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Lipocalin 2-Dependent Inhibition of Mycobacterial Growth in
Alveolar Epithelium'

Hiroyuki Saiga,*' Junichi Nishimura,* Hirotaka Kuwata,' Megumi Okuyama,*
Sohkichi Matsumoto,' Shintaro Sato,’ Makoto Matsumoto,’ Shizuo Akira,*!
Yasunobu Yoshikai, Kenya Honda,* Masahiro Yamamoto,* and Kiyoshi Takeda®*'?

Mycobacterium tuberculosis invades alveolar epithelial cells as well as macrophages. However, the role of alveolar epithelial cells
in the host defense against M. tuberculosis remains unknown. In this study, we report that lipocalin 2 (Lcn2)-dependent inhibition
of mycobacterial growth within epithelial cells is required for anti-mycobacterial innate immune responses. Len2 is secreted into
the alveolar space by alveolar macrophages and epithelial cells during the carly phase of respiratory mycobacterial infection. Len2
inhibits the in vitro growth of mycobacteria through sequestration of iron uptake, Len2-deficient mice are highly susceptible to
Intratracheal infection with M. tuberculosis. Histological analyses at the early phase of mycobacterial infection in Len2-deficient
mice reveal increased numbers of mycobacteria in epithelial cell layers, but not in macrophages, in the lungs. Increased intra-
cellular mycobacterial growth is observed in alveolar epithelial cells, but not in alveolar macrophages, from Len2-deficient mice.
The inhibitory action of Len2 is blocked by the addition of endocytosis inhibitors, suggesting that internalization of Len2 into the
epithelial cells is a prerequisite for the inhibition of intracellular mycobacterial growth. Taken together, these findings highlight
a pivotal role for alveolar epithelial cells during mycobacterial infection, in which LenZ mediates anti-mycobacterial innate

immune responses within the epithelial cells. The Journal of Immunology, 2008, 181: 8521-8527.

uberculosis is a worldwide disease caused by infection

with Mycobacterium tuberculasis. Therefore, the host

defense mechanisms against M. tuberculosis have been
intensively investigated, and important roles of T cell-mediated
adaptive immunity have been well established (1, 2). In addi-
tion, functional characterization of TLRs has recently indicated
the importance of innate immunity in the host responses to in-
fection with M. muberculosis (3, 4). In the TLR-mediated anti-
mycobacterial immune responses, macrophages and dendritic
cells are major effectors that engulf pathogens and produce a
variety of proinflammatory mediators. In respiratory mycobac-
terial infection, alveolar macrophages are the major targets of
invasion. However, several evidences indicate that mycobacte-
ria also interact with epithelial cells in the respiratory tract and
invade these cells (5-9). Accordingly, epithelial cells in the
lungs are expected to play a role during mycobacterial infection
by producing antimicrobial mediators {(10).
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Lipocalin 2 (Len2),* also known as neutrophil gelatinase-associ-
ated lipocalin, siderocalin, 24p3, or uterocalin, a member of the li-
pocalin family of proteins that bind to small hydrophobic molecules,
is produced by epithelial cells and macrophages (11-16). Len2 has
been shown 1o mediate several biological processes, including mam-
mary gland involution, induction of apoptosis, and delivery of iron
(12, 17-19). In addition, structural studies have demonstrated that
Len? binds to enterobactin-type bacterial siderophores, which facili-
tate iron uptake by bacteria (16). Subsequent studies revealed that
Len? also binds to other types of siderophores, such as carboxy-my-
cobactin (produced by mycobacteria) and bacillibactin (produced by
Bacillus anthracis) (20, 21). Len2 has been shown to interfere with
siderophore-mediated iron uptake in Escherichia coli (16). Accord-
ingly, mice deficient in Len2 are highly susceptible to infection with
E coli (22, 23). Thus, Len2 mediates the host defense against E. coli
infection through sequestration of iron, which is essential for the
growth and activity of nearly all bacteria (24).

Mycobacteria replicate within cells, especially in the phagosome
of macrophages (25), where iron is limited. Outside host cells, free
iron is also limited, because almost all iron ions exist as complexes
with host proteins with high affinity for iron, such as transfermin
and lactoferrin, To overcome the iron deficiency within the host,
some species of mycobacteria, such as M. tuberculosis and Myco-
bacterium bovis bacillus Calmette-Guérin (BCG), synthesize two
type of siderophores, called mycobactin and carboxy-mycobactin
(also called exochelin) (26, 27). Mycobactin is hydrophobic,
whereas carboxy-mycobactin is hydrophilic. These mycobactins
have been shown to remove iron from host iron-binding proteins,
such as transferrin and lactoferrin (28). In addition, M. tuberculosis

* Abbreviations used in this paper: Len2, lipocatin 2; BCG, Mycobacterium bovis
bacillus Calmette-Guérin; BALF, bronchoalveolar lavage fluid; rlen, recombinant
Len2; SP-C, pro-surfactant protein C; DFO, deferoxamine; AEC, alveolis epithelinl
cell; CPZ, chlorpromazine.
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with mutations in the mbtB gene, which lack carboxy-mycobactin
and mycobactin, exhibit impaired replication in low-iron medium
and within macrophages (27). The mechanisms for the mycobac-
tin-mediated iron acquisition within the phagosome of macro-
phages have recently been elutidated (29). Because pulmonary
epithelial cells are also invaded by mycobacteria, host defense
mechanisms that inhibit mycobacterial replication within these
cells are expected to exist, however they currently remain unclear.

In the present study, we analyzed the role of Len2 in mycobac-
terial infection. Len2, which inhibits mycobacterial growth, was
rapidly produced from alveolar macrophages and epithelial cells
after mycobactenrial infection. Furthermore, analyses using Len2-
deficient mice revealed a pivotal role of alveolar epithelial cells in
mycobacterial infection.

Materials and Methods
Mice

Len2 ™ and H-2K™-13A58 transgenic mice have been genemed (22, 30)
and backcrossed 1o CSTBLSG lor six Fcncrmms Len2 ™" and wild-type
littermates from intercrosses of Len2 ™' mice were used for experiments at
6-8 wk of age. All animal experiments were conducted in accordance with
the guidelines of the Animal Care and Use Commitiee of Kyushu Univer-
sity and Osaka University.

Mycobacteria

M. bovis BCG (Tokyo strain) was purchased from Kyowa Pharmaceuticals.
M. tuberculosis strains H37Ra (ATCC25177) and H37Rv (ATCC358121)
were grown in Middlebrook TH9-ADC medium for 2 wk and stored at
—80°C until use. GFP-expressing BCG, which was generated previously
(5), was used for the experiment

Quantitative real-time RT-PCR

Total RNA was isolated with the TRIzol reagent (Invitrogen), and reverse
transcribed using M-MLV reverse transcriptase (Promega) and random
primers (Toyuhu) after treatment with RQ1 DNasel (Promega). Quantita-
tive real-time PCR was performed in ABI7300 (Applied Biosystems) using
TagMan Universal PCR Master Mix Mpp!ncd Biosystems), All dnu are
shown as the relative mRNA levels lized by the P g 185
rRNA level. The primers for 185 rRNA and Len? were purchus:d from
Assays on Demand (Applicd Biosystems).

Preparation of alveolar macrophages

Bronchoalveolar lavage fluid (BALF) was collected from uninfected mice.
To eliminate contamination by bacteria, the cells were cultured with 50
U/ml penicillin and 50 pg/ml streptomycin for 16 h, and then washed five
times to remove nonadherent cells. The resultant adherent cells were used
for experiments as alveolar macrophages. because >93% of the adherent
cells were CD1 Ib-positive.

Preparation of recombinant Len2 (rlen2) protein

A mouse Len2 cDNA fragment was inserted into pGEX6P-2 (GE Health-
care) and transformed into E. coli BL21. The expressed GST-Len2 fusion
proteins were purified using glutathione-Sepharose 4B (GE Healthcare)
according to the manufacturer’s instructions. The purified proteins were

bated with PreScission P (GE Healthcare) to cleave the GST
tag. and then purified with Glutathione-Sepharose 4B.

Immunohistochemistry

Lungs were fixed with 4% PFA and frozen in Tissue-Tec OCT compound
(Sakura). The sections were incubated with anti-mouse Lcn2 Ab (R&D Sys-
tems), anti-pro-surfactant protein C (SP-C) Ab (Chemicon), anti-CD11b Ab
(BD Biosciences), or anti-pan cytokeratin Ab (Sigma-Aldnch). The nuclei
were stuned with 4°.6-diamidino-2-phenylindole (DAPI; Molecular Probes).
Alveolar epithelial cells were infected with GFP-expressing BCG for 16 b,
washed, and incubated with Dextran Conjugates (Cascade Blue: Molecular
Probes) and Alexa Fluor 594-labeled rlcn2 for 6 h. rlon2 was labeled using
an Alexa Fluor 594 Protein Labeling Kit (Molecular Probes). The cells were
fixed with 4% PFA and analyzed using a confocal microscopy (LSM 510; Carl
Zeiss).
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Western blot assay

BALF was collected from BCG-i | mice by catheterization techni
mwsmﬂdPBSTomnﬂmBALlecs.wmmdlhcmml
ume of PBS (500 wl), recovened equal volume, and used them for Wesiem blot
analysis. After removal of precipitates, the samples were separated on SDS-
PAGE and transferred to PVDF membranes (Millipore). The membranes were
incubated with anti-mouse Len2 Ab. Bound Ab was detected with SuperSignal
West Pico Chemiluminescent Substrate (Pierce).

In vitro mycobacterial growth assay

v 2 r Al

T were d in k TH9-ADC medium with the
indicated concentrations of rLcn2 protein for 20 days at 37°C, and were
plated on Middlebrook 7H10-OADC agar plates and incubated at 37°C for
30 days. In some experiments, BCG was incubated with the indicated con-
centrations of deferoxamine mesylate (DFO; Calbiochem), FeCl, or my-
cobactin (Kyoritsu Seiyaku) on THI0-OADC agar plates.

