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Tuberculosis is the seventh leading cause of morbidity and mortality in the world, with eight million cases
per year. Animal and human studies demonstrate an enrichment of CD4 cells at sites of disease, with a more
favorable clinical course when there is a Th1 response with the presence of gamma interferon (IFN-�). We
previously treated patients who had multidrug-resistant tuberculosis with recombinant IFN-� (rIFN-�) in
aerosol form and were able to convert smear-positive cases to smear negative with 12 treatments over 1 month.
We hypothesized that rIFN-� would induce signal transducer and activator of transcription (STAT) and
interferon regulatory factor (IRF) binding activity in alveolar macrophages (AM). AM treated in vitro showed
clear upregulation of STAT-1 and IRF-1 by rIFN-�. STAT-1 was not activated and IRF-1 was only weakly
induced after 1 day of infection by Mycobacterium tuberculosis TN913. In bronchoalveolar lavage (BAL) cells
obtained from 10 of 10 tuberculosis patients 10 � 2 days post-antituberculosis treatment, there was no
detectable STAT-1 or IRF-1 DNA-binding activity. After 4 weeks of treatment with rIFN-� aerosol in addition
to the antituberculosis drugs, 10 of 10 patients had increased STAT-1, IRF-1, and/or IRF-9 DNA-binding
activity in BAL cells from lung segments shown radiographically to be involved and in those shown to be
uninvolved. Symptoms and chest radiographs improved, and amounts of macrophage inflammatory cytokines
and human immunodeficiency virus type 1 (HIV-1) viral loads (in five of five HIV-1-coinfected patients)
declined in the second BAL specimens. rIFN-� aerosol induces signal transduction and gene expression in BAL
cells and should be evaluated for efficacy in a randomized, controlled clinical trial.

Mycobacterium tuberculosis infects one-third of the world’s
population, causes eight million active cases of tuberculosis per
year, and ranks seventh in terms of global morbidity and mor-
tality (12, 31). Challenges in conquering this disease include
the need to prolong chemotherapy for 6 months to eliminate
persistent organisms and the need to prevent the lung destruc-
tion, bronchiectasis, and fibrosis seen in advanced cases (2).
Patients with bilateral pulmonary tuberculosis, cavitary dis-
ease, and persistently positive sputum smears have special risks
of treatment failure and/or relapse. We hypothesized that
gamma interferon (IFN-�) and the CD4 Th1 phenotype would
stimulate signaling molecules, activate alveolar macrophages
(AM), and improve clinical outcome, perhaps reducing the
necessary duration of chemotherapy and the extent of tissue
destruction (39).

The rate of activation of latent tuberculosis in purified
protein derivative-positive AIDS patients is 10% per year,
compared to a 10% lifetime risk of progression in immuno-
competent purified protein derivative-positive patients (43).
Tuberculosis causes a marked increase in human immunode-
ficiency virus type 1 (HIV-1) replication and mutation in the

involved lung segments (32, 46). This may underlie the accel-
erated progression of AIDS observed in coinfected patients
(50). While AIDS patients are capable of producing normal
amounts of many proinflammatory cytokines in involved lung
segments, they fail to produce as much IFN-� mRNA as im-
munocompetent patients with tuberculosis (28). In non-HIV-
infected patients, segments found radiographically to be in-
volved show an enrichment of CD4� cells, and in patients with
minimal pulmonary tuberculosis, there is an increase in the
spontaneous release of IFN-� and in IFN-� mRNA expression
(5, 28). The presence of IFN-� in bronchoalveolar lavage
(BAL) fluid is associated with less-advanced tuberculosis, and
augmentation with IFN-� in aerosol form has been shown to
be safe in normal volunteers (21). This therapy induced AM
gene expression of IP-10, whereas subcutaneous administra-
tion did not (21). Previously, recombinant IFN-� (rIFN-�)
aerosol was given three times weekly for 1 month to five pul-
monary tuberculosis patients for whom second-line therapy for
multidrug resistance was failing; the treatment was demon-
strated to have clinical efficacy, resulting in the conversion of
sputum smears from positive to negative, weight gain, and
improved radiographs (6).

