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IFN-y , a cytokine secreted by activated T cells, natural
killer cells and natural killer T cells, has immunomodulatory
effects on several cell types. IFN-y is one of the major
cytokines responsible for the activation of macrophages that
mediate non-specific, cell-mediated host defenses. To gain a
better understanding of the pathological role of IFN-y in
specific mycobacterial granuloma formation, IFN-y gene-
deficient mice (BALB/c and C57BL/6) were produced. The
IFN- ¥ gene in embryonic stem cells was disrupted by
inserting the [ -galactosidase gene (facZ) and the neomycin
resistance gene (neo) at the translation initiation site in exon
1 by homologous recombination®, Six-week-old IFN-y -defi
cient and wild-type mice were inoculated with 10> tubercle
bacilli of various strains of M ruberculosis (Kurono, H37Rv,
and H37Ra) and BCG Pasteur aerially. The mice were exam-
ined seven weeks later for pulmonary granuloma formation,
The relatively avirulent BCG Pasteur and H37Ra strains
induced granulomas in the lungs, spleen and liver of IFN-y -
deficient mice. The granulomas consisted of epithelioid
macrophages and Langhans-type multinucleated giant cells
with central necrosis during long-term observations (9
months). The virulent Kurono and H37Rv strains induced
disseminated abscesses but not granulomas in varicus organs
of IFN- y -deficient mice and Mac-3-positive macrophages
were not detected in the abscess lesions. These results suggest
that IFN- ¥ may be responsible primarily for macrophage
activation and that other factors may be involved in the

granuloma formation mechanism .

4, Roles of TNF-¢« in muring tuberculosis

TNF- @ is a cytokine with various activities that are
induced by activated macrophages through signal transduction
at two distinct receptors. It mediates inflammation and
produces protective immunity against bacterial, parasitic, and
viral infections, and is thought to play a significant role in the
pathogenesis of various diseases, including cancer. Of the
several cytokines associated with the pathogenesis of tubercu-
losis, inc']uding IL-12 and IFN-y , TNF- a is thought to be
responsible for protection against the development of the
disease. Kindler et al, showed that depletion of TNF-a using
polyclonal antibodies blocked granuloma formation and
impaired the ability to localize infection with BCG in mice®.
Infusion of TNF-a has been shown to increase resistance
against M. mberculosis and M. avium in mice®. Clearly, there
are conflicting data with respect to the role of TNF-« in
granmuloma formation. To study the role of TNF-« in

mycobacterial infection, we generated TNF- e -knockout
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mice, in which the third and fourth exons of the TNF-a gene
were disrupted. The C57BL/6 KO mice were infected with the
virulent M. tuberculosis strain Kurono or the - relatively
avirulent bacillus BCG Pasteur (10° CFU), by IES as
described previously. The major organs were removed at
wecekly intervals, and morphologic observation, assay of IL-1,
IL-12, IFN-y , and inducible nitric oxide synthase mRNA
expression, and colony counts in the lungs and spleen were
performed. Peritoneal and alveolar macrophages from BCG-
and H37Rv strain-treated mice produced significant levels of
nitric oxide after stimulation in vitro. The formation of
abscesses was seen only in the Kurono-treated groups, and
these abscesses contained large numbers of mycobacteria. The
administration of recombinant TNF- ¢ significantly amelio-
rated the mycobacterial lesions. IFN-y mRNA was expressed
significantly in virulent H37Rv-treated groups with time, and
the number of mycobacterial colonies per unit weight
increased markedly with time. Nitric oxide production was
not observed in H37Rv-treated groups but was seen in BCG-
treated groups. We concluded that TNF- ¢ played an impor-
tant role in protective immunity against virulent myco-
bacteria. Because avirulent mycobacteria did not induce
granulomas in TNF- « -KO mice. TNF- « played an indirect

role in granuloma formation®.
5. Other cytokines

IL-12, IL-18, IL-4, and IL-1, as well as IFN-y and
TNF- e, play important roles in protective immunity against
mycobacterial infection. IL-12-, IL-18-, IL-4-, and IL-1-KO
mice did not die when they were infected with the virulent
Kurono strain via an airborne toute in our experiments 7~ %, It
is thought that these cytokines are not necessary for protection
against mycobacterial infection or the functions of these
cytokines are compensated for by other cytokines. If we rank
the cytokines in terms of their roles in mycobacterial infec-
tion, we can construct a cytokine hierarchy in murine tubercu-

lesis, as shown in Fig.
6. Clinical implications

I have presented some important findings from experimen-
tal murine tuberculosis. What is the clinical relevance of
murine tuberculosis? I have reported previously that serum
IFN-y levels are significantly low in patients with advanced,
and active TB'® and it has also been reported that people with
IFN-y receptor deficiency are susceptible to M fuberculo-
sis'™. On the other hand, humanized anti-TNF- « neutralizing

moneclonal antibody is given to patients with rheumatoid
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Fig. Cytokine hicrarchy in tuberculosis

arthritis and Crohn’s disease whose serum TNF- o levels are
low ' and these patients develop readily tuberculosis. Thus,
it is meaningful to study murine tuberculosis for the insights

into clinical tuberculosis.
7. Conclusion

I briefly reviewed the roles of cytokines in experimental
mycobacterial infection with special emphasis on the roles
of IFN-y and TNF-«. IFN-4 and TNF- ¢ are the ‘grand
champions’ among the cytokines involved in mycobacterial
infection. Therefore, it is very important to investigate their
roles and regulatory factors for IFN-y and TNF-¢ in early-
phase mycobacterial infection in more detail, so that tubercu-

losis can be diagnosed and treated as early as possible,
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MYCOBACTERIAL INFECTION
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Abstract  The roles of various cytokines in early-phase
mycobacterial infection were investigated utilizing murine
tuberculosis models. Among them, IFN-y and TNF-« are
very important in protective immunity against mycobacterial
infection. This finding is closely associated with human tuber-
culosis. It is reported that persons with IFN-y receptor 1
deficiency and patients with rheumatoid arthritis and Crohn’s
disease are susceptible to Mycobacterium tuberculosis. It is
expected that a novel immunotherapy and a diagnostic
method of tuberculosis are developed by clarifying roles of
various cytokines immunologically in early-phase myco-
bacterial infection.
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Pulmonary granulomas of guinea pigs induced by
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This study was designed to determine the identity of granulomatogenic substances in
Mpycobacterium bovis BCG Pasteur. When heat-treated BCG Pasteur bacilli were
introduced into the lungs of guinea-pigs by an inhalation exposure apparatus,
pulmonary granulomas without necresis developed. Furthermore, when four kinds of
mycolates derived from M. tuberculosis Aoyama B strain were introduced into the lungs
by the same method, only trehalose 6,6'-dimycolate (TDM) and methyl ketomycolate
induced pulmonary granulomas without central necrosis. The pulmonary granulomas
consisted of epithelioid macrophages and lymphocytes. When a mixture of TDM and
anti-TDM antibody was introduced into the Jungs, development of granulomatous lesions
was reduced. These data indicate that TDM and methyl ketomycolate are potent

granulematogenic reagents.

Introduction

Chronic mycobacterial infection is characterised by
granuloma formation with central cascous necrosis [1].
It s known that trehalose 6,6’-dimycolate (TDM; cord
factor) derived from Mycobacterium tuberculosis
induces granulomas when injected intravenously in
adjuvant preparations [2-6]. As human mycobacterial
granulomas are induced by an airborne route, it is
meaningful to examine whether granulomas can be
induced in experimental animals by this route. Also,
there are many mycolic acid derivatives in the cell
walls of mycobacteria and it is important to find other
substances with granulomatogenic activity to under-
stand the pathogenesis of tuberculosis.

An inhalation exposure system was established pre-
viously to induce pulmonary granulomas efficiently
[7-9]. The present experiments with this system were
designed to examine whether killed mycobacteria and
TDM could induce granulomas aerially. At the same

Received 2 April 2001; revised version accepted 27 July
2001.
Corresponding
jata.orjp).

author: Dr 1. Sugawara (sugawara@

time, the granuloma-forming activity of mycolic acid
derivatives other than TDM was also examined,

Materials and methods
Animals

Hartley female guinea-pigs (6-weeck-old) were pur-
chased from Nippon SLC, Hamamatsu, Japan. They
were kept in sterile, filter-topped cages and given
sterile food and sterile, distifled water in a specific
pathogen-free room.

Mbycobacterial strain and reagents

M. bovis BCG Pasteur bacilli (ATCC 27289) were
grown in 7H9 medium (Difco) to mid-log phase. They
were then heat-treated at 95°C for 30 min in double-
distilled water and autoclaved at 121°C for 30 min;
then the treated strain was filtered with a 4-um pore-
size membrane filter (Millipore) before use to ensure
even dispersal. TDM, methyl methoxymycolate methyl
ketomycolate and methyl a-mycolate were purchased
from Nacalai Tesque, Kyoto, Japan. They were
extracted from M. tuberculosis Aoyama B strain with
chloroform/methanol and developed on a thin-layer
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plate of silica gel (Analtech, Newark, DE, USA) with
the solvent system of chloroform/methanol/acetone/
acetic acid. Fach was recovered with chloroform/
methanol, and the purification was repeated until a
single spot was achieved by thin-layer chromatography.
The structures of the four mycolates are illustrated in
Fig. 1.

Rabbit anti-TDM polyclonal antibody was supplied by
Nacalai Tesque. The anti-TDM antibody was generated
by immunising New Zealand White rabbits five times
with purified TDM in Freund’s adjuvant.

Inhalation exposure experiments

Guineca-pigs were exposed to heat-treated BCG Pasteur
autoclaved BCG Pasteur or mycolic acid derivative
suspensions aerially by placing them in the exposure
chamber of an inhalation exposure apparatus (Model
099CA4212; Glas-Col, Terre Haute, IN, USA). Five
guinea-pigs were used for each treatment with BCG
and three for each mycolic acid treatment. The
nebuliser compartment was filled with Sml of a
suspension containing 107 dead BCG Pasteur organ-
isms or 1-5 mg of mycolic acid derivatives. In several
experiments, 1mg of rabbit anti-TDM polyclonal
antibody was added to 1 mg of TDM 30 min before
inhalation exposure.

Histopathology

All guinea-pigs were killed 7 weeks after the inhalation
exposure experiments. For light microscopy, sections

trehalose 6,6"-dimycolate
R— C o—cC

H,

O

methyl a-mycolate CH4(CH,)47

methyl ketomycolate

methyl methoxymycolate  CHa{CHy)yz

0c1-13

Fig. 1. Chemical structures of four mycolate derivatives.

A {CHg)23CH;
CH3(CHzhz? )\n/\ {CHa)is (CHy)y7

{CH2)s

cut from paraffin blocks containing lung, liver, lymph
nodes and spleen tissues from the guinea-pigs were
stained with haematoxylin and eosin. For electron
microscopy, fresh lung tissue was cut into pieces, fixed
with glutaraldehyde 2.5%, post-fixed with osmium
tetroxide 1%, and embedded in Spurr’s low-viscosity
embedding medium [9, 10].

Immunohistochemistry

Immunohistochemistry was performed with avidin-
biotin complex (ABC) peroxidase (PO) [11,12]
Anti-M. bovis BCG antibody (Dakopatts, Copenhagen,
Denmark) was used at a final concentration of
0.1 ug/ml. This antibody recognises cell wall compo-
nents of M. bovis. Lung tissue infected with live BCG
was used as a positive control.

DNA extraction and PCR

PCR was used to evaluate the degree of DNA
destruction by heat treatment and autoclaving. M.
bovis BCG Pasteur was boiled and then autoclaved in
double-distlled water and the DNA was purified with a
Nucleon II DNA extraction kit (Scotlab, Coatbridge,
Scotland) 11, 13]. DNA was similarly extracted from
pulmonary lesions. Whitish nodular lesions of the lung
were obtained for DNA extraction [11].

Primers corresponding to portions of the M. tubercu-
losis 156110 and 19-kDa antigen DNA sequences were
synthesised on a 381 DNA synthesiser (Perkin-Elmer

Cetus, Norwalk, CT, USA). The samples were
O
—O-—C—R

e

A /l\/tcwzscm
{CH )14 {CHz)41

COOH

COOH

{CH3)p3CHy
{CHa)yz

COCH
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amplified through 35 cycles in a programmable thermal
cycler (Perkin-Elmer Cetus) with a three-step cycle of
denaturation for 2 min at 94°C, annealing for 1.75 min
at 60°C and extension for 2.5min at 72°C. The
amplification products (541 and 320 bp) were analysed
by electrophoresis through an agarose 2.0% gel with a
Tris-borate-EDTA buffer system and visualised by
fluorescence after ethidium bromide staining [7, 9].

Statistical analysis

All values were expressed as means and SEM and
compared by Student's ¢ test. For all statistical
analyses, differences at p <0.01 were considered
significant.

Results
Histopathology of the lungs

When heat-treated BCG Pasteur was administered
acrially, pulmonary granulomatous lesions without
central necrosis developed in all five guinea-pigs
(Fig. 2a), but autoclaved BCG Pasteur did not induce
pulmonary granulomatous lesions. Of the four mycolate
derivatives, TDM, methyl ketomycolate, methyl math-
oxymycolate and methyl a-mycolate, only TDM and
methyl ketomycolate induced pulmonary granuloma-
tous lesions (p <0.01} (Figs. 2b and c¢). The granulo-
matous lesions consisted of lymphocytes and

epithelioid macrophages. When the mixture of TDM
and anti-TDM antibody was

introduced aerially,

Fig. 3. Electron micrographs of pulmonary granulomas from a BALB/c mouse exposed to acrosols of (a) TDM (X4900) or (b)
methyl ketomycolate (X5900). Several epithelioid macrophages and lymphocytes are shown.

- 5824 —



135

GRANULOMAS INDUCED BY TREHALOSE DIMYCOLATE AND KILLED BCG

(P) DOF-1ue Y A[9Suaiul pauleisouniull 31am
mased NDOE 2a1) JO s]osoIae 0} pasodxa sorw woy safeydolozw proiayds AjuQ 1[198q MajsEd DY 9A1] (P) pUe a1p[oakwolsy [Ayaur (3) ‘WAL (q) ‘uoeq mased DHF presn-eay (e) Suluejuos
S[0S015E 03 pasodxd s1am 01U /g g (UAXCIPWSRY Yl POUIRISIFIUNOS POYISW OJ-DHY '$8X) APOqUUE DOF-NUE Yilm paulelsounuul sewonueld Aevowmnd jo Ansrusydoistyounuuy 4 914

L,

r

|

‘D
| ST
l o

i

4

-~

Mg re e
7P St g N
Rl ] Y

&
- 1 .
ks 2wy 4 A ......J e
v
i ) 3 h i

; 4,

ey

masyay R

Wb b Tn S es L.{ -
e P T L N

Ny
-y
wm&w..‘. ;

— 525 —

7 e oy -
LT R e D (B 10

K LT WL RV Sl T
OIS o DAY A HRO Y




136 I. SUGAWARA ET AL,

granulomas were hardly recognised (Fig. 2d). Lan-
ghans-type multinucleate giant cells were not observed.

Similar pathology was observed by electron micro-
scopy. Discrete and small granuloma formation was
noted in both TDM- and methyl ketomycolate-treated
lung tissues. The granulomatous lesions consisted of
epithelioid macrophages of varying sizes, lymphocytes
and small vessels. No eosinophil, basophil or plasma
cells were observed in these lesions (Fig. 3a).

Immunohistochemically, the antigens (cell wall com-
ponents) recognised by anti-BCG antibody were
present in epithelioid macrophages of the granuloma-
tous lesions when live BCG Pasteur was used (Fig. 4d),
but not in epithelioid macrophages when heat- and
autoclave-treated BCG Pasteur, TDM and methyl
ketomycolate were introduced into the lungs of
guinea-pigs (Fig. 4a, b and c).

PCR

Large DNA fragments were not obtained from the heat-
treated and autoclaved BCG Pasteur. M. tuberculosis-
specific 19-kDa antigen gene fragments and IS61/0-
related DNA fragments were detected by PCR in live
BCG Pastcur, but not detected in heat-treated and
autoclaved M. bovis BCG (Fig. 5).

Discussion

Granulomas were induced successfully in the lungs
when killed BCG Pasteur bacilli, purified TDM and
methyl ketomycelate were introduced aerially in an
inhalation exposure apparatus. Intravenous injection of
TDM and adjuvant is the preferred method for
inducing granulomas efficiently [2,5,6]. This study
examined whether TDM as one of the causative agents
of Mycobacterium-induced granulomas induces similar
granulomatous lesions after inhalation exposure.

bp M 1

2 3 P N 1

TDM is a well-known, toxic glycolipid in M
tuberculosis. It is also reported that TDM derived
from Nocardia and Rhodococcus possesses granuloma-
forming activity [5, 13]. In the present study, methyl
ketomycolate induced pulmonary granulomas, but
methyl a-mycolate and methyl methoxymycolate did
not. The molecular basis for the similar granuloma-
inducing activity of TDM and methy! ketomycolate is
unknown because there is little structural similarity
between them. Further study will be required to clanfy
this discrepancy.

Anti-BCG antibody reacted with granulomas induced
by live M. bovis BCG Pasteur but did not react with
granulomas induced by heat-treated and autoclaved
BCG Pastecur. Mycobacterial cell wall components are
destroyed by heat treatment and autoclaving. This may
explain non-reactivity with granulomas induced by
heat-treated and autoclaved BCG. The anti-BCG anti-
body also did not react with TDM and methyl
ketomycolate, as evidenced by the absence of im-
munostaining in granulomas induced by them.

It is evident that mycobacterial cell wall components
induce pulmonary granulomas because Mycobacter-
fum-specific DNA fragments were not detected in
granulomatous lesions induced by heat-treated BCG
Pasteur as assessed by PCR. Autoclaved BCG Pasteur
and heat-treated BCG Pasteur did not contain myco-
bacterial DNA as assessed by gel electrophoresis.
Pulmonary granulomatous lesions without central
necrosis developed from the introduction of heat-
treated BCG Pastcur, but autoclaved BCG Pasteur did
not induce pulmonary granulomatous lesions. Heat
treatment at 95°C for 30 min does not affect granulo-
matogenic substances, but autoclaving at 121°C for
30 min may destroy cell wall components completely.
Heat- treated H37Rv also induced pulmonary granulo-
mas without necrosis (data not shown).

TDM is a potent granulomatogenic substance reported

2 3 P N

186110

19KDa

Fig. 5. PCR products of 19-kDa antigen-specific and IS610 amplification separated in agarose 2% gel. M, size marker; lane 1,
DNA from BCG Pasteur bacilli; 2, DNA from heat-treated BCG Pasteur bacilli; 3, DNA from autoclaved BCG Pasteur bacilli; P,
DNA from M. tuberculosis H37Rv; N, negative control (no DNA). The 19-kDa antigen-specific and 1S6/7/0-specific amplified

bands (320 bp and 541 bp) are not present in lanes 2 and 3.
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by many studies [2-6). When antibody to TDM was
added to TDM before exposure of guinea-pigs to
aerosols, the mixture abolished granuloma formation
significantly. This antibody blocked the granulomato-
genic action by binding to TDM. Mcthyl ketomycolate
was also granolomatogenic by inhalation exposure.
Thus, methyl ketomycolate is a granulomatogenic
candidate that may be important in the development
of human tuberculosis.

The granulomas induced by heat-treated BCG Pasteur,
TDM and methy] ketomycolate consist of lymphocytes
and epithelioid macrophages. This granuloma is differ-
ent from hypersensitivity pneumonitis, which consists
of plasma cells and basophils as well as lymphocytes
and epithelioid macrophages [14, 15]. It is reported that
TDM induces foreign body- and hypersensitivity-type
granulomas in mice [16]. According to these published
criteria, the granulomas formed in the present study
were of the foreign bodytype.

In summary, heat-treated BCG Pasteur, TDM and
methyl ketomycolate were shown to induce pulmonary
granulomas after inhalation exposure. TDM and methyl
ketomycolate may play an important role in the
pathogenesis of tuberculosis. -

This study was supported in part by an Intcrnational Collaborative
Study Grant awarded to 1. S. from the Ministry of Health, Labor and
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Genetic Basis of Patients with Bacille Calmette-Guérin Osteomyelitis in Japan:
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Interferon (IFN)-+y-mediated immunity plays an important role in host defense against intra-
cellular pathogens, especially mycobacteria, Six Japanese children with bacille Calmette-Guérin
(BCG) osteomyelitis were evaluated (1 disseminated, 3 multiple, and 2 solitary types) for
mutations of genes involved in interleukin-12-dependent, IFN-y~-mediated immunity. Heterozy-
gous small deletions with frameshift (818del4 and 811del4) that are consistent with the diagnosis
of partial dominant IFN-y receptor 1 (IFN-yR1) deficiency were detected in 3 unrelated patients.
Expression of ITFN-yR1 on monocytes was significantly increased in all 3 patients. Screening of fam-
ily members with recurrent and disseminated mycobacterial infections found the identical de-
letion in 1 of the fathers. Antimycobacterial treatment was effective in these patients and resulted
in good clinical outcome. This study demonstrated that partial dominant IFN-yR1 deficiency was
the most common in Japanese patients who showed predisposition to curable BCG osteomyelitis.

Bacille Calmette-Guérin (BCG) osteornyelitis is a rare late-
onset complication of BCG vaccination. An international sur-
vey on the complications of BCG vaccination showed that the
incidence of osteomyelitis was 0.89-2.41 and 0.02-0.06 per 1
million among vaccine recipients at ages <1 year and =1 year,
respectively [1]). Only a few cases without any immunodefi-
ciency have been reported annually in Japan, even though before
age 3 years >90% of Japanese children receive multipuncture
percutaneous inoculation with BCG Tokyo 172 strain, the least
virulent substrain.

Recently, mutations in IFNGRI [2-4], IFNGR2 {5, 6], ILI2R
[7], IL12RB] [8-10], and the signal transducer and activator of
transcription—1 gene (STAT-1} [11] have been identified in
humans who manifest higher susceptibility to BCG, nontuber-
culous mycobacteria, Mycobacterium tuberculosis, other intra-
cellular microbes (e.g., Salmonella), Listeria monocytogenes
[12], and certain viruses [13] in the absence of 2 known immu-
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nodeficiency. In this study, we investigated 6 Japanese children
with BCG osteomyelitis for defects in interleukin (IL)— 12—de-
pendent, interferon (IFN)-y—mediated immunity.

Patients and Methods
Patients

Six unrelated patients with curable BCG osteomyelitis were in-
vestigated (table 1). All had been vaccinated with BCG in the upper
arm. Unaffected family members of the 3 patients with IFNGR/
mutations were also analyzed.

Patient 1. The patieot developed lymphadenitis 2 months after
BCG vaccination. Nine months after inoculation, she had papules
and abscesses over the limbs and trunk. Radiographic studies showed
multiple destructive lesions over 17 bones. Cultures from bone
biopsy specimens grew M. bovis. She was treated with isoniazid, ri-
fampicin, and streptomycin and showed slow improvement. Eighteen
months after her initial presentation, she had recurrent osteomyelitis
in her right femur. She is now recovering with antimycobacterial
therapy.

Patient 2. The patient presented with prolonged intermittent
fever, lymphadenitis, and liver dysfunction 2 months after BCG
inoculation. Antibiotics were not effective, but administration of
isoniazid for 9 months improved his condition, Four months after
discontinuation of isoniazid, he developed osteomyelitis at the left
humerus and left calcaneus and was again treated with isoniazid. At
age 3 years, he developed osteomyelitis of the left clavicle that healed
with isoniazid therapy. Specimens were not processed or were not
available for mycobacterial culture in each episode, His father
(patient 2') also showed increased susceptibility to mycobacteria.
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Table 1. Characteristics of patients with bacille Calmette-Guérin (BCG) osteomyelitis.

Osteomyelitis

Immunologic studies

Age at BCG Other affected

Patient* inoculation Age at onset Type Histology organs WBCs/ul. Lymphocytes/ul. CD3 cells, % CD4:CD8

1(All-1) 8 months 1 year 5 months  Multiple, Granuloma Skin, lymph 29,600 7104 56.6 3.0
recurrent node

2 (BIII-3) 4 months 1 year 7 months  Multiple, Inflammation  Lymph node 24,200 6098 51.0 33
recutrent

3(Cll-1) 1 year 7months 2 years 2 months Multiple Inflammation  None 5300 3657 40.7 30

4 4 months 1 year 5 months  Solitary ND None 10,560 4224 52.0 1.7

5 3 months 1 year 9 months  Solitary Granuloma None 7220 4115 ND ND

6 11 months 1 year 4 months  Multiple Granuloma Skin, muscle 7600 3724 60.2 1.1

2 (BI-1) ND 31 years Solitary®  Granuloma  Lymph node® — — — -

NOTE. ND, not determined; WBC, white blood cell.

" Pedigree designations from figure 1 are indicated in parentheses for patients with [FNGR] mutations.

® Due 1o Mycobacterium avium complex.
 Due 10 Mycobacterium tuberculosis.

He had M. tuberculosis lymphadenitis of the neck at age 3 years and
bilateral inguinal lymphadenitis, which were shown by biopsy at
age 23 years to be granulomatous Iesions. At age 31, patient 2’ de-
veloped M. avium osteomyelitis in his ribs, which subsided with
antimycobacterial chemotherapy.

Patient 3. The patient became spontaneously positive to the tu-
berculin purified protein derivative (PPD) skin test atage 11 months.
There was no family history of tuberculosis. A chest radiograph
showed no abnormal lesion. The PPD skin test became negative
after 6 months of prophylactic treatment with isoniazid, and he was
subsequently inoculated with BCG. Nine months later, he present-
ed with claudication and limitation in rotation and anteflexion of
the neck. Radiographic studies showed multiple destructive lesions
over cight bones. Cultures from bone biopsy specimens grew M.
bovis. He was successfully treated with isoniazid, rifampicin, and
streptomycin.

Fatient 4. The patient presented with fever, claudication, and
knee swelling 1 year after BCG vaccination. He had osteomyelitis
in the distal metaphysis of the right femur. Cultures from bone curet-
tage specimens grew M. bovis. The lesion resolved with isoniazid,
rifampicin, and ethambutol treatment.

Patient 5. The patient presented with claudication and knee
swelling 18 months after BCG vaccination. Radiographic studies
revealed lytic lesions in the left femur and tibia. Open biopsy was
performed, but no organisms were isolated. The lesion improved
gradually with antibiotics. Nine months after initial presentation,
he was evaluated again with the same lesion. Cultures from a bone
curettage specimen grew M. bovis. The lesion resolved with isonia-
zid, rifampicin, and ethambutol therapy.

Patient 6. The patient presented with a limp, wryneck, and
submandibular swelling 5 months after BCG vaccination. Radio-
graphic studies showed multiple osteolytic lesions over 4 bones.
He was treated under the tentative diagnosis of Langerhans cell his-
tiocytosis for 8 months without improvement. Sixteen months after
vaccination, additional osteolytic lesions appeared in several bones
and skin lesions, with red papules scattered over the whole body.
Cultures from bone and skin biopsy specimens grew M. bovis. He
was successfully treated with isoniazid, rifampicin, and streptomycin.

None of the children had histories of increased susceptibility to
other bacterial or viral infections. Responses to phytohemaggluti-
nin were examined in patients 1, 4, and 6, but no abnormalities
were found.

DNA Extraction

Genomic DNA was obtained from peripheral blood mononuclear
cells (PBMC) with the QIAamp DNA extraction kit (Qiagen).

¢DNA Preparation

Total RNA was isolated from PBMC by use of ISOGEN reagent
(Nippon Gene). cDNA was synthesized by using a first-strand cDNA
synthesis kit (Amersham Pharmacia Biotech) with random hexamers.

In Vitro Cytokine Production by PBMC

PBMC were stimulated by use of OK432 (a heat- and penicillin-
treated Iyophilized powder of Streptococcus pyogenes strain Su,
10 mg/mL; Chugai) or BCG (10 mg/mL, BCG Tokyo 172; Japan
BCG Laboratory) for 24 h (IL-12) or 72 h (IFN-+%). For the IL-
12-dependent IFN- vy assay, PBMC were stimulated with recombi-
nant (r) IL-12 (40 ng/mL; R&D Systems} in the presence or ab-
sence of rIL-18 (100 ng/mL; R&D Systems) for 72 h. Supernatants
were assayed for IL-12 and IFN-+y with IL-12 {R&D Systems) and
IFN-y (PharMingen) sandwich ELISA kits, according to the manu-
facturer’s instructions.

cDNA Sequence Analysis

To analyze mutations for the coding regions of IFNGRI,
IFN-GR2, IFNG, ILI12B, ILI2RBI, and STAT-1, cDNA sequences
were determined by polymerase chain reaction (PCR) by using primer
pairs and subsequent direct sequencing. For [FNGRI, we used
5-GTGACGGAAGTGACGTAAGG-3 and §-CGGCATACAG-
CAAATTCTTC-3, 5¥-TCTGATCATGTTGGTGATCCA-3 and
5'-CAGATGAATACCAGGCTAAGCA-Y, § TGTGTGGGGTG-
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TTACAACTGAA-3 and §-GATGCTGCCAGGTTCAGACT-3,
and 5-ACCGAAGACAATCCAGGAAAAG-3 and 5-CAGACT-
TCAAAGTTGGTGCAA-3. For IFNGR2, we used 5-TGCTGCT-
GCTCGGAGTCTT-¥ and 5-GCCTTTGACCTGTTGGATTC-3
and 5'-GGAGAAGGCTCCCTCATCAT-3 and 5-AACTCTAG-
CAGCTCCGATGG-¥. For IFNG, we used 5'-GCTTGATACAA-
GAACTACTG-3' and 5-CAGTCACAGGATATAGGAAT-3.

For IL12B, we used ¥-TTTCAGGGCCATTGGACTC-3 and §'-

TGTAGCAGCTCCGCACGT-3 and 5-CATTCAGTGTCAAAA-
GCAG-¥ and 5-GTCTATTCCGTTGTGTCTT-3. For ILI2RBI,
we used 5-AACCTCGCAGGTGGCAGAGA-3 and 5'-TCCGCA-
GTCGCCCAACTT-¥, ¥-TTGGTGCTGAGGTGCAGTTC-3' and
§'-GTCATGCTCTGAGCCCGG-3, §-GCTCTGAATATCAGCGT-
CGGAA-3Y and 5-CAGAAACCTGCACTTCGATGCT-3', and
5-GGTGTAGCCTACACGGTGC-¥ and 5'-GGGCGAGTCACT-
CACCCT-3. For STAT-1, we used 5'-GCTGTCTAGGTTAACGT-
TCGCA-3 and 5'-TATTCCCCGACTGAGCCTGAT-Y, 5-AAAT-
TCTGGAAAACGCCCAGAG-Y and 5¥-GAAAAGACTGAAGGT-
GCGGTC-3, 5-GCCCAATGCTTGCTTGGAT-3' and 5-AGGTC-
AATTACCAAACCAGGCT-¥, ¥-GGGCACGCACACAAAAGT-
¥ and 5-TCTCGCTCCTTGCTGATGAAG-3¥, 5-TCCCTTCTGG-
CTTTGGATTG-3 and 5-TCGTCAAACTCCTCAGGAGACA-
¥, and 5-TTCCATGCGGTTGAACCCT-3' and 5-AGATGCA-
TGATGCCCTTCAGAG-3'.

PCR products were purified and analyzed by direct sequencing
by using a flucrescent dideoxy-terminator methed and an ABI 310
DNA sequencer (Perkin-Elmer). Detected mutations of IFNGRI
(818del4 and 811del4) were confirmed by PCR with genomic
DNA by using primers 5-TCTTAACTCTGCCTATTCAC-3' and
5-GGACTTGGGTAATATTATGC-3 designed within exon 6,
followed by direct sequencing.

Flow Cytometry

Two-color flow cytometric analysis was performed with EPICS
XL (Beckman Coulter), as follows: PBMC were stained with mouse
anti-IFN-¥ receptor 1 (IFN-yR1) monoclonal antibedy (MAb;
Genzyme), followed by rat phycoerythrin anti-mouse immuno-
globulin antibody {(Becton Dickinson). Cells were washed twice
and stained with phycoerythrin 5.1 (PC3)—anti-CD14 MAb (Coul-
ter Immunotech). Analysis of IFN-yR1 expression was performed

A B
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on cells within the gate set for monocytes, by use of PC5 and side
scatters.

Results

In vitro cytokine production by PBMC. PBMC from all pa-
tients and from healthy control subjects produced appreciable
amounts of IFN-v by stimulation with OK423, BCG, or rIL-12
in the presence or absence of rIL-18. In addition, production
of IL-12 protein in the supernatants from PBMC stimulated
with OK432 or BCG was observed in all patients and in healthy
control subjects (data not shown). ’

cDNA sequence analysis. Sequence analysis of the coding
region of JFNGRI revealed heterozygous small deletions in
3 of the 6 patients. Patient 1 had a 4-nt deletion, either AAGA
at nt 811, AGAA at nt 812, or GAAA at nt 813 (designated
“811del4”), and patients 2 and 3 had another 4-nt deletion,
either AATT at nt 816, ATTA at nt 817, TTAA at nt 818, or
TAAT at nt 819 (designated “818del4™), in exon 6 of the IFNGR!
open-reading frame. The same mutation found in patient 2 was
also found in his father (patient'2’). None of the remaining 3
patients or the 9 unaffected family members of patients 1-3
had fFNGRI mutations (figure 1). The nucleotide deletions in
exon 6, which were found in 3 patients and in 1 of the fathers,
created a premature stop codon at the same position {(nt 827—
829), downstream of the segment encoding the transmembrane
domain. These mutations were confirmed by PCR with genome
DNA. Sequence analysis of the coding regions of JFNGR2,
IFNG, ILI2B, ILI2RB], and STAT-I revealed no defects or ab-
normalities in 3 patients without JFNGRI mutations.

Flow cytometry. The IFN-yR1 expression levels on mono-
cytes in patients 1 -3 were significantly higher than in adult con-
trol subjects, However, patients 4—6 had normal receptor ex-
pression when compared with control samples (data not shown).

Discussion

In this study, we screened 6 Japanese children with BCG
osteomyelitis for defects of IL-12-dependent, IFN-y—mediated

nn

Figure 1. Pedigrees of 3 families with partial dominant interferon-y receptor 1 deficiency. Each kindred is designated by a capital letter (A-C),
each generation by a Roman number (I-11I), and each individual by an Arabic number (1-3). Patients with mutations in JFNGR! are shown as

filled squares. e, Examined.
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immunity and identified heterozygous small deletions in exon 6
of IFNGR! in 3 patients and in 1 of their fathers. One was a
known deletion, 818del4, and the other was novel, 811del4.
These mutations were consistent with those observed in par-
tial dominant IFN-yR1 deficiency, which was first reported by
Jouanguy et al. [4]. Mutant proteins are expressed on the cell
surface and normally bind IFN-y but cannot transduce signal
because of a lack of JAK1 and STAT-1 binding sites [4]. As ob-
served in our patients, absence of the IFN-9R1 recycling motif
causes increased expression of the receptor, which leads to
dominant negative effects. Residual IFN-y responsiveness is
thought to be mediated from the normal allele in these hetero-
zygous persons [4]. In the present study, only 1 kindred mani-
fested autosomal dominant inheritance, and others occurred
sporadically. A possible underlying mechanism of these small
deletion hot spots might be explained as follows: The sequences
surrounding nt 818 may serve as templates for slipped mispair-
ing during DNA replication or as putative arrest sites for poly-
merase o at the replication fork [4].

The severity of the clinical features of patients with partial
dominant IFN-4R 1 deficiency has been reported to be intermedi-
ate between those of the complete and partial recessive deficien-
cies [4]. Of note, even the poorly virulent BCG Tokyo 172 strain
can be harmful in partially dominant IFN-9R 1 -deficient patients.
The 4 patients in the present study responded well to antimyco-
bacterial therapy and had relatively good clinical outcome. Even

so, early genetic diagnosis of this disorder would be beneficial-

because BCG vaccination is avoidable and optimal antimyco-
bacterial treatment is applicable in cases of mycobacterial
infection.

Inheritable disorders of IL-12-dependent, IFN-y—mediated
immunity apparently are not confined to any ethnic group or
geographic region. As for partial dominant IFIN-4R 1 deficiency,
few patients of Asian origin have been reported. Qur study found
this disorder was predominant in Japanese patients who devel-
oped BCG osteomyelitis. Although BCG osteomyelitis is one
characteristic feature of partial dominant IFN-yR1 deficiency,
we could not detect any mutations of this gene in the other 3
patients. Moreover, we detected no mutations in the coding re-
gions of JFNGR2, ILI2B, ILI2RB1, or STAT-1. These patients
presented with relatively milder clinical symptoms, compared
with persons with partial dominant IFN-yR1 deficiency: 2 had
solitary lesions, and all 3 had single episodes. In children with
IFN-9R1 deficiency, all 3 had mulitiple lesions and 2 had recur-
rence. There were no obvious defects, by conventional labora-
tory examinations, in in vitro IL-12/IFN-y production or T cell
function in both IFNGRI-intact and JFNGRI-deficient patients,
which made differentiation difficult without flow cytometry and
sequence analyses. It remains possible that these children might
have an abnormality in different genes involved in IL-12—de-
pendent, IFN-y-mediated immunity or in other antimicrobial
pathways mediated by cytolytic T cells, such as inducible nitric
oxide synthase [14] and granulysin [15].

BCG Osteomyelitis and IFN-9R1 Deficiency 709

In conclusion, we identified partial IFNGR! mutations,
818del4 and the povel deletion 811deld, in 3 Japanese children
with BCG osteomyelitis who had recurrent and disseminated
mycobacterial infections and in 1 of their fathers. Further inves-
tigation is needed to reveal unknown defects in IFN-y-mediat-
ed immunity associated with predisposition to mycobacterial
infections.
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that the biophysical underpinning of such a nonlinear operation can
be described mechanistically in a single neuron.

Methods
Electrophysiology

Dissections and extracellular recordings from 45 descending contralateral movement
detector (DCMD) neurons were as described in refs 12 and 20. We used extra-cellular
recordings from the DCMD to monitor the spike activity of the LGMD because their
spiking outputs match perfectly (Fig. 4a). Intracellular recordings from the LGMD

(m = 91 animals) were obtained using plass microelectrodes filied with 2 M potassium
acetate solution (3080 MR), Typical intracellular recordings times were 40min — Lh,
Stainings (Fig. 1a) were obtained by iontephoresis of Lucifer yellow (2% in aqueous
solution). Local drug injections were performed using pulled and microforged glass
micropipettes (final diameter, ~1 pm), backfilled with PCTX (5 mM) or TTX (1 pM) in
aqueous solution and 0.5% (w/v) Fast green for visualization. Further technical details are
available in Supplementary Information. Intracellular signals were amplified in bridge or
DCC mode using an Axoclamp 2B (Axon Instruments) or SEL-10 (NPI} amplifier.

Visual stimulation

Visual stimulation procedures have been deseribed previously' ™, Bricfly, black squares
approaching perpendicular to the main body axis towards the eye {duration, $1.6-5.75) at
various values of i[v| were presented in pseudo random order. Background flow stimuli
consisted of alternating bright and grey (30% contrast) concentric rectangles moving
outwards towards the screen boundaries at constant temporal frequency. For the slow-
flow stimulus (Fig. 2a}, the temporal frequency of light/dark transitions was set between 6
and 12 Hz. For the fast stimulus (Figs 2¢, 32, b, d), the temporal frequency was 50 Hz.
Further details as well as procedures used to minimize habituation™ of the responses are
described in Supplementary information, ’

Data analysis

Data collection was performed using a PCI data acquisition card (UEI) and custom
software™. Sample rates were 10 kHz for extracellular, and 20 kHz for intraccllular,
recordings. Data analysis methods followed refs 12 and 20, Median filtering and fits of the
LGMD/DCMD firing rate, f{1), with various models are described in Supplementary
Information. The relation between average membrane potential, (f’,,.), and firing rate, {f},
(Fig. 4d) was obtained by averaging across trials membrane potential and instantaneous
firing rate over 5-ms time windows and plotting one variable against the other. Linear
{{f) = e Va)), power law ({F} = (¥ ") and exponential ({f) = exp{e{V; ) — 1)
models depicted in Fig. 4d were fitted using maximum likelihood, Statistical 1ests followed
ref. X
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Signal transduction through Toll-like receptors (TLRs) origi-
nates from their intracellular Toll/interleukin-1 receptor (TIR)
domain, which binds to MyD#$8, a common- adaptor protein
containing a TIR domain'~, Although cytokine production is
completely abolished in MyD83-deficient mice, some responses
to lipopolysaccharide (LPS), including the induction of inter-
feron-inducible genes and the maturation of dendritic cells, are
still observed®”. Another adaptor, TIRAP (also known as Mal),
has been cloned as a molecule that specifically associates with
TLR4 and thus may be responsible for the MyD#88-independent
response®’. Here we report that LP$-induced splenocyte
proliferation and cytokine production are abolished in mice
lacking TIRAP. As in MyD88-deficient mice, LPS activation of
the nuclear factor NF-xB and mitogen-activated protein kinases
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is induced with delayed kinetics in TIRAP-deficient mice®,
Expression of interferon-inducible genes and the maturation of
dendritic cells is observed in these mice; they also show defective
response to TLR2 ligands, but not to stimuli that activate TLR3,
TLR7 or TLRY. In contrast to previous suggestions, our results
show that TIRAP is not specific to TLR4 signalling and does not
participate in the MyD88-independent pathway. Instead, TIRAP
has a crucial role in the MyD88-dependent signalling pathway
shared by TLR2 and TLR4.

To examine the physiological role of TIRAP, we generated TIRAP-
deficient mice by gene targeting. A targeting vector was constructed
in which the two exons encoding the TIR domain were replaced with
the neomycin resistance (neo®) gene (Fig. 1a). Homologous recom-
bination in embryonic stem (ES) cells was confirmed by Southern
blot analysis, and correctly targeted ES cells were used to generate
mice with the mutated allele (Fig. 1b). Expression of TIRAP mRNA
in the mutant mice was examined by northern blot analysis. When
we used the amino-terminal fragment of TIRAP ¢DNA as a probe,
we detected transcripts from the mutant mice with almost the same
size as those of wild-type mice (Fig. 1c). Polymerase chain reaction
with reverse transctiption analysis (RT-PCR) showed, however,
that the neo™ gene was inserted into the mouse Tirap gene in the
mutant mice, leading to a stop codon in the N-terminal portion of
TIRAP (Supplementary Fig. 1}. Immuncblot analysis of splenocytes
confirmed that disruption of the Tirap gene abolished the
expression of TIRAP protein (Fig. 1d). TIRAP-deficient mice were
healthy and had a normal composition of B and T lymphocytes, as
determined by flow cytometry (data not shown).

Because TIRAP was identified as an adaptor that specifically
associates with TLR4, we first analysed the response to LPS in
TIRAP-deficient mice*?. Stimulation with LPS induced dose-
dependent proliferation and augmented the expression of major
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Figura 1 Targeted disruption of the murine Tirap gene. a, Structure of the mouse Tirap
gene, the targeting vector and the predicted disrupted gene. Open boxes denote the
coding exon. E, EcaRl; B, BamHi. b, Southem blot analysis of offspring from the
heterozygote intercrosses. Genomic DNA was extracted from mouse tails, digested with
EcoRl, separated by electropharesis and hybridized with the radiolabelled probe indicated
in a. Sauthern blotting gave a single 6.7-kb band for wild-type {+/4), 8 3.7-kb band for
homozygous {(—/—) and both bands for heterozygous {(+/—) mice, g, Northern blot
analysis of ambryonic fibrobfasts, Total RNA (10 ug) extracted from embryonic fibroblasts
was separated by electrophoresis, transferred to nylon membrane and hybridized using
the TIRAP N-terminat or C-terminal fragment as a probe. The same membrane was
rehybridized with a B-actin probe. d, Western blot analysis of splenocytes. Tha cell lysates
were immunoprecipitated and immunoblotted with a polycional antibody against TIRAP,
The same lysates were also blotted with antibodies against ERK1 and ERK2 to menitor
protein expression,
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histocompatibility complex (MHC) class I molecules in wild-type
splenocytes, whereas proliferation and augmentation of MHC class
Il expression was severely impaired in TIRAP-deficient splenocytes
(Fig. 2a and b). Although TLR and the interleukin-1 (IL-1) receptor
family share some signalling molecules, such as MyD88, both wild-
type and TIRAP-deficient splenocytes proliferated to the same
extent in response to [L-1 plus PHA, showing that TIRAP-deficient
splenocytes are not defective in IL-1-induced proliferation {ref. 10
and Fig. 2c).

We analysed the LPS-induced production of inflammatory cyto-
kines from peritoneal macrophages. Wild-type macrophages pro-
duced IL-6, tumour-necrosis factor-o. (TNF-a} and IL-12 in
response to LPS (Fig. 3a, b); however, LPS did not stimulate the
production of 1L-6, TNF-a or IL-12 in TIRAP-deficient macro-
phages. Wild-type mice showed an increased serum concentration
of IL-6 after a high dose injection of LP$ and died within 96h
(Fig. 3c and d). By contrast, TIRAP-deficient mice were completely
resistant to LPS-induced shock and produced only a small amount
of IL-6.

Wild-type and TIRAP-deficient macrophages produced similar
amounts of [L-6, TNF-« and IL-12 in response to CpG DNA, a
TLRY ligand, and the synthetic compound R-848, a TLR7 ligand
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Fgure 2 Impaired response to LPS in TIRAP-deficient splenocytes. a, Profiferation of
splenotyes simulated by LPS and CpG DNA. Wild-type {(+/+) and TIRAP-deficient
(—/—) sptenocytes were cultured with the indicated concentration of LPS or CpG DNA for
48h, [*Hjimymidine (1 Ci) was pulsed for the last 12 h, and [H]thymidine incorporation
was measured by liquid scintillation counting. b, Splenic B cells were cultured with
1pgmi™' LPS or 0.1 uM CpG DNA After 48 h, cells were collected, stained with a
tiotny'ated antbody against I-A followed by streptavidin—PE, and analysed by FACS.
€. Splenocy’es from wild-type and TIRAP-deficient mice wese incubated with 10 ng mi~!
1L-18 in the presence of 10ng mi ™" PHA for 72h, [PH]thymidine was pulsed for the last
12 h, and uptake of [*H] was measured.
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{refs 11, 12, and Fig. 3a). Stimulation of macrophages with
pely(I:C), a TLR3 ligand, induced the mRNA expression of inter-
feron-B (IFN-B), as well as IL-6 and TNF, in both wild-type and
TIRAP-deficient mice (ref. 13 and Fig. 3e).

We also analysed the production of inflammatory cytokines in
response to the mycoplasma-derived lipopeptide MALP-2, and to
Staphyloceccus aureus peptidoglycan (PGN), which are both TLR2
ligands (refs 14, 15, and Fig. 3f). Wild-type macrophages showed
dose-dependent production of IL-6, TNF-et and IL-12 in response
to MALP-2 and PGN. In contrast, the MALP-2- or PGN-induced
production of these cytokines was severely impaired in TIRAP-
deficient mice. Together, these results show that TIRAP-deficient
mice have an impaired response to TLR2 and TLR4 ligands, but a
normal response to microbial components recognized by TLR3,
TLR7 and TLRY.

Next, we analysed the activation of intracellular signalling cas-
cades in response to LPS, MALP-2 and R-848. In wild-type macro-

phages, stimulation with LPS resulted in enhanced DNA-binding
activity of NF-xB (Fig. 4a, left). In TIRAP-deficient and MyD88-
deficient macrophages, this NF-xB DNA-binding activity was not
induced at 10 min but was significantly induced at 20 min. Stimu-
lation with LPS induced the activation of mitogen-activated protein
(MAP) kinases, including extracellular-signal-regulated kinases
(ERK) 1 and 2, p38 and Jun N-terminal kinase (JNK}, in wild-
type macrophages (Fig. 4b, left). In TIRAP-deficient macrophages,
however, the LPS-induced activation of these kinases was detected
with delayed kinetics. Thus, the LPS-induced activation of signal-
ling molecules is compromised in TIRAP-deficient mice, whose
phenotype is similar to that of MyD88-deficient mice®.

MALP-2 induced NF-xB DNA binding activity in macrophages.
However, NF-xB activation was severely impaired in TIRAP-
deficient mice (Fig. 4a, middle}. In addition, the MALP-2-induced
activation of ERK1/ ERK2, p38 and JNK was not observed in
TIRAP-deficient macrophages (Fig. 4b, middle). By contrast, the
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Figure 3 Cytokine production in peritoneal mactfophages in response to TLR ligands.
a, Peritoneal macrophages from wild-type (+/+) and TIRAP-deficient (—/—) mice were
cultured with 1 ng mi™" LPS, 10 nM R-848 or 1 uM CpG DNA in the presence (L-12) or
absence {IL-6 and TNF-o) of 30ng mt ™" IFN=y for 24 h. Concentrations of IL-6, TNF-ce
and IL-12 in the culture supematants were measured by enzyme-linked
immunoabsorbent assay £1ISA). Data are the means * s.d. of triplicates. N, not
detected. b, Peritoneal macrophages were stimulated with the indicated concentrations of
LPSinthe presence of 30 ag mi~" IEN-y for 24 h, and the supernatants were anatysed for
IL-12 by ELISA. Data are the means = s.d. of triplicates. e, Age-matched wild-type
(7= 5) and TIRAP-deficient {# = 5) mice were injected intraperitoneally with 2.0mg of
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LPS (Escherichia coli 055:B5). Mortality was assessed daily for 4 d. d, TIRAP-deficient
and wild-type mice were intraperitoneally injected with 1.5mg of LPS (£. coli 055:B5).
Sera were taken after the indicated period of time, and serum concentrations of IL.-6 wers
determined by ELISA. Data are the means + s.d. of samples from three mice.

&, Peritoneal macrophages were stimulated with 5G wg mi~" poty {:C) for 4 and 8 h. Totat
RNA was extracted and analysed for exprassion of IFN-8, 1L-6 and TNF-« mRNA by
narthern blotting. f, Peritoneal macrophages were stimulated with the indicated
concentrations of MALP-2 or PGN for 24 h. Production of 1.-6, TNF-a and IL.-12 in the
culiure supernatants was measured by ELISA_ Data are the means x s.d, of triplicates.
ND, not detected.
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R-848-induced activation of NF-kB and MAP kinases was not
altered in TIRAP-deficient macrophages (Fig. 42 and b, right). We
also analysed activity of IRAK-1 by in vitro kinase assay (Fig. 4c). In
wild-type macrophages, stimulation with LPS, MALP-2 and R-848
induced autophosphorylation of IRAK-1. In TIRAP-deficient mice,
however, IRAK-1 was not activated in response to either LPS or
MALP-2, but was activated normally in response to R-848. Thus,
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similar to MyD88, TIRAP acts at the level of IRAK-1 signalling;
however, unlike activation mediated by MyD38, the TIRAP-
mediated activation of IRAK-1 is specific to TLR2 and TLR4.

The TLR# signal consists of the MyD88-dependent and -inde-
pendent pathways"*”, The MyD88-independent pathway contrib-
utes to the LPS-induced expression of IFN-inducible genes and the
maturation of dendritic cells®”. In vitro studies have indicated that
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Figure 4 Activation of signalling cascades in respanse to TLR2, TLR4 and TLR7 ligands in
peritoneal macrophages. a, Peritoneal macrophages were stimulated with 100 ng mi™"
LPS {left, 2ng mi™" MALP-2 {middie} or 10 nM R-848 {right) for the indicated durations.
Nuclear extracts were prepared and NF-«xB DNA-hinding activity was determined by
electrophoretic mobility shitt assay using a probe specific for NF-xB. Arrows indicate the
induced NF-xB complex. b, Peritoneal macrophages were stimulated with LPS fleft),
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MALP-2 (middle) or R-848 (right} for 10 or 20 min, Whole-cell lysates were prepared and
subjected fo western blot analysis using antibodies specific for the indicated molecules.
¢, Lysates from macrophages stimulated with LPS (left), MALP-2 (middie) or R-B48 (right)
were immunoprecipitated with antibodies against IRAK- 1, The kinase activity of IRAK-1
was measured by in witrp Xinase assay {top). The same lysates were blotied with
antibodies against IRAK-1 (bottom). Auto indicates auto-phosphoryiation.
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Figure 5 LPS-induced activation of the MyD88-independent signalling pathway in
TIRAP-deficient mice. a, Peritoneal macrophages were stimulated with 1 ng mi~ " LPS for
the indicated durations. Total RNA {5 xg) was extracted and subjected to northern biot
analysis for expression of genes ancoding IP-10, IRG-1 and GARG-16. The same
membrane was re-hybridized with a §-actin probe. b, Bone-mamow-derived dendritic
cells were stimulated with 100 ng ml~? LPS for 24 h and anatysed for surface exprassion
of the indicated malecules by flow cytometry. ¢, LPS-stimulated (squares) or unstimulated
(open circles) bone-marrow-derived dendritic cells (H-2% were imadiated and incubated
with allogeneic BALB/C CD4* T cells (H-2) at the indicated concentrations. Proliferative
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responses of T cells were evaluated by the lzli]thymidine incorporation of CD4™ T cells.
d, Peritorea macrophages wara stimulated with 1 g mi~" LPS for 30 or 60 min, Cell
lysates were prepared and resoived by native PAGE. Monomeric (arrow) and dimeric
{arrowhead) forms of IRF-3 were detected by western blot. e, Peritaneal macrophages
from wild-type and MyD88, TIRAP doubly deficient mice (DKO} were stimulated with LPS
and ana'ysed for the expression of IP-10, IP-10, IRG-1 and GARG-16 by northern blatting.
1, Bone-marmow-gerived dendritic cells from wild-type and MyD88, TIRAP doubly deficient
mice (OKO) were cultured with 100ngmi™" LPS for 24 h. The surface expression of the
ind.cated molecules was analysed by flow cytometry.

azr

— 535 —




letters to nature

TIRAP is involved in the LPS-induced activation of the MyD88-
independent pathway"*''”. We therefore examined whether TIRAP
deficiency affects the MyD88-independent signalling. Peritoneal
macrophages from wild-type, TIRAP-deficient and MyD388-
deficient mice were stimulated with LPS and analysed for the
induction of IFN-inducible genes encoding IP-10, GARG-16 and
IRG-1 by northern blot analysis (Fig. 5a). LPS induction of [P-10,
GARG-16 and IRG-1 was comparable in wild-type, TIRAP-deficient
and MyD88-deficient macrophages, indicating that the LPS induc-
tion of [FN-inducible genes was not impaired in TIRAP-deficient
mice. LP5 stimulation of wild-type dendritic cells (DCs) enhanced
the expression of MHC class Il and co-stimulatory molecules such
as CD40, CD80 and CD86 (Fig. 5b). Similarly, TIRAP-deficient DCs
showed enhancement of these surface molecules in response to LPS.
In addition, LPS stimulation led to enhanced allo-stimulatory
activity of DCs in both wild-type and TIRAP-deficient mice,
showing that the LPS-induced maturation of DCs is retained in
TIRAP-deficient mice, as it is in MyD#88-deficient mice (Fig. 5¢).

Because IRF-3 is reportedly activated in a MyD88-independent
manner in response to LPS?, we analysed the LPS-induced acti-
vation of IRF-3. When wild-type macrophages were stimulated with
LPS, IRF-3 was activated 2nd formed homodimers, as assessed by
native polyacrylamide gel electrophoresis (PAGE) analysis (Fig. 5d}.
The LPS-induced dimerization of IRF-3 was similarly observed in
TIRAP-deficient macrophages. Thus, the LPS-induced activation of
IRF-3 is not affected in the absence of TIRAP.

These results did not exclude the possibility that MyD88 might
compensate for the TIRAP deficiency and vice versa during the LPS
response. We therefore generated mice lacking both MyD88 and
TIRAP. Genes encoding IP-10, IRG-1 and GARG-16 were induced
normally in response to LPS in the MyD88, TIRAP doubly deficient
macrophages (Fig. 5¢), and LPS-induced expression of co-stimu-
latory molecules was observed normally in MyD88, TIRAP doubly
deficient DCs (Fig, 5f). Taken together, these findings indicate that
TIRAP may not be essential for the LPS-induced activation of the
MyD88-independent pathway.

We have examined the functional role of TIRAP by gene target-
ing. Qur results do not support a model in which TIRAP is
responsible for the TLR4-specific MyD83-independent events in
TLR4 signalling, including the induction of IFN-inducible genes
and the maturation of dendritic cells**'*". Instead, TIRAP has a
role similar to that of MyD88 in TLR signalling. But the function of
TIRAP seems to be confined to TLR4 and TLR2 signalling, which is
distinct from the role of MyD88 as a common adaptor. Both MyD388
and TIRAP are essential to the common signalling pathway shared
by TLR2 and TLR4, which leads to activation of IRAK-1 and NF-kB,
and finally to cytokine production. There might be additional
adaptors involved in the signalling pathway through other TLR
members, as well as in the LPS-stimulated MyD88-independent
pathway. Identification of such molecules will be important to our
understanding of the molecular mechanism of the specific biologi-
cal effects elicited by individual TLRs.

Methods
Generation of TIRAP-deficient mice

Genomic DNA containing the mouse Tirap gene was isolated from 129/5V mouse
genomic library and characterized by restriction enzyme mapping and sequencing
analysis. We constructed the targeting vector by replacing a 1.6-kb fragment encoding a
part of TIR domain with a neo® cassette, and inserted a herpes simplex virus thymidine
kinase driven by the MC1 promoter into the genomic fragment for negative selection
(Fig. 1a). The targeting vector was transfected into embryonic stem cefls {E14.1) G418 and
gancyclovir doubly resistant colonies were sclected and screened by PCR and Southern
blotting. We micro-injected homologous recombinants into C57BL/6 female mice and
intercrossed heterozygous F progenies to obtain TIRAP-deficient mice. TIRAP-deficient
mice and their wild-type littermates from these intercrosses were used for experiments.

Reagents
We purchased LPS from Selmonella ntinnesota Re 595 prepared by a phenol/chloroform/

petroleum ether extraction procedure from Sigma, PGN from §. aureus from Fluka, and

© 2002 Nature Publishing Group

poly(1:C) from Amersham. MALP-Z was synthesized and purified as described'!. R-848
was a gift from the Pharmaceuticals and Biotechnology Laboratory of the Japan Energy
Carporation. We prepared CpG oligodeaxynudleotides as described'’. The polyclonal
antibody against TIRAP was obtained by immunizing rabbit with bacterially expressed
His-tagged full-length murine TIRAP protein. Antibodies against phosphorylated ERK,
JNK and p38 were purchased from Ccll Signaling. Antibodies against ERK, INK and p38
were from Santa Cruz.

Electrophoretic mobility shift assay

Peritoneal macrophages (1 X 10%) were stimulated with 100 ng mt ™ LPS, 3ngmi™'
MALP-2 and 10 nM R-848 for the indicated durations. We purified nuciear extracts from
cells and incubated them with a probe specific for the NF-xB DNA-binding site, separated
them by electrophoresis and visualized them by autoradiography as described'”.

Western blot analysis and i vifre kinase assay

Peritoneal macrophages were stimulated with 100ngml™"' LPS, 3ngml™* MALP-2 or
100 nM R-848 for the indicated durations. The cells were then lysed in buffer containing
1.0% Nonidet-P40, 150 mM NaCl, 20 mM Tris-HC (pH 7.5), 5mM EDTA and protease
inhibitor cocktail (Roche). We resolved the cell lysates by SDS-PAGE and transferred them
onto a PYDF membrane (BioRad). The membrane was blotted with the indicated
antibodies and visualized with an enhanced chemiluminescence system {NEN Life Science
Product). We measured the IRAK-1 activity in cell lysates by i vitro kinase assay as
described",

Preparation and analysls of dendritic cells

Bone marrow cells from wild-type or TIRAP-deficient mice were cultured with 10 ng ml ™
granulocyte-macrophage colony-stimulating factor for § d Tmmature dendritic cells were
collected and cuftured in fresh medium in the absence or presence of 100ngmi~ ' LPS fora
farther 24 h. We stained the dendritic cells first with biotinylated antibodies against CD40,
CD80 or CD86 and then with phycoerythrin (PE)-conjugated streptavidin, We carried out
flow cytometric analysis using a FACSCalibur with CELLQuest software (Becton
Dickinson). The allo-stimulatory activity of dendritic cells was analysed as described®.

Native PAGE assay

Peritoneal macrophages were stimulated with I (ggml™" LPS for the indicated periods
and then lysed. The celi lysates in native PAGE sample buffer (62.5 mM Tris-HCl (pH 6.8),
15% glycerol and 1% deoxycholate) were separated by native PAGE and then
immunoblotted with antibodies against [RF-3 as described'.
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The adaptor molecule TIRAP
provides signalling specificity
for Toll-like receptors
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Mammalian Toll-like receptors (TLRs) function as sensors of
infection and induce the activation of innate and adaptive
immune responses'. Upon recognizing conserved pathogen-
associated molecular products, TLRs activate host defence
responses through their intracellular signalling domain, the
Toll/interleukin-1 receptor (TIR) domain, and the downstream
adaptor protein MyD388 (refs 1-3). Although members of the TLR
and the interleukin-1 (IL-1) receptor families all signal through
MyD88, the signalling pathways induced by individual receptors
differ. TIRAP, an adaptor protein in the TLR signalling pathway,
has been identified and shown to function downstream of TLR4
(refs 4, 5). Here we report the generation of mice deficient in the
Tirap gene. TIRAP-deficient mice respond normally to the TLRS,
TLR7 and TLRY ligands, as well as to IL-1 and IL-18, but have
defects in cytokine production and in activation of the nuclear
factor NF-«B and mitogen-activated protein kinases in response
to lipopolysaccharide, a ligand for TLR4. In addition, TIRAP-
deficient mice are also impaired in their responses to ligands for
TLR2, TLR1 and TLRS. Thus, TIRAP is differentially involved in
signalling by members of the TLR family and may account for
specificity in the downstream signalling of individual TLRs.

Studies have established the TLR family as the essential recog-
nition and signalling component of mammalian host defence'?,
Ten mammalian TLRs have been described so far, and microbial
ligands for many of them have been identified. TLR ligands
represent molecular products derived from all of the main classes
of pathogens and include the TLR4 ligand lipopolysaccharide
{LPS)*, the TLR3 ligand double-stranded RNA?, the TLR2 ligands
peptidoglycan {PGN})* and bacterial lipoproteins™'!, the TLR5
ligand flagellin'?, and the TLRY ligand unmethylated CpG DNA",
Synthetic ligands for TLR?, imiquimod and resiquimod (R-848),
have also been described', Understanding the functional differences
between individual TLRs, especially in terms of signalling pathways
and ceflular responses induced by various microbial ligands, is a
subject of great interest>'*,

The adaptor protein TIRAP may be responsible for differential
signalling by individual TLRs**. A dominant-negative form of
TIRAP inhibits the activation of nuclear factor NF-xB induced by
TLR4, but not by TLR? or the interleukin 1 receptor (IL-1R)%
Consistent with this, TIRAP interacts with TLR4 but not with TLR9
in glutathione S-transferase pull-down assays. On the basis of these
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results, we considered that TIRAP might be responsible for the
cellular responses that can be observed in MyD88-deficient cells
stimulated by LPS but not CpG. S$pecifically, although LPS-
stimulated MyD88-deficient dendritic cells {DCs) can no longer
make cytokines, they still retain the ability to upregulate the
co-stimulatory molecules CD80 and CD86 (ref. 15). In addition,
NF-xB and mitogen-activated protein (MAP) kinases are still
activated, albeit with delayed kinetics, in MyD88-deficient macro-
phages'®". Similar to TLRY, TLR2 is thought to lack signalling
through the MyD88-independent pathway, because macrophage-
activating lipopeptide 2Kd (MALP-2}, a ligand for the TLR2-TLR6
receptor pair, does not activate NF-kB in MyD88-deficient macro-
phages's,

To characterize the role of TIRAP in innate immunity, we
generated TIRAP-deficient mice by homologous recombination,
Embryonic stem (ES) cells were electroporated with the targeting
vector, in which a 640-base-pair (bp} exon encoding most of the
coding sequence of the Tirap gene was replaced with the neomycin
resistance (neo™) cassette (Fig. la). Two independently derived,
correctly targeted ES cell clones (Fig. 1b) were then microinjected
into C57BL/6 blastocysts. Chimaeric pups were bred to female
C57BL/6 mice, and transmission of the mutated allele was moni-
tored by Southern blot analysis of genomic DNA from the offspring
(data not shown). Heterozygous mice were then interbred to
produce offspring homozygous for the Tirap deletion (Fig. lc).
TIRAP-deficient mice were born at the expected mendelian ratio
and showed no obvious gross abnormalities. Experiments were
done with both knockout lines and similar results were obtained.
The absence of TIRAP mRNA was verified by polymerase chain
reaction with reverse transcription (RT-PCR} analysis of RNA
isolated from the knockout mice (Fig. 1d}.

We first looked at the effects of the Tirap deletion in B cells.
Splenocyte proliferation was measured in response to the TLR4
ligand LPS, the TLR7 ligand R-848, the TLR9 ligand CpG and
tripalmitoyl cysteinyl (Pam3Cys) lipopeptide (bacterial lipopeptide;
BLP), which signals through the TLRI-TLR2 heterodimer".

Figure 3 Generation of TIRAP-deficient mice. a, The mouse Tirap gane, the targeting
vector and the mutated allele. Filed boxes denole exons, and the arrow and the asterisk
mark the ALIG translation start site and the stop codon, respectivety. 'R marks the EcoRl
ses used for Southem blot analysis. TK, thymidine kinase gena. b, Southern biot analysis
of EcoRl-gigested genomic DNA from the twe injected ES cell clones (left and middle) and
a wild-type ES cell clene {right). ¢, PCR of genomic tait DNA from homozygous knockout
{—/-), heterozygous (+/—) and homozygous wild-type {(+/4) mice using two
combinations each of primers that detect the neo® gene {top two panels) and the deleted
exon (hottom two panels). d, RT-PCR of cONA from TIRAP-deficient and wild-type (WT)
Itermates indicate the absence of TIRAP mRNA in TIRAP-geficient cells ftop).
Ampi.fication of HPRT cONA was included as a control (bottom).

329

- 537 —