In vivo infection of mycobacteria

Mice were | d with M. mubercul H3TRv (1 x 10"
CFU). At 6 wk after infection, homogenates of the lungs and livers were
plated on THI0-OADC sgar plates. For istological analyses, the lungs
were fixed with 4% PFA at 20 or 5 days after infection. embedded in
paraffin, cut into sections, and stained with H&E or by the Zichl-Neelsen
method, respectively.

heallv inf:
s

Establishmenr of alveolar epithelial cell lines

To establish alveolar epithelial cell lines (AECs) from wild-type and
Len2 ™" mice, the mice were crossed with H-2K"-1sA58 transgenic mice,
and used for experiments at 4 wk of age. Mouse pulmonary type 11 AECs
were established as previously described (32). The cells were incubated at
33°C and passaged over ten times. The cells were then stained with anti-
SP.C Ab to confirm that they were type [I alveolar epithelial cells,

In vitro infection of mycobacteria

Wild-type or Len2 ™" derived AECs or alveol phages were incubated
with BCG for the indicated periods. To eliminate extracellular BCG, the cells
were cultured with 50 ug/ml streptomycin for 1 h, washed three times. and
harvested. Lysates of the cells were plated on THI10-OADC agar plates.

Detection of intracellular growth of mycobacteria

Wild-type and Len2 " -derived AECs were seeded onto 96-well plates,
and infected with BCG for 6 h. To eliminate extracellular BCG, the AECs
were cultured with 50 pg/mi streptomyein for | b, vig | hed three
times. The cells were pulsed with 37 kBq of ['H]uracil and cultured for
48 h. The cells were harvested on glass fiber filters and the incorporated
[*H)uracil was measured using a liquid scintillation counter (Wallac). In
some experiments, cytochalasin B (Sigma-Aldnch) or chlorpromazine
(CPZ; Calbiochem) was added to the wells at 30 min before the ["H Juracil
pulse or flen addition,

Statistical analysis

Differences between control and experimental groups were evaluated using
Student's 1 test or ANOVA plus posthoc testing. Values of p < 0.05 were
considered to indicate siatistical significance.

Results
Expression of lipocalin 2 in BCG-infected lungs

To assess the role of Len2 in mycobacterial infection, we first ana-
Iyzed the expression of Len2 in the lungs of CSTBL/6 mice intratra-
cheally infected with BCG. Total RNA was extracted from the lungs
at 2, 7, and 14 days after infection, and analyzed for Len2 mRNA ex-
pression by real-time quantitative PCR (Fig. 1A). Expression of
Len2 mRNA was markedly increased at 2 days after infection and
decreased thereafter. Because Len2 mRNA expression was shown
1o be induced in macrophages stimulated with TLR ligands (22),
we analyzed whether alveolar macrophages expressed Len2
mRNA (Fig. 1B). Alveolar macrophages were isolated, infected
with BCG, and analyzed for Len2 mRNA expression at 2 days
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FIGURE 1.

Len2 expression in the lungs of BCG-infected mice. A,
Wild-type CSTBL/6 mice were intratracheally infected with 2.5 % 10°
CFU of BCG. Total RNA was extracted from the lungs after the indicated
periods. Len2 mRNA expression was analyzed by real-time quantitative
PCR. Data are shown as the relative mRNA levels normalized by the cor-
responding 185 rRNA level. Data are presented as means = SD, and are

of two independent expe B, Alveolar macrophages
“t‘rt isolated from uninfected wild-type mice, cullured with or without
BCG for 48 h, and then analyzed for their Len2 mRNA expression by
real-time quantitative PCR. C and D, A1 2 days after intratracheal infection
with BCG, lung tissue sections were stained with anti-Len2 Ab (red), DAPI
(blue), and anti-SP-C Ab (green), and visualized by fluorescence micros-
copy. £, Wild-type mice were intratracheally infected with 2.5 % 10" CFU
of BCG. At the indicated time points after the infection, 500 ul of PBS was
intratracheally injected and then recovered. The recovered BALF samples
were subjected to Western blot analysis with anti-Len2 Ab.

after infection; BCG infection led to a marked increase in the ex-
pression of Len2 mRNA. We also analyzed the lungs by immu-
nohistochemistry using an anti BCG-infected mice, several Len2-
positive cells were observed, These cells mainly faced the alveolar
surface and projected into the alveolar space, representing the typ-
ical morphology of type IT alveolar epithelial cells. Costaining with
an Ab to pro-SP-C, which is produced by type 11 alveolar epithelial
cells, revealed that both Len2 and SP-C were produced by the
same cells (Fig, 1D). These findings indicate that not only alveolar
macrophages but also type 11 alveolar epithelial cells produce Len2
during respiratory mycobacterial infection. Type 1I alveolar epi-
thelial cells are known to secrete several mediators into the alve-
olar space. Therefore, we analyzed whether Len2 is secreted into
the alveolar space during intratracheal BCG infection. BALF was
collected from uninfected and BCG-infected mice and analyzed
for Len2 protein expression by Western blotting (Fig. 1E), Len2
was not detected in BALF from uninfected mice. At 2 days after
BCG infection, Len2 expression was abundantly detected in BALF
from the infected mice, indicating that Len2 was secreted mnlto the
alveolar space during the ecarly phase of mycobacterial infection,

Len2-mediated inhibition of mycobacterial growth

We produced rLen2 and analyzed its effect on in vitro mycobac-
terial growth. Addition of rLen2 dose-dependently inhibited the
growth of avirulent strains of mycobacteria such as BCG and M.
tuberculosis H3TRa (Fig, 2, A and B), rLen2 also inhibited the
growth of virulent M. mberculosis H37Rv in a dose-dependent
manner (Fig. 2C). Thus, Len2 has the ability to inhibit the growth
of several mycobucterial strains.
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FIGURE 2. [Inhibition of in vitro mycobacterial growth by Len2. A-C, M.

tuberculosis H3TRa (A), BCG (B), or M. muberculosis HITRy (C) (1 X 10°
CFU each) was incubated with the indicated concentrations of rlen2 in TH9
ADC medium for 20 days and then plated on TH10-OADC agar. The CFU
numbers were counted. D, BCG was incubated with increasing concentrations
of DFO (1 M, 100 uM and | mM) for 20 days and then plated on 7TH10-
OADC agar. The CFU numbers were counted. £ and F, BCG was incubated
in the presence of rlen2 (50 pg/ml) as well as increasing concentrations of
FeCl, (E: 5 nM, 500 aM, 50 uM, and 5 mM) or MB (F: | pg/ml, 10 pg/ml,
1 ng/ml, 100 ng/ml, and 10 pgiml) (F) for 20 days, and then plated on TH10-
OADC agar, All data are presented as means = SD. # and ** indicate a
significant difference among groups, ANOVA, posthoc Scheffe: =, p < 0.05;
w=, p < 0.005.

We investigated whether Len2 inhibits mycobacterial growth by
interfering with iron acquisition, similar to the case for inhibition of E.
coli growth (16). First, we added DFO, an iron chelator, into in vitro
BCG cultures (Fig. 2D), DFO reduced BCG growth in a dose-depen-
dent manner, indicating that BCG requires iron for growth. Next, we
added ferric iron into BCG cultures (Fig. 2E). Addition of ferric iron
rescued Len2-medinted inhibition of BCG growth in a dose-depen-
dent manner, indicating that Len2 inhibits use of iron from the culture
medium. Addition of exogenous mycobactin (MB) also abolished
Len2-mediated inhibition of BCG growth (Fig. 2F). These findings
indicate that Len2 inhibits mycobacterial growth by sequestering iron.

In vivo anti-mycobacterial activiry of lipocalin 2

We next addressed the in vivo role of Len2 in M. ruberculosis
infection using Len2 ™" mice. Wild-type and Len2 ™ mice were
intratracheally infected with M. mberculosis H¥TRv and moni-
tored for their survival (Fig. 3A). Len2™" mice were highly sen-
sitive to intratracheal infection with M. ruberculosis and many of
the infected mice died. We also counted the CFU numbers in the
lungs and livers after 6 wk of infection (Fig. 38). The CFU titer of
M. tuberculosis was higher in Len2™' ™ mice than that in wild-type
mice. Histopathological analysis of the lungs of the infected mice
at 20 days after infection revealed that the number and size of the
granulomatous lesions were increased in Len2™'™ mice (Fig. 3C),
indicating that the inflammatory response in Len2™'” mice was
enhanced, possibly due to progression of the M. tuberculosis in-
fection, These findings demonstrate that Len2 plays an important
role in host resistance to M. tuberculosis infection in vivo,
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FIGURE 3. High suscepiibility of Len2 ™"~ mice to M. nuberculosis infection
A, Wild-type (n = 1) and Len2 ™" (n = 12) mice were intratracheally infected
with M. mberculosis HITRv (1 % 107" CFU) and their survival was monitored for

8 wk. B, Wild-type (n = T)and Len2 ™ (n = 7) mice were intratracheally in-
fected with M. tuberculosis HITRv (1 > 10° CFU). At 6 wk afler infection,
homogenates of the lungs and livers were plated on THIG-OADC agar and the
CFL titers were counted. Symbols represent individual mice, and bars represent
the mean CFU numbers. », pr << 0.05; #+, p < 0.005. Data are representative of two
independent experiments. €, H&E staining of representative lung tissues from
wild-type and Len2 ™" mice at 20 days after intratracheal infection with M.
tuberculosis.

