
Introduction

Granuloma necrosis is the pathological hallmark of human
pulmonary tuberculosis (TB) [1]. Granuloma necrosis not only causes
irreversible tissue damage and impairment of lung function; it 
is also the prerequisite for the eruption of granuloma contents into
the airways and the dissemination of the causative mycobacterium
via aerosol into the environment [2]. Modulating the immunopathol-
ogy of TB by preventing or mitigating granuloma necrosis therefore
represents an attractive means by which adjuvant immunotherapy
might favourably alter the course of disease progression.

The molecular mechanisms of granuloma necrosis remain largely
unknown because the only genetically and immunologically

tractable animal model of TB, the laboratory mouse, does not mimic
the disease pathology present in human beings [3]. Rather, aerosol
infection with M. tuberculosis causes progressive interstitial lung
fibrosis, but does not lead to circumscript centrally necrotizing
lesions in immunocompetent mice [3]. However, using a particular
strain of a related mycobacterial species, M. avium TMC724, a
mouse model of mycobacteria-induced immunopatho logy was
developed in which central granuloma necrosis, similar to human
TB lesions, does occur and is causally related to the presence of 
T cells and IFN-� [4, 5]. Recently, a case was made for the involve-
ment of angiostatic chemokines and the development of hypoxia in
the necrotizing process of chronic granulomatous lesions [6].

The signalling events downstream of IFN-� are the subject of this
communication. By using mice singly deficient in individual elements
of the IFN-signalling pathway, we identified the IFN-�/STAT1/IRF-1
axis as the master regulator of granuloma necrosis. Furthermore,
comparative microarray-based gene expression analysis in IFN-�-
deficient, IRF-1-deficient and wild-type (WT) mice defined a number
of genes whose regulation was closely associated with mycobacte-
ria-induced immunopathology and which may now be used to test
the hypothesis that tissue-damaging events may be molecularly dis-
tinct from antibacterially protective mechanisms.
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Materials and methods

Mice

Selectively gene-deficient (knockout, KO) mice backcrossed for at least 10
generations to a C57BL/6 background were used together with age- and
sex-matched C57BL/6 (WT) mice. IFN-� receptor-KO, IRF-1-KO and the
corresponding WT mice were purchased from The Jackson Laboratory, Bar
Harbor, ME, USA. IL-18-KO mice were used with permission from S. Akira.
IFN-�/� receptor-KO mice were bred at the Paul-Ehrlich-Institute, Langen,
Germany. STAT-1-KO mice were bred at the Department of Microbiology
and Immunobiology, Vienna, Austria. Mice were free of viral, bacterial and
parasitic mouse pathogens, as certified by routine screens at the breeding
centres according to Federation of European Laboratory Animal Science
Associations (FELASA) regulations.

Infection of mice

M. avium TMC724 was prepared and used for infection protocols as
described [5, 7]. In a respiratory infection model, mice were exposed to an
aerosol containing M. avium TMC724 using an aerosol inhalation device
(Glas-Col, Terre-Haute, IN, USA) calibrated to deposit 105 colony forming
units (CFU) M. avium in the lungs of mice. Groups of four to five mice were
anaesthetized by a narcotic overdose and killed at indicated time-points.
The bacterial load was determined by serial dilutions of organ
homogenates on 7H10 agar plates supplemented with 10% bovine serum
(Biowest, Nuaillé, France). Mice were killed when their weight loss exceeded
25% compared to that of non-infected, age- and sex-matched littermates.

Histology and immunohistology

Four per cent formalin-fixed, paraffin-embedded organs were cut, mounted
on glass slides and stained with standard haematoxylin and eosin. For the
detection of cathepsin K, antigen retrieval was carried out on deparaffinized
tissues with pronase (Fisher Scientific, Schwerte, Germany) for 40 min. 
at 40�C. Reduction of endogenous peroxidase activity was performed 
with 0.03% hydrogen peroxide for 5 min. at room temperature. The cross-
reactive mouse anti-human cathepsin K monoclonal antibody (Chemicon,
Hampshire, United Kingdom), pre-labelled for 15 min. with a biotinylation
reagent (Dako, Hamburg, Germany), was applied for 15 min. The reaction
was visualized using streptavidin conjugated to horseradish peroxidase
followed by its substrate 3,3�-diaminobenzidine (Dako). Tissue sections
were counterstained with Mayer’s haematoxylin and mounted.

ELISA

Levels of IFN-� (BD Pharmingen, San Diego, CA, USA) protein in the lung
homogenates were measured with commercial OptEIA Cytokine ELISA kits,
as described [8]. Lungs were harvested 14 and 20 weeks after infection
with M. avium, homogenized in 10 mM phosphate-buffered saline contain-
ing a proteinase inhibitor mixture (Roche Diagnostics Applied Science,
Mannheim, Germany) and stored at –70�C. Absorption was measured at
450 nm against a 620-nm reference wavelength by an ELISA Reader. The
cytokine concentration was evaluated using Magellan software (TECAN)
and calculated for total organ weight.

Affymetrix gene expression microarrays

Total cellular RNA from lung tissue was prepared as described [9, 10], but
the phenol/chloroform extraction was performed using TriFast FL (PeqLab,
Erlangen, Germany). Total RNA (1 �g) was labelled and hybridized to
Affymetrix mouse MOE430A 2.0 GeneChips according to the manufac-
turer’s recommendations. For each condition (WT and IRF-1-KO, infected
or uninfected) three biological replicates were used. Affymetrix CEL files
were processed for global normalization and generation of expression val-
ues using the robust multi-array average algorithm (RMA) in the R affy
package (http://www.r-project.org).

