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Present Trends of Drug-resistant Tuberculosis and How to Manage It
by Mycobacterial Laboratories

Katsuhiro SUZUKI, MD*!, Motohisa TOMITA*?, Yukivasu KINOSHITA*3, Akira YOSHIDA, MD*4
Shiomi YOSHIDA*S, Kazunari TSUYUGUCHI, MD*8, Akiko IRIE*?
Akira YAMAMOTO, MD*® and Mitsunori SAKATANI, MD*?

Global, domestic, and local trends of drug-resistant tuberculosis and how to manage increase in the
resistance by mycobacterial laboratories were discussed based on literatures and our own data. At first,
how to make drug-resistant tuberculosis was explained. Genetic drug-resistant bacteria were emerged
spontaneously by mutation of the genome and were selected by inadequate treatment (mono-therapy or
functional mono-therapy): acquired drug resistance (single, and then multi-drug resistance). In a mean
time, some people were infected with the drug-resistant bacteria from the beginning and a part of them
developed active disease: primary drug resistance (single or multi-drug resistance). Estonia, Latvia, Iran,
and some part of Russia, China, and India were reported to be the most endemic region of drug resistant
and multi-drug resistant tuberculosis in the world. The rate of primary resistance in Japan was as high as
the median of the world, but the rate of acquired resistance was almost twice of the median. Since delays
in reporting of the drug resistance from the laboratory seemed one of reasons for the inadequate treat-
ment, drug susceptibility testing should be more rapid than usual, by using liquid media such as BACTEC

MGIT 960 ™ gystem, or gene analysis.
[Rinsho Byori 50 : 847~852, 2002]

*IClinical Research Center, National Kinki-Chuo Hospital for Chest Diseases, Sakai 591-8025
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Table 1 Frequency of mutations in clinical isolates of M. tuberculosis

Drug Resistant Gene Function of the Gene Altered Sequence

INH katG catalase-peroxidase 50%
inhA enoyl-acyl reductase 20%
ahpC alkyl hydroxyperoxidase 15%

RFP rpoB RNA polymerase § subunit 95% <
SM rpsL tibosomal protein S12 50%
s 165 ribosomal RNA 10%

EB embB arabinosyl transferase 47~65%

PZA pncA pyrazinamidase 72~97%

INH : Isoniazid, RFP : Rifampicin, SM : Streptomycin, EB : Ethambutol,

PZA : Pyrazinamide
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Pansensitive M. tuberculosis

spontanecus mutation

Emergence of
Genetic Drug-Resistance

selection by monotherapy or
functional monotherapy

Acquired Drug Resistance
(single, and then MDR)

air-borne infection
{delays indiagnosis,
ot poor infection control)

Primary Drug Resistance
{(single or MDR)

Figure 1 Acquired drug resistance and
primary drug resistance
MDR : multi-drug resistant

V. ZRBRRREOHLLEGR

HEHRA T—HRICANGATW A ESNBRSRRE
D} % Table 21T F L, S RAICITIREH
PRGCAHERESEZ LN THD, £-XETIR
ERBEREMERAVDOIHERENER Thofodt, i
FiFEEHaTrAV s FERERSho2H 5, B
BeiiE MR RSt mEER AV LR
T&fz, LOLIOKFEICRUTIRRTE > 28<