The binding of six-helix monomeric IFN-� to the 90-kDa
IFN-� receptor initiates a signal transduction pathway that
culminates in the activation of gene expression (reviewed in
references 9 and 19). Binding occurs at the �-subunits and
leads to the activation of Janus kinase 1 and 2 tyrosine kinases
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through auto- or transphosphorylation of kinase tyrosine res-
idues. Janus kinase activation leads to tyrosine phosphoryla-
tion of the latent cytoplasmic signal transducer and activator of
transcription 1 (STAT-1), which homodimerizes and translo-
cates to the nucleus. There STAT-1 binds to regulatory regions
of genes containing IFN-� activation site (GAS) consensus
sequences. Among the genes activated by STAT-1 binding is
that for the transcription factor interferon regulatory factor 1
(IRF-1). This factor, in turn, can activate a large number of
genes by binding to the interferon-stimulated response ele-
ment (ISRE) (36). IRF-9, another member of the IRF family,
is also newly synthesized in cells stimulated by IFN-� (29, 47).
Unlike IRF-1, IRF-9 gene expression is also dependent on new
protein synthesis, through mechanisms that are still being de-
fined (17, 40, 49).

In the present study, we investigated the AM response to
rIFN-� in order to ascertain the effects on signaling molecules
in vitro and in vivo. We found that treatment with rIFN-� did
activate signal transduction pathways and gene expression, and
in tuberculosis patients we found increased DNA-binding ac-
tivity for STAT-1 and IRF family members, including IRF-1
and IRF-9, only after the aerosol rIFN-� was added to the
antituberculosis treatment regimen.

MATERIALS AND METHODS

Study population. The protocol for this study was approved by the Human
Subjects Review Committees of New York University School of Medicine and
Bellevue Hospital Center. Normal volunteers with normal chest radiographs,
spirometry results, and physical examinations were recruited. Eleven patients
with active pulmonary tuberculosis participated. HIV-1 testing was done on all
patients by using enzyme-linked immunosorbent assays, and results were con-
firmed by Western blotting. HIV-1-infected patients were not on antiretroviral
therapy. For all patients, M. tuberculosis isolates were recovered from sputum
cultures, and 10 of 11 culture isolates were sensitive to first-line antituberculosis
medication. All patients had their symptoms reviewed and had chest computer-
ized tomography scans and active evaluations relative to rIFN-� aerosol treat-
ment. Patients received 500 �g of rIFN-� (Intermune) mixed with 3 ml of normal
saline via a Respirgard nebulizer three times a week for 4 weeks in addition to
their antituberculosis medications.

BAL. BAL was performed with a flexible fiber-optic bronchoscope, and pa-
tients were given local anesthesia (Xylocaine). It has been established that BAL
cells are representative of inflammatory and immune cells from the lung paren-
chyma in various circumstances, including during tuberculosis (18, 28). BAL was
first performed in 10 patients 10 � 2 days after the start of treatment with
antituberculosis drugs; in one patient with multidrug-resistant tuberculosis, BAL
was done after 12 months of second-line therapy. A follow-up BAL was per-
formed approximately 1 h or 1 day after the final aerosol IFN-� treatment, as
previously described (6). BAL was done on six patients, including three of five
HIV-1-infected tuberculosis patients, 1 h after treatment with aerosol rIFN-�. It
was done on four patients, including two of five HIV-1-infected tuberculosis
patients, 1 day after treatment with aerosol rIFN-�. The change in follow-up time
from 1 day to 1 h after was made for the convenience of the patients (allowing
them to avoid another trip to the hospital). Normal saline (6 50-ml aliquots) was
instilled and suctioned sequentially from two or three sites (including sites shown
radiographically to be involved). The recovered fluid was filtered through sterile
gauze. A total cell count was done in a hematocytometer, cell differentials were
performed on cytocentrifuge slides stained with Diff-Quick, and 500 cells were
counted. Cell viability was determined by trypan blue exclusion, and in all cases,
recovered cells were �90% viable.