To analyse the IRF-1-dependent effects in infection, a two-way 
ANOVA was performed, using the ANOVA function in R. The resulting 
P-values were corrected for multiple testing using the algorithm proposed
by Benjamini and Hochberg [11], implemented in the R multitest 
package (output: q-values). Stringent criteria were used to define genes
as significantly regulated upon infection: q-values below 0.01 and a 
fold-change (ratio of the average expression values of infected compared
with the respective uninfected samples) filter above 2 or below 
0.5. Significantly regulated genes were clustered according to similar
 regulation patterns using the program Genesis (release 1.6.0) [12] or by
k-means clustering in R.

For a comparative analysis of IRF-1- and IFN-�-dependent gene
expression, a previously described dataset from an independent M. avium
infection experiment in WT and IFN-�-KO mice [6] was re-analysed together
with the microarray data from WT and IRF-1-KO lungs described above.
Cel files from both experiments were normalized together using RMA [13].
Regulated genes were identified by a combination of statistical testing
(limma F-test P 	 0.0001) and absolute and relative changes in expression
across all conditions (max-min 
 80, max/min 
 3). The resulting 2278
probe sets were then used for a k-means cluster analysis.

All microarray data have been deposited in the Gene Expression
Omnibus (accession number GSE 11809).

RT-PCR

One microgram of total RNA was reverse-transcribed with an
oligo(dT)12–18 primer (Amersham Biosciences, Uppsala, Sweden) in the
presence of Moloney murine leukaemia virus reverse transcriptase
(Fermentas, Ontario, Canada). The resulting cDNA was amplified on a Light
Cycler (Roche Diagnostics Corporation) using the proprietary Light-Cycler-
DNA Master SYBR Green I kit (Roche Diagnostics Corporation) and the fol-
lowing primer sets: HPRT – sense, 5�-GCC AGT AAA ATT AGC AGG TGT
TCT, antisense, 3�-AGG CTC ATA GTG CAA ATC AAA AGT C; MMP-10 –
sense, 5�-GAG TCT GGC TCA TGC CTA CC, antisense, 3�-CAG GAA TAA
GTT GGT CCC TGA; Ctsk – sense, 5�-CGA AAA GAG CCT AGC GAA CA, anti-
sense, 3�-TGG GTA GCA GCA GAA ACT TG; Cst7 – sense, 5�- GGA GTC CCA
TGT CAG CAA AG, antisense, 3�- GGT CTT CCT GCA TGT AGT TCG;
Tspan31 – sense, 5�-GCG CTC TCA ACG TGG TTT AT, antisense, 3�-TCC
TCC AAT GAT GTG AAT GC (HPRT: hypoxanthine phosphoribosyltrans-
ferase as housekeeping gene, MMP-10: matrix metalloproteinase 10, Ctsk:
cathepsin K, Cst7: cystatin F, Tspan31: tetraspanin 31).

After amplification, melting curve analysis was performed to exclude
the presence of confounding primer dimers. Semi-quantitative compar-
isons of amplified products were made based on the crossing points
obtained for each sample compared with a serially diluted, arbitrarily
selected standard cDNA run in parallel. In this way, arbitrary units could be
assigned to mRNA levels present in each sample. The ratio of arbitrary
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units of the gene of interest and arbitrary units of the housekeeping gene
HPRT was multiplied by 100 for each sample.

Data shown in Fig. 8 were generated using cDNA reverse transcribed
from 1 �g of lung RNA with a combined oligo dT(12–18)/random hexamer
primed first strand synthesis. For qRT-PCR, the Roche Universal Probe
Library system was used to select specific primers and probes. Sequences
are available upon request from the authors. PCR was carried out for 
45 cycles. Data were processed according to the ��CT method, using
HPRT as housekeeping gene for normalization and the mock treated 
IRF-1�/� lung RNA as a calibrator for calculation of fold changes.

Determination of MMP activity in infected tissues

MMP activity in lung homogenates of infected mice at the indicated time-
points was analysed using the fluorogenic peptide Mca-PLGL-Dpa-AR-
NH2 (R&D Systems, Wiesbaden, Germany), a substrate for MMP-1 
(collagenase 1), MMP-2 (gelatinase A), MMP-7 (matrilysin), MMP-8
(collagenase 2), MMP-9 (gelatinase B), MMP-12 (macrophage elastase),
MMP-13 (collagenase 3), MMP-14 (MT1-MMP), MMP-15 (MT2-MMP)
and MMP-16 (MT3-MMP) [14]. A second peptide Mca-RPKPVE-Nval-
WRK (Dnp)-NH2, (R&D Systems) was used to monitor the activity of
MMP-3 (stromelysin 1), MMP-10 (stromelysin 2), trypsin, HGF activator
and factor Xa 2 [15]. Assays were performed according to the manufac-
turer’s instructions. In brief, aliquots of the homogenate were centrifuged
at 300 � g for 10 min. Equal amounts of the supernatants were incu-
bated at RT for 30 min. and measured using a fluorescence microplate
reader (Genios, Tecan, Crailsheim, Germany) with excitation at 320 nm
and emission at 405 nm. The measured relative light units (RLU) were
correlated to milligrams protein in the lung homogenate and depicted as
MMP activity [RLU/mg].

Statistics

Means, S.D.s and statistics for quantifiable data, such as CFU counts were
calculated using Microsoft Office Excel 2003 for Windows and GraphPad
Prism version 4.00 for Windows (GraphPad Software, San Diego, CA, USA;
www.graphpad.com). Significance of the difference at a given time-point
was analysed using one-way ANOVA, setting the confidence level at 99%. If
not specifically indicated by an asterisk, the P-value is above 0.01 and
there is no significant difference at a confidence level of 99%.

