL-1 α/β KO Mice with Exogenous IL-1
	Statistical Analysis

	Acknowledgements
	References