OEEPER SR TV : D1 BRI HEOREN
BREINTVD, ) RBLFHEFELTHED 2D
YiEERERH D, EAMENEROERL Bl
TWd, ERNHATIOREELBESRICE-T
DPOEETHLIER, BARLoTIE5EMLI A
S. 1), 2D OERORIEVENT, EREARC
BETHRENE IDOUEN—ZEEEICIEL
{poTWS, £330k, BE0F—+#1EH
BRCIER L 2WHR L 2> TLES A, £0
e 1997 E R AR ESORBREREERNE
B2 s BB oR A L ERRED
R FEEPELTH L WENRIHREORS
FTo80, £ 2000 B BTSN EHEEERE
BHTLHLWHELEREERL LTHELTWS,
B2 L5 R LW RN —BEEICER L
D05h3H, BEOCKHMBEETRVTWAERY
FFIZZ V>, Table 3 L Table 4T L FiE L ¥
OFEOEF L T OEENRBREFRLTEVE
DTBEEIIhZV, STHLWENRSHETDE:
DEARD)I) OEAERN LS, SR0HH
BEREVARBHEIhTORY, REEERDT, &
g B o KRR R T BN R R BT
OERLHET2HEREERABEIATVS, Y
TI20ME2 A LD HREZEAL, EbhiTkE
8 A L v ik X ARSI (BACTEC MGIT
960) bHALTWS, FRICKESEEREShiHk
REFMGITILLZ2EEAH L PZADESHRE
W, 4EROXACEtER - B0 A
HITHEREA TR L, “HRIEL LVFX 0BT 21

Table 2 Methods of drug susceptibility testing of M. tuberculosis

Proportion method using egg media

LA 8 o

Absolute concentration method using Ogawa-egg media

Proportion method using agar-based media
Using liquid media (BACTEC MGIT 960, Broth MIC etc.)
Gene analysis (PCR-direct sequence, line probe assay, hetero-duplex, DNA chip etc.)}

Table 3 Example of drug susceptibility testing by absolute concentration method

INH RFP SM EB KM C
mg/ml! 01 ] 1 1011050 ]2 1200125| 5 | 25 | 100
CFU 3+ [3+ |3+ ] 451 0 j100} 0 |3+ 0 4 0 |3+

C : control, 3+ =500~2000 CFU, 2+ =200~500 CFU

Italic figures indicate drug concentration for clinical break-point

The result indicates that RFP and KM are expected to be effective clinically, but neither
INH, SM nor EB is expected to be effective against the bacteria.
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Table 4 Example of drug susceptibility testing by proportion method

INHO.2*| INH1.0 | RFP40 | EB25 | SM10 | KM20 ILVFX10] C |C/100%
CFU 65 0 2+ 115 90 50 0 4+ 100
Result S S R R S S S

*Drug concentration (mg/ml}, t C=control, C/100=contrel CFlJ/100
LVFX=Levofloxacin, S==susceptible, R=resistant
Drug with CFU< CFU of C/100 is judged to be effective clinically against the bacteria.
Result of INH 0.2 is used unless multi-drug resistant (MDR) cases.
In MDR case, INH can be used clinically if the result of INH1.0 is susceptible.
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Interferon Regulatory Factor 1 in Mycobacterial

Infection
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Abstract: In order to understand the role of IRF-1 in the development of murine tuberculosis in vivo, IRF-
1 knockout mice were infected with Mycobacterium tuberculosis by placing them in the exposure chamber
of an airborne infection apparatus. These knockout mice developed multifocal necrotic lesions in the lung,
liver and spleen tissues and died of disseminated tuberculosis within 43 days of infection. Compared
with the levels in wild-type mice, the pulmonary inducible NO synthase (iNOS) mRNA expression level was
significantly lower, but I1.-18 and 1L.-6 mRNA levels were higher. There was no statistically significant dif-
ference in the expression of IFN-y and TNF-« mRNA between the IRF-1 knockout and wild-type mice. IRF-
1 is indirectly responsible for iNOS mRNA expression and plays an important role in the pathogenesis of

murine tuberculosis.

