3614 FUJIWARA ET AL,

has been serotyping based on the OSE residue of its GPL, the
complete structures of only 15 GPLs have been defined. In
addition to the chemical structures of various GPLs, genes
encoding the glycosylation pathways in the biosynthesis of GPL
have been identified and characterized (12, 21, 31). Epidemi-
ological studies have shown that MAC serotypes 4 and 8 are
the most frequently isolated from patients, and MAC scrotype
16 is one of the next most common groups (32, 40). It has been
suggested that the serotypes of MAC isolates participate in
their virulence (29), and thus, understanding of the structure-
pathogenicity relationship of GPLs is necessary. In the present
study, we demonstrate the complete OSE structure of the GPL
derived from serotype 16 MAC (M. intracellulare), which has a
unique terminal-acylated-amido sugar, and we characterized
the serotype 16 GPL-specific gene cluster involved in the gly-
cosylation of carbohydrates.

MATERIALS AND METHODS

Bacterial strains and preparation of GPL. M. intracellilare scrotype 16 strain
ATCC 139507 (NF 115) was purchased from the American Type Culture Cal-
lection (Manassas, VA), Three clinical isolates of M. intracellulare ype 16

1. BACTERIOL.

GC and GC-MS Iyses of carbohyd and N-acylated short-chain fatty
acid. To d the glycosyl P and linkage position, gas chroma-
tography (GC) and GC-MS anal of partially methylated alditol acctate de-
rivatives were perfi d. Perdeute iyl was conducted by the madified

procedure of Hakomon as described previously (18, 20). Bricfly. the dried OSE
was dissolved with a mixture of dimethyl sulfoxide and sodium hydroxide, and
deutcromethyl iodide was added. The reaction mixture was stirred at room
t:mp:ul:u.r: fnr 15 min and then water and chloroform were added. The chlo-
T s hylated OSE layer was collected, washed with
“Iettwnl.nmi.lndlhm pletely evag "leﬂ’ hylated
alditol acctates were prepared from perd hylated OSE by hydrolysi
wilh 2 N influoroscetic acid a1 120°C for 2 h, mduclkm with 10 mg/mi mdlum
borodeuteride at 25°C for 2 h, and acctylation with acctic anhydride at 100°C for
1 h (8 18, 25). To identify amino-linked fatty acids, acidic methanolysis of
serotype 16 GPL way performed with 1.25 M hydrogen chloride in methanol
(Sigma-Aldrich, St. Louis, MO) at 100°C for 90 min, and the fatty acid methyl
exters were extracted with n-hexane under the cooled ice. GC was performed
using n 5890 scrics 11 gas chromatograph (Hewlent Packard, Avondale, PA)
equipped with a fused SPB-1 capillary column (30 m, (.25-mm inner diameter;
bupcl(o Inc., Bellefonte, PA). Helium was used for electron impact (ET}-MS and
b for chemical i {CI1)-MS as a carrier gas. A JMS SX102A
dmhll: -focusing mass spectrometer (JEOL, 'l'okyo. hpnn} was connected to the
Ras graph as a mass o The and the ion
source energy were 70 eV for EI and 30 ¢V for Cl, and the mlcrums vollage
was § kV. The 0 and v configurations of Rha residucs were determined by
GC-MS analysis of trimethylsilylated (5)-( +)-sec-butyl glycosides

(NF 116 and 117) and M. avium serotype 1 (NF 113) were maintained in The
Rescarch Institute of Tuberculosis, Japan Anti-Tuberculosis Association. The
preparation of GPL was performed as described previously (18, 24, 26), Bricfly,
cach strain of M. intracellulare serotype 16 was grown in Middiebrook THY broth
(Difco L.\hontorm. Detroit, MI} with 0L5% g | and 10% Middicbrook
oleic acid-albumi ich (D:fm}:l]TC!orEln!mk&
The heat-killed bacteria were sonicated, and crude lipids were extracted with
chloraform-methanol (2:1, volivol), The extracted lipids were dried and hydro-
lyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h. After ncutral-
ization with 6 N hydrochloric acid, alkaline-stable lipids were partitioned by &
two-layer system of chi h (Z.I mb\ro!) and water. The organic
phase was d, evap 4, and preciy d with Inmln!
inaalubl p ining phospholipids and glycolipids. The
was collected by centrifugati Iinl:ﬁ. and lhcn tmlcd with a
Sr.'p-Plk silica cartridge (Waters Corporation, Milford, MA) with washing (chlo-
roform-methanol, 95:5, vol/vol) and elution (chlorofarm-methanol, 1:1, volvol)
for partial purification. GPL was completel ified hy prey thin-layer
chromatography (TLC) of Silica Gel G (20 hy 20 em, 250 pm; Uniplate; Anal-
tech, Inc, Newark, DE). The TLC plate was repeatedly developed with chloro-
form-methanol-water (65:25:4 and 60:16:2, volivolivol) until a single spot was
obiained. After exposure of the TLC plate to iodine vapor, the GPL band was
marked, and then, the silica gels were scraped off and the GPL was eluted with
chloroform-methanal (2:1, volivol).

Preparation of OSE moiety, fi climination of GPL was performed with atkaline
barohydride, and the OSE clongated from p-alfo. Thr was released as described
previously (18, 24). Brielly, the GPL was dissolved in ethanol, and an equal
volume of 10 mg/m! sodium & ydride or borod ide in 0.5 N sodium

and [R)-( J-sce-butyl glycosides prepared from an authentic standard L-Rha
(19).

NMR analysls of GPL. The GPL was dissolved in chloroform-d (CDCI,)-
methanol-d, (CD,0D) (2:1, volivol). To define the anomenc configurations of
each glycosyl residue, 'H .md b, ¥ mu:k.ru magnetic resonance (NMR) was

d. Both h P y (COSY) and 'H-de-
!e::tul I'H, Y] | lear multiple-g lation {(HMOC) were
recorded with @ Bruker Avance-600 (Bruker BioSpin Corp., Billerica, MA), as
described previously (9, 18, 24, 34).

L& of M. i il type 16 cosmid library, A cosmid library
of M. intracellulare scrotype 16 strain ATCC 13950 was constructed as described
previously (18). Bnmml cells were disrupted mechanically, nnd g:mmnc DN»\
was d mlh nol-chlorof and then ipitated with
G ic DNA Iy sh d into 30- 1o 50-kb fngmcnts in the extraction
process was fracti § and electrocluted from ag gols using a Takara
Recochip (Takara, Kyoto, Japan). Thm: DNA l'rlgmcnu were rendered blumt
ended using T4 DNA poly leoside triphosphates and then
were ligated to depbouplmryi:tcd mmu( pYUBAIZ (Xbal- Emnv;nd EcoRV-
Xbal), which were the kind gifts of William R. Jacobs, Jr, (Department of
Microbiology and Immunology, Albert Einsicin College of Medicine, Bronx,
NY). The cosmid vector pYUB412 is an Escherichia coli- M}tbhrﬂmm shuttle
vector with the int-anP seq for integration into a mycob i
some, onf for replication i £ coli, a hygromycin resistance gene, and an
ampiallin resistance gene. After in vitro pu:kl;ng using l]lgnpock 11 Gotd
extracts (Stratagene, La Jolla, CA), ids were introduced into
E coli STBL2 [F™ mcrd AmcrBC-hsdRMS-mur) recAl end Al lon gyeA96 thi
supEdd relAl | A{lac-proAB)] and stored at —BO°C in 50% glycerol,
of cosmid clones carrying biosynthesis gene cluster of serotype 16

hydroxide was added and then stirred at 60°C for 16 h. The i i WS
decationized with Dowex SOW-X8 beads (Dow Chemical Company, Midland,
M1), collected, and cvaporated under nitrogen to remove boric acid. The
dried residue was partitioned in two layers of chloroform-methanol (2:1,
volivol) and water. The upper aqueous phase was recovered and evaporated.
In these processes, the serotype 16-specific OSE was purified as an oligogly-
cosyl alditol,

MALDLTOF and MALDL-TOF/TOF MS analyses. The molecular species of
the intact GPL was detected by matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS) with an Ultraflex 1T (Bruker
Daltonics, Billerica, MA). The GPL was dissolved in chlorof hanol (2:1,
vol~vol}at a concentration of 1 mg/ml, and 1 jul was applicd dircctly 1o the sample
plate, and then 1 ! of 10 mp/ml 2,5-dihydraxyb ic acid in chlorof