Results

IFN-� signalling via STAT-1 and IRF-1 is crucial
for the development of granuloma necrosis

C57BL/6 and STAT-1-KO mice were infected with 105 CFU M.
avium TMC724 by aerosol. Sixteen weeks post-infection tissue
sections of the lung were stained with haematoxylin and eosin to
determine the degree of granuloma formation and necrosis.
Central necrosis was never observed in inflammatory infiltrates of
STAT-1-KO mice (Fig. 1B), but excessive granulocyte influx was

evident, with predominating aggregates of neutrophils intercon-
nected by ‘avenues’ of granulocytes. In contrast, a well-defined
necrotic core, surrounded by a granulocytic rim and a belt of
epithelioid macrophages, was apparent in the WT mice already at
14 weeks after infection (Fig. 1A), confirming that intact IFN-� sig-
nalling via STAT-1 is essential for the development of granuloma
necrosis in this mycobacterial infection model [4].

STAT-1 transduces signals from both the IFN type I as well as
the IFN type II receptor. To determine the critical inducer receptor
of STAT-1-mediated granuloma necrosis, IFN-�/�-R-KO, IFN-�-
R-KO and C57BL/6 mice were infected with 105 CFU M. avium
TMC724. In addition, IL-18-KO mice were analysed in this model,
because both IL-12 and IL-18 have been described to induce 
IFN-�, thereby initiating a protective Th1-immune response 
[16, 17]. Mice deficient for IL-12 (p40, or both, p35 and p40
chains), however, are already known not to develop granuloma
necrosis in this model [4]. IFN-� levels in infected lungs of IL-18-KO
mice were significantly reduced to less than one-third of that
present in WT mice at 14 weeks after infection (2412 versus 8020
pg/g lung), while 20 weeks after infection IFN-� levels were
 similarly low in both IL-18-KO and WT mice (518 versus 667 pg/g
lung, respectively).

Eighteen to 24 weeks post-infection circumscript, central gran-
uloma necrosis was evident in IFN-�/�-R-KO and IL-18-KO mice
as well as in WT mice (Fig. 1A, C and D). In all three mouse
strains, a central mass composed of acellular debris was demar-
cated by a rim of densely accumulating granulocytes surrounded
by prominent layers of epithelioid macrophages and fibroblasts.
On the other hand, IFN-�-R-KO mice did not develop granuloma
necrosis (Fig. 1E), but showed signs of widespread, diffuse tissue
damage without a clear demarcation of caseating foci, similar to
IFN-�-KO mice [5]. IFN-�- and STAT1-mediated signalling pro-
ceeds in part via the transcriptional activator, IRF-1. Indeed, IRF-
1-KO mice infected with M. avium TMC724, were completely
devoid of central granuloma necrosis and instead displayed dif-
fuse and mixed cellular infiltrates (Fig. 1F).

Thus, IFN type I signalling is not necessary for the develop-
ment of central granuloma necrotization in the lungs of mice
infected with M. avium TMC724, whereas IFN-�, IFN-�-R, STAT-1
and IRF-1 play a crucial role.

IFN-� signalling via STAT-1 is crucial for retarding
M. avium growth and premature death, whereas
IRF-1 dependent signalling is less critical

The bacterial load in the lungs of IFN-�� receptor-KO mice and
IL-18-KO mice (not shown) was almost identical to that observed
in WT mice (between 1010 and 1011 CFU/lung at 18 weeks after
infection), whereas IFN-�-R-KO, STAT-1-KO and IRF-1-KO mice
infected with M. avium had a higher bacterial burden (between
1011 and 1012 CFU/lung) than C57BL/6 mice at least at one time-
point following infection (Fig. 2). M. avium-infected C57BL/6
mice survived significantly longer than IFN-�-KO and STAT-1-KO

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



2072 © 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 Granuloma morphology in interferon pathway deficient mice. Histopathologies shown are from C57BL/6 (A), STAT-1-KO (B), IFN-��-R-KO
(C), IL-18-KO (D), IFN-�-R-KO (E) and IRF-1-KO (F) mice infected with M. avium (TMC724, 105 CFU/mouse) by aerosol. M. avium-infected lungs
were removed 16 weeks after infection from WT, STAT-1-KO and IFN-�-R-KO mice and after 20–24 weeks after infection in IFN-��-R-Ko, IL-18-KO
and IRF-1-KO mice. Lung sections were stained with haematoxylin and eosin (original magnification �10). Micrographs are representative of four
mice examined.
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mice whereas there was no significant difference in the survival
rate of M. avium-infected C57BL/6, IFN-��-R-KO and IRF-1-KO
mice (Table 1).

Therefore, STAT-1 signalling is involved in tissue pathology, M.
avium growth control and survival, whereas the IRF-1-dependent
signalling is important for granuloma necrosis but less so for the
control of bacterial replication and overall survival.