Increased numbers of mycobacteria in Len2-deficient alveolar
epithelial cells

We next analyzed the localization of M. tuberculosis in the lungs
at 5 days after intratracheal infection by staining acid-fast bacilli
using the Ziehl-Neelsen method. In wild-type and Len2™/™ mice,
similar densities of M. tuberculosis were observed in granuloma-
tous lesions, although the number and size of the granulomatous
lesions were increased in Lon2™' mice (data not shown). In ad-
dition, M. tuberculosis exhibited similar staining of cells with a
macrophage-like morphology in wild-type and Len2 ™'~ mice (Fig.
4A4). Strikingly, some of the alveolar epithelial cell layers in
Len2™'™ mice contained M. ruberculosis (Fig. 4B). In sharp con-
trast, M. miberculosis was scarcely detected within the epithelial
cell layers of wild-type mice. To corroborate these findings, we
subjected the lungs of mice intratracheally infected with GFP-express-
ing BCG to immunohistochemical analyses. In both wild-type and
Len2™"" mice, CD11b-positive cells contained GFP-expressing
BCG. However, in the lungs of Len2™' mice, GFP-expressing BCG
was frequently observed in cells that did not express CD11b, in con-
trast to the low frequency observed in the lungs of wild-type mice
(Fig. 4C). Visualization of epithelial cells using an anti-cytokeratin
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FIGURE 4. Increased numbers of M. mberculosis in Len2™"" alveolar
cpithelial cells. A and B, Wild-type and Len2 ™™ mice were intratracheally
infected with M. ruberculpsis H3TRa. At § days after infection, the lungs
were fived in paraffin, sectioned, and stained with the Ziehl-Neelsen
method. Arrows indicate red-stained M. tuberculosis. C-E, AL 5 days after
intratracheal infection with GFP-expressing BCG (green), lung tissue sec-
tions were stained with anti-CD1 1b Ab (C, red) or anti-pan-cytokeratin Ah
(D, red), and visualized by fluorescence microscopy. The number of cells
containing BCG was coumed in a total of ten areas of pictures that visu-
alized different fields (E).

Ab indicated that increased numbers of alveolar epithelial cells in
Len2™"" mice contained GFP-expressing BCG compared with those
in wild-type mice (Fig. 4, D and E). Thus, in the absence of Lcn2,
invasion and replication of mycobacteria in alveolar epithelial cells
were increased.

Therefore, we assessed the sensitivities of alveolar macrophages
and alveolar epithelial cells to in vitro infection with BCG. First,
alveolar macrophages were isolated from wild-type and Len2™’
mice, and infected with BCG (Fig. 54). The CFU titers of BCG in
macrophages at 4 and 7 days after infection were comparable be-
tween wild-type and Len2™'" cells. Thus, the absence of Len2 did
not affect the anti-mycobacterial activity in alveolar macrophages.
Next, we established AECs from wild-type and Len2™ mice.
Because AECs are difficult to culture in vitro, we took advantage
of transgenic mice harboring a temperature-sensitive mutation of
the SV40 large umor Ag gene under the control of an [FN-y-
inducible H-2K® promoter element (30-32). Using these mice, we
successfully established wild-type and Len2™'™ AECs, both of
which were stained with anti-SP-C Ab (data not shown). AECs
from wild-type mice expressed Len2 mRNA and secreted Len2
protein into the culture medium when infected with BCG (data not
shown). Thus, these AECs showed the characteristics of type 11
alveolar epithelial cells. AECs were infected with BCG, and the
CFU titers within the cells were counted at 1, 2, 3, and 4 days after
infection (Fig. 58). At 3 and 4 days after infection, the CFU titers
in Len2™"" cells were increased compared with those in wild-type
cells. Addition of exogenous riLen2 reduced the CFU numbers in
Len27' cells (Fig. SC). Taken together, these findings indicate
that the high susceptibility of Len2™'™ mice to M. tuberculosis
infection is atributable to impaired clearance of mycobacteria
from alveolar epithelial cells, rather than alveolar macrophages, in
the absence of Len2.
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FIGURE 5. Increased BCG growth in Len2 ™" alveolar epithelial cells.
A, Alveolar macrophages were collected from uninfected wild-type and
Len2™~ mice and cultured with BCG for the indicated periods. To elim-
inate external BCG, the cells were cultured with sireptomycin for | b,
washed three times, and harvested. Lysates of the cells wr: plnt:d on
THI0-0ADC agar, and the CFU bers were d ve
data of two independent experiments are shown. n.s., not «gmfmm B,
Wild-type and Len2™"" AECs were cultured with BCG for the indicated
periods. After removal of extracellular BCG, lysates the cells were plated
on THI0-OADC agar, and the CFU numbers were counted. Data are pre-
sented as means = 5D of triplicate determi and are rey ive of
three independent experiments, =, p < 0.05. Similar results were obtained
when other AECs from wild-type and Len2 " mice were used, C, Wild-
type and Len2 ™’ AECs were cultured with BCG. At 2 days after infection,
rLen2 (final concentration 30 wg/ml) was added 1o the Len2 ™~ AEC. After
an additional 2 days of culture, the cells were bated with yein
for | h, washed three times, and harvested. Lysates of the cells w:r: plated
on TH10-OADC agar. and the CFU numbers were counted. Representative
data of three independent experiments are shown, Data are presented as
means * SD of triplicate determinations. =, p < 0.05

Inhibition of intracellular mycobacterial growth by Len2

Mycobacteria are intracellular bacteria that replicate within cells.
In the experiments performed so far, it is possible that extracellular
growth was monitored as well as intracellular growth under the in
vitro conditions. Therefore, 1o assess the intracellular growth of
mycobacteria more precisely, we used [*Hluracil, which is pref-
crentially incorporated into mycobacterial nucleic acids (33).
AECs derived from wild-type and Len2™'™ mice were infected
with several CFUs of BCG for 6 h, extensively washed with cul-
ture medium containing streptomycin to exclude extracellular
BCG, and then cultured for 2 days in the presence of [*H]uracil
(Fig. 6A). Under these conditions, [*H]uracil incorporation was
below 1 % 10° cpm in wells containing uninfected AECs or wells
placed in contact with BCG and then extensively washed. After
infection with each CFU, [*H]uracil incorporation was increased in
Len2™' cells compared with wild-type cells. In BCG-infected
Len2™'" cells, addition of exogenous rlen2 reduced the uptake of
[*H]uracil by intracellular BCG (Fig. 68). In alveolar macro-
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FIGURE 6. Len2-mediated inhibition of intracellular BCG growth. A,
Wild-type and Len2™"" AECs were sceded onto 96-well plates and in-
fected with the indictied CFUs of BCG for 6 h. The cells were then ex-
nzmswe]y washed 1o remove extracellular BCG and cultured in the presence
of ["H]uracil for 48 h. The incorporation of [ H}uma! was measured. Data
are presented as means = 5D of Irip data of
three independent experiments are shown. ¢, p < IJD(IS B, Len2 ™' AECs
were seeded onto 96-well plates, and infected with BCG (2 % 10° CFU) for
6 h. After vigorous washing, the cells were cullured with increasing con-
centrations of rLen2 (20, 30, 40, and 50 pg/mil) and [ 'H]uracil for 48 h,
before being measured for their [*Hluracil incorporation. Data are pre-
m.-nlndumeum:SDuf ipli pl mdm P ive of two
i i = indicate a sig & AMong groups,
ANOV& posllmc Scheffe, », p < 0.001. C, Alveolar macrophages were
collected from uninfected wild-type and Len2 ™" mice, and cultured with
BCG for 6 h. After vigorous washing, the cells were cultured in the pres-
ence of ["Hluracil for 48 h, before being measured for their |'Hluracil
incorporation. Data are presented us the mean = SD of triplicate samples.
n.s., not significant. D, Alveolar macrophages from wild-type and Len2™"
mice were infected with BCG for 6 h. After vigorous washing, the cells
were cultured in the p of the indi ion of rLen2 and
{"H)uracil for 48 h. Then, the [ *H]uracil incorporation was counted. Data
are presented as means = SD of triplicate samples. n.s., not significant.

d conc

phages, the [*Hluracil incorporation by intracellular BCG was
comparable between wild-type and Len2™'" cells (Fig. 6C). Ad-
dition of rLen2 did not effectively reduce the uptake of [*H]uracil
by intracellular BCG in alveolar macrophages from both wild-type
and Len2™'” mice (Fig. 6D). These findings indicate that extra-
cellular Len2 limits intracellular growth of BCG in AECs, but not
in alveolar macrophages.

Because extracellular Len2 modulated intracellular mycobacte-
rial growth in the AECs, we analyzed whether extracellular Len2
was incorporated into the AECs as described in several previous
reports (18, 19). AECs were infected with GFP-expressing BCG
and then treated with fluorescein-labeled rlen2 (Fig. 7A). Len2
was detected within the AECs, and colocalized with dextran that
was taken up into the cells by endocytosis. Furthermore, many
BCG were colocalized with rlen2, indicating that endocytosed
Len2 was in close proximity to intracellular BCG. In contrast,
although Len2 was incorporated into alveolar macrophages, the
incorporated Len2 was not colocalized with BCG in alveolar mac-
rophages (Fig. 7B), indicating that BCG and rLen2 were localized
in distinct cellular compartments within macrophages. We blocked
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FIGURE 7. Requirement of Len2 incorporation for the inhibition of in-

tracellular BCG growth, A, GFP-expressing BCG (green)-infected alveolar
epithelial cells were cultured with dextran (25 pg/ml; blue) and fluores-
cein-labeled rlen2 (15 pg/ml; red) for 6 h. The cells were then washed,
fixed with 4% PFA. and analyzed by confocal microscopy. Data are rep-
resentative of three independent experiments. B, GFP-expressing BCG
(green)-infected alveolar macrophages were cultured with dextran (25 pg/
ml; blue) and Auorescein-labeled rlen2 (15 pg/ml; red) for 6 h. The cells
were then washed, fixed with 4% PFA for 5 min, and analyzed by confocal
microscopy. €, Wild-type and Len2 ™ AECS were seeded onto 96-well
plates and infected with BCG (2 % 10 CFU) for 6 h. After extensive
washing, the cells were cultured with CPZ (10 uM) and ["H]uracil for 48 h.
The [*Hluracil incorporation was then d. Data are p d as
means = SD of tnphcate ples, and are rej of two independent
experiments. =, p < 001, D, Len2 ™" AECS were seeded onto 96-well plates,
and infected with BCG for 6 h, After washing, the cells were cultured with
CPZ for 30 min and then cultured with rlen2 (20 pg/ml) and [*Hlumcil for
48 h The |'Hlumcil incory was i. Data are p as
means = SD of tnplicate samples, and are ref ve of two independent
experiments, = or #= indicate a significant difference among groups, ANOVA,
posthoc Scheffe, =, p < 0.005; ==, p < 0,05,

endocytosis of Len2 using CPZ after BCG infection. Addition of
CPZ resulted in increased BCG growth in wild-type AECs, but not
in Len27'" cells (Fig. 7C). We also analyzed the effects of the
endocytosis inhibitor on rlen2-mediated inhibition of BCG
growth (Fig. 70). Addition of CPZ abolished Len2-mediated in-
hibition of [*H]uracil incorporation in both wild-type and Len2 ™
cells. Cytochalasin B, which also blocks endocytosis, had similar
effects to those of CPZ on Len2-mediated inhibition of intracellu-
lar BCG growth (data not shown). These findings indicate that
endocytosed Len2 inhibits the intracellular growth of BCG
in AECs.,