GPL and sequence analysis. Tsolation of DNA from E coli transductants was
performed as described by Supply et al., with modifications (19), The colonies
were picked, transferred to a 1.5-ml tube containing 50 wl of water, and then
heated at Y8°C for 5 min. After centrifugation at 14,000 rpm for 5 min, the
supernatant was used as the PCR template, PCR was used to isolate cosmid
clones carrying the rhamnosyltransferase (rf4) gene with primers ffA-F (5°-T
TTTGGAGCGACGAGTTCATC-3') and ntfA-R (5 -GTGTAGTTGACCACG
CCGAC-3°). mfA Jcs an iblc for the of Rha to
6-d-Tal in OSE (14, 31). The insert ofcusmndcloncno 253 was sequenced using
a BigDye Terminator, version 3.1, cycle sequencing kit (Applicd Biosystems,
Foster City, CA) and an ABI Prism 310 genc analyzer (Applicd Biosystems), The
I function of each open reading frame (ORF) was identified by similarity

methanol (1:1, vol/vol) was added as a matrix, The intact GPL. was analyzed in
the reflectron mode with an accel i voltage op g in a positive mode of
20 kV (5). Then the fragment pattern of the OSE was analyzed with MALDI-
TOF/TOF MS. The OSE was dissolved in ethanol-water (3:7, volivol), and the
matrix was 10 mg/ml 2,5-dihydroxyb ic acid in cthanol-water (3.7, volvol).
The OSE and the matrix were applied (o the sample plate according to the
method for intact GPL and analyzed in the lift-lift mode.

scarches between the deduced amine acid sequences and known proteins using
BLAST (hutp/fwww.ncbi nim.nih gov/BLAST/) and FramePlot (hup:/fwww.nih
-gojp/~junicgi-bin/frameplotpl) with the DNASIS computer program (Hitachi
Software Engincering, Yokohama, Japan).

Transformation of M. avium serotype | strain with cosmid clone no, 255, An
M. avium scrotype | strain (NF113) was transformed with pY UB412-cosmid
clane no, 253 by clectroporation, and hygromycin-resistant colonies were so-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 16 GPL. (A) Serotype 16 GPL purified from M. intracellulare ATCC 13950"

(NF 115) and the alkaline-stable lipids den

d from ATCC 13950" and two clinical isolates (NF 116 and 117) from left to right were developed

on TLC plates with solvent systems of chloroform-methanol-water (65:25:4 and 60:16:2, volivolivol). (B) The MALDI-TOF MS spectra were
acquired using 10 mg/ml 2,5-dihydroxybenzoic acid in chloroform-methanol (1:1, volivol) as a matrix, and the molecularly related jons were
detected as [M+Na] " in positive mode. Intens., intensity; a.u., absorbance units.

lated. Alkaline-stable lipids were prepared, and productive GPLS were examined
by TLC and MALDI-TOF MS analyses.

Nucleotide seq ber. The leotide seq reparted
here has been deposited in the NCBI GenB under ion no.
AB3ISS138.

RESULTS

Purification and molecular weight of intact GPL. Serotype
16 GPL from M. intracellulare ATCC 139507 (NF 115) was
detected as a spot by TLC, and the R, values were 0.35 and 0.56
when developed with chloroform-methanol-water (60:16:2 and
65:25:4, volivolivol, respectively). Two clinical isolates of M.
intracelfulare, NF 116 and 117, had serotype 16 GPLs that
showed the same R, values as the serotype 16 GPL derived
from strain ATCC 13950". The serotype 16 GPL of M. intra-
cellulare strain ATCC 139507 was purified repeatedly by TLC
and was shown as a single spot by TLC (Fig. 1A). The MALDI-
TOF MS spectra of each serotype 16 GPL showed m/z 1969 for
[M+Na]* as the main molecularly related ion in positive
mode, with the homologous ions differing by 14 mass units at
1,955 and 1,983 (Fig. 1B). As a result, the main molecular
weight of serotype 16 GPL was 1,946, which implied that it has
a novel carbohydrate chain clongated from p-allo-Thr.

Carbohydrate composition of serotype 16 OSE. To deter-
mine the glycosyl compositions of serotype 16 OSE, alditol
acetate derivatives of the serotype 16 GPL were analyzed by
GC and GC-MS, The structurally defined serotype 4 GPL was
used as a reference standard (9, 35). Comparison of the reten-

tion time and GC mass spectra (Fig. 2) with the alditol acetate
derivatives of the serotype 16 GPL showed the presence of
3,4-di-O-Me-Rha, 4-O0-Me-Rha, Rha, 6-d-Tal, and an un-
known sugar residue (X1) in a ratio of approximately 1:1:2:1:1,
The alditol acetate of X1 was eluted at a retention time of 29.3
min, greater than that of glucitol acetate on the SPB-1 column.
The CI-MS spectrum of X1 was [M+H]" at m/z 520 as a
parent ion and m/z 460 as a loss of 60 (acetate). The fragment
ions of X1 sugar showed characteristic patterns in EI-MS. m/z
360 indicated the cleavage of C-3 and C-4, and m/z 300, 240,
and 180 were fragmented with a loss of 60 (acetate). Similarly,
my/z 374 indicated the cleavage of C-2 and C-3, and m/z 314 and
254 were fragmented with a loss of 60 (Fig. 3A and B). These
results indicated that X1 was 3,6-dideoxy hexose (Hex). The
odd molecular weight of X1, 519, and m/z 187, 127, and 59
implied the presence of one amido group esterified with a
short-chain fatty acid, possibly. After methanolysis of serotype
16 GPL, the resultant fatty acid methyl esters were extracted
carefully and analyzed by GC-MS. The EI-MS spectrum of a
short-chain fatty acid methyl ester showed mass ions atm/z 176
([M]*). 145 ([M-31]"), 117 ([M-59] ), 99, 88, 85, and 59 (Fig.
3C) (33, 37). Taking the results together, X1 was structurally
determined to be 3-2'-methyl-3"-hydroxy-4'-methoxy-pen-
tanoyl-amido-3,6-dideoxy-Hex.

Glycosyl linkage and sequence of serotype 16 OSE. To de-
termine the glycosyl linkage and sequence of the OSE, GC-MS
of perdeuteromethylated alditol acetates and MALDI-TOF/
TOF MS of the oligoglycosyl alditol from serotype 16 OSE
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FIG. 2. Gas chromatograms of the alditol acetate derivatives from
serotype 4 (A) and serotype 16 (B) GPLs. Total ion chromatograms
(TIC) are shown. GC was performed on an SPB-1-fused silica column
with a temperature program of 160°C for 2 min, followed by an in-
crease of 4°C/min to 220°C, and holding at 220°C for 15 min. Com-
parison to the GC spectrum of serotype 4 GPL shows that serotype 16
GPL is composed of 3,4-di-Q-Me-Rha, 4-0-Me-Rha, Rha, 6-d-Tal,
and an unknown X1 sugar residue.

were performed. As shown in Fig. 4, the GC-MS spectra of
perdeuteromethylated alditol acetates were assigned four ma-
jor peaks, 1,3,4,5-tetra-O-deuteromethyl-2-O-acetyl-6-deoxy-
talitol (m/z 109, 132, 154, 167, and 214); 24-di-O-deutero-
methyl-1,3,5-tri-O-acetyl-rhamnitol (m/z 121, 134, 205, 240, and
253); 2-O-deuteromethyl-4-O-methyl-1,3,5-tri-O-acetyl-rham-
nitol (m/z 121, 131, 202, and 237); and 2,4-di-O-deuteromethyl-
1,5-di-Q-acetyl-3-2"-methyl-3'-0-deuteromethyl-4' methoxy-
pentanoyl-deuteromethylamido-3,6-dideoxy-hexitol (m/z 121,
134, and 341). These results revealed that the 6-d-Tal residue
was linked at C-2; Rha and 4-O-Me-Rha were linked at
C-1 and C-3; and the nonreducing terminus, 3-2'-methyl-3'-
hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex, was
C-1 linked. The MALDI-TOF/TOF MS spectrum of the oli-
goglycosyl alditol from serotype 16 OSE afforded the expected
molecular ions [M+Na]' at m/z 931, together with the char-
acteristic mass increments in the series of glycosyloxonium ions
formed on fragmentation at m/z 312, 472, 618, and 764 from
the terminal sugar N-acyl-Hex to 6-d-Tal and at m/z 336, 482,
and 642 from 6-d-Tal to N-acyl-Hex (Fig. 5). Rha residues
were determined to be in the © absolute configuration by tom-
parative GC-MS analyses of trimethylsilylated (5)-( +)-sec-bu-
tyl glycosides and (R)-(—)-sec-butylglycosides (see Fig. SI in
the supplemental material), Taken together, these results es-
tablished the sequence and linkage arrangement 3-2-methyl-
3'-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex-(1—
3)-4-0-Me-Rha-(1—3)-1-Rha-(1—3)-.-Rha-(1—2)-6-d-Tal, ex-
clusively.