Comparative evaluation of gene expression 
in the lungs of infected WT and IRF-1-KO 
mice reveals a set of genes associated with
granuloma necrosis

To obtain an unbiased view of the impact of IRF-1 deficiency on
the transcriptional changes in the lung following infection with M.
avium, gene expression profiling using Affymetrix GeneChips was
performed on lung tissue RNA harvested 14 weeks after infection.
Using stringent statistical and fold-change filters, we found 3022
genes significantly regulated in WT mice and 1489 in IRF-1-KO
mice in the dataset, with a significant interaction of the covariates
‘infection’ and ‘genotype’ in 528 genes. Hierarchical cluster analy-
sis of this group of genes demonstrates that the majority are
strongly up- or down-regulated in infected WT lungs but not in
IRF-1-KO (Fig. 3A, clusters B and D, respectively). A smaller
group shows the reverse pattern of expression, with a strong
increase in IRF-1-KO lungs (cluster E). A comprehensive list of
genes regulated more than fivefold is provided in Table S1.
Interestingly, as previously described [18], some chemokines
stood out, in particular the CXC ligands 5, 10 and 11 as well as
the CC ligands 5 and 19, in WT mice although they were
expressed at significantly lower levels in the lungs of infected
IRF-1-KO mice.

© 2008 The Authors
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Fig. 2 Bacterial loads in interferon path-
way deficient mice. Mice were infected
with M. avium by aerosol in separate
experiments, each with its own WT con-
trol strain, and killed at indicated time-
points to determine mycobacterial loads
in the lung. (A) C57BL/6 (black bars),
STAT-1-KO (white bars); (B) C57BL/6
(black bars) and IFN-��-R-KO (white
bars); (C) C57BL/6 (black bars), IFN-�-
R-KO (white bars) and (D) C57BL/6
(black bars) and IRF-1-KO (white bars).
Data represent the means of four mice

 S.D. *P 	 0.01 at a confidence level
of 99%.

Experimental
mouse strains

Wild-type (WT) Knockout (KO) Statistics

(days) (days) (P-value)

WT versus
IFN-�-KO

138 93 <0.05

WT versus
IFN-�-R-KO 

150 105 ND

WT versus
IFN-��-R-KO

145 157 >0.05

WT versus
IL-18-KO

165 150 >0.05

WT versus
STAT-1-KO

137 96 <0.05

T versus
IRF-1-KO

128 155 ND

Table 1 Mean survival times of various M. avium-infected gene-defi-
cient mouse strains

WT and indicated KO mouse strains were infected by aerosol with M.
avium TMC724 in separate experiments, each with its own WT control.
Mice were killed when their weight loss exceeded 25% of uninfected
controls. Indicated is the mean time to death for each mouse strain in
days after infection. ND: statistics not performed due to low number of
mice in experiment.
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To derive more specific information about the biological
process and pathways affected by IRF-1 deficiency in M. avium-
infected mice, we mined the different clusters for enrichment of
functional annotation terms in the gene ontology (GO) category
biological process [19]. A selection of significantly enriched
terms together with handpicked example genes is depicted in
Table 2. The IRF-1-dependent cluster B was highly enriched for
‘defence response’ and ‘inflammatory response’ genes.
Furthermore, cluster B genes are functionally linked to antigen
processing and presentation, as well as B- and T-cell activation.
Of particular interest in relation to the mechanisms of granuloma
necrosis, genes linked to cell death and apoptosis were also sig-
nificantly overrepresented in this cluster. In contrast, for the
smaller group of genes overexpressed in IRF-1-KO infected
lungs, significant enrichment was only found for genes involved
in chitin/carbohydrate catabolism.

Verification of candidate genes by RT-PCR,
immunohistology and activity assays

Within the subset of genes differentially regulated more than five-
fold in WT compared to IRF-1-KO mice (Table S1), a number of
proteolysis-associated genes were apparent, in particular those
for MMP-10, cathepsin K and cystatin F. Although cathepsin K 
was up-regulated in KO mice, its inhibitor cystatin F as well as
MMP-10 appeared up-regulated to a much higher extent in WT
than in KO mice.

In order to confirm these microarray data, mRNA quantitation
by Light Cycler RT-PCR was performed to compare MMP-10,
cathepsin K and cystatin F mRNA levels (as well as tetraspanin 31
as an unregulated control mRNA) in WT versus IRF-1-KO mice
(Fig. 4). MMP-10 and cystatin F mRNA levels were approximately
70-fold lower in IRF-1-KO compared to WT mice, and cathepsin K
mRNA levels were approximately 50-fold higher in IRF-1-KO com-
pared to WT mice, essentially corroborating microarray results.

Further, immunohistochemistry in the lung tissue of WT and
IRF-1-KO mice (Fig. 5) revealed that cathepsin K could not be
detected in granulomatous infiltrations of WT mice, whereas IRF-
1 KO mice harboured many cathepsin-K-expressing cells in
infected lungs, particularly foamy macrophages at the fringes of
inflammatory infiltrates.

Finally, the activity of MMPs in lung homogenates of WT and
IRF-1-KO mice was analysed with an ELISA technique, in which
substrate 1 is used to determine the joint activities of MMP-1, -2,
-7, -8, -9, -12, -13, -14, -15, and substrate 2 is specifically cleaved
by MMP-3 and -10 (Fig. 6A and B, respectively). In WT mice,
which develop granuloma necrosis, MMP activity was increased
relative to uninfected mice, at 20 weeks after infection. In IRF-1-
KO mice, which do not develop granuloma necrosis, MMP expres-
sion was significantly lower at 20 weeks after infection.

In summary, these data corroborate the microarray-based
hypothesis that IRF-1 driven granuloma necrosis may be associ-
ated with active proteolysis and matrix remodelling.