Immunoassays. All BAL fluids were concentrated (10�) with Centriprep-10
filters (Amicon, Beverly, Mass.) for the measurement of cytokines. Tumor ne-
crosis factor alpha (TNF-�), IFN-�, and interleukin-15 (IL-15) enzyme-linked
immunosorbent assay kits were purchased and used according to the recommen-
dations of the manufacturer (R & D, Minneapolis, Minn.). Protein concentra-
tions for BAL fluids were determined with Bio-Rad Bradford assay reagent.
HIV-1 viral loads were quantitated in BAL fluids from HIV-1-infected patients

by reverse transcription-PCR assay (Ultrasensitive; Roche Molecular Systems,
Pleasanton, Calif.) as previously described (16).

Protein extracts and EMSA. All procedures with BAL cells were performed in
a biosafety level 3 laboratory. BAL cells from healthy volunteers were uninfected
or infected by M. tuberculosis TN913 for 1 day in vitro and then either unstimu-
lated or stimulated with rIFN-� (5 ng/ml) for the final 2 h prior to the prepara-
tion of protein extracts as previously described (48). If so indicated (see Fig. 1
and 2), medium containing nonadherent cells was pooled with a phosphate-
buffered saline wash of the monolayer, and extracts were then prepared sepa-
rately from the nonadherent cells, principally lymphocytes, and the adherent
cells, principally AM. BAL cells from patients were either put at 0 to 4°C as soon
as possible after lavage or cultured in RPMI 1640 (BioWhittaker) plus 10% fetal
bovine serum (HyClone) at 37°C and 5% CO2 for 1 h so that nonadherent cells
could be separated from adherent cells as described above. In either case,
extraction was started within 2 h after the completion of BAL. An electro-
phoretic mobility shift assay (EMSA) was performed with approximately 10 �g
of extract protein (2 to 3 �l of extract) as previously described (48). The ISRE
oligonucleotide (CTCGGGAAAGGGAAACCGAAACTGAAGCC) and its com-
plement, synthesized with BamHI cohesive termini at the 5	 end of each strand,
span from 
117 to 
89 of the ISG15 promoter (38). The ISRE homology is
shown in bold. The GAS oligonucleotide (TACAACAGCCTGATTTCCCCGA
AATGACGGC) and its complement, synthesized with HindIII cohesive termini
at the 5	 end of each strand, span from 
137 to 
107 of the IRF-1 promoter
(35). The GAS homology is shown in bold. The nonspecific oligonucleotide
(CTCTCTGCAAGGGTCATCAGTAC) and its complement, synthesized with
HindIII cohesive termini at the 5	 end of each strand, include the distal hepa-
tocyte nuclear factor 4 site from the transthyretin promoter (44). Rabbit poly-
clonal anti-IRF-1 antiserum was raised against the human protein purified from
HeLa cells (36). Rabbit polyclonal anti-STAT-1 antiserum was a gift of Chris
Schindler (42). Rabbit polyclonal anti-IRF-9 antiserum was a gift of David Levy
(47). An irrelevant immune rabbit antiserum was used as a control for the
specificities of the anti-IRF and anti-STAT sera. If indicated (see Fig. 2, 3, and
4), excess unlabeled oligonucleotide was included in the binding reaction, or 2.5
�l of 1� binding buffer containing 0.5 �l of antiserum or antibody was added.
Radioactivity in protein-DNA complexes was visualized and quantified with a
PhosphorImager and ImageQuant software (Molecular Dynamics).

Biostatistics. The Wilcoxon signed rank test was used for comparisons of BAL
parameters, and a P value of �0.05 was chosen to indicate statistical significance.