NMR analysis of serotype 16 OSE. The 'H NMR and 'H-'H
COSY analyses of the serotype 16 GPL revealed six distinet
anomeric protons with corresponding H1-H2 cross peaks in
the low field region at 54.93, 492, 492 484, 465(J,, = 21to
3 Hz, indicative of a-anomers) and 4.51 (a doublet, J, - = 7.7
Hz, indicative of a A-hexosyl unit), When further analyzed by
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FIG. 3. EI-MS and CI-MS spectra of the alditol acetate derivative
from X1 (A and B) and N-acylated-short-chain fatty acid methyl ester
(C). The pattern of prominent frag ions is ill d. The CG
column and condition were described in the legend for Fig. 2.

'H-detected ['H, "*C] two-dimensional HMQC, the anomeric
protons resonating at 54.93, 4.92, 492, 4.84, 4.65, and 4.51 have
C-1s resonating at 5101.57, 95.73, 101.40, 102.56, 100.97, and
103.36, respectively (for a summary, see Table S1 in the sup-
plemental material), The J 4 values for each of these protons
were calculated to be 171, 170, 171, 170, 169, and 161 Hz by
measurement of the inverse-detection nondecoupled two-di-
mensional HMQC (Fig. 6). These results established that the
terminal amido-Hex was a f configuration and the others were
«-anomers.

Cloning and sequence of serotype 16 GPL biosynthesis clus-
ter. To isolate the serotype 16 GPL biosynthesis cluster, the
genomic cosmid library of M. intracellulare serotype 16 strain
ATCC 139507 was constructed. Primers were designed to am-
plify the region corresponding to the r1f4 gene. More than 300
cosmid clones were tested using colony PCR with rif4 primers,
and the positive clones no. 51 and 253 were isolated from the
E. coli transductants. PCR analysis revealed that clone no, 253
contained a drrC gene but that clone no. 51 did not. Thus, we
used clone no. 253 for subsequent sequence analysis for the
gifB-drrC region. The 22,9-kb region of M. intracellulare sero-
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FIG. 4. GC-MS spectra of individual perd

d alditol acetate derivatives from serotype 16 OSE. The formation of prominent

fragment ions is illustrated; fragments were assigned lo,I.3.d.j-lclm-O-deulemmcthyl-Z-U-um:lyl—ﬁwdcoxy-luﬁloi (A), 24-di-O-deuteromethyl-
1,3,5-tri-Q-acetyl-rhamnitol (B), 2-O-deutcromethyl-4-0-methyl-1,3,5-tri-0-acetyl-thamnitol (C), and 2,4-di-O-deuteromethyl-1,5-di-0-acetyl-3-

ido-3.6-did

2'-methyl-3"-0)-deuteromethyl-4'-methoxy-f I

type 16 ATCC 13950" was deposited in the NCBI GenBank
database (accession no. AB355138). The similarity to protein
sequences of each ORF is summarized in Table 1, and the
genetic map for the serotype 16 GPL biosynthetic cluster was
compared with those of serotype 2, 4, and 7 GPLs (Fig. 7). The
gifB and drC genes of M. intracellulare serotype 16 ATCC
13950" had 99.8% and 83.7% DNA identities with those of M.
intracellulare serotype 7 ATCC 35847, respectively, In the
DNA region between gif B and drrC (20.8 kb), 17 ORFs were
observed. Four ORFs (ORF 1, 2, 16, and 17) were homologous
1o those found in the same region of serotype 7-specific DNA,
and the others were unique to the serotype 16 strain, No
insertion of insertion elements or transposons was detected in
this region. The nucleotide sequences of the ORF | and ORF
2 in serotype 16 strain ATCC 139507 were homologous to
those of ORF | and ORF 8§ in serotype 7, respectively, sug-
gesting that these two ORFs have the same function. The
similarity of the deduced amino acid sequences suggested the

-hexitol (D).

possibility that the functions of ORF 3 and ORF 6 are to
encode methyltransferase and aminotransferase, respectively.
The deduced amino acid sequences of ORF 4 and ORF 5
showed significant similarities to the WxeM protein, the func-
tion of which is not clear. Interestingly, the deduced amino
acid sequences of ORF 16 and ORF 17 of serotype 16 were
homologous to ORF 9 of serotype 7. ORFs 1, 16, and 17 have
considerable homology to glycosyltransferases. Nine ORFs,
which are possibly involved in fatty acid synthesis, were de-
tected between ORF 7 and ORF 15. It is notable that ORF 13
had a chimeric structure, The N-terminal half of ORF 13
showed similarity to phosphate butyryl/acetyl transferases,
but the C-terminal half showed similarity to short-chain
reductase/dehydrogenases. These results suggest that this
region of DNA is responsible for the biosynthesis of the
serotype l6-specific GPL,

Expression of cosmid clone no. 253 in M. avium serotype 1
strain. The OSE of serotype | GPL was composed of a-1-Rha-
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FIG. 5. MALDI-TOF/TOF MS spectrum of serotype 16 OSE. The
formation of a characteristic increment in fragment ions is illustrated.
The matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water
(3:7, volivol), and it was performed in the lift-lift mode. Intens., inten-
sity; a.u., absorbance units.

(1—=2)-6-d-1-Tal (9). The M. avium serotype 1 strain (NF113)
was transformed with cosmid clone no. 253 containing a sero-
type 16-specific gene cluster and produced a new GPL with a
different R, value by TLC compared to serotype 1 GPL (Fig.
8A). The R, value of the new GPL was identical to that of the
serotype 16 GPL. The molecular weight of intact GPL, the
fragment pattern of its OSE, and the GC pattern of the alditol
acetate derivatives were completely equivalent to those of the
serotype 16 GPL (see Fig. 52 in the supplemental material). As
a result, the transformant of the serotype 1 strain expressed the
cosmid clone no. 253 gene cluster and produced the serotype
16 GPL.

DISCUSSION

MAC species have serotype-specific GPLs that are charac-
teristic components of the outer layer of the cell wall (6, 9). In
addition to their serological differentiation, the chemical struc-
tures of 15 serotype-specific GPLs derived from the predomi-
nant clinical isolates have been analyzed; however, those of
other GPLs remain unclear, The present study demonstrates
the chemical structure of the serotype 16 GPL derived from
M. intracellulare. We determined the glycosyl composition,
linkage positions, and anomeric and ring configurations of
the glycosyl residues of the serotype 16 GPL, and its OSE
was defined as 3-2"-methyl-3"-hydroxy-4"-methoxy-pentanoyl-
amido-3,6-dideoxy-p-Hex-(1-+3)-4-0-methyl-a-L-Rha-(1—+3)-a-
t-Rha-(1—-3)-a-1-Rha-(1-2)-6-d-a-1-Tal (Fig. 8B). The sero-
type 16 GPL should be listed as a group 2 polar GPL in the
structural classification of Chatterjee and Khoo (9).

The GPLs of serotypes 7, 12, 17, and 19 have already been
classified as group 2 GPLs, which are commonly composed of
R—a-1-Rha-(1—3)-a-L-Rha-(1-—-2)-6-d-1-Tal (R, variable re-
gion), possessing a characteristic terminal sugar such as N-acyl-
deoxy-Hex. Indeed, the presence of an amido sugar has been
reported in only five GPLs, serotypes 7, 12, 14, 17, and 25 (8,
9, 18). It has been determined that the OSE structure of the
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FIG. 6. Nondecoupled 'H-detected |'H, '*C] HMQC spectrum of
serotype 16 GPL. Cross-peak labels correspond to those shown on the
structure.

serotype 17 GPL was 3-2'-methyl-3"-hydroxy-butanoyl-amido-
3,6-dideoxy-B-p-Gle-(1-3)-4-0-methyl-a-L-Rha-(1—=3)-a-L-
Rha-(1-3)-a-.-Rha-(1—2)-6-d-1-Tal (9, 25). Based on the be-
havior of GPLs in TLC and the GC-MS analysis of alditol
acetate derivatives, serotype 16 GPL seems to possess a unique
carbohydrate epitope similar to that of serotype 17 GPL. We
compared the OSE of serotype 16 GPL to that of serotype 17
GPL. The acylated amido group that was bound to the termi-
nal sugar was different, although the linkage position was iden-
tical. Except for the terminal-acylated amido sugar, the other
sugar compositions and glycosyl linkage positions were com-
pletely identical. An acylated amido group attached to the C-3
position of Hex is very unusual. To our knowledge, 3-amido-
Hex is irregular in nature, although 2-amido-Hex is known to
be glucosamine or galactosamine, which is frequently isolated
as a component of lipopolysaccharides and glycosaminoglycans
in prokaryotic and eukaryotic cells (7, 42). Further, existence
of short-chain fatty acid 2-methyl-3-hydroxy-4-methoxy-penta-
noic acid linked to the amido group of d-Hex is also unique.
The characteristic gene cluster is thought to regulate the pro-
duction of 3-acylated-amido-Hex, It is difficult to determine
the species of acylated amido sugars, because no reference
standard is available. The terminal sugar of the serotype 17
GPL was reviewed as a gluco-configuration, although firm ev-
idence was not shown (9, 25). The J, and J,_, values for the
anomeric proton in the terminal sugar were 161 and 7.7 He,
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TABLE 1. Similarity to protein sequences of ORFs in cosmid clone no. 253 derived from M. intracellulare serotype 16 strain ATCC 139507

Predicted i
ORF m} hu;:;:md Exhibits similarity to: E valuc (m:m:::ﬁ.] Accession po.
GifB 45.6 6.35 Glycosyltransferase GtfB 0.0 417/418 BAF45360
Orf 1 452 6.10 Putative glycosyltransferase 0.0 416/417 BAF45361
Orf 2 78.9 8.51 Putative acyltransferase 0.0 557/728 BAF45368
O3 310 5.88 Putative methyltransferase 2e-89 3827421 NP _218045
Orf 4 15.7 494 Conserved hypothetical protein le-39 73129 BAD50406
Orf 5 16.0 4.69 Conserved hypothetical protein Se-40 75/135 EAX55190
Orf 6 4l1.1 588 Aminotransferase/DegT_Dnr)_EryCl Ge-119 2087357 ABD68440
Orf 7 40.6 9.65 Conserved hypothetical protein 2c-89 178304 AAS(O3547
Orf § 36.7 532 Conserved hypothetical protein 2e-52 116/298 CAED6954
O 9 23 9.719 Putative N-acetyltransferase de-14 58/166 EAU11841
Orf 10 253 7.82 Short-chain dehydrogenase/reductase Te-47 1017233 EAO61220
Orf 11 238 6.05 Putative hydrolase de-24 64/196 ABGR5599
Orf 12 372 6.50 Ketoacyl-acyl carrier protein synthase 111 3e-55 126/331 EAX48715
Off 13 425 .72 Short-chain dehydrogenase/reductase 2e-42 97/248 ZP_0128%005
Orf 14 65.8 4.70 Predicted enzyme involved in He-85 201/575 ABBT73590
h lonyl-acyl camer p
biosynthesis
Orf 15 500 6.23 Acyl coenzyme A synthetases 2¢-128 233445 EAT27362
Orf 16 39.1 8.00 Putative glycosyltransferase 2e-106 196/318 NP _855197
Orf 17 317 9.46 Putative glycosyltransferase Be-160 278/323 BAF45369
DrrC 286 11.47 Daunorubicin resistance protein C 6e-132 2337261 BAF45370

respectively (Fig. 6; Table S1 in the supplemental material).
These results demonstrated unequivocally that the terminal
amido-Hex was B configuration and H-2 was in the axial posi-
tion. The terminal amido-Hex is considered to be derived from
glucose or galactose, not Rha.

Next, we explored the genetic mechanism of GPL biosyn-
thesis, because the elongation of carbohydrate chains in sero-
type-specific GPLs is poorly understoud. The ser2 gene cluster
of the M. avium serotype 2 strain (31) and a 27.5-kb DNA
fragment of the M. avium scrotype 4 strain (28) were identified
to be responsible for the biosynthesis of each OSE in GPLs.

(A) M. avium strain 724
(serotype 2) G¥B COS  hipA gutgA GIC maMA merd gsc givD

(B) M. avium strain AS

(serotype 4) o S o

(C) M. intraceliulare

ATCC 35847 WG A0S o e oS ol

hipA MORIA merA GIC | ooy int

o8 ofd dnC

Recently, enzymatic characterizations of glycosyltransferase
and methyltransferase of nonpolar GPLs have been reported
for Mycobacterium smegmatis (36, 38). In the serotype-specific
polar GPL biosynthesis of MAC, only the rif4 gene was func-
tionally clarified to encode the transfer of L-Rha to 6-d-Tal, but
which gene cluster transfers the sugars next to L-Rha clongated
from 6-d-Tal is unclear.

In this study, we cloned the biosynthetic cluster of the sero-
type 16 GPL and analyzed its sequence. Seventeen ORFs were
detected in the serotype 16 strain, and the sequence homology
was analyzed. The transformant of the M. avium serotype 1

1521 aWA  onC - glycosyliransferase
- enzyme involved in
fatty acid synthesis
1S hot

methyltransferase
aminotransferase
|- acyltransferase

god2  mhp

(serotype 7) SO ZH TN~ (ITIT] other
1 I I " = = homologous to each other
i 1 o i
1 | ".__..--' -":F:"':-""-'-".'..ﬂ"-r.:-_,_..

(D) M. Intracellulare 1 1 re R R
ATCC 13950 R D s
(serotype 16) e\ |17, DED-D D ED B EE

] ol o2 of3 orfd oo TS o o7 o8 orfd orfifonf! onf1? ofid orfid orf1s o6 o] anC
Q.Iﬂ W‘b nr

FIG. 7. Comparison and overview of genetic maps of GPL biosynthetic cluster. The M. avium strain 724 annotated sequence obtained

from GenBank (accession no. AF125999) (A); the M. avium strain AS ted e

d from GenBank (accession no.

AY130970) (B); the M. intracellulare ATCC 35847 sequenced in our previous study (GenBank accession no. AB274811) (C); the M.
intracellulare ATCC 139507 sequenced in this study (GenBank accession no. AB355138) (D). The orientation of each gene is shown by the
direction of the arrow. In panels A and B, putative ORFs not showing homology to known proteins sequences are not depicted. The
sequences extending upstream in panels A and B and downstream in panel B are not included in the figure.
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FIG. 8. TLC pattern of M. avium serotype 1 and its transformant with cosmid clone no. 253 and proposed complete structure of the se
16 GPL. (A) The alkaline-stable lipids derived from M. avium serotype | (lane 1), its transformant (lane 2), and purificd scrotype 16 GPL (lane
3) were developed with the solvent system of chloroform-methanol-water (60:16:2, volivolivol), (B) Predicted biosynthesis gene clusters are

indicated by arrows.

strain carrying cosmid clone no. 253 produced scrotype 16
GPL. These results strongly implied that this gtf B-drrC region
is responsible for the biosynthesis of the serotype 16-specific
GPL. From the structural analysis of the serotype 16 GPL and
the sequence of cosmid clone no. 253, it is possible to predict
the relationship between the biosynthesis of serotype 16 GPL
and the function of each ORF.

The genetic map of the serotype 16 GPL biosynthetic cluster
was compared to those of serotype 2 GPL from M. avitm strain
724, serotype 4 GPL from M. avium strain AS, and serotype 7
GPL from M. intracellulare strain ATCC 358477 (12, 18, 28).
Significant differences were found in the neighborhood of the
conserved region. The genetic organization of the serotype 16
GPL gene cluster was distinct from that of serotype 7, except
for some of the ORFs, and the ORFs in this region of serotype
2 and serotype 4 were completely different from ORFs 1 1o 17
in serotype 16 (Fig. 7).

In addition to M. intracellulare serotype 7 (18) and serotype
16 strains, we have analyzed similar gene clusters of M. intra-
cellulare serotype 12 and 17 strains. The sequence homology of
the regions of ORF | and ORF 17 was highly conscrved be-
tween only M. intracellulare serotype 16 and 17 strains (unpub-
lished data). ORFs 1, 16, and 17 may lead to transler of the two
additional molecules of 1-Rha and terminal amido-Hex. ORF
2 was assigned to acyltransferase and may be responsible for
biosynthesis of the 3-2"-methyl-3"-hydroxy-4'-methoxy-pen-
tanoyl-amido group in the terminal Hex. ORF 3 is probably
responsible for the transfer of the O-methyl group at the C-4
position in the third L-Rha from 6-d-Tal. ORF 6 1s homologous
to aminotransferase and possibly associated with the biosyn-
thesis of an amido group in the terminal Hex. The deduced
amino acid sequences of ORF 6 in serotype 16 and ORF 4
in serotype 7 have homologies to DegT_Dnr]_EryCl amino-
transferases. However, these two ORFs are dissimilar to each

- 61

other. Serotype 16 and 7 GPLs have an amido group at the
terminal Hex, although the attachment position is different.
The serotype 7 GPL has an amido group at the C-4 position in
the terminal Hex, but the serolype 16 GPL has it at the C-3
position. Nine ORFs between ORF 7 and ORF 15 are possibly
involved in fatty acid synthesis of the acyl chain moiety linked
by an amido bond of the terminal Hex. Taken together, this
gene cluster may participate in the biosynthetic pathway of the
scrotype 16-specific GPL, although further study is needed to
clarify the function of each ORF.