© 2008 The Authors
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Fig. 3 Differential gene expression in the lungs of WT versus IRF-1-KO
mice. WT and IRF-1-KO mice were infected by aerosol with M. avium
(TMC724, 105 CFU/mouse). Total RNA was prepared from the right lungs
harvested 14 weeks after infection as well as from the right lungs of unin-
fected mice, and processed for gene expression analysis via microarrays.
This is a graphic representation of a cluster analysis including 528 genes
regulated more than twofold between WT and IRF-1 KO lungs infected
with M. avium and significantly in a two-way ANOVA with the covariates
infection status and genotype (q-value 	 0.01). Expression data from
three animals per condition were z-score normalized and analysed by
hierarchical clustering. Each row in the heat map represents one probe
set, the columns stand for the conditions tested. A red square indicates
higher expression, a green square indicates lower expression relative to
a row-wise mean (black). The different groups (A)–(F) comprise genes
regulated in a similar manner.
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Term GO Ids P-value Count Examples

Cluster B Defence response GO:0006952 1.24E-18 37 Ifn�, Mx1, Gbp1, Indo, Nos2, Tnf, Wars

Inflammatory response GO:0006954 2.79E-13 23 Ccl1/2/7/19, Cxcl1/5/10/11/13, Il1a

Antigen presentation GO:0019882 6.26E-13 14 C2ta, CD1d, H2-Ab1, H2-DMa, H2-M3, Tap2, Tap2bp

Antigen processing GO:0019885 3.08E-06 4

T-cell activation GO:0050870 5.42E-05 6 Cd4, Cd5, Cd86, H2-Oa, Il12a, Il2rg, Tnfsf13b

B-cell mediated immunity GO:0019724 1.77E-06 9

Isotype switching GO:0048304 1.02E-04 3 Tbx21, Fcgr1, Cd40, Ifn�, IgK-V1

B-cell activation GO:0050871 2.78E-06 6

Cell death GO:0008219 1.64E-05 25 FasL, Cflar, Cdkn1a, Casp7, Dnase1l3, Hif1a, Lta, Tnf

Apoptosis GO:0006915 1.90E-05 24

Cluster E Chitin catabolism GO:0006032 1.35E-06 3 Chi3l1, Chi3l3

Table 2 Enrichment for gene ontology (GO) terms in IRF-1-dependent gene clusters

Based on Fig. 3, groups of IRF-1-dependent M. avium-induced genes (cluster B) and genes overexpressed in IRF-1-deficient M. avium-infected lungs
(cluster E) were analysed for enrichment of GO biological process annotation terms using the Bioconductor GO Stat algorithm [17]. Shown are
selected highly significant GO terms and identifiers, including handpicked prototypic example genes.

Fig. 4 Differential expression of proteolytic enzyme mRNAs in the lungs of infected mice. C57BL/6 WT (black bars) and IRF-1-deficient (white bars)
mice were infected by aerosol with M. avium (TMC724, 105 CFU/mouse). Total RNA was prepared from the right lungs harvested 14 weeks after infec-
tion (filled black and white bars) as well as from the right lungs of uninfected mice (horizontally or vertically striped bars). One-microgram samples of
total RNA from WT and KO mice were reverse transcribed to cDNA and amplified on a Light Cycler in parallel with a standard to calculate arbitrary units
of expression. Gene expression levels for matrix metalloprotease 10 (MMP-10), cathepsin K (CatK) and cystatin F (CysF) were normalized to HPRT lev-
els and the ratio was multiplied by 100. Tetraspanin 31 (Tsp31) was used as an unregulated control in IRF-1-KO compared to WT mice. *P 	 0.01.
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Comparative evaluation of gene expression in the
lungs of infected WT, IFN-�-KO and IRF-1-KO
mice reveals IRF-1 to be a critical inducer of 
type I immune responses

In a previous study, we investigated pulmonary gene expression in
M. avium-infected IFN-�-KO mice [6]. Because IRF-1 appears to
mediate IFN-�-induced granuloma necrosis but may be less criti-
cal for M. avium growth containment and overall survival, we
analysed the data from both experiments together in order (i ) to
identify common target genes critical for granuloma necrosis and
(ii ) to determine the extent to which IFN-�-induced pulmonary
responses are IRF-1 dependent. By stringent statistical and 

fold-change filtering criteria a group of 2278 probe sets were iden-
tified and subjected to a k-means clustering algorithm that sorted
all genes into eight clusters. Focussing on genes that are up-reg-
ulated during infection, four clusters with distinct patterns of gene
expression were identified (Fig. 7, which includes associated GO
terms and example genes, and Table S2 for lists of genes in differ-
ent clusters). Cluster 1 consists of genes whose up-regulation
depends on both IFN-� and IRF-1, with enrichment in ‘antigen
presentation’ (H2 genes, Cd1d, C2ta, Tap) and ‘lymphocyte activa-
tion’. In agreement with the shared absence of granuloma necrosis
in both KO mouse strains, the GO term ‘cell death’ was also
enriched in this cluster, suggesting that this cluster may contain
critical effectors of granuloma necrosis. The second cluster con-
tains IRF-1-dependent genes whose up-regulation is largely IFN-�
independent. In addition to genes controlling T-cell proliferation
and phagocytosis, GO analysis identified enrichment for components
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Fig. 5 Histopathology of infected mouse lungs. C57BL/6 (A) and IRF-1-
KO (B) mice were infected by aerosol with M. avium (TMC724, 105

CFU/mouse). Twenty weeks after infection M. avium-infected mice were
killed and the lung was removed. Lung sections were stained with an
anti-cathepsin K antibody (original magnification �20) and developed by
the immunoperoxidase technique. Micrographs are representative of four
mice examined.