RESULTS

Response of AM to IFN-� in vitro. First we evaluated the
response of AM to IFN-� in vitro. AM recovered from healthy
volunteers by BAL were infected by M. tuberculosis or stimu-
lated with rIFN-�. The occurrence of signal transduction was
monitored by measuring STAT-1 homodimer DNA-binding
activity (Fig. 1A). In contrast to nonadherent cells (lane 1),
adherent cells, primarily AM, had a detectable basal level of
STAT-1 homodimers (lane 2). In vitro infection by M. tuber-
culosis had little or no effect (lane 3). After stimulation with
rIFN-� for 2 h, STAT-1 homodimer DNA-binding activity was
much greater (lane 4). The increase over that in unstimulated
cells was approximately 10-fold (Fig. 1B). Infection did not
alter rIFN-� stimulation of STAT-1 homodimer DNA-binding
activity in AM (Y. Qiao, S. Prabhakar, M. Weiden, and R.
Pine, unpublished observations), as was also found for periph-
eral blood monocyte-derived macrophages (45).

To determine if signal transduction was functional in the
BAL cells, the induction of IRF DNA-binding activity was
assayed (Fig. 2A). Minimal or no induction of IRF-9 was ob-
served after 2 h of IFN-� stimulation. No IRF-1 activity was
apparent in either nonadherent or adherent cells prior to in-
fection or stimulation (lanes 1 and 3). Infection for 1 day led to
a slight induction of IRF-1 (lane 5), consistent with the greater
level of induction observed 3 days postinfection (37). rIFN-�
stimulation clearly induced IRF-1 (lane 7). The minimal IRF-1
level in unstimulated, uninfected cells and the induced IRF-1
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levels in cells that were infected or stimulated are most appar-
ent upon comparison with results from assays that included
specific competitor oligonucleotide (lanes 2, 4, 6, and 8). There
was no effect of infection on rIFN-� stimulation of IRF-1
(Qiao et al., unpublished), consistent with the lack of effect on
STAT-1 (Fig. 1). The level of IRF-1 in stimulated AM in-
creased approximately eightfold over that in unstimulated cells
(Fig. 1B). These data demonstrate that AM exhibit typical
molecular responses to IFN-� and suggest that they are likely
to be affected in situ by aerosol rIFN-� administered to tuber-
culosis patients.

Effect of aerosol rIFN-� on STAT-1 and IRFs in vivo. There
was no STAT-1 DNA-binding activity in BAL cells from un-
involved or involved lobes prior to the commencement of ther-
apy with rIFN-� aerosol, which followed a mean of 10 � 2 days
of antituberculosis therapy, consistent with the fact that M.
tuberculosis infection in vitro does not activate STAT-1 DNA

binding. This was true whether, prior to extraction within 2 h
after BAL, cells were cultured for 1 h at 37°C for separation
into adherent and nonadherent populations or whether they
were kept at 0 to 4°C. STAT-1 DNA-binding activity was in-
duced in BAL cells from both involved and uninvolved lobes of
one patient, representative of 10, after rIFN-� aerosol treat-
ment (Fig. 3A, lanes 5 and 7), as demonstrated by the forma-
tion of a complex between whole cell extracts and a GAS
oligonucleotide probe in the presence of excess nonspecific
unlabeled oligonucleotide. Excess unlabeled GAS oligonucle-
otide competed away the specific binding (Fig. 3A, lanes 6 and
8). The addition of nonspecific antiserum had no effect on the
complex formed with the GAS oligonucleotide (Fig. 3A, lane
12), while anti-STAT-1 antibody reacted with it (Fig. 3A, lane
13), confirming that the induced DNA-binding activity in pa-
tient 5 was STAT-1. We measured an increase in the amount
of STAT-1 complexes in 10 of 10 patients evaluated. Induction

FIG. 1. STAT-1 DNA-binding activity in AM after stimulation with rIFN-� or infection by M. tuberculosis in vitro. (A) BAL cells were obtained
from healthy volunteers and stimulated with IFN-� or infected by M. tuberculosis in vitro (Tb) as indicated. Protein extracts were prepared from
nonadherent (Non) and adherent (Adh) cells, and STAT-1 DNA-binding activity was determined by EMSA. The specific complexes formed
between STAT-1 and a GAS oligonucleotide probe are indicated (STAT-1). The STAT-1–GAS complex has been identified by its characteristic
mobility, sequence specificity, and specific reaction with anti-STAT-1 antiserum (data not shown). A nonspecific complex (ns) serves as an internal
standard for recovery of protein and gel loading. (B) STAT-1 activity was quantified relative to that of the nonspecific complex.