Discussion

Len2 has a variety of putative functions, as evident from its many
different names such as neutrophil gelatinase-associated lipocalin,
uterocalin, 24p3, and siderocalin (12, 13, 16, 19). In the context of
its function in host defense, a structural study of the Len2 protein
revealed that it associates with enterobactin-type bacterial sid-
erophores (16). Subsequently, Len2 was shown to bind to several
types of siderophores such as caroboxy-mycobactin and bacilli-
bactin (20, 21). In addition, Len2 has been proposed to bind to an
as-yet unknown mammalian siderophore (18, 34). Thus, Len2 has
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the ability to bind to a variety of types of siderophores. Further-
more, Len2 has been shown to inhibit the growth of E. coli through
sequestration of iron uptake (22, 23). The present study has dem-
onstrated that Len2 also participates in the inhibition of mycobac-

terial growth through similar mechanisms to those against E. coli.
Indeed, Len2 has been shown to associate with the mycobacteria-
derived hydrophilic siderophare carboxy-mycobactin (21). In ac-
cordance with our results, Len2 has been shown o be secreted
from neutrophils during M. ruberculosis infection and inhibit their
growth (35). Len2 was originally identified as a molecule that is
secreted from neutrophils, which are rapidly recruited to M. tuber-
culosis-infected lungs. Therefore, neutrophils are presumably the
source of Len2 as well as alveolar macrophages and epithelial cell
during M, tuberculosis infection,

Regarding the high sensitivity of Len2 ™" mice to M. tuberculosis
infection, it is noteworthy that Len2 ™" alveolar epithelial cells, but
not macrophages, contained increased numbers of M. tuberculosis at
the early phase of the infection, as evaluated by histopathological and
immunohistochemical analyses. This finding was unexpected, be-
cause successful in vivo detection of mycobacteria in respiratory ep-
ithelial cells in wild-type mice has only been achieved through anal-
yses of mycobacterial DNA or use of electron microscopy, even
though mycobacteria have been shown to invade epithelial cells as
well as macrophages in vitro (6-9, 36). In addition, Len2 ™" alveolar
epithelial cells, but not macrophages, exhibited defective inhibition of
intracellular mycobacterial growth, suggesting that impaired inhibi-
tion of mycobacterial growth in alveolar epithelial cells due to the
absence of Len2 may be a major cause of the high susceptibility
Len2™'™ mice to M. tuberculosis infection, Given that mycobacteria
were casily detected in the alveolar epithelial cell layers by a typical
histological approach in the absence of Len2 and the increased my-
cobacterial growth was observed in Len2™' epithelial cells, but not
in macrophages, epithelial cells may play an important role in the host
immurie responses against respiratory infection with M. tuberculosis.

Mycobacteria replicate within cells in vivo, and several lines of
evidence indicate that mycobactin-mediated iron uptake is a prereqg-
uisite for intracellular mycobacterial growth (27, 29). Consistent with
previous studies (18, 19), our findings indicated that Len2 is internal-
ized into alveolar epithelial cells via endocytosis. Furthermore, addi-
tion of rLen2 effectively inhibited intracellular mycobactenial growth
in AECs, and this effect was abolished by endocytosis inhibitors. At
present, il remains unclear how mycobacteria take up iron within ep-
ithelial cells using mycobactin, First, it is apparent that mycobacteria
exist in the phagosome of macrophages. However, the subcellular
localization of mycobacteria within epithelial cells has not been es-
lablished, although mycobacteria have been shown to be localized in
endosomes or macropinosomes (37, 38). Our results revealed colo-
calization of mycobacteria and dextran, indicating that mycobactena
exist in the endosome-like vacuole within epithelial cells, Second, it
remains obscure whether mycobacteria secrete water-soluble car-
boxy-mycobactin into the cytoplasm to bind the cytosolic iron. It is
also obscure how endocytosed Len2 approaches the carboxy-myco-
bactinfiron complexes within the cells. Given that Len2 and myco-
bacteria are colocalized within the endosome-like structure, it is pos-
sible that mycobacteria take up the iron entering the endosome using
mycobactin, and endocytosed Len2, in tumn, binds to the carboxy-
mycobactinfiron complexes, thereby blocking iron acquisition by my-
cobacteria. Further studies are required to clarify the precise mecha-
nisms for the interaction between Len2 and mycobacteria-derived
carboxy-mycobactin,

In alveolar macrophages, the absence of Len2 did not affect the
sensitivity to mycobacterial infection. This may be due to the dif-
ferential localizations of mycobacteria in epithelial cells and mac-
rophages. Len2 was colocalized with mycobacteria in epithelial
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cells. indicating that mycobacteria exist within the endosome-like
structure. In contrast, mycobacteria were localized within the
phagosome in macrophages, leading to distinct localizations of
Len2 and mycobacteria in macrophages. Alternatively, macro-
phages are professional cells that kill intracellular bacteria by pro-
ducing several macrophage-specific anti-microbial mediators, in-
cluding NO synthase and Nramp! (39-41). These mediators may
compensate the Len2 deficiency in macrophages. In contrast, they
are not expressed in epithelial cells, resulting in the high sensitivity
to mycobacterial infection in the absence of Len2, Thus, in alve-
olar epithelial cells, Len2 may be a major factor that mediates host
resistance (o mycobacterial infection.

Our results highlight a novel innate host defense system that
inhibits mycobacterial infection at the respiratory mucosal surface.
We would like to propose the following scenario with regard to the
function of Len2. Len2 is secreted into the alveolar space by al-
veolar macrophages and epithelial cells during the early phase of
respiratory mycobacterial infection. Len2 presumably inhibits my-
cobacterial growth within the alveolar space. In addition, Len2 is
internalized into the alveolar epithelial cells, which are invaded by
mycobacteria, and inhibits mycobacterial growth by sequestering
iron uptake. This leads 10 a reduction in the number of infected
mycobacteria at the early phase of infection, which may help to
create sufficient time for effective activation of anti-mycobacterial
innate and adaptive immune responses. Thus, rgspiratory epithelial
cells play an active role in the resistance to mycobacterial infec-
tion, in addition to their functions as physical barriers and secretors
of anti-bacterial mediators.
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BHRY7u—7 (MYC genus) B L UBHENDD
ONREOIMSKEFFo—7HEHRELINLA LY 2
THROF 9 FTCHL, TU-TRRBMOTO—-TFIC
AT, 3 EHD subtype A WHFTREZ M. kansasii 70—
7, 4% D MAIS complex 70— 7, M.abscessus & &
A7E 3 HIBD M. chelonae complex 70— 7HELR S T
Vwho [BF 2 bOSHAKFANICERL T165-235 ITS#
MORET O PCRIEE TV, #5617 PCRMIEEY
% LiPAMEE LTHA L2 LIPARKENA 7)) ¥4
54, Boht-REF—Vvitlo THREOREY
ffof: (Table 1)o

INNO-LIPAHIC BWTIZ PCROE, T<TODPCRE
WEBEERD LB LN Y FALCRHBOMELT-
72o 3 7- DDHiE & FHRIZ MYC genus iZ LA RENRS
nwis, BREETo7
16S rRNA BETF, ITSHUIRD ¥ — 7 = » AWM

IMBORFES » b L INNO-LIPAEIZ L D FIETRE
Tholol, RHTLAROERIBOHLNEIIGL
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Table1 Interpretation of Mycobacterium species by using the INNO-LiPA MYCOBACTERIA v2

Line Probe Taxa reacting with the probe
1 Conjugate Control
2 MYC genus Presence of Mycobacterium in the test sample
3 MTB M. uberculosis complex : M. uberculosis, M. bovis, M. microti, M. africanum
4 MEKA-1 M. kansasii (group 1)*
5 MKA-2 M. kansasii (group IN*
6 MKA-3 M. kansasii (group 1IL, V, VI)*, M. gastri
7 MXE M. xenopi
8 MGO M. gordonae
9 MGV M. genavense
10 MSI M. simiae
11 MMU M. marinum+ M. ulcerans
12 MCE M. celatum
13 MAIS M. avium, M. intracellulare, M. .ﬂ:mfuiacem MAC, M. malmoense
14 MAV M. avium, M. pa ulosis, M. um
15 MIN-1 M. intracellulare (sqv. Min-A, -B, -C, and-D)
16 MIN-2 M. intracellulare (sqv. Mac-A)
17 MSC M. scrofulaceum
18 MML M, malmoense
19 MHP M. haemophilum
20 MCH-1 M. chelonae complex (group 1, II, I11, IV, M. abscessus)®
21 MCH-2 M. chelonae complex (group [11, M. abscessus)*
22 MCH-3 M. chelonae complex (group 1)*
23 MFO M. fortuitum—M.peregrinum complex
24 MSM M. smegmatis

*group is based on sequevar derived from 165 —235 nucleotide sequences. sqv., sequevar

T, F—#X—ANBW% 165 rRNA BIEFDOI—2 T
v A%, E6I1216S RNABEF OHFEERIT CREED
Wi fitkicgLTikmsy— 2y AR EEMLE
AT L7z PCREUSIZEFLOHEIZH L, Takara
Ex Taq (# # 5734 #) £HWT, 94T 308, 55T 308,
72C 1| 7% 354 4 7 WiTo 720 165 IRNAB{EZF O
TMALBEESLHME S5 1 v — 285F [5-GAG AGT
TTG ATC CTG GCT CAG-3"] & 264R [5'-TGC ACA CAG
GCC ACA AGG GA-3'] %\ T PCRER D % 1872,
ITS fM S E DO MBI X ITS1 [5'-GAT TGG GAC GAA
GTC GTA AC-3'] & ITS2 [5'-AGC CTC CCA CGT CCT
TCA TC-3'] £Mvi/z. PCREW % WH L /- BigDye
Terminator Ready Reaction Cycle Sequencing Kit (Applied
Biosystems Japan) % B\ T 16S rRNASR{Z T 0 #55- B2 51
LITSEEOWERT 87, #ohEERNIE,
Ribosomal Differentiation of Microorganisms: RIDOM % Hi
WTHREREZTY, 9% EOEER-FKEbo
ThH—ElE w7,

HESUE 12240 9 B 112442 B4 T INNO-LiPAE & 3
AMOFEEF » POBRY KL HEEED) HF
BEEOTHRIT<T, SHERAERT 2 0—-7
HHEEHFEEX > +, ¥+ 7 TB L INNO-LIPAE®
HEDN—H LA NIMIEDSI BT F270—-7

268

MACHETMACLRESR, 221X 7737 <
£ ans5F) S AEICLD Maviem EFIE S 72248
{2 INNO-LiPA Tt MAIS £ MAV 70 —7 08 F%
Boi., —HT7¥270—7 MACHETMAC, T/%32
FTr7N)arT w4 3anxs7) 9 LEIZE D Mintra-
cellulare . P S 7= 7 A MAIS & MIN-1 70— 7
BIELTwWi?, BHRBOAMN-IIIEIEEFRETH
RIZFEEMNR SN, DDHEZEELB3EDO I LR
BETEBLTCHRERRL 2o T HBZD LM
oo S5 68D D B 3 HIZ INNO-LIPAHE T b MYC
genus i LARIEHR 6N Ed ol —F DDHETHHE
FSEAT X AT INNO-LIPAE L O IZH# RO KB
MROARIEIRED LR, Lid-T 3 HRADM
EF v b O & INNO-LIPA 3 & 0 M TR EREE
CHERFR S 0BRERLTY—2 2y AR E
ﬁof_‘a

6# (B2, 19, 14, 22, 7. 6) R¥—2 /AR
Hi#E R L INNO-LIPAB DR —F L1z E¥R2E19
I3 INNO-LiPA # T MKA-3 @ It % B M, kansasii 3 &
HEsh, Y=V ARFPLERFRT X2/ Uu—
T Ay THRIEL &5 M kansasii sqv. 11 & VI & B %E
2hf, WHR141E INNO-LIPAEE, S—2 12 AT
4 iZ M.gordonae EPIE Sz, —F, Bitks L2302
BitREx 2 FOBRE Y — 2 ARITERI L
7o Hi#k5 12, INNO-LiPA T MYC genus b= RIS A EE
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Table2 Discrepant and unidentified results in identification of Mycobacterium species, including 9 isolates of M. lentifiavum,

Identity (%)

Identity (%)
429/429 (100)

165 rRNA gene

AccuProbe DDH INNO-LiPA

Cobas Amplicor

system

lentiflavum DSM44418T

M.
M.
M.
M.
M.
M

MYC genus
M. kansasii 3

Negative Unidentified**

tive

Nega
Neg
Ni

9 isolates

277277 (100)
2797279 (100)
270270 (100)

M. abscessus DSM44196  294/294 (100)

M. kansasii, MkaC

M. gordonae, MgoC

M. kansasii, MkaF

430/430 (100)
428/428 (100)

440/440 (100)
440/440 (100)

441/441 (100)

gordonae Borste 11340/99, sqv. 111

interjectum ATCCS51457T
abscessus or M. chelonae

kansasii Borste 8875/99, sqv. VI-3
kansasii Borste 539/99, sqv. 111

M. kansasii 3
M. gordonae

MYC genus
M. abscessus

Unidentified**
Unidentified™*
Unidentified**
Unidentified***

Unidentified**

Negative

NT
NT

Negative
NT

ve

ative
egative

anve

ative

Negi
Negat

Neg

19
22

293/294 (99.7)

M. chelonae Mche B

428/428 (100)

M. abscessus or M. chelonae

(M. abscessus by ITS)
(M. chelonae by ITS)

M. chelonae

M. fortuitum

NT

Negative

6

428/428 (100)

M. intracellulare ATCC35770 sqv. Il 442/442 (100)

M. mucogenicum ATCC49650T

M. fortuitum DSMA46621T
M. paraffinicum DSM44181T

MYC genus

MAIS

M. fortuitum
NT

NT
M. intracellulare MAC*

Negative

5
23

423/428 (98.8)

M. fortuitum

M. scrofulaceun M. intracellulare 2

Unidentified***
*M.avium complex **slow growers ***rapid growers NT: nottested T, Type strain _sqv., sequevar

NT
NT

Negative

13
18

439/439 (100)

Negative

269

#iE Waa® W1 5 20099 1 A

HONLHEEOREIZIZESL Y, DDHEL V-2 1Y
AT M. formimum EFIE S N7, BHRDIEI/(2
T¥7Na7y 342,407 T T M.intracellulare,
T4 270—7 MACE:T MAC, INNO-LiPA # T MAIS
EHEEN, ¥—7 X2 AWM T M. intracellulare ATCC
35770 sqv. I (Mac-D) & 100 HIF L BES /.

Y= IV ABMBBEREVWTRADOFTEOR SR
ook (M¥13, 18) 2% % M. mucogenicum T # Tk
& M. paraffinicum & F5E 2=,

MR ETERTB MR EH, 242 77
AT T431”7 7Y A, TH¥a7a—7i, DDH
ETHLEETREE % D, INNO-LIPA #: T MYC genus i<
Las FORBFR S oot — 27 2 v AWM
T M. lentiflavum & BI3E 8 hi=#A% 0 #5200 6 117> (Table
2)0

MUMEMASRAE L T 3 AL INNO-LiPA i
THMUDA L Fr — RO SN/ (Muberculosis
+M. gordonae, M.avium-+M.fortuitum, M.kansasii+M.
gordonae)

= LS

FFRIEFHIERLEETH D 165 (RNA BIETF 1<
BOHRShZWIEE, ITSHRDIZ S A5 LRI
Wiz, LNEREOHIRTIERIBLNL, ITSH
BEy—4 b E LS INNOLPATEIR ITSHR TR
FHBHSIHMOATVEMACIEH L T4HSOER 7
O—-7& o THERHEEZTHEE LTS, W23
TH¥a270—7MACETMAC, 3¢ 7>7/)a7F
w4 3282 7Y 7 LT M.intracellulare, ¥—% X7 A
BRAT T M. intracellulare ATCC 35770 sqv. I (Mac-D) & #
EEN/, INNO-LIPARETRE Y 4 72 5T 2R
Fu—FRBEMEh TV EwEDIZMAIS 7O0—70 4
ORI E %5 7. Lebrun 5 & ATCC 35770 D Tl L
{MAS70—7LOARBIABH O LBELTY
59, LMo T, ITSHREBYWTHENSEL R
TEEICHLTR, Y—riy AR CHEELRET
ABIENEELE-TL &,

Y=s X AR L wThO L RV
280 ) LEBISIE T ¥ 2 70— 7 MACE KR,
DDH & T M. scrofulaceum £ % 1), INNO-LiPA T MAIS
& MIN-2 (2R84 R & 1 M. intracellulare sqv. Mac-A & ¥
Eahi, BRETE THSFIMEIL16S (RNARITCIE
100% DM FEE T M. paraffinicum DSM 44181 X HE 2,
[8 < M. scrofulaceurn DSM 43992 & 13999 @ # [F] {% A%
R o6/, Torwoli & & M. paraffinicum i MAIS & MIN-2
ERENROIANT HF27/0— 7 MACHE IRBEHET
HoftbWMELTVEY, —HLebnn b7 F270—
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7 MACH: BB, INNO-LIPAZ T MAISD&IZ/S 2 F
izREmHtH Y, ¥— Y AMHT M. paraffinicum £ ¥
£ 2 N EER IS M. scrofulaceum DSM 43992 & 98.9% @
HAEAD - ERELTVEY, §ETF270—-7
MACHE:TMAC, I28A F¥»7NaT =4ans7)
7 A X D Moavium ¥ FE S Uz B#RIZT T INNO-
LiPAETHIRIZ MAVIZRENRLN, TH270—7
MACHTMAC, 324X 7¥FVaT =4{4a,77)
LD X D) Mintracellulare L I S =@k b LR
OB U MIN-LICRBARO . LT
B — MIN-2 {275 >~ F %75 L 7- @ #18 |1& M. intracellulare
sqv. Mac-A & 72 ) HIEHEASRGVTIRHE L B 2 S,
¥ 1312165 rRNA ¥ — 7 T 7 AT T M.mucogenicum
ATCC 49650T & Sbp @3B\ (98.8% OAflEE) RGN
M. mucogenicum D AR L EE SNz, AR ET
AMIZRH L DDHE TRET#E, INNO-LIPAETM.
fortuium EHEERTE Y, BERIZEESRONIZ. M.
mucogenicum 13 € 1& M.chelonae-like £ LTHIGH T
#%, 168 rRNAR{ETF Tl M. chelonae X V) & M. fortuitum
I WRECHE L TH 0, BEE TIE M chelonae-
abscessus 2 W — "7 ¥ M. fortuitum 7 v — T2 T DR HE
BREEHELTHILAEV—TEEHRZRATVS,
Ballard & (X [F] U { ATCC49650T &5 bp BV THR EH D
ATCC49649 & 1bp i\ M. mucogenicum N248 % BT L
THD, $L\ subspecies DT RERE A H 2 EHE L Tw
29, AERFHISHELIWATEY, BHEBL M
mucogenicum 9 variant type DR TEHENE 2 Lz,

B RERFE Tdh o B S |3 INNO-LIPAETIL
MYC genus ® &8 & 4R & h, DDHET M. formium,
i — 7 x ¥ AR T M. fortuitem DSM46621 & DSM44220
12 100% D FEIEATERS 5417z Padilla & 12 INNO-LiPA
TR L ¥ 4 7@ DSM46621 ¥k it M. fortuitum & B & 2
NErEELTWAEY, bhbhokRCREEEO
DSM44220 ¥ (M. fortuitum subspecies acetamidolyticum)
{4 DDH # & INNO-LiPA # T M. fortuitum & B £ T & 7=
(#— ¥ RBW) o M. fortuiem \E ITS ¥ — 2 L7 AT
sqr. [~NABO LA TE) BWSBRERTLOY,
BAREEORE L ERRITISILY — 2 = AR
EThartBEbht,

RIEEFEHAVWERES y MCLAHELHTLTRER
Eton=——ffr WML ENT A LA FERICHE
Thib, kR A 7»7)aT7 ={4a1527F
Y7 A, THa27u—7ik DDHETHESRELZ-
RRFETH D, INNO-LIPA # T ik MYC genus DK
EARGRAA, ¥— 7 x> ZABT Tk M interjectum
LYE SN Minterjecum X BBEHOBRTET
#2165 (DNARFIAHFRHGTHY, REFLHVAMA
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E¥v ML AEMFAEIZERE TS 2. INNO-LPA I
BV ThHEY7u—7HEREESA TV RV DEE
fomERTaY, B CTOTo_—EROABLELL
LMERRBIEN EEE 2o T 2. MRICEHRK2
k1912, 3 MM 70— 7T M. kansasii O A % I H 7]
T2 INNO-LIPA 5 T MKA-3 12886 L 72. 165 RNA
RIEFOY— 7 T AWM H & M. kansasii sqv. L £ VI &
HESWAAHAARET F2 70— 2242 T
Btk L 25728 M kansasii L FIB E o7 BER
ETHARERBIIREATW o0, BOTHERBL
744 B M. kansasii Lt FIET & 72,

Ju-—-ORRERETOXREN, WREH, X
REEOENITHERLHAVAL-HTEN, TENTH
D, REEET S, Msalgail337CTHREEME, 25T
BRCHRERI LD Msimiae DXREEOHIAILE
%1 BMOXRHEOL -5 6~24RHOXEHEFLET
HNEELET S, BEHOIn——fROBERCEY
T, sK, RE, TOBTE (SRAE, RSE) OMRAHHE
REERLCLETERLTLAIENDHD, F1-RFH
EoHMR:, ERTECLAROBLERTLITEC
LWTRFHROWAMEIEHEL, RERFRTOS
BEEROMIZRI 0 —0REF TIIHNI» LB HBE
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+HEELT, 5 PRNGHEIC>VTHMICNE
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INNO-LiPA D88 7T T 5 INNOGENETICS # D&
HAASNF— BT 5720, KO AIDSEFI LT
B SN M. genavense R, 1 ¥V A, Aav b7 ¥F,
vri—NX, AVz—FY, 77 /ATHEIMITY
B M.malmoense™ & o oMK T A RENTRE
BoTwd, DAETRARATOIALOBMIZLS
BEORERERICINTHE 0, SRoNLHD
HloREOBRIHKE RO RET L L RDNIL,
—%, EEbHFECHEOREIMML TV LI BETE
D M. lentiflavum™ HEGE ¥ — 7 = ARPTIZE D 9 BeF
Banst, #HEe7o—7HERShTyiwy INNO-
LiPA#Tit MYC genusiZ LA 3 > FORENR LAY
REEESEd ol BETOFHAELLIEDLD
(2, bAEOHEEFERIRIZH D INNO-LIPA
DHEBRBREYIEL 2V,

LE A AR ED 5N/ INNOLIPARIRFHETY
PCRHEISEH 3 M THETRRTH H, REMEATE 2
Wi NATIVFAE—Va bk, BEITEN
5 EE{ENA 7Y ¥4 E—3 3 YR Auo-LiPA £ FIH
ThiIHhoBRy T ETH A LEDbhE, E/2 INNO-
LIPAERA P v 7EICBONE Y FOHEETHE
+47:%, DDHED & ) 4R ROMERE L
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EVALUATION OF THE INNO-LiPA MYCOBACTERIA v2
FOR MYCOBACTERIAL IDENTIFICATION

'Shiomi YOSHIDA, 'Katsuhiro SUZUKI, 'Kazunari TSUYUGUCHI, *Tomotada IWAMOTO,
*Motohisa TOMITA, 'Masaji OKADA, and *Mitsunori SAKATANI

Abstract [Purpose] Evaluation of the INNO-LiPA MYCO-
BACTERIA v2 (the INNO-LiPA assay) for mycobacterial
identification.

[Materials and Methods] The laboratory identifications
consisting of Cobas Amplicor systems, AccuProbe, and DDH,
are commonly used to identify mycobacterial isolates in Japan.
We compared the results between the INNO-LiPA assay and
the common methods. A total of 122 clinical isolates from
NHO Kinki-chuo Chest Medical Center from 1 February to
30 June 2006 were tested,

[Results] There was agreement between the INNO-LiPA
assay and the common methods for 112 mycobacterium
isolates. The six discordant isolates have showed same results
between sequencings and the INNO-LiPA assay. The one
M. fortuitum isolates was indicated correctness by DDH and
the one M. intracellulare isolates was recognized by Cobas
Amplicor systems and as MAC by AccuProbe MAC.
Moreover, discrepant results between sequencings and
mycobacterial identifications including the INNO-LiPA assay

were 2 isolates (M. paraffinicum, M. mucogenicum variant
type).

[Conclusion] The INNO-LiPA assay could provide rapid
and comrect identification results with clear-cut and easy
interpretation.
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v2, Identification, 165 rRNA gene, ITS sequencing
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Promising loci of variable numbers of tandem
repeats for typing Beijing family Mycobacterium
tuberculosis

Yoshiro Murase, Satoshi Mitarai, Isamu Sugawara, Seiya Kato
and Shinji Maeda

Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association, 3-1-24 Matsuyama,
Kiyose, Tokyo 204-8533, Japan

We analysed the genotypes of 325 Mycobacterium tuberculosis clinical isolates obtained during
2002 throughout Japan. The genotyping methods included insertion sequence IS6770 RFLP,
spoligotyping and variable number of tandem repeat (VNTR) analyses. Clustered isolates revealed
by IS6110 RFLP analysis accounted for 18.6% (80/325) of the isolates. Beijing genotype
tuberculosis (TB) accounted for 73,8 % (240/325) of the isolates. Using VNTR, we analysed 35
loci, including 12 standard mycobacterial interspersed repetitive units and 4 exact tandem
repeats. The discriminatory power of these 16 loci was low. Using VNTR analyses of the 35 loci,
12 loci (VNTRs 0424, 0960, 1955, 2074, 2163b, 2372, 2996, 3155, 3192, 3336, 4052 and
4158) were selected for the genotyping of Beijing genotype strains. Comparison of the
discriminatory power of the 12-locus VNTR [Japan Anti-Tuberculosis Association (JATA)] to that
of the 15-locus and 24-locus VNTRs proposed by Supply et al. (2008) showed that our
established VNTR system was superior to the reported 15-locus VNTR and had almost equal
discriminatory power to the 24-locus VNTR. This 12-locus VNTR (JATA) can therefore be used for
TB genotyping in areas where Beijing family strains are dominant.

INTRODUCTION

RFLP analysis using insertion sequence IS6110 is the gold
standard of tuberculosis (TB) genotyping (Cave et al,
1991; Kremer et al, 1999; van Embden et al, 1993)
However, this RFLP analysis has many associated problems
(Mostrom et al., 2002).

Spoligotyping has been used throughout the world as a
convenient and reproducible PCR-based method for
genotyping (Kamerbeek et al, 1997). Nevertheless, it
provides little information related to Beijing family strains
because spoligotypes of this genotype family show very
little variation (Glynn et al., 2002; Kremer et al, 2004). In
the countries of eastern Asia, the frequency of Beijing
genotype TB is high. For that reason, spoligotyping is
ineffective to discriminate unrelated isolates.

Analysis of variable number of tandem repeat (VNTR) loci is
a promising PCR-based typing method. In VNTR analysis,
some mini-satellite loci in the Mycobacterium tuberculosis
genome are amplified using PCR; then their copy numbers
are determined (Smittipat & Palittapongampim, 2000;

Abbreviations: COC, Centers for Disease Control and Prevention; ETR,
exact tandem repeat; HGDI, Hunter-Gaston discriminatory index; JATA,
Japan Anti-Tuberculosis Association; MIRU, mycobacterial interspersed
repetitive unit; TB, tuberculosis; VNTR, variable number of tandem
repeats.

Supply et al, 2000). In fact, VNTR analysis with the
standard 12 loci of mycobacterial interspersed repetitive
units (MIRUs) has been used in the USA and Europe
(Blackwood et al., 2004; Mazars et al., 2001). The Centers for
Disease Control and Prevention (CDC) in the USA have
adopted the standard 12-locus MIRU-VNTR for TB analyses
(Cowan et al, 2005; CDC, 2004). However, the discrim-
inatory power of 12-locus MIRU-VNTR has been found to
be insufficient (Supply et al, 2006), which similarly applies
to Beijing genotype TB analyses (Kam et al,, 2005; Kremer et
al., 2005; Nikolayevskyy et al, 2006). Several reports have
described other loci. Almost all corresponding loci have
been described in the relevant literature (Iwamoto et al,
2007; Kam et al,, 2006; Wada et al, 2007).

It is noteworthy that a new 15-locus or 24-locus MIRU-
VNTR method has been proposed in Europe (Oelemann et
al., 2007; Supply er al., 2006). These new VNTR loci have
had a distinct impact on genotyping of the Beijing family,
but some large clusters remain (Iwamoto er al, 2007).
Therefore, several VNTR loci must be added to the
reported 15-locus VNTR method for analyses of Beijing
genotype strains (Yokoyama et al,, 2007).

For exploring the diversity of VNTR loci, we performed
genotyping of 1S6110 RFLP, spoligotyping and 35-locus
VNTR analysis using TB isolates from all over Japan, Based
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on these results, we propose a VNTR system that has the
same discriminatory power as RFLP for analysis of a
minimum number of loci in countries where the Beijing
family has spread. Moreover, the results provide useful
information for molecular epidemiological analyses of TB
in regions where the Beijing genotype is dominant.

METHODS

M. tuberculosis isolates. In all, 325 M. tuberculosis isolates, 3-10
strains per prefecture, were selected randomly from among 3122
isolates collected for a drug-resistance survey conducted in Japan in
2002 by the Tuberculosis Research Committee (RYOKEN). The
isolates that we analysed had been originally considered as low cluster
because the possibility of contact among patients was quite low. For
comparing results of RFLP and VNTR analyses, 76 M. tuberculosis
isolates were collected from 25 suspected epidemic outbreaks, along
with epidemiological infor The cpidemiologically linked 17
el (54 strains) showed the same RFLP pattern in each case. The
8 m:mﬂy suspec!ed TB patient clusters (22 strains) were found to be
occurrences: each strain had a different
RFLP pattern. Mycobacterial genomic DNA was prepared from
bacteria grown on Ogawa medium using an Isoplant kit (Nippon
Gene).

Molecular typing methods. For this study, 136110 RFLP typing was
performed according to a standardized protocol (van Embden er al,
1993); band patterns were analysed using the BioNumerics software
package (Applied Maths). In RFLP analysis, strains that have an
identical band pattern were categorized as a cluster. Spoligotyping was
also performed according to a standard protocol (Kamerbeek et al,
1997). Sequences of primers used for amplification of 12 MIRU loci
(MIRU-02, 04, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40), 4 exact
tandem repeats (ETRs) (ETR-A, B, C and F) and 19 other loci
(VNTRs 0424, 1612, 1895, 1955, 2074, 2163a, 2163b, 2347, 2372,
2401, 3155, 3171, 3232, 3336, 3690, 3820, 4052, 4120 and 4156) for
VNTR were selected (Frothingh & Meeker-O'Connell, 1998;
Iwamoto et al, 2007; Roring et al, 2002; Smittipat et al, 2005;
Supply et al,, 2001, 2006). The VNTR typing was performed using Ex
Tag with GC PCR buffer 1 (Takara Bio). The PCR mixture was
prepared in a 20 pl volume with 1 x GC PCR buffer I, 0.5 U Ex Tag,
200 pM each of four dNTPs, 0.5 pM each of the primer set and 10 ng
template DNA. Then PCR was carried out for all loci under the
following conditions: initial denaturation at 94 °C for 5 min, and
then 35 cycles of 94 *C for 30 5, 63 °C for 30 s and 72 *C for 3 min,
followed by a final extension at 72 °C for 7 min.

Estimation of molecular size of amplified DNA fragments. The
sizes of the amplified DNA fragments were determined using a
capillary array electrophoresis analysis system (i-Chip SV1210;
Hitachi Flectronics Engineering) (Sonehara et al, 2006) or an ABI
3130 genetic analyser (Applied Biosystems) with the GeneMapper
program (Applied Biosystems). The i-Chip was used to calibrate
VNTR analysis and the genetic analyser was used to analyse the
standard 12 lodd MIRU (Iwamoto et al, 2007; Supply et al, 2001).
Alternatively, the PCR products were analysed in a 2-2.5% agarose
gel. Their respective copy numbers were calculated from their size and
assigned according to the number of repeats for each locus
(Frothingham & Meeker-O'Connell, 1998; Kremer er al, 2005;
Skuce et al, 2002; Supply et al, 2001). The calculation accuracy
was confirmed through analysis of M. tuberculosis H37Rv.

Allelic diversity and discrimination. The allelic diversity () at each
VNTR locus was calculated using the index h=1—Zx?, where x; is the
frequency of the fth allele at the locus, as used in other studies

(Kremer et al, 2005; Sun et al, 2004). The Hunter-Gaston
discriminatory index (HGDI) was calculated in accordance with a
method explained in another paper (Hunter & Gaston, 1988) to
evaluate the combination of some VNTR loci.

Combinations of VNTR loci. For the following combination of
VNTR loci, the HGDI were compared: 15-locus VNTR [Supply (15)]
- VNTRs 0424, 0577, 0580, 0802, 0960, 1644, 1955, 2163b, 2165,
2401, 2996, 3192, 3690, 4052 and 4156; 24-locus VNTR [Supply (24)]
— Supply (15) 4 VNTRs 0154, 2059, 2347, 2461, 2531, 2687, 3007,
3171 and 4348; 12-locus VNTR [Japan Anti-Tuberculosis Association
(JATA) (12)] - VNTRs 0424, 0960, 1955, 2074, 2163b, 2372, 2996,
3155, 3192, 3336, 4052 and 4156.

RESULTS AND DISCUSSION

RFLP, spoligotyping and MIRU-VNTR analyses in
Japan

From throughout Japan, 325 collected isolates were
analysed using 156110 RFLP (Table 1). The percentage of
clustered isolates was 18.5% (60/325). In spoligotyping,
293 (90%) isolates formed clusters; the maximum cluster
size was 228. The largest cluster was composed of the
Beijing genotype [70.2 % (228/325)]. Because the number
of Beijing-like strains was 12 (Kremer et al., 2004), the total
of Beijing genotype strains used in this experiment was 240
(73.8%). The Beijing family strains were confirmed to be
dominant in Japan. The CDC in the USA has adopted the
standard 12-locus MIRU-VNTR for TB analyses (Cowan et
al,, 2005; CDC, 2004). We analysed the 325 TB isolates
using 12-locus MIRU-VNTR and 16-locus VNTR (12
standard MIRU and 4 ETRs). There were only 89 unique
types in the 12-locus MIRU-VNTR. The percentage of
clustered isolates decreased from 72.6% (12-MIRU-
VNTR) to 62.8% (16-locus VNTR) when the ETR loci
were added to 12-locus MIRU analysis. Both rates of
clustered isolates in VNTR analysis were higher than in
RFLP (18.59%). Furthermore, the HGDI showed that the
discriminatory power of IS6110 RFLP was the highest of all
analyses used for this study: spoligotyping, 12-locus MIRU-
VNTR and 16-locus VNTR.

An optimal 15-locus VNTR has been proposed by a
consortium of European and American laboratories as a
new worldwide standard method for discriminating TB
genotypes using 52 different groups of related strains from
different countries (Supply et al, 2006). This VNTR
method can discriminate in greater detail than the standard
12-locus MIRU-VNTR when the Beijing genotype of TB is
analysed. However, it has been reported that the discrim-
inatory power of 15-locus VNTR is insufficient for analysis
of the Beijing genotype (Iwamoto er al, 2007). The
frequency of the Beijing family in Japan (80% of total
TB) (Yokoyama et al.,, 2007) differs greatly from that in the
USA (16%) and European countries (4 %) (Filliol et al.,
2002). For that reason, new loci are necessary to analyse the
Beijing family more effectively in Japan, Korea, China and
other Asian countries.
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Table 1. Comparison of the discriminatory power of IS6770 RFLP, spoligotyping and VNTR analyses

Typing method Total no. of No. of No. of No. of Maximum HGDI*
type patterns unique fypes  clusters clustered  no. of isolates
isolates (%)  in a cluster
1S6110 RFLP 283 265 60 (18.5) 8 0.998
Spoligotyping 45 32 3 293 (%0.2) 228 0.501
12-locus MIRU-VNTR 127 89 38 236 (72.6) 61 0.944
16-locus VNTR (12 MIRU and 4 ETRs) 165 121 44 204 (62.8) 0.967
8-locus VNTR (VNTRs 2163b, 4052, 3336, 1955, 29 265 25 60 (18.5) 5 0.999
4156, 2372, 0424 and 2074)
10-locus VNTR (8-locus VNTR + VNTRs 2996 and 297 276 21 49 (15.1) 4 0.999
3155)
12-locus VNTR (JATA) (10-locus VNTR+ VNTRs 302 284 18 41 (12.6) 4 0.999
0960 and 3192)
15-locus VNTR (Supply) 291 269 2 56 (17.2) 6 0.999
24-locus VNTR (Supply) 303 287 16 38 (11.7) 4 0.999

*HGDI was calculated as described in Methods.

VNTR analyses of 19 loci

Different loci from those used for the USA or European
countries must be examined when VNTR analysis is
adopted for TB genotyping in Japan. Actually, VNTR
analyses of 48 loci using 21 Beijing isolates have been
reported (Smittipat et al., 2005). Some loci that had high h
for Beijing genotyping strains and other loci, such as
Queen's University Belfast (QUB), were selected (Skuce et
al., 2002). In fact, 19 loci of 325 TB isolates were analysed
using VNTR (Table 2). It was generally difficult to obtain
the exact copy number using agarose gel electrophoresis in
VNTR analysis when the molecular size of the PCR
product was greater than | kb. More than 15 copies of
repetitive units (larger than 1 kb) were detected at VNTRs
2163a, 2163b, 1895, 3232, 3336, 3820 and 4120. Only a few
isolates had more than 15 copies of repetitive units at the
loci of VNTRs 2163b, 1895 and 3336. However, for
analyses of VNTRs 2163a, 3232, 3820 and 4120, more than
49 of total isolates (18, 86, 50 and 14 strains, respectively)
had 15 or more copies. For that reason, it was difficult to
interpret the exact copy number. Furthermore, multiple
PCR products were detected at the respective loci of
VNTRs 2163b, 3232, 3336, 3820, 4120 and 4156. These had
the potential to be unstable loci in VNTR analysis, and
might be in the process of copy number change. Moreover,
no PCR product was found in analyses of VNTRs 2163a,
2163b, 4052, 0424 and 2347,

From Japan, it was reported that VNTRs 3232, 3820 and
4120 are the hyper-variable loci (lwamoto et al, 2007;
Wada er al,, 2007; Yokoyama et al,, 2007). More than 5%
of total isolates presented analytical problems (absence of
PCR product, PCR products difficult to interpret or
amplification of multiple alleles) at the loci of VNTRs
2163a, 3232, 3820 and 4120. Therefore, to obtain stable and
precise VNTR results, these four loci were excluded from
VNTR analyses of Beijing family strains.

New combination of VNTR loci for TB typing in
Japan

The discriminatory power of each locus, based on the h
values of all isolates, is presented in Table 3. The h of non-
Beijing family strains was higher than that of the Beijing
strain, except for VNTRs 0424, 2163b and 4156. These
three loci were indispensable for distinction of the Beijing
family.

One purpose of this study is to establish a new VNTR
system with equal discriminatory power to that of RFLP
using a minimum loci analysis in countries where the
Beijing family is prevalent. Combinations of some loci,
such as the top 8 loci (8-locus VNTR), top 10 loci (10-
locus VNTR) or top 12 loci (12-locus VNTR), were
compared to those of 1S6110 RFLP (Table 1) in terms of
several characteristics, such as the number of unique
isolates and clusters. In fact 8-locus VNTR had resolution
performance that was equal to IS6110 RFLP analysis in
terms of the number of independent isolates and the rate of
clustered isolates. Therefore, the 10-locus and 12-locus
VNTRs were superior to 156110 RFLP. However, the
quantities of clusters in VNTR analysis were comparable to
those of RFLP only when 12-locus VNTR was used.
Consequently, the primer set of the 12-locus VNTR (JATA)
was ultimately selected for VNTR analysis in Japan.

Comparison of the discriminatory power of IS6710
RFLP and VNTR analyses

A novel standard, optimized 15-locus and 24-locus VNTR
primer sets (Supply et al, 2006), was proposed recently
(Table 3). The respective discriminatory powers of 156110
RFLP and VNTRs [15-locus (Supply) (Supply et al., 2006),
24-locus (Supply) and 12-locus (JATA)] were compared
using the percentage of clustered isolates (Fig. 1). The
fraction of clustered isolates of 12-locus VNTR (JATA)
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Table 3. The h values for each locus and details of the VNTR loci selected for the different VNTR analyses

No. Locus Alias " This study Supply ef al (2006) 12 MIRU
+4 ETRs
All isolates Beijing family Non-Beijing 12 VNTR 24 VNTR 15 VNTR

(m=325) (n=240) (n=85)

1 2163b QUB 11b 0.855 0.815 0.802 * x x

1 4052 QUB 26 0.812 0.764 0.860 % 5 o

3 3336 VNTR 3336 0.768 0.642 0.894 *

4 1955  Mitub 21 0.731 0.598 0.696 x x x

5 4156 VNTR 4156 0.693 0.623 0.564 o x x

6 2372 VNTR 2372 0.675 0.595 0.672 *®

7 0424  Muwb 04 0.635 0.468 0.425 x ® x

8 2074  Mtub 24 0.614 0591 0.615 x

9 2996 MIRU 26 0.591 0.314 0.667 x x x :

10 3155 QUB 15 0.575 0.537 0.639 *

1 0960  MIRU 10 0.546 0.431 0.704 x x x P

12 3192 MIRU 31 0.545 0.270 0.416 x * * %

13 2401  Muwb 30 0.498 0.379 0.463 X x

14 2165 ETRA 0.496 0.223 0.446 ® x x

15 0802 MIRU 40 0.473 0.229 0.697 x x x

16 4348 MIRU 39 0472 0.156 0.543 ® x

17 3690  Mtub 39 0.406 0.215 0.745 * x

18 1895  VNTR 1895 0.367 0337 0.447

19 3239 ETRF 0.358 0.237 0.575 x

20 1644  MIRU 16 0.345 0.258 0.502 x x x

21 2531  MIRU 23 0.336 0.158 0.555 x %

22 0580  MIRU 4 0.189 0.049 0.484 * x x

23 2461 ETR B 0.151 0.017 0.447 x x

24 0577 EIRC 0.134 0.057 0.317 x % x

25 2347  Mb 29 0.129 0.095 0.214 *

26 2059 MIRU 20 0.083 0.065 0.131 x ®

27 3007  MIRU 27 0.072 0.081 0.046 * x

28 2687 MIRU 24 0,054 ] 0.193 x x

29 3171  Mrwb 34 0.036 0.033 0.046 %

30 1612 QUB23 0.024 0.025 0.023

31 0154 MIRU 2 0.018 0.008 0.046 x x

32 (excluded) zn VNTR 3232 0.929 0.909 0.834

33 (excluded) 4120  VNTR 4120 0.924 0.902 0.767

34 (excluded) 3820 VNTR 3820 0.911 0.871 0.824

35 (excluded) 2163a QUB 1la 0.836 0.752 0.858

*h represents the allelic diversity of each locus, calculated as described in Methods.
$The combination of 15- and 24-locus VNTR analyses were reporied by Supply ef al. (2006).

(12.6%) was superior to that of RFLP (18.5%) and 15-
locus VNTR (Supply) (17.2%) in this experiment. The
respective discriminatory capabilities of 15-locus and 24-
locus VNTR (Supply) and 12-locus VNTR (JATA) were
better than that of IS6110 RFLP.

Our newly established 12-locus VNTR (JATA) typing
method had almost equivalent discriminatory power to
that of 24-locus VNTR (Supply) for TB genotyping,
although it uses only 12 loci. In the 12-locus VNTR
(JATA), 8 loci overlap with the 15-locus and 24-locus
VNTRs (Supply): 4 loci (VNTRs 2074, 2372, 3155 and
3336) are independent. In the Supply VNTR typing

method (Supply et al,, 2006), VNTR 3336 was discarded
from the final selection for detection because of the
following observations: it gave multiple PCR products, it
did not give a PCR product and there was a lack of
reproducibility between results obtained in independent
laboratories. ‘No PCR amplification’ represents a char-
acteristic typing datum; it indicates that the strain has
different sequences in the primer binding site or has no
such region. In addition, detection of a multiple PCR
product might signify that a conversion of copy number is
occurring at the locus, meaning that the genetic stability of
such loci is not high.
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Fig. 1. Comparison of clustering rates in RFLP and VNTR
analyses. The percentage of clustered isolates was calculated
for each case.

Our data showed that the h of VNTR 3336 gave a
maximum value in non-Beijing TB analysis (Table 3). The
genetic clock of VNTR 3336 in non-Beijing genotypes
might be faster than that of Beijing strains. Therefore, the
locus of VNTR 3336 in non-Beijing strains might be
unstable and that in Beijing strains might be stable.
Consequently, the locus of VNTR 3336 might be used in
12-locus VNTR (JATA).

In this study, 325 independent isolates (with no epide-
miological link) were collected and analysed. Results show
that only four strains formed clusters in both the RFLP (60
strains) and VNTR (41 strains) methods: RKN 246, RKN
275, RKN 283 and RKN 319. The remaining clusters were
subdivided using the other method. Cluster 08 of RFLP
analysis comprised six strains including the four clustered
strains. By 12-locus (JATA) VNTR, cluster 08 was further
divided into three groups (Fig. 2). The two remaining
strains (RKN 177 and RKN 215) showed independent
patterns. Differences of copy number in the two strains

were found in two loci. The respective discriminatory
powers of RFLP and VNTR analyses were different. The
maximum cluster sizes in IS6110 RFLP and JATA (12)
VNTR were, respectively, 8 and 4 (data not shown). The
12-locus (JATA) VNTR had a higher discrimination power
than RFLP analysis did.

Analysis of clinical isolates from a suspected
outbreak using 12-locus VNTR (JATA)

For examining the effectiveness of the 12-locus VNTR
(JATA), 25 clusters (76 strains in total) were analysed. Of
them, 17 clusters (54 strains) for which the RFLP patterns
were identical in each group had the same VNTR profile
(data not shown). Eight initially suspected TB patient
clusters (22 strains) were not outbreak related (concur-
rence of TB): their 136110 RFLP showed different patterns,
These strains are clearly independent. Therefore, the VNTR
profile was also expected to show variant patterns in the
respective groups. The VNTR analyses using 12-locus
VNTR (JATA) showed that each strain had a different
profile in at least 5 loci, except for case 6. Analyses of the
other isolates also revealed that the discriminatory power
of 12-locus VNTR (JATA) was roughly equivalent to that
of I1S6110 RFLP analysis.

In case six, strains 5-054 and S-160 differed by only one
locus (VNTR 2074). Their RFLP patterns were notably
different (data not shown). This concomitant change in
two independent markers suggests that these two isolates
originated from independent clones. They could still very
well represent an outbreak if strains were to have highly
similar RFLP (differing by only one or two bands) and have
identical VNTR profiles. It is impossible to determine
whether or not this was a mass infection case. For that
reason, a conclusion should be offered only after
considering all results, including contact examination and
epidemiological investigation.

IS6110 RFLP pattern

VNTR 4052
VNTR 3336
VNTR 1955
VNTR 4156
VNTR 2372
VNTR 0424
VNTR 2074
VNTR 2996
VNTR 3155
VNTR 0960
VNTR 3192
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Fig. 2. The subdivision of cluster 08 in IS6770 RFLP using 12-locus (JATA) VNTR. Cluster 08 in RFLP analysis comprised six
strains. The JATA-VNTR divided cluster 08 into three groups. The isolates marked with an asterisk (RKN246, RKN275,
RKN283 and RKN318) were clustered using both RFLP and VNTR analyses. Differences in VNTR pattems are boxed.
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