Fig. 6 Determination of MMP activity in lung homogenates of infected
mice. C57BL/6 (black bars) and IRF-1-KO (white bars) mice were infected
by aerosol with M. avium (TMC724, 105 CFU/mouse). Aliquots of lung
homogenates were centrifuged at 300 � g for 10 min. Equal amounts of
the supernatants were incubated with the fluorogenic MMP peptide 
substrate Mca-PLGL-Dpa-AR-NH2 (A: Combined activity of MMP-1, -2, 
-7, -8, -9, -12, -13, -14, -15) and Mca-RPKPVE-Nval-WRK (Dnp)-NH2 
(B: combined activity of MMP-3 and MMP-10) at RT for 30 min. and 
subsequently analysed using a fluorescence microplate reader. The
measured relative light units (RLU) were correlated to protein content in
the lung homogenate and depicted as MMP activity [RLU/mg protein]).
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of the glycolytic pathway such as Pgk1, Aldoc and Hk2. Finally,
deficiency in Irf1 or Ifn� also led to overshooting M. avium-
induced gene expression (clusters 3 and 4). Interestingly, in the
absence of Irf1, genes related to lipid metabolism were increased,
whereas in Ifng-deficient lungs gene expression related to granu-
locyte and osteoclast differentiation and lysosome organization
was enhanced. From each cluster two to three genes were selected
for validation of the pattern of gene regulation by qRT-PCR (Fig. 8),
essentially confirming the microarray data.

A schematic depiction of expression dynamics of the genes
involved in the induction, signalling and effector functions of IFN-�
is shown in Fig. 9 (for signal intensities of individual genes see 
Table S3). It is evident that during M. avium infection most players
are subject to regulation; strikingly, Irf1 not only controls expression
of IFN-�-induced effector molecules like Nos2 or Irgm, but also of
signalling components (Stat1/2) and of Ifn� itself. In silico analysis
of transcription-factor-binding sites in the promoters of IFN-�-
and IRF-1-dependent M. avium-induced genes identified a shared
enrichment of IRF-1 binding sites and ISRE sequences in both
groups of genes (data not shown). The effect on IFN-� expression
levels may be indirect via a lack of recruitment or differentiation of
T cells, because Tcra and Il12rb1 mRNA levels are reduced in 

IRF-1 KO mice. Taken together, these data strongly suggest that 
IRF-1 not only is a key transcription factor downstream of IFN-�,
but may in fact be required for certain IFN-�-independent tran-
scriptional responses during mycobacterial infection of the lung.

Discussion

We used a robust in vivo model of mycobacteria-induced
immunopathology to delineate mechanisms involved in granuloma
necrosis [4, 6]. The signalling axis IFN-� receptor/STAT-1/IRF-1
was identified as the critical pathway involved in the necrotizing
process, whereas the IFN-�� receptor and the IFN-�-inducing
cytokine IL-18 were not essential for granuloma necrosis.
Furthermore, rigorous data mining of microarray-based gene
expression analyses in WT and KO mice resulted in the identifica-
tion of a subset of genes, induced by IFN-� and IRF-1, which was
associated with necrotizing immunopathology.

Since the times of Robert Koch, the differential manipulation 
of tissue damaging versus antibacterially protective events,
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Fig. 7 Comparative transcriptome analysis of M. avium-infected IRF-1- and IFN-�-deficient mouse lungs. C57BL/6, IRF-1-KO and IFN-�-KO mice were
infected by aerosol with M. avium (TMC724, 105 CFU/mouse) in two separate experiments, each with its WT control. Cel files from both experiments
were normalized together using RMA. Regulated genes were identified by a combination of statistical testing (limma F-test P 	 0.0001) and absolute
and relative changes in expression across all conditions (max-min 
 80, max/min 
 3). The resulting 2278 probe sets were z-score normalized and
used for a k-means cluster analysis. Shown are the four clusters containing genes that are up-regulated in WT lungs after infection. Characteristic, sig-
nificantly enriched GO biological process terms together with example genes are depicted below each cluster. Cluster 1 (top left): gene expression
dependent on both IRF-1 and IFN-�. Cluster 2 (top right): gene expression dependent on IRF-1 but less on IFN-�. Cluster 3 (bottom left): overshooting
gene expression mostly dependent on IRF-1. Cluster 4 (bottom right): overshooting expression mostly dependent on IFN-�. Table S2 lists all probe sets
and average expression data for clusters 1 to 4.
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simultaneously induced by the antimycobacterial immune response,
has remained an attractive goal to complement the armamentarium
of anti-TB therapy. However, only rabbits infected with M. tuberculosis
develop characteristic cavities; guinea pigs suffering from TB exhibit
severe central necrosis of pulmonary and lymph node granulomas
that do not progress to full cavities [20, 21]. The mouse as a highly
suitable, genetically and immunologically tractable model of TB
pathogenesis [3] does not generally develop granuloma necrosis
unless it is severely compromised, necrotic lesions then likely being
the result of exacerbated mycobacterial growth early during infec-
tion. In order to take advantage of mouse strains genetically engi-
neered to lack single components of the immune response for the
analysis of mycobacteria-induced immunopathology, we developed
a model that makes use of an aerosol challenge with the highly viru-
lent strain of M. avium TMC724 [5]. In this model, the cells and
mediators best known to be involved in mycobacterial growth retar-
dation, CD4� T cells and IFN-�, are also critically responsible for the
necrotizing immunopathology [3, 4]. In contrast to M. tuberculosis
infection, the high bacterial load present in the lung of M. avium-
infected mice does not correlate with the extent of granuloma
necrosis, thereby facilitating the evaluation of immunopathology as
a feature largely independent of bacterial multiplication. Indeed,
STAT-1-KO and IRF-1-KO had higher levels of M. avium in their lungs
than WT mice, but did not develop granuloma necrosis. This is an

important distinguishing characteristic of this model system, as mice
deficient in STAT-1 or IRF-1 infected with M. tuberculosis were pre-
viously reported to exhibit extensive tissue necrosis due to excessive
mycobacterial replication [22, 23], precluding any meaningful analy-
sis of causative mediators of granuloma pathology in that model.