Recent studies suggest that GPLs play an important role in
the phenotype and pathogenicity of MAC. The colony mor-
phology is considered to be influenced by cell wall GPL. MAC
colony phenotypes spontaneously occur from smooth to rough
type, and this is due to a mutation lacking GPL (3, 13, 22). The
deletion of genomic regions encoding GPL biosynthesis may
result in the loss of GPL. Danelishvili et al. demonstrated that
the uptake by and growth in macrophages of a MAC mutant
with the gene belonging to the GPL synthesis pathway inacti-
vated by transposon insertion were decreased (11). Bhatnagar
and Schorey have reported that macrophages infected with
MAC release exosomes containing GPLs that result in the
transfer of the GPLs to uninfected macrophages and induce a
proinflammatory response (4). These findings imply that GPL
participates in the pathogenicity of MAC. By contrast, our
previous studies have demonstrated that anti-GPL antibodies
are detected in the sera of most immunocompetent patients
with MAC pulmonary disease and that the detection of anti-
GPL antibody is useful for the serodiagnosis of MAC discase
(15, 26, 27).

To understand the role of GPLs in MAC and its hosts, it is
necessary o define the chemical structure and biosynthesis path-
ways of GPLs. Elucidation of the structure-function relationship
of GPL may open a new avenue for controlling MAC disease.
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Potent Antimycobacterial Activity of Mouse Secretory
Leukocyte Protease Inhibitor’

Junichi Nishimura,** Hiroyuki Saiga,** Shintaro Sato,” Megumi Okuyama,' Hisako Kayama,*'
Hirotaka Kuwata,* Sohkichi Matsumoto,' Toshirou Nishida,® Yoshiki Sawa,* Shizuo Akira,"
Yasunobu Yoshikai," Masahiro Yamamoto," and Kiyoshi Takeda®*'

Secretory leukocyte protease inhibitor (SLPI) has multiple functions, including inhibition of protease activity, microbial growth,
and inflammatory responses, In this study, we demonstrate that mouse SLPI is critically involved in innate host defense against
pulmonary mycobacterial infection. During the early phase of respiratory infection with Mycobacterium bovis bacillus Calmette-
Guérin, SLPI was produced by bronchial and alveolar epithelial cells, as well as alveolar macrophages, and secreted into the
alveolar space. Recombinant mouse SLPI effectively inhibited in vitro growth of bacillus Calmette-Guérin and Mycobacterium
tuberculosis through disruption of the mycobacterial cell wall structure. Each of the two whey acidic protein domains in SLPI was
sufficient for inhibiting mycobacterial growth. Cationic residues within the whey acidic protein domains of SLPI were essential for

disruption of mycobacterial cell walls. Mice lacking SLPI were highly susceptible to pulmonary infection with M. tuberculosis.

Thus, mouse SLPI is an ¢ ial component of i
Journal of Immunology, 2008, 180: 4032-4039,

veobacterium tuberculosis is a top killer among bacte-
M rial pathogens and is responsible for 2 million deaths

annually. The emergence of AIDS and development of
multidrug-resistant M. tuberculosis have increased the incidence of
tuberculosis, and it has now become a serious problem. Therefore,
the host defense mechanisms against M. mberculosis have been
intensively investigated and imponant roles of T cell-mediated
adaptive immunity are now well established (1, 2). In addition,
functional charactenzation of TLRs has recently indicated the im-
portance of innate immunity in infection with M. tuberculosis (3,
4). Macrophages and dendritic cells are the major effectors of
TLR-mediated antimycobacterial immune responses, because they
produce a variety of proinflammatory cytokines and have the ca-
pacity of phagocytosis. However, during M. tuberculosis infection,
epithelial cells in the respiratory tract as well as alveolar macro-
phages are the first targets for invasion by M. tuberculosts. There-
fore, these epithelial cells are expected to play roles in preventing
mycobactenial infection by establishing physical barriers and pro-
ducing proinflammatory and antimicrobial mediators (5).
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te host defense against mycobacteria at the respiratory mucosal surface. The

Secretory leukocyte protease inhibitor (SLPI)Y is a 12-kDa se-
creted protein composed of two cysteine-rich whey acidic protein
(WAP) domains (also called WAP four-disulfide core (WFDC)
domains) (6-8). It was onginally identified in seminal fluid and is
produced by secretory cells in the genital, respiratory, and lacrimal
glands as well as dermal keraunocytes (9-13). SLPI 1s a potent
inhibitor of serine proteases. such as neutrophil elastase and ca-
thepsin G, and has therefore been proposed to protect tissues from
protease-mediated damage at sites of inflammation (14, 15). In-
deed, SLPI was subsequently shown to mediate wound healing
(16, 17). Further studies have revealed that SLPI has additional
functions. For example, it possesses an antimicrobial activities
against Gram-negative and Gram-positive bacteria, fungi, and vi-
ruses, including HIV (18-20). In addition to SLPI, several other
serine protease inhibitors containing a single WAP domain, such
as Eppin. Elafin, SWAMI, and SWAM2, also possess antimicro-
bial activities against Gram-negative and Gram-positive bactenia
(8. 21, 22). Thus, serine protease inhibitors possessing WAP do-
mains exhibit antimicrobial activities. However, the precise mech-
anisms by which these senine protease inhibitors exert their anti-
microbial activities remain elusive. More recently, SLPI was found
to mediate anti-inlammatory responses. Briefly, SLPI is induced
in monocytes and macrophages in response to inflammatory stim-
uli mediated by TLRs (23) and subsequently suppresses TLR-de-
pendent production of inflammatory mediators in macrophages by
modulating NF-«B activity (23-25). Consistent with these find-
ings, SLPI-deficient mice are highly sensitive 10 TLR4 ligand
(LPS)-induced endotoxin shock with increased production of IL-6
(26). Thus, SLPI has diverse functions and its precise roles need o
be investigated more carefully.

' Abbreviations used in this paper: SLPL secretory leukocyte protease inhibitor,
WAP, whey acidic protein: WFDC, WAP four-disulfide core, qPCR, gquanutauve
PCR; BALF, bronchoalveolar lavage fuwd. BCG, bacillus Calmette-Guénn, FLLUOS,
5-{6- jearbory fluorescein-N-hydroxysuccininude  ester.  NPN.  [-N-phenylnapthyl-
amine; AEC, alveclar epithelial cell
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FIGURE 1. Expression of SLPI during mycobactenum infecuon. A, Wild-type mice were intratracheally infected with BCG (4 * 10° CFU). At the
indicated penods, totnl RNA was extracted from the lungs. SLPI mRNA expression was analyzed by quantitative real-time RT-PCR. Data are shown as
the relative mRNA levels normalized by the corresponding 185 rRNA level 8 and €, At 2 days after intratracheal infection with BCG, lung tissue sections
were stained with un anti-SLP1 Ab (red) and 4' 6-diamiding-2-phenylindole {(blue) and visualized by fluorescence microscopy. £, BALF was collected ot
the indicated periods after BCG infection. Mouse SLPL protein expression was analyzed by Western blotting with an anti-SLP1 Ab. Data obtained from
two independent nuce (0, |, and 2 days) are indicated. £, AEC were incubated with the same number of BCG for the indicated penods. SLPL mRNA
are shown as the relative mENA levels normalized by the corresponding 185 rRNA level
F. AEC were incubated with the same number of BCG Culture supernatants were collected before (— ) and after 24 h of infection ( + ) and subjected to
Western blot analysis using an anti-SLPI Ab. Data obtained from two independent cell clones are shown. G, Alveolar macrophages were collected from
uninfected wild-type mice, cultured with or without BCG for 48 h. and then analyzed for their SLPI mRNA expression by quantitative real-time RT-PCR

expression was analyzed by quanttauve real-nme RT-PCR. Da

The results are presented as the mean = SD

In this study, we investigated the roles of murine SLPI in the cold acetone for 10 min, dried, rehydrated with PBS. and blocked with PBS
contaiming 20 mM HEPES, 10% FBS, and | pg of Foblocking mAb
BD Pharmungen) Next, the sections were sequentially incubated
with a biotinylated anti-mouse SLPI Ab (R&D Systems) and Alexa Fluor
ed streptavidin (Molecular Probes). The nuclei were stained
lenal growth at a lower concentration than thal required 10 inhibit with 4" 6-diamidino-2-phenylindole (Molecular Probes). After washing
bacterial growth. Inhibition of mycobacterial growth was mediated with PBS, the sections were analvzed by confocal microscopy (Zeiss)

context of host defenses against mycobaciena. since SLPI expres-

sion is greatly induced in macrophages and the lungs during my

cobactenal infection (27). Recombinant SLPI inhibited mycobac-

S94-conjugs

by mncreased permeability of the mycobactenal membrane. Muta-
tnon of canonic residues in the WAP domains of SLPI resulted in

; Western blor analysis
loss of its antimycobacterial activity. Furthermore, SLPI-deficient
mice were highly susceptible 1o pulmonary infection with M. 1

berculosis, These findings demonstrate that SLPI is a potent anti-

Samples were boiled for 5 min in reducing SDS-PAGE sample buffer and
then subjected 1o SDS-PAGE The separated proteins were transferred 1o a
045 pum pore polyvinylidene fluonide membrane (Millipore} Afier block
mycobacterial molecule ing with 5% milk, the ane was incubated with the above-described
biotinylated anti-mouse SLPI Ab (0.2 pg/ml) and a sureptavidin-HRP com
plex (110,000 dilution, R&ID Systems). The bound Abs were detected by
the Super Signal reagent {Picrce)

Materials and Methods

Cells and bactena

M. tuberculosis strains HATRa (ATCC 25177, Amencan Type Culture Col
wwis strains H3TRv (2B) were grown in Middle Quanuanve real-ime RT-PCR

lection} and M. tebercul
brook THY-ADC medium for 2 wk and stored st —80°C until use. Myco
bacterium bovis bacillus Calimette-Guénin (BCG, Tokyo strain) was
purchased from Kyowa Pharmaceuticals Salmonella enterica seravar ry
phimuriuem were provided by the Research Institute for Microbial Discases
(Osaka Umversity). For each expeniment. the dose was confirmed by pla
aliquot of the injected bactenal suspension. lsolation and immor
on of wype 11 alveolar epithelial cells from the lungs of wansgenic
sASS mice were performed as previously described (29), with
some modifcanons

After isolation of total RNA with the TRIzol reagent (Invitrogen Life Tech
nologies), 4 pg of the RNA was veated with RQ1DNase (Promega) and
then reversetransenbed uwsing Moloney munne leukemma virus reverse
transcnptase (Promega) and Random Pimers (Toyobo). Gene expression
was guantified with an Applied Biosystems PRISM 7000 sequence detec
tion system using TagMan Universal PCR Master Mix (Applied Biosys
tems) To determine the relative expression level of cach sample. the cor
responding 185 rRNA expression level was measured as an internal
control. The primer and probe sequences for SLPI were follows: guant
tative PCR (qPCR) primer (forward), 5'-(GCTGTGAGGGTATATGTG
GGAAA) Y, qPCR primer (reverse), 5"-d(CGCCAATGTCAGGGAT
Lungs wene washed with PES and frozen in Tissue Tex OCT compound CAG)-3", and gPCR probe, §"-FAMATCTGCCTGCCCCCGATGTG
(Sakurn. Tokyo. Japan). Cryvostat sections (5-pm thick) were fixed with AGIBHQ-3

Immunohistochemistry
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Bronchoalveolar lavage fluid (BALF)

Mice were intratracheally administered 4 x 107 CFU of BCG suspended in
30 pl of PBS BALF was collecied w the indicated periods To obuin
alveolar macrophages, BALF was centnfuged at 2000 * g for 2 min and
the pellet was resuspended in RPMI 1640 containing 4% FBS. The cell
count of alveolar macrophages was ~1 % 107 cells/mouse. To eliminate
contamination by bacteria, alveolar macrophages were cultured with 50
L/ml penicillin and 50 pg/ml streptomyen for 16 h, washed five imes, and
infected with § x 107 CFU/well of BCG without penicillin and
streptomycin

Preparation of recombinant SLPI protein and variants

PCR-amplified mouse SLPI ¢DNA fragments were inserted into pGEX
6P-1 (Amersham Biosciences). pGEX-6P-1 containing mouse SLPFcDNA
was transformed into Escherichia coli Rosena-gami B (DE 3). Expression
of GST-SLPI fusion proteins was induced by the addivon of 1 mM
propyl- 1 -thio-B-p-galactoside, and the expressed fusion proteins were pu-
rified using glutathione-Sepharose 4B (Amersham Biosciences) according
1o the manufacturer’s instructions. The punhied proteins were incubated
with PreScission Protease (Amersham Biosciences) at 4°C for 16 h to
cleave the GST g and then punfied with glutathione-5Sepharose 4B

Antibacterial activiry

Mid-log phase Salmonella ryphimurium were diluted with PBS contiiming
1% Luria-Berani (LB) to give ~5 * 10" CFU/ml. A final volume of 250
ul was used to examine the antibacterial activities of proteins. After incu
bation for 2 h, 3. nyphimurium were plated onto LB agar plates. Colonies
were counted (CFU/ml} after overmight incubation at 37°C

Antimycobacterial activity

M tuberculosis and BCG were grown in Middlebrook TH9-ADC medium
at 37°C with vigorous agitation. Afier 7 days of incubation, rapidly grow
ing mycobacteni were harvested by centrifugation and adjusted to § 107
CFU/ml in THZ-ADC medm. After incubation of the mycobactena with
the indicated concentrations of proteins for 24 h m 37°C, senal 20-fold
dilutions were conducted in PBS, Aliquots (50 pl) of the dilutions were
plated on Middlebrook TH10 agar plates and incubated at 37°C for 21-28
days Colonies were counted (CFU/mI) at intervids until no new colomes
appeared

Protein-binding assay

SLPI and BSA were labeled with S-(and 6-)carboxyfluorescein-N-hy

droxysuccinimide ester (FLUOS; Roche Diagnostics) as descnbed previ

ously (30). Briefly, 400 pg/ml SLPI or BSA wa xed with 0.09% mg of
FLUOS in 1 ml of PBS for 2 h at room temperature. Nonreacted FLUOS
was separated by el filtration using a Sephadex G25 column (Amersham
Biosciences). The labeled SLP1L or BSA was then incubated with BC d
the OD at 630 nm was adjusted to 0.2, After 30 mun of incubation a1 37°C,
BCG were washed three times with THY medium contaiming 0.05% Tween
80, Protein-BCG reactions were detected by confocal laser nucroscopy
(L2155 )

Protein concentration (M) Protein concentration (M)

Scanning electron microsce Y

After culture with or without 1 pM SLPI for the indicated tmes. BCG
cultures were fixed with 5% glutaraldehyde, postfixed with 1% osmuum
tetroxide. dehvdrated with ethyl alcohol, treated with isoamyl acetate 1o
replace the alcohol, dned with liqgud €O, in a cntical-point apparatus
(HCP-2. Hitachi), and coated with Pt-Pd by ion sputtenng (Hitachi) in
ion-distilled water. The specimens were analyzed using 5-4700 scanming
electron mucroscope (Hitachr), operated at 10 kV

(uter membrane permeabilization assay

The ability of proteins to permeabilize the outer membranes of BCG was
investigated using 1-N-phenylnaphthylamine (NPN; Wako Pure Chemical
Industries) as described previously (31). Briefly, BCG were suspended in
5 mM HEPES (pH 7.4) containing 10 uM NPN 1o an OD at 590 nm of
0.15. After incubation at 37°C for 30 min, proteins were added and the
fuorescence of NPN was monitored. The excitation wavelength used was
340 nm. and the emission wavelength was 425 nm. The expenment was
conducted m 37°C

Gieneration of SIpy mice

The Sipi gene was isolated from genomic DNA extracted from embryonic
stem cells (E14.1) by PCR using TaKaRa LA Tag. The targeting vector
was constructed by replacing a 1.2-kb fragment containing exons 2~ 4 with
i neomycin-resistance gene cassetie (nee) driven by the PGK promoter and
inserting a HSV thymidine kinase into the genomic fragment for negative
selection. Afier transfection of the targeting vector into embryonic stem
cells, colonies resistant to both G418 and ganciclovir were selected and
screened by PCR and Southern blotting. Homologous recombinants were
microinjected into blastocysts of C5TBL/6 female mice and heterozygous
F, progenies were intercrossed 1o obtain Sip mce

BCG/BSA
(negative control)

BCG I 5LP

FIGURE 3.
with FLUOS (Roche). Labeled proteins were incubated with BCG for 30
min, and analyzed by fluorescence microscopy

SLPI associates with BCG SLPI and BSA were labeled
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FIGURE 4. SLPI disrupts the BCG
cell membrane. A, BCG was incubated
with or without SLPI for the indicated
periods and observed with scanning
electron microscopy. 8, The indicated
concentrations of SLPI were added 1o
a BCG suspension contmning NPN
and the NPN Nuorescence was mom
tored for the indicated penods. Repre-
sentative data of three independent ex
penments are shown

St muce were backcrossed to CSTBL/G muce for five generations,
and Spi " and therr wild-type hittermates from these inlercrosses were
used for expenments at 6-8 wk of age. All animal expenments were con
ducted in accordance with the guidelines of the Animal Care and Use
Committee of Kyushu University

In vive infection

For intratracheal infection, 4 % 10° CFU of M. mberculosts suspended
30 il of stenle PBS were administered intratracheally. For iv infection,
4 % 10° CFU of M ruberculosis suspended in 100 pl of sterile PFBS were
admimstered 1 v A1 3 wk after infection, homogenates of the lungs and
spleen were plated on TH10 agar plates. For histological examination, | %
107 CFU of M. tuberculosis suspended in 30 ul of sterile PBS were ad-
ministered intratracheally . At § days after infecuon, the lungs were fixed in
4% formalin, embedded i paraffin, cut into sechions, and  stained
with H&E

Results
SLPI expression in the lungs of BCG-infected mice

To assess the roles of SLPI in mycobactenial infection, we first
analyzed SLPI expression in the lungs of mice intratracheally in-
fected with M. bovis BCG. Total RNA was extracted from the
lungs after 2, 7, and 14 days of infection and analyzed for SLPI
mRNA expression by real-ume qPCR (Fig. 1A). Expression of
SLPI mRNA was mcreased by —9-fold after 2 days of ifection,
but decreased thereafter. Next, we analyzed pulmonary cell types
expressing SLPI by immunohistochemical analysis (Fig. 1, B and
). SLPI was detected in bronchial epithelial cells before BCG
infection (Fig. 18, upper micrograph). After 2 days of BCG n-
fection, increased amounts of SLPI expression were observed, and
mainly locahzed at the apical side of bronchial epithelial cells (Fig
1B, lower micrograph). This prompted us to investigale whether
SLPI was secreted into the alveolar space after BCG infection.
Accordingly. BALF was collected from BCG-infected mice and
analyzed for SLPI protein expression by Western blotting (Fig
102). SLPI was not detected in BALF from uninfected mice. After
2 days of BCG mfecuon, SLPI was abundantly detected in BALF
from infected mice, indicating that SLPI was secreted into the
alveolar space duning the early phase of mycobactenal infection. In
addition to bronchial epithelial cells, SLPI was expressed in cells
of the alveolar area (Fig. 1C). Therefore, we isolated type 11 alve-
olar epithelial cells {AEC) and alveolar macrophages and analyzed
their SLPI expression levels after BCG infection. Since AEC are
difficult to culture in vitro, we took advantage of transgenic mice
harboring a temperature-sensitive mutation of the SV40 large tu-
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AEC were infected with BCG and analyzed for SLPI mRNA ex-
pression (Fig. 1E). SLPI mRNA expression was gradually induced
after BCG infection and peaked after 36 h of infection. AEC have the
ability to secrete several effector molecules into the alveolar space
Therefore, we analyzed the SLPI protein levels in culture supernatants
from BCG-infected AEC by Westem blotting (Fig. 1F). SLPI protein
was not detected in supernatants from uvninfected AEC, but was
clearly detected in supematants after 24 h of BCG infection. Next,
1solated alveolar macrophages were infected with BCG and analyzed
for SLPI mRNA expression (Fig. 1G). BCG infection resulted in an
increase in SLPI mRNA expression. Taken together, mycobactenial
infection induces the production and secretion of SLPI into the alve-
olar space by bronchial and type Il alveolar epithelial cells as well as
alveolar macrophages in the lung.

SLPI-mediated inhuibition of mycobacterial growth

Several previous reports have described antimicrobial activities of
SLPI against Gram-positive bactena, Gram-negative bactena,
HIV, and fungi (18-20). However, SLPI needs to be present at
high concentrations (= 10 M) for effective inhibition of microbial
growth, particularly §. ryphimurium and E. coli (18, 34). Indeed.
addition of 2 uM recombinant mouse SLPI only moderately de-
creased the growth of 8. nphimurium (Fig. 2A4). In sharp contrast
to the mild inhibiion of 8. ryphimurium growth, addition of lower
concentrations of mouse SLPI to BCG cultures dramatically re-
duced the number of CFU (Fig. 28). Growth of BCG was almost
completely inhibited by the addition of 1 uM SLPL A similar
mhibitory effect was observed on the growth of M. ruberculosis
H37Ra and H37Rv (Fig. 2, C and D). These findings indicate that
SLPI has & more potent antimicrobial activity against mycobacte-
ria than against S. ryphimurium.

Disruption of the BCG cell wall structure by SLPI

Next, we investigated the mechanism of the antimycobactenal ac-
tivity of SLPI. First, fluorescence-labeled SLPI was incubated with
BCG and analyzed by confocal laser microscopy (Fig. 3). BCG
and labeled SLPI were colocalized, suggesting that SLPI becomes
associated with BCG. We then examined the morphological effects
of SLPI on BCG. BCG was incubated with or without SLPI and
analyzed by scanning electron microscopy (Fig. 44) BCG ex-
pused to SLPI for 3 h showed pronounced surface blebbing. After
12 h of incubation, many of BCG were collapsed and few live
BCG had rough and irregular membrane surfaces. Next, BCG was
subjected to an outer membrane permeabilization assay using a
fluorescent dye that 1s weakly fluorescent in aqueous environments
but becomes strongly fluorescent in the hydrophobic environment
within the cell membrane (Fig. 4B). Addition of SLPI caused rapid
increases in fAluorescence in a dose-dependent manner. These re-
sulls suggest that SLPI directly associates with mycobacteria, and
disrupts the cell wall structure.

Critical role of cationie amino acids in SLPL in its
antimycobacterial activiry

We next investigated the cntical domain involved in the anumy-
cobactenial activity of SLPL. SLPI has two WAP domains (Fig
5A). Several senne protease inhibitors possessing a single WAP
domain, such as Eppin, Elafin, SWAMI, and SWAM2, have an-
timucrobial activities against bacteria such as £. colt and Staphy-
lococcus aurews (8, 21, 22). To investigate whether each of the
WAP domains of mouse SLPI is sufficiem to exert antimycobac-
tenal activity, two deletion mutants of SLPI, mSLPI-N and
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mSLPI-C, were generated (Fig: 5A). mSLPI-N contained the N-
terminal WAP domain, while mSLPI-C contained the C-terminal
WAP domain. Both mSLPI-N and mSLPI-C inhibited BCG
growth, although their efficiencies were slightly decreased com-
pared with that of full-length SLPI (Fig. 58). Similarly, mSLPI-N
and mSLPI-C both induced permeabilization of the outer mem-
brane of BCG with slightly lower efficacies (Fig. 5C). These re-
sults imply that cach WAP domain of mouse SLPL exhibits anti-
mycobactenal acuvity by disrupting the mycobacterial cell wall
structure. WFDC2 is a secreted protein possessing two WAP do-
mains (Fig, SA) (35). However, recombinant mouse WFDC2 had
no effect on mycobacterial growth and did not induce permeab-
lization of the BCG cell membrane, indicatung that not all WAP
domain-containing protems have antimicrobial activities (Fig. 5. B
and C). In addition, the N-terminal, but not the C-terminal, WAP
domain of human SLPI has been shown to mediate its antimicro-
bial activities against E colt and 8. aureus (18). Therefore, we
compared the amino acid sequences of the WAP domains of
mouse and human SLPI as well as mouse WFDC2 (Fig. 6A)
The C-terminal regions were conserved among all of the WAP
domains. However, the sequences between the first and third
cysieine residues were less conserved. In particular. when we
examined the sequences between the first and second cysteine
residues, we noted that the WAP domains possessing antimy-
cobacterial activities (mSLPI-N, mSLPI1-C, and hSLP1-N) con-
tained two or more cationic amino acids, whereas the WAP
domains with no antimycobacterial activities (mWFDCZ-N,
mWFDC2-C, and hSLPI-C) had one or zero cationic acids and
instead contained anionic amino acids. Therefore. we produced
mSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants, in
which the two cationic amino acids were changed o the anionic
amino acid aspartic aaid (Fig. 681 Neither mSLPI-Nca nor
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mSLPI-Cea was able to inhibit BCG growth or permeabilize the
cell membrane (Fig. 6. C-F). These results suggest that the
cationic acids of mouse SLPI are responsible for its potent an-
timycohactenial activities,

High susceptibility of SLPI-deficient mice to M. tuberculosis
mfection

In the next experiment, we assessed the physiological roles of
SLPI during mycobactenal infection by gencrating mice lacking
SLPI (Sips mice) via gene targeting (data not shown). First,
wild-type and Sl mice were intratracheally infected with M.
tuberculosis H37Ra, and monitored for their survival (Fig. 7A). All
Sipi '~ mice died within 8 wk of infection at 4 dose that ulmosi all
wild-type mice survived for =9 wk. Next. we counted CFU num-
hers in the lungs and spleen after 3 wk of infection (Fig. 78). The
CFU titers of M. tuberculosis m both tissues were higher for
Slpi ™"~ mice than that for wild-type mice. The histopathological
changes in the lungs afier 5 days of M. wberculosis infection were
also analyzed (Fig. 7C). In wild-type mice, the formation of sev-
eral small granulomas was observed. In contrast, granulomatous
changes were induced to alesser extent in Sipe mice and rather
diffuse cell infiltration was observed instead Next, mice were 1.y
infected with M, tuberculosis. and the CFU numbers in the lungs
and spleen were counted after 3 wk of infection (Fig. 7D). The
CFU titers were not as dramatically ncreased in both ussues ol
Slpi " mice compared with the corresponding titers in the tissues
of wild-type mice, indicating that Slpe " mice are not highly sus-
ceptible to i.v. M. mberculosis infection. Taken together, these
findings indicate that Sip mice are highly vulnerable o M
tuberculosiy infection via the respiratory route
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Discussion

In the present study, we analyzed the roles of mouse SLPI in host
defense against mycobactena. During the early phase of respira-
tory mycobacterial infection, SLPI was produced and secreted into
the alveolar space by bronchial and type 11 alveolar epithelial cells
as well as alveolar macrophages. Recombinant mouse SLPI inhib-
ited the growth of mycobactena more effectively than it inhibited
the growth of Gram-negative bactenia. The SLPI-mediated inhibi-
tion of mycobactenal growth was attributable to disruption of the
mycobactenial cell wall structure. Furthermore, Sipi '~ mice were
highly susceptible to pulmonary M. tuberculosis infection, high-
lighting a mandatory role for mouse SLPI in the host defense
aganst M. wuberculosis infection, Thus, mouse SLPI is a critical
antimycobactenal molecule that acts duning the early phase of my-
cobactenal infection at the respiratory mucosal surface.

Similar structural changes to those observed in SLPl-treated
mycobactenal cell walls were induced in several bacteria and M
tuberculosis treated with the antimicroal peptides defensins,
which permeabilize microbial membranes (36, 37). We further
identified the critical elements for the potent antimycobacterial ac-
tivity of mouse SLPL It has been proposed that defensins contain-
ing positively charged amino acid residues associate with micro-
orgamisms by targeting the surface-exposed negatively charged
phospholipid head groups in the microbial membrane (37). Indeed,
mutations that change arginine to aspartic acid can atienuate the
bactenicidal activity of the a-defensin cryptdin-4 (38). Therefore,
we supposed that SLPI, which has similar effects on mycobacterial
membranes o defensins, also associates with negatively charged
mycobactenial membranes through its positively charged amino
acid residues. Consistent with this hypothesis, the sequences be-
tween the first and second conserved cysteine residues of the WAP
domains are not conserved. Moreover, there are several positively
charged amino acids (lysine and arginine) in these regions of the
WAP domains that possess antimicrobial activities, whereas the
regions without any antimicrobial activities contain one or zero
positively charged amino acids. Furthermore, structural studies
have revealed that the region between the first and second con-
served cysteine residues 1s exposed on the outside of the molecule,
thereby enabling this region to associate with microbial mem-
branes (39. 40). Indeed. mutations of the cationic amino acid res-
idues within this region resulted in elimination of the antimyco-
bacterial activity. Thus, mouse SLPI exhibits antimycobactenal
activity in quite a similar manner to that of defensins,

In comparison to SLPI. higher concentrations of other serine
protease inhibitors containing a WAP domain are required to in-
hibit microbial growth (8, 21, 22). Recombinant human SLPI is
less effective at inhibiting the growth of mycobactena and §. ry-
phimurium (our unpublished data). These differential properties
may be attnbutable to structural differences in the WAP domains,
which mediate the antimicrobial activity. SLPI has two WAP do-
mains, whereas other senne protease inhibitors, such as Eppin,
Elafin, and SWAMs, have only a single WAP domain. In the case
of human SLPIL, only the N-terminal WAP domain exhibits anti-
microbial activity (18). In addition, only the N-termunal WAP do-
main of human SLPI contains critical cationic acid residues. The
presence of two WAP domains possessing antimicrobial activity
may be responsible for the high potency of mouse SLPI for my-
cobacterial growth inhibition,

Mouse SLPI inhibited mycobactenal growth at profoundly
lower concentrations than those required to inhibit the growth of S.
typhimurium or other microorganisms (18-20). It remains unclear
how SLPI becomes more specifically targeted toward mycobacte-
ria. Differential antimicrobial properties against distinct microor-

ANTIMYCOBACTERIAL ACTIVITY OF MOUSE SLPI

gamisms have not been reported in the case of detensins. Therefore,
SLPI, which has multifunctional properties, may have an unknown
strategy for specifically recognizing mycobactena

The in vitro findings demonstrating that mouse SLPI inhibits
mycobactenial growth were further strengthened by in vivo studies
using Sipi~"" mice. Sipi ™"~ mice were highly susceptible 1w pul-
monary M. tuberculosis infection, but not to i.v. infection. In ac-
cordance with this finding. SLPI protein was abundantly detected
in the alveolar space after pulmonary BCG infection, but was nol
detected in sera from mice after i.v. BCG infection (our unpub-
lished data). Therefore, high concentrations of SLPI are supposed
to be secreted into the alveolar space during the early phase of
respiratory infection with M. tuberculosis. thereby promptly kill-
ing the mycobactenia before they can invade the lung tissues
through the epithehal barmer. Given that mouse SLPI has potent
antimycobacterial activities, it would be a good candidate for trear-
ment duning the acute phase of M. wberculosis infection and may
even be able to be used for the treatment of patients with mulu-
drug-resistant M. tuberculosis.
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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®*'"

Mpycobacterium 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 early 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 Len2 mediates anti-mycobacterial innate

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

with Mycobacterium tuberculosis. 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. tuberculosis (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).

[ I Y uberculosis is a worldwide disease caused by infection
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Lipocalin 2 (Len2),” also known as neutrophil gelatinase-assodi-
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 to 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
Len2 binds to enterobactin-type bacterial siderophores, which facili-
tate iron uptake by bacteria (16). Subsequent studies revealed that
Len2 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 bactena (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 10ns exist as complexes
with host proteins with high affinity for iron, such as transferrin
and lactoferrin. To overcome the iron deficiency within the host,
some species of mycobactenia, 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 wsed in this paper. Len2, hipocalin 2, BCG, Mycobactenium bovii
bacillus Calmette-Guénin, BALF. bronchoalveolar lavage Muid. rlen. recombinant
Len2: SP-C, pro-surfactant proten ©, DFO. deferoxamine; AEC. alveolar epithelial
cell; CPZ, chlorpromazine

Copynght © 2008 by The Amencan Association of lmimunologists, b, (022- 1767052 (0
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with mutations in the mbtB gene, which lack carboxy-mycobactin
and mycobacun, 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 elucidated (29). Because pulmonary
epithelial cells are also invaded by mycobactenia. host defense
mechanisms that inhibit mycobacterial replication within these
cells are expected 1o exist. however they currently remain unclear.

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

Materials and Methods
Mice

Len2 ' and H-2KP-15A58 transgenic mice have been generated (22, 30)
and backcrossed to CSTBL/ for six generations. Len2 ™ and wald-type
litermates from intercrosses of Len2™'™ mice were used for expenments ot
fi-8 wk of age. All animal experiments were conducted in accordance with
the guidelines of the Animal Care and Use Commuittee 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 TR1zol reagent (Invitrogen). and reverse
ranscribed using M-MLV reverse transcnptase (Promega) and random
primers (Toyobo) after treatment with RQ1 DNasel (Promega). Quantita-
tive real-time PCR was performed in ABI7300 (Applied Biosystems) using
TagMan Umiversal PCR Master Mix (Applied Biosysiems). All data are
shown as the relauve mRNA levels normalized by the commesponding 185
rRNA level The primers for 185 rRNA and Len2 were purchased from
Assays on Demand (Applied 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 wg/ml streptomycin for 16 h, and then washed five
times to remove nonadherent cells. The resultant adherent cells were used
for expeniments as alveolar macrophages, because >95% of the adherent
cells were CD11b-positive

Preparation of recombinant Len2 (rlen2) protein

A mouse Len2 cDNA fragment was insented into pGEX6P-2 (GE Health-
care) and transformed into £ coli BL21. The expressed GST-Len2 fusion
proteins were punfied using glutathione-Sepl 4B (GE Healthcare)
according to the manufacturer’s instructions. The purified proteins were
incubated with PreScission Protease (GE Healthcare) to cleave the GST
tag, and then purified with Glutathione-Sepharose 48

Immunohistochemisiry

Lungs were