Key words: IRF-1, Mycobacterium tuberculosis, Aerosol infection, Knockout mouse

Interferon regulatory factors (1RFs) arc a family of 9
transcription factors possessing a novel helix-turn-helix
DNA-binding motif (26). IRF-1 and IRF-2 mRNAs are
both expressed in a variety of cell types. It has been
reported that IRF-1 can activate IFN-o/} promoters (7,
8). IRF-1 functions as a transcriptional activator, while
IRF-2 functions as a transcriptional repressor for the
IFN-o/B genes (8, 10). IRF-1 induces the transcription
of IFN-o/f gencs via double-stranded RNA and induces
antivira] activity by IFN-0/p and IFN-y (15, 18). Several
experiments using IRF-1 knockout (KQ) mice have
shown that the induction of inducible nitric oxide syn-
thase (iNOS) gene expression disappears in macrophages
stimulated by IFN-y (IFN-y-stimulated inducer of iNOS
expression) (13). Incomplete differentiation of Thi
cells and the disappearance of NK cell activity have
also been reported (19). Thus, it is suggested that IRF-1
is involved in regulation of the biodefense system,

On the other hand, Manca et al. suggested that IFN-
o/} is involved in infection with a Mycobacterium tuber-
culosis clinical isolate (17); IFN-o mRNA levels were
significantly higher in the lungs of the infected mice.
Kamijo et al. reported that macrophages from IRF-1
KO mice produced little or no nitric oxide (NO} and syn-
thesized barcly detectable INOS mRNA in response to
infection with Mycobacterium bovis (13). Infection

*Address correspondence to Dr. Isamu Sugawarz, Department
of Molecular Pathology, The Research Institute of Tuberculosis,

3-1-24 Matsuyama, Kiyose, Tokyo 204~0022, Japan. Fax: 81—

424=-92-4600. E-mail: sugawara(@jata.or.jp

with M. bovis Bacille bili¢ de Calmette-Guérin (BCG)
was more severe in IRF-1 KO mice than in wild-type
(WT) mice. Although IFN-y plays a pivotal role in
defense against mycobacterial infection, IFN-0/B and
IRF-1 activating IFN-a/f} promoters also seem to be
important in the defensc against mycobacterial infection.
These findings prompted us to explore the role of IRF-1
in mycobacterial infection im vivo. We report here that
IRF-1 is very important for preventing the development
of murine tuberculosts.

Materials and Methods

Animals. Six-week-old C57BL/6 wild-type mice
were purchased from Japan SLC Co., Ltd. {Shizuoka,
Japan) and C57BL/6 IRF-1 KO mice (B6.129-[rf]m "y
were purchased from Jackson Laboratory (Bar Harbor,
Me., U.5.A) (18). These KO mice showed no develop-
mental abnormalitics. All mice were housed in a biosafe-
ty level 3 facility and fed mouse chow and water ad
libitum.

Experimental infections. The experimental proce-
dures were in accordance with the ARVO resolution on
the usc of animals in rescarch. Permission (No. 20013)
to experiment on animals was given by the Animal
Experiment Committee in the Research Institute of
Tuberculosis. A virulent Kurono strain of Mycobac-

Abbreviations: 1L, interleukin; IRF, interferon regulatory factor;
KO, knockout; WT, wild-type.
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rerium tuberculosis (ATCC 358121) was grown in Mid-
dlcbrook 7H9 broth for two weeks, and then filtered
with a sterile acrodisc syringe filter (Pall Corp.. Ann
Arbor, Mich., U.S.A.) with a pore size of 5.0 pm.
Aliquots of the bacterial filtrate were stored at —80 C.
Mice were infected via the airborne route by placing
them into the exposure chamber of a Glas-Col acrosol
generator (Glas-Col, Inc., Terre Haute, Ind., U.S.A.).
The ncbulizer compartment was filled with 5 ml of a sus-
pension containing 10° colony-forming units (CFUs) of
Kurono tubercle bacilli so that about 1,000 bacteria
could be deposited in the lung of each animal (27).