By disruption of key elements in the IFN-� signalling pathway,
we identified IRF-1 as the critical transcription factor associated
with granuloma necrosis. Among the transcriptional patterns
associated with the absence of granuloma necrosis in IRF-1-KO
mice (Table 2 and Table S1), we found several tissue-remodelling
genes such as cathepsins and matrix metalloproteases. Cathepsin
K is a lysosomal cysteine endopeptidase that is widely expressed
in bronchial epithelial cells, activated fibroblasts and also in infil-
trating macrophages [24]. When specimens obtained from
patients suffering from sarcoidosis, TB, granulomas caused by
foreign materials and sarcoid-like lesions were investigated for the
expression of cathepsin K, immunohistochemistry and in situ
hybridization showed cathepsin K in epithelioid cells and multinu-
cleated giant cells irrespective of the pathological condition and
anatomical location, but not in normal resident macrophages [25].
Using cathepsin-K KO mice, increased lung fibrosis was observed
after bleomycin challenge [26]. Thus, cathepsin K may be also
involved in matrix degradation and may counteract the increased
matrix deposition responsible for the development of lung fibrosis.
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Fig. 8 Validation of cluster assignment for dependence on IFN-� or IRF-1 by qRT-PCR. Lung RNA harvested from controls (mock) and 14 week infected
WT/IFN-��/� (light grey), IFN-�-KO (orange), WT/IRF-1�/� (dark grey) or IRF-1-KO (olive) mice was analysed for changes in expression of selected
genes from clusters 1–4 according to Fig. 7. Expression was normalized to HPRT levels, using the WT/IRF-1�/� uninfected condition as a calibrator
(fold change, FC � 1). Shown are mean � S.D. from six data points (three RNAs from individual mice, with 2 PCR replicates each).
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Cystatin F is a known inhibitor of cathepsin K; reciprocal regula-
tion of the two genes therefore suggests a co-ordinated matrix
degradation program in IRF-1-KO mice infected with M. avium
whose induction is substantially lower in WT mice. Additional
membrane-degrading enzymes may also play a role, such as
phospholipase A1 (PLA1), which was regulated approximately 15-
fold higher in WT compared to IRF-1-KO mice. PLA1 hydrolyses
fatty acids from phospholipids and produces lysophospholipids
that have been implicated in various inflammatory processes [27].
Similarly, sphingomyelin phoshodiesterase, regulated ninefold
higher in WT than in IRF-1-KO mice, is likely involved in ceramide
turnover and regulated cell death [28].

Matrix metalloproteinases constitute a large family of Zn2�- and
Ca2�-dependent endopeptidases that have been implicated in
chronic inflammatory responses and tissue remodelling (reviewed
in [29]). M. tuberculosis was previously demonstrated to elicit the
expression of MMP-2 and MMP-9 [30]. Non-specific blocking of
MMPs in C57BL/6 mice early during infection with M. tuberculosis
reduced bacterial dissemination via the bloodstream, suggesting
that MMPs play a role in facilitating dissemination, likely via extra-
cellular matrix degradation [31]. Mice treated with a non-specific
blocker of MMPs also had increased collagen deposition within
early granulomas and significantly decreased pulmonary leucocyte

recruitment when compared to vehicle-treated, M. tuberculosis-
infected mice [32]. Another study showed that MMP-9, specifically,
is required for recruitment of macrophages and tissue remodelling
to allow for the formation of tight, well-organized granulomas [31].
Little is known about any specific involvement of the stromelysin
MMP-10 in chronic granulomatous diseases, such as TB. It is pos-
sible that strong IRF-1-mediated up-regulation of MMP-10 was
detected in our experiments because MMP-10 induction is more
apparent in infections with M. avium than with M. tuberculosis.
Clearly, the overall fine-tuning and specificity of, on the one hand,
lysosomal protease down-regulation and, on the other hand, simul-
taneous matrix metalloproteinase up-regulation, that appears to
correlate with granuloma necrosis in our model, needs further com-
parative exploration in selectively transgenic mouse strains.

Our initial rationale to analyse gene expression in IRF-1-KO
lungs was based on the essential role of IRF-1 as a downstream
transcription factor required for directing the expression of many
(but probably not all) IFN-�-dependent genes. Because the biolog-
ical effects of IFN-� were only partially dependent on IRF-1 (gran-
uloma necrosis yes, survival no), we reasoned that the identifica-
tion of a smaller group of genes whose induction was abrogated
both in IFN-�-KO and IRF-1KO mice would narrow down the set of
candidate mediators of granuloma necrosis. Our expectation that
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Fig. 9 Schematic representation of the type I immune response in M. avium infection and its transcriptional perturbation in Irf1- and Ifn�-deficient mice.
The pathway components of IFN-� induction, signalling and effector functions are shown and assigned to macrophages and T cells as the prime host
and effector cells during mycobacterial lung infection. The assignment of genes to the different effector function groups is tentative. Regulation of gene
expression during M. avium infection in WT and gene-deficient mice is depicted as fold change relative to the respective uninfected control in bar plots
(WT: grey bars; IRF-1-KO: olive bars; IFN-�-KO: orange bars). The corresponding values are listed in Table S3.
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IRF-1 would be required only for a subset of IFN-�-dependent
genes was, however, challenged by the experimental results that
revealed a more important and reciprocal role for IRF-1 than antic-
ipated. In addition to obvious IFN-� target genes (such as NOS2,
Mx1, Gbp1, etc.) IRF-1 was also essential for the induction of
many genes involved in the induction of IFN-� expression (partic-
ularly, Il12b, Il12rb1, Ifn� itself) as well as of some components
of the IFN-� signalling machinery (Ifngr, Stat1). Thus, the unex-
pectedly large size of cluster 2 in our comparative analysis of the
IRF-1- and IFN-�-induced transcriptome indicates that IRF-1 plays
a role in additional pathways and is activated by stimuli other than
IFN-�. Of note, within the constraints and sensitivity limits of the
cluster algorithm used, no cluster consisting of IFN-� dependent,
but IRF-1-independent genes was observed, suggesting that
IRF-1 is indeed required for most IFN-�-dependent transcriptional
responses in the lung.