FIG. 2. IRF-1 DNA-binding activity in AM after stimulation with rIFN-� or infection by M. tuberculosis in vitro. (A) BAL cells were obtained
from healthy volunteers and stimulated with IFN-� or infected by M. tuberculosis in vitro (Tb) as indicated. Protein extracts were prepared from
nonadherent (Non) and adherent (Adh) cells, and IRF-1 DNA-binding activity was determined by EMSA in the presence of nonspecific or specific
(ISRE oligo) excess unlabeled oligonucleotide competitor. The specific complexes formed between IRF-1 and an ISRE oligonucleotide probe are
indicated (IRF-1). The complex was identified by specific reaction with anti-IRF-1 antiserum (data not shown). A nonspecific complex (ns) serves
as an internal standard for recovery of protein and gel loading. (B) IRF-1 activity was quantified relative to that of the nonspecific complex.
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levels were 15- to 18-fold higher and were similar for involved
and uninvolved lung segments (Fig. 3B). When STAT-1 in cells
obtained 1 h or 1 day after the final rIFN-� treatment was
considered separately, the induction was found to be 29-fold or
3-fold higher, respectively, than that in the respective pretreat-
ment cells (Fig. 3B). This difference in the levels of induction
was significant (P � 0.05), and the 29-fold-higher induction
was significant compared to that in the respective pretreatment
cells (P � 0.03). Thus, IFN-� signal transduction occurred in
vivo in response to rIFN-� aerosol but was not present after
antituberculosis therapy alone.

We found that levels of IRF-1 and IRF-9 were also in-
creased in extracts of BAL cells from involved segments (Fig.
4A, lane 3). The specific complexes with the labeled ISRE
probe are those not detected in the presence of excess unla-
beled ISRE oligonucleotide (Fig. 4A, lane 4). In another pa-
tient, we observed similar upregulation of IRF-1 and IRF-9

(Fig. 4A, lane 5). The identities of IRF-1 and IRF-9 in the
complexes were demonstrated with specific antisera. Anti-
IRF-9 and anti-IRF-1 antisera each reacted with different spe-
cific complexes, and the complex recognized by one antiserum
did not react with the other (Fig. 4A, lanes 6 and 7). There
were 2- and 1.5-fold increases in the amounts of specific IRF-
1–ISRE complexes detected by EMSA of BAL cell extracts
from uninvolved and involved sites, respectively, of 9 of 10
tuberculosis patients evaluated after treatment with rIFN-�
aerosol (Fig. 4B). However, analysis of induction as a function
of the length of time between the final treatment with rIFN-�
and BAL showed 3-fold-higher induction of IRF-1 in cells
obtained 1 h after treatment than in pretreatment cells and no
induction in cells obtained 1 day after treatment (Fig. 4B). The
induction of IRF-9–ISRE complexes detected by EMSA of

FIG. 3. STAT-1 DNA-binding activity in BAL cells before and
after aerosolized rIFN-� therapy. (A) Protein extracts were prepared
from BAL cells obtained from lung segments shown radiographically
to be involved (In) or uninvolved (Un) before (Pre-IFN) or at the
conclusion of (Post-IFN) treatment with aerosolized rIFN-�. The spe-
cific complexes formed between STAT-1 and a GAS oligonucleotide
probe, as detected by EMSA, are indicated (STAT-1). A nonspecific
complex (ns) serves as an internal standard for recovery of protein and
gel loading. Left panel: unlabeled nonspecific oligonucleotide or GAS
oligonucleotide (GAS oligo) was included in the assay. Right panel:
nonspecific antibody or anti-STAT-1 antibody (STAT-1 Antibody) was
included in the assay. (B) STAT-1 DNA-binding activity was quantified
for BAL cell extracts from 10 patients. The average fold increases in
the levels of induction posttherapy relative to the levels pretherapy are
shown. Cells were obtained from uninvolved or involved segments at
1 h and 1 day (1d) after the final aerosolized rIFN-� treatment. Error
bars indicate standard errors of the means.

FIG. 4. IRF-1 and IRF-9 DNA-binding activity in BAL cells before
and after aerosolized IFN-� therapy. (A) Protein extracts were pre-
pared from BAL cells obtained from lung segments shown radiograph-
ically to be involved (In) before (Pre IFN) or at the conclusion of (Post
IFN) treatment with aerosolized IFN-�. The specific complexes
formed between IRFs and an ISRE oligonucleotide probe, as detected
by EMSA, are indicated (IRF-1 and IRF-9, with arrows). A nonspecific
complex (ns, with arrows) serves as an internal standard for recovery of
protein and gel loading. Left panel: unlabeled nonspecific oligonucle-
otide or ISRE oligonucleotide (ISRE oligo) was included in the assay.
Right panel: nonspecific antibody (ns), anti-IRF-9 antibody (IRF-9),
or anti-IRF-1 antibody (IRF-1) was included in the assay. (B) IRF-1
and IRF-9 DNA-binding activities were quantified for BAL cell ex-
tracts from nine and six patients, respectively. The average fold in-
creases in the levels of induction posttherapy relative to the levels
pretherapy are shown. Cells were obtained from uninvolved (Un) or
involved segments at 1 h and 1 day (1d) after the final aerosolized
rIFN-� treatment. Error bars indicate standard errors of the means.
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BAL cell extracts from uninvolved and involved sites was 4.6-
and 3.7-fold higher, respectively, than that in pretreatment
cells for six patients from whom BAL cells were obtained 1 h
after the final treatment with rIFN-� (Fig. 4B). IRF-9 was not
induced in BAL cells obtained 1 day after the final treatment
with rIFN-� (data not shown). In only one patient, who did not
receive aerosol rIFN-�, IRF-9 was detected in the extract from
the first BAL cell sample, obtained 10 days after the start of
antituberculosis chemotherapy (data not shown). The ob-
served induction of IRF DNA-binding activity demonstrates
that signal transduction in response to rIFN-� aerosol was
followed by gene expression.

BAL findings. To determine what changes occurred in the
lung during treatment with rIFN-� aerosol and standard che-
motherapy, BAL was performed pre- and posttreatment with
rIFN-� aerosol on lung segments shown radiographically to be
involved or uninvolved. There were decreases from 34 � 7% to
26 � 8% in the percentage of lymphocytes and from 1,425 �
500 to 1,132 � 412 in the absolute number of lymphocytes per
ml of BAL fluid after treatment with aerosol rIFN-�. Viral
loads in the five individuals with HIV-tuberculosis coinfection
were measured in the involved lung segments pre- and post-
treatment with rIFN-� aerosol (Fig. 5). Four individuals had a
decrease of greater than 1 log in HIV-1 concentration, and the
fifth had a decline of almost 3 logs. One of these patients had
multidrug-resistant tuberculosis, and treatment with rIFN-�
aerosol was added to the ongoing regimen of chemotherapy to
which the patient had not responded.

Among cytokines released by BAL cells during 24 h in cul-
ture, declines in the mean values for TNF-� from 60 � 40 to 5
� 4 pg per million macrophages and in the mean values for
IL-15 from 26 � 24 to 1 � 0.5 pg per million macrophages

were observed. IL-15 has been shown to be important for
IFN-� release from NK cells (4). There was also a decline in
IFN-� levels expressed from 24-h cell culture supernatants
from 6.8 � 3.2 to 3.5 � 1.5 pg per million lymphocytes.

Clinical outcome. All 11 patients tolerated rIFN-� aerosol
treatment without fever, bronchospasm, or respiratory symp-
toms. There were nine males and two females, and their mean
age was 38 � 3 years (range, 22 to 55 years). Five were infected
with HIV-1, with a mean CD4 count of 122 � 47 cells (range,
10 to 226 cells). Most had advanced pulmonary tuberculosis; 6
of 11 had cavitary tuberculosis, 5 of 11 had bilateral infiltrates,
and 2 of 11 had unilateral infiltrates. Following 1 month of
rIFN-� aerosol treatment, there was a striking decline in symp-
toms, with decreases in the numbers of patients experiencing
each symptom as follows: fever, 4 of 11 to 1 of 11; night sweats,
7 of 11 to 3 of 11; persistent cough, 8 of 11 to 3 of 11; and
sputum production (greater than 2 tablespoons per day), 6 of
11 to 0 of 11. Five of 11 patients had documented weight gain.
None had hemoptysis. A review of chest radiographs before
treatment revealed that a mean of 2.4 � 0.4 lung lobes was
involved. This mean declined after 1 month of therapy includ-
ing rIFN-� aerosol treatment to 2.1 � 0.4 lung lobes. The
tuberculosis patients with cavities had a mean size reduction of
the cavities shown on chest radiographs from a maximal diam-
eter of 12 � 1.7 mm to a maximal diameter of 9 � 2.8 mm after
treatment with rIFN-� aerosol.

DISCUSSION

We have shown that in vitro stimulation with rIFN-� for 2 h
induces STAT-1 and IRF-1 DNA-binding activity in AM (Fig.
1 and 2) and, that in tuberculosis patients, STAT-1, IRF-1, and
IRF-9 DNA-binding activity is induced in AM in vivo by treat-
ment with aerosol rIFN-� (Fig. 3 and 4). Interestingly, in five of
five patients coinfected with HIV and M. tuberculosis, including
one who received aerosol rIFN-� as the only change in ongoing
chemotherapy, there was a striking decline in the viral load in
BAL fluids from segments shown radiographically to be in-
volved (Fig. 5).

STAT-1 DNA-binding activity was undetectable prior to
treatment with aerosol rIFN-�, yet it was expected that at least
this transcription factor might have been detected at a low level
since endogenous IFN-� is present at sites of tuberculosis
infection (3, 5). We cannot exclude the possibility that the
endogenous IFN-� results in a small amount of activated
STAT-1, which begins to decay when BAL is performed, and
that BAL cells cannot be collected and extracted expeditiously
enough to detect what is left of an initially low level of DNA-
binding activity. However, there are at least two alternative
explanations for the lack of STAT-1 DNA-binding activity
prior to aerosol rIFN-� treatment. First, the steady-state pres-
ence of IFN-� may result in negative feedback so that normal
homeostasis, perhaps through the induction of proteins that
are suppressors of cytokine signaling (reviewed in references 1,
27, and 41), limits the amount of activated STAT-1 that is
present. Second, immunosuppressive effects of other cytokines,
such as IL-10, might limit the response to endogenous IFN-�.
In vitro, IL-10 can limit the activation of STAT-1 in response
to IFN-� or IFN-� (20). The degree of inhibition is smaller at
higher doses of the respective IFN. In either case, there might

FIG. 5. HIV-1 concentration in BAL fluids of AIDS patients with
tuberculosis after antituberculosis treatment (Pre IFN) and after treat-
ment with aerosolized IFN-� (Post IFN). The relative HIV-1 concen-
tration was determined by reverse transcription-PCR. One patient had
received chemotherapy for multidrug-resistant tuberculosis for 12
months prior to the start of aerosolized IFN-� therapy, and the addi-
tion of IFN-� was the only change in therapy.
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be essentially no activated STAT-1 or it might be present at a
level below the limit of detection, which would represent the
physiological extent of the response to the physiological pres-
ence of IFN-�.

In comparison to BAL cells obtained after 10 � 2 days of
antituberculosis drug treatment, the induction of STAT-1
and/or IRF-1 and IRF-9 was observed in both uninvolved and
involved lobes 4 weeks after aerosol rIFN-� was added to the
treatment regimen. Moreover, induction was greater in BAL
cells obtained 1 h after the final aerosol rIFN-� treatment than
in cells obtained 1 day later or was observed only in the cells
obtained 1 h after the treatment. These results are consistent
with the conclusion from in vitro results that infection alone
does not lead to the activation of STAT-1 in human macro-
phages (Fig. 1) (48) and suggest that the in vivo effects shown
here are a response to aerosol rIFN-� rather than to antitu-
berculosis drug treatment. Altogether, these data demonstrate
that the in vitro response of AM to rIFN-� accords with the
paradigm established in studies of secondary cell cultures and
tumor cell lines and that, importantly, AM exposed to aerosol
rIFN-� in vivo exhibit activation and induction of transcription
factors that mediate response to IFN-�.

IRF-1 and IRF-9, both of which were induced by aerosol
rIFN-�, allow crossover between the IFN-� and the IFN-� and
IFN-� systems. The importance of the IFN-�/� system for host
response to M. tuberculosis is suggested by the good clinical
response that has been reported for aerosol IFN-� used as an
adjunctive treatment for tuberculosis (15). Giosue and col-
leagues added aerosol IFN-� to a treatment regimen for 2
months and compared data to those from a control group,
observing by computerized tomography scanning that healing
accelerated and that there was a more significant decrease in
IL-1�, IL-6, and TNF-� in BAL fluids from the IFN-�-treated
group (15). The induction of IRF-1 by aerosol IFN-� is likely
to induce a subset of genes that are also regulated by IFN-�
through the activation of ISGF-3, since the IRF-1 binding site
is contained within the ISGF-3 binding site (36, 38). Such an
effect occurs when IRF-1 expression is artificially raised (34),
and the lack of IRF-1 limits IFN-� induction of some genes
(23, 25, 26). IRF-9 is a subunit of ISGF-3; thus, its induction by
IFN-� directly increases responsiveness to IFN-�. In fact, the
observation of just that effect led to the original name for
IRF-9, ISGF-3� (29). These mechanisms may be particularly
relevant to tuberculosis, since M. tuberculosis infection of AM
in vitro leads to the production of IFN-�/� and the activation
of ISGF-3 (48).

While the IFN-�/� system may contribute to host defense
against M. tuberculosis (8, 14, 48), the IFN-� system, including
downstream effectors, is clearly critical for resistance to infec-
tion by mycobacteria, including M. tuberculosis. Mice with dis-
ruptions of genes for IFN-� (7, 13), IFN-� receptor (24), IRF-1
(8, 23), or inducible nitric oxide synthetase (8, 30) are more
susceptible to mycobacterial infection than wild-type mice.
Moreover, normally nonpathogenic mycobacteria can cause
disease in humans that have mutations in the IFN-� receptor
or in STAT-1 (10, 11, 22, 33). Our finding that aerosol rIFN-�
upregulates DNA binding by STAT-1 and IRFs in BAL cells in
vitro and in tuberculosis patients after 12 aerosol treatments
over 1 month suggests that enhanced signaling in cells at the
site of disease will lead to increased expression of IFN-�-

responsive genes that participate in the immune response. One
such example is the induction of IP-10 by aerosol rIFN-� in
healthy volunteers and in tuberculosis patients (B. Raju, R.
Condos, Y. Hoshino, A. Canova, R. Pine, W. Rom, and M.
Weiden, unpublished observations). The trends toward de-
creased production of TNF-�, IL-15, and IFN-� by BAL cells
after 1 month of aerosol rIFN-� therapy compared to the levels
of production after 10 � 2 days of conventional therapy in the
same patients and toward improved clinical symptoms are con-
sistent with augmentation of the immune response. Next, we
would recommend a randomized clinical trial comparing di-
rectly observed therapy-short course (6 months) to directly
observed therapy-short course plus IFN-� for the first 4
months in a larger number of patients with pulmonary tuber-
culosis. This may ultimately demonstrate that the duration of
conventional therapy can be shortened when conventional
therapy is combined with a longer course of aerosol IFN-�. A
propitious clinical outcome would include more rapid conver-
sion of sputum results in advanced cavitary bilateral pulmonary
tuberculosis patients, fewer instances of relapse or treatment
failure, and greater healing with less tissue destruction.
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