CFU assav. At 1,3, 5 and 7 wecks after infection, the
mice were anesthetized with pentobarbital sodium, the
abdominal cavity was incised and exsanguination was
achicved by splenectomy. Lungs, spleens and livers
were excised and weighed. The left lobe of cach lung
and a scction of spleen were weighed separately and
used to cvaluate in vive growth of the mycobacteria.
The lung and spleen tissues were homogenized with a
mortar and pestle, and 1 m! of sterile saline was
added. One-hundred microliters of the homogenate was
picked up and plated in 10-fold scrial dilutions on 1%
{v/v} Ogawa’s cgg media. The colonies that grew on the
media were counted after a 4-week incubation at 37 C,

RT-PCR. The right lobe of the lungs (threc mice
cach) were used to a perform reverse-transcription-poly-
merase chain reaction (RT-PCR) analysis for mRNA
expression of several cytokines and iNOS in thesc organs
during TB infection. The tissuc samples were snap-
frozen in liquid nitrogen, and stored at —85 C. RNA
extraction was performed as described previcusly (22,
23). Briefly, frozen tissues were homogenized with a
microcentrifuge tube and a tip-closed 1-ml pipet in liquid
nitrogen. The homogenates were treated with a total
RNA isolation reagent, TRIzol™ Reagent (GIBCO BRL),
according to the manufacturer’s instructions. After the
RNA was isolated, the total RNA concentration was
measured, the RNA was reverse-transcribed into cDNA
with M-MLYV reverse transcriptase (GIBCO BRL), and
agarosc gel clectrophoresis was performed.

A polymecrase chain reaction was performed with
gene-specific primer sets for B-actin, IFN-or, IFN-fj,
IFN-y, TNF-, interleukin (IL)-18, IL-2, IL-4, 1L-6, IL-
10, 1L.-12p40, 1L.-18, TGF-B, and iNOS. The primer
scquences and PCR product sizes were as follows: for B-
actin, S~TGT GAT GGT GGG AAT GGG TCA G-3'
(sense) and 5-TTT GAT GTC ACG CAC GAT TTC C-
3’ (antisense), 514 bp; for IFN-o, 5-ATGGCTAG-
GCTCTGTGCTTTCCT-3' (sense) and 5-AGGGCTCT-
CCAGAYTTCTGCTCTG-3’ (antisensc), 524 bp; for
IFN-f, 5~ CATCAACTATAAGCAGCTCCA-3' (sensc)
and 5"TTCAAGTGGAGAGCAGTTGAG-3' (antisense),

354 bp; for IFN-y, 5-TAC TGC CAC GGC ACA GTC
ATT GAA-3'(sense) and 5~“GCA GCG ACT CCTTTT
CCG CTT CCT-3' (antisense), 405 bp; for TNF-o, 5%
ATG AGC ACA GAA AGC ATG ATC-3’ (sense) and 5*-
TAC AGG CTT GTC ACT CGA ATT-3', 276 bp; for 1L-
1B, 5-CAG GAT GAG GAC ATG AGC ACC-3'(sensc)
and 5-CTC TGC AGA CTC AAA CTC CAC-3' (anti-
sense), 447 bp; for IL-2, 5-CTT CAA GCT CCA CTT
CAA GCT-3'(sense) and 5~CCA TCT CCT CAG AAA
GTC CAC-3' (antisense), 400 bp; for [L-4, 5“ACGGA-
GATGGATGTGCCAAACGTC-3' (scnse) and 5%
CGAGTAATCCATTTGCATGATGC-3' (antisense), 279
bp; for IL-6, 5-CAT CCA GTT GCC TTC TTG GGA-
3’ (sensc) and 3-CAT TGG GAA ATT GGG GTA GGA
AG-3' (antisensc), 463 bp; for IL-10, 5-CCA GTT TTA
CCT GGT AGA AGT GAT -3' (sensc) and 5-TGT CTA
GGT CCT GGA GTC CAG CAG-3' (antiscnse), 324 bp;
for IL-12p40, 5-ATC TCC TGG TTT GCC ATC GTT
TTG-3"(sense) and 5-TCC CTT TGG TCC AGT GTG
ACC TTC-3' (antisense), 527 bp; for IL-18, 5~
ACTGTACAACCGCAGTAATACGG-3' (sensc) and 5
TCCATCTTGTTGTGTCCTGG-3 (antisense), 319 bp;
for TGF-B, 5-CGG GGC GAC CTG GGC ACC ATC
CAT GAC-3"(sense) and 5~CTG CTC CAC CTT GGG
CTT GCG ACC CAC-3’ (antisensc), 371 bp; and for
INOS, 53-TGG GAA TGG AGA CTG TCC CAG-3’
(sensc) and 5-GGG ATC TGA ATG TGA TGT TTG-3'
(antiscnse), 306 bp. Amplification was performed with
a DNA thermal cycler 480 (Perkin-Elmer Cetus).
Anncaling temperature varied from 56 to 68 C depend-
ing on the primer sets used. The cycle number also
varied from 23 to 40. Ten microliters of cach PCR
product was clectrophoresed in a 4% (w/v) agarose and
NuSieve GTG (1:3) gel and visualized using ethidium
bromide staining. The f-actin RNA from the lung tissucs
was uscd as an internal control for size comparison in the
RT-PCR analysis. Thercafter, densitometric analysis of
the RT-PCR results was carried out using NIH image
software.

Light and electron microscopic examination. For
light microscopic examination, the right middle lobe of
each lung was excised and fixed with a 20% (v/v) for-
malin-buffered methanol solution, Mildform 20NM
{containing 8% (v/v) formaldehyde and 20% (v/v)
mcthanol; Wako Pure Chemical Co., Osaka, Japan),
dehydrated with a graded ethanol serics, treated with
xylene and embedded in paraffin.  Five-micrometer-
thick sections were cut from cach paraffin block and
stained using either the hematoxylin and cosin or Zichl-
Neelsen method.

For electron microscopy, the right lower lobe of each
animal’s lung was fixed with 2.5% (v/v) glutaraldchyde
in 0.1 M phosphate buffer, pH 7.4 (PB), at 4 C overnight,
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washed three times with cold PB, post-fixed with 1%
(w/v} osmium tctroxide in PB at 4 C for 1 hr, dchy-
drated with a graded cthanol serics containing 10% (v/v)
mcthanol and embedded in Spurr’s low-viscosity resin.
Ultrathin scctions were cut using a Reichert Ultracut
and stained with uranyl acctate and Sato’s lcad solu-
tion. The stained ultrathin sections were cxamined with
a JEM-1230 electron microscope (JEOL, Tokyo) (27).
Statistical methods. The results were analyzed by

Student’s ¢-test for comparison between the two groups
and by nonparametric cquivalents of ANOVA (analysis
of variance) for multiple comparison.

Results

Mycobacterial Burden in the Lung and Spleen of IRF-1
KO Mice
IRF-1 KO micc dicd of disseminated tuberculosis by

Survival
wwe—:- L 4 - |
80 r
2 60 |
E
5
@ 40
—4- IRF-KO
-B- wild —
20
0 : . ' . : + y ; !
1} 5 10 15 20 25 30 35 40 45 50

Post-Infection (Day)

Fig. 1. Survival curves of mice infected with M. tuberculosis Kurono strain. The data presented are from two scparate experiments with

10 mice in each group.
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Fig. 2. CFUs in lung and spleen tissues of IRF-1 KO and WT mice (10 mice each) exposed to 10° CFUs of M. tuberculosis Kurono strain

by the airborne route. * Indicates significant difference at P<C0.01,
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Fig. 3. Histopathology of the infected mice. Mice were sacrificed five weeks after infection with M. tuberculosis Kurono strain, and for-
malin-fixed sections were stained with hematoxylin and eosin (A, C, D and E) or Ziehl-Neelsen stain for acid-fast bacilli (B). (A) Pul-
monary tissue from an [RF-1 KO mouse infected with Kurono strain. Magnification, X 135. (B) Pulmonary tissue from an IRF-1 KO
mouse stained by the Ziehl-Neelsen method. Magnification, X 600. (C) Spleen tissue from an IRF-1 KO mouse. Magnification, X 133.
(D) Liver tissuc from an IRF-1 KO mouse. Magnification, X 135. (E) Pulmonary tissue from a WT mouse infected with Kurono strata.
Magnification, X 135, Necrotic lesions are indicated by the arrow (—).

— 509 —



IRF-1 IN MYCOBACTERIAL INFECTION 755

the 43rd day after infection, whercas WT mice survived
until they were killed on day 43 (Fig. 1). Three weeks
after infection, there was no significant difference in
lung and spleen CFUs between IRF-1 KO mice and
C57BL/6 WT mice; both groups had approximately 10°
CFUs in the lungs. However, after five wecks postin-
fection, many IRF-1 KO mice succumbed to the
mycobacterial infection. CFU counts of the lung and

spleen tissues exceeded 107 CFUs. At this time point,
there were statistically significant differences in both
lung and spleen CFU counts between WT and IRF-1 KO
mice (P<0.01) (Fig. 2).

Light and Electron Microscopic Observation of Infected
Lungs
Consistent with the CFU changes, the histopatholog-

Fig. 4. Electron micrographs of lung tissue from WT (A) and IRF-1 KO (B) mice infected with Kurono strain, obtained five weeks after
airbome infection. Many phagosomes ingest tubercle bacilli (B). Magnification, X 7,000. == 2 um.
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ical findings obtained from IRF-1 KO and WT micc
showed similar changes three weeks after infection, but
at five wecks, IRF-1 KO mice showed multifocal necrot-
ic lesions in the lung, liver and spleen tissucs (Fig. 3).
Each necrotic lesion was characterized by central necro-
sis with massive accumulation of tubercle bacilli. These
severe histopathological changes were not observed in the

WT mice.

Electron microscopy demonstrated that alveolar
macrophages in IRF-1 KO mice phagocytosed more
tubercle bacilli, and that the engulfed tubercle bacilli
were located in phagosomes and appeared to escape the
killing mechanism of the host cells. No escape of M.
tuberculosis from phagosomes to cytoplasm was
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Fig. 5. Densitometric analysis of in vive cxpression of various cytokines and iNOS mRNA in Kurono strain-infected mice by RT-PCR.
The lung tissues (three mice each) of IRF-1 KO and WT mice were removed 1, 3 and 5 wecks afler airborne infection, B-Actin gene primer
scts were used as internal controls. The density of amplified bands was analyzed using NIH image software. * Indicatcs significant dif-

ference at P<<0.01.

observed. Tubercle bacilli in the phagosomes of epithe-
lioid macrophages containcd many large vacuole-like
structures (Fig. 4).

RT-PCR Analysis

Figure 5 shows densitometric analysis data of the
RT-PCR in the infected lung tissues at 1, 3 and 5 weeks
after aerial infection {three mice each). In IRF-1 KO
mice, expression of IFN-y and TNF-c¢ mRNA was sim-
ilar, but that of IFN-ot and IFN-f8 mRNA was high until
the third week after infection compared to that of WT
mice. [FN-oo mRNA expression was especially low at
five wecks after infection. Expression of iINOS mRNA
was depressed significantly in IRF-1 KO mice com-

parcd to that of WT mice (P<<0.01). However, IL-18
and IL-6 mRNA expression was significantly higher in
IRF-1 KO mice than in WT mice (P<0.01).

Discussion

We investigated the role of IRF-1 in mycobacterial
infection in vive. In the absence of IRF-1 activation, the
IRF-1 KO mice were highly susceptible to M. tubercu-
losis infection. Under these conditions, the level of
iNOS mRNA expression was significantly lower in IRF-
1 KO mice than in the C57BL/6 WT mice. The NO
activity of the alveolar macrophages from IRF-1 KO
mice was significantly lower than that from WT mice, as
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asscssed by an NO assay with Griess rcagent (6) (data
not shown). The low NO activity may be due to reduced
iNOS mRNA expression in the absence of IRF-1. Inter-
estingly, IFN-ox and IFN-B mRNA levels were high until
the third week after infection in these IRF-1 KO mice,
but IFN-y mRNA expression was not changed. We
expected low expression of IFN-o/f mRNA in our infee-
tion experiments. This high expression of IFN-o/p
mRNA in mycobacterial infection may be explained as
follows: IRF-3 and IRF-7 as well as IRF-1 activate 1FN-
o and IFN-B (11, 20). IRF-1 is deficient in our IRF-1
KO mice, but IRF-3 and IRF-7 are intact. Although
IRF-1 is required for the induction of NO synthasc in
macrophages that are stimulated with IEN-y, IRF-1 may
activate type I and type 1l interferon promoters. We
and other researchers have reported that IFN-y KO mice
were highly susceptible to M. tuberculosis (2, 4, 21).
However, control by IFN-y docs not depend completely
on the expression of the iINOS gene because a low dose
of bacteria introduced directly into the lungs of mice that
lack the iINOS gene is controlled almost as well as in
intact mice (3). On the contrary, iNOS plays an esscntial
role in IRF-1 KO mice infected with M. tuberculosis
because these KO mice died of exacerbated mycobacte-
rial infection.

It has been reported that IFN-o¢ mRNA levels are
high in mice infected with the highly virulent M, tuber-
culosis clinical isolate HIN878, and that intranasal treat-
ment with purified IFN-o/B results in higher lung bacil-
lary load than no treatment and reduces survival even fur-
ther (17). In our experiments, IFN-0/f mRNA levels
were higher until the third week after infection than
those of WT mice and increased 1IFN-0/P may exacerbate
mycobacterial infection (1, 17). 1t has been reported that
an IFN-stimulated response element binds IFN-stimu-
lated gene factor 3 (ISGF3) that consists of p48, Stat (sig-
nal transducers and activators of transcription) 1, and Stat
2 (15, 26). In mice that are deficient in p48 and IRF-1,
ISGF3 plays an essential role in both type I and type II
IFN responses. Thus, the roles of IFN-o/p in mycobac-
terial infection have to be reconsidered by using p48- and
ISGF3-dcficient mice infected with M. fubercuiosis. Not
only iNOS, but also NK cells may play a major role
for defense against mycobacterial infection. It is report-
ed that IRF-1 KO mice show defective development of
NK cells (19, 25). NK cells produce IFN-y that activate
alveolar macrophages and activated macrophages pro-
duce NO to kill tubercle bacilli,

TNF-g, 1L-12, IFN-y and IL-1B mRNA lcvels were
not significantly changed in the IRF-1 KO mice com-
pared to those in the C57BL/6 WT mice. Although it has
been shown that the IRF-1 gene is induced by treat-
ment with TNF-¢¢ and IL-1, the similar expression is not

due to low IRF-1 induction (5). IRF-1 is required in
INOS induction in macrophages (13). The IRF-1 gene is
also induced by IL-6 (5), but the levels of Th2 cytokine
and IL-6 mRNA expression were high. It is thought that
IL-6 is produced by macrophages and Th2, indepen-
dent of the IRF-1-mediated pathway in our experiments.
It is known that IL-]0 inhibits IL-6 preduction and
expression of IL-6 mRNA post-transcriptionally in mono-
cytic ccll lines (24). In our present study, the level of 1L-
10 mRNA expression was low, and this may explain
the high expression of IL-6 mRNA. We also expected
low expression of IL-12 mRNA in M. tuberculosis-
infected IRF-1 KO mice because IL-12 production by
macrophages is impaired in JRF-1 KO mice (9, 16). As
intact IRF-8 is also associated with 1L-12 mRNA expres-
sion, this may explain the unchanged expression of 1L-12
mRNA in infected IRF-1 KO mice (12).

The histopathology of the IRF-1 KO mice infected
with M. tuberculosis showed multifocal necrotic lesions
of the lung, liver and spleen tissues, and M. fuberculosis
elimination was severely impaired. The severity of the
necrotic lesions is comparable to that in JFN-y KO,
TNF-ot KO, NF-IL6 KO and NF-kB KO mice (2, 4, 14,
21,23,27). AsCD8" T cells are reduced in number and
NK cell activity is impaired in the IRF-1 KO mice used
(13, 18, data not shown), these deficiencies may con-
tribute to the progression of murine tuberculosis because
NK cells produce IFN-y and CD8" T cells are responsi-
ble for the killing of M. ruberculosis. However, in the
case of M. bovis BCG infection, extensive granulomatous
lesions werc obscrved in the skin, lungs, livers and
spleens, but the lesions were not lethal (13},

In summary, we have shown that IRF-1,which acti-
vates endogenous IFN-o and IFN-B promoters, plays
an important role in the initial phase of mycobacterial
infection. Although it is tempting to say that low levels
of NO generated by the macrophages of IRF-1 KO mice
are responsible for the severe course of mycobacterial
infection, other possibilities cannot be ruled out.

This study was supported in part by an International Collab-
orative Stody grant to the chief investigator, Dr. Isamu Sugawara,
from the Ministry of Health, Labour and Welfare, Japan.
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1. Introduction

Tubercle bacilli that are transported aerially to alveoli are
phagocytosed by alveolar macrophages and, sometimes, overt
tuberculosis results. The inﬂammatqry sequence in tuberculo-
sis involves exudative inflammation, proliferative inflamma-
tion and, finally, productive inflammation. In a clinical setting
such as an outpatients clinic, the clinictan can recognize
proliferative and productive inflammation. However, clini-
cians have difficulty in recognizing the pulmonary exudative
lesions that are induced by M tuberculosis because the
patients lack the symptoms and signs of tuberculosis and are
treated for non-specific pneumonia. At the time when a
definitive diagnosis is possible, patients are in the prolifer-
ative or productive stage of tuberculosis. Therefore, from
early diagnostic and therapeutic viewpoints, it is interesting
to examine what is going on immunologically in the exud-
ative stage of tuberculosis. Murine tuberculosis can be used
to study the aspects of human tuberculosis, particularly the
exudative stage (early-phase tuberculosis). Tuberculosis is an
airborne, chronic infectious disease. Thus, it is necessary to
establish an inhalation exposure system (IES) before investi-
gating the exudative stage of murine tuberculosis immuno-

logically and pathologically. This memorial lecture focuses

first on the establishment of an inhalation exposure system
and then on the roles of cytokines (IFN-y and TNF-« ) in
murine tuberculosis, mainly using specific gene knockout
(KO) mice.

2. Inhalation exposure system

Animal (mouse and guinea pig) pulmonary tuberculosis
models have been established using an automated inhalation
exposure system (IES) apparatus (Glas-Col Corp., USA,
Model 099CA-4212). This system includes four steps—
preheating, nebulization, cloud decay and decontamination.
The optimal conditions for infection experiments with M
tuberculosis H37Rv and Kurono strains were as follows: 10°
colony-forming units (CFU) of tubercle bacilli; preheating for
15 min; nebulization for 90 min; cloud decay for 15 min and
decontamination for 5 min". When 10* CFU M, mberculosis
H37Rv strain was introduced into the lungs of interferon
(IFN)- y knockout mice using this IES apparatus and the
mice were followed up for nine months, primitive cavitary
lesions were formed. This apparatus was also useful for inha-
lation exposure experiments in guinea pigs, and it can be used

for animal inhalation experiments with allergens.

3. Roles of IFN-y in murine tuberculosis
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