In retrospect, this broader role for IRF-1, evident from our
microarray analysis in a complex in vivo model system, is consis-
tent with the function very recently ascribed to IRF-1 in the
response of DC to TLR stimulation in vitro and in T helper cell 
differentiation to a Th1 phenotype in general [33, 34]. Kano et al.
demonstrate that IRF-1, by directly interacting with and activating
the Il12rb1 promoter in CD4� T cells, controls the development of
Th1 cells independently of and in addition to the transcription 
factor T-bet [34]. Given that CD4� cells, IL-12 and IFN-� are all
necessary for the initiation of granuloma necrosis, IRF-1 may
therefore primarily serve as an upstream regulator of Th1 differen-
tiation also in our model of mycobacteria-induced immunopathology.
Alternatively or additionally, IRF-1 may govern central necrotiza-
tion of mycobacteria-induced granulomas by regulating down-
stream tissue-damaging pathways.

Among the genes transcriptionally regulated in both IRF-1-KO
and IFN-�-KO mice (Fig. 7, Table S2), there are some interesting
candidates for further functional evaluation. As previously noted,
the up-regulation of chemokines with angiostatic properties, such
as CXCL10 and CXCL11 is completely abrogated in both KO mouse
strains. It has previously been argued that hypoxia, due to reduced
neo-angiogenesis within the growing granuloma, contributes to
granuloma necrotization [6]. One of the most prominently up-reg-
ulated genes (approximately 200–300-fold in WT versus IRF-1-KO
and IFN-�-KO mice) was ubiquitin D. Specific peptide sequences
within ubiquitin D were recently shown to have antimycobacterial
activity and were implicated in a putative, lysosomal killing path-
way for mycobacteria [35]. The role of ubiquitin D in the
immunopathogenesis of TB is unknown, although it might be
argued that enhanced targeting of proteins for degradation may be
an intracellular correlate of tissue destruction. Another promi-
nently regulated gene was nos2 (nitric oxide synthase 2). NOS2
clearly regulates antimycobacterially effective macrophage
responses [36], although conspicuously not during M. avium
infection in mice [37], which may explain why IRF-1-KO mice (like
NOS2-KO mice) do not succumb to infection earlier than WT mice.
However, we and others previously demonstrated that NOS2 is not
involved in granuloma necrosis in this mouse model of mycobac-
teria-induced immunopathology [4, 38]. It would therefore seem

that not all, but only a limited number of genes transcriptionally
controlled by IRF-1 are critical for granuloma necrosis. Quite pos-
sibly, these are members of the GO cluster ‘cell death and apopto-
sis’ whose transcriptional response was dependent on IRF-1 and
IFN-� (Figs. 7 and 8).

In conclusion, this study demonstrates that ex vivo microar-
ray profiling of lungs obtained from mice with different patholog-
ical responses to M. avium infection yields novel candidate genes
that may be causally involved in granuloma necrosis and that may
now be further validated with suitable depletion or neutralization
strategies.

Supporting Information

Tables S1: Genes regulated more than fivefold in the lungs of
WT versus IRF-1-KO mice infected with M. avium.

WT and IRF-1-KO mice were infected by aerosol with M. avium
(TMC724, 105 CFU/mouse) and gene expression was analysed in
RNA extracted from the lungs at 14 weeks after infection by the
Affymetrix Mouse 430A_2 GeneChip, containing a total of 22,690
probe sets. The fold change (FC) is the ratio of average gene
expression values in infected compared to uninfected mice (C).
Shown are only those genes with a more than fivefold difference
in gene expression between infected WT and infected IRF-1-KO
mice. The assigned cluster is indicated according to Fig. 5: all
genes up-regulated more than fivefold in WT, are assigned to clus-
ter B, whereas all genes up-regulated more than fivefold in IRF-1-
KO, except Gzma, are assigned to clusters D, E and F. Repetitive
probe sets have different target sequences and might represent
alternative splice variants of the same expressed gene. Two-way
ANOVA q-value 	0.01 in all cases.

Table S2: IFN-�- and IRF-1-dependent gene expression accord-
ing to k-means clusters shown in Fig. 7

For all probe sets sorted by the k-means clustering into clus-
ters 1–4 depicted in Fig. 7, the probe set ID, gene symbols, gene
description, average expression values for all conditions and fold
changes of infected compared to mock treated controls, is shown.
Data for the different clusters are shown in separate sheets.

Table S3: Regulation of IFN-�-pathway genes in M. avium
infection which are dependent on IFN-� and IRF-1 (as depicted
in Fig. 9)

For all genes whose regulation is depicted in Fig. 9, the fold
changes of infected versus mock controls, as well as the average
expression values for each condition, are shown.
This material is available as part of the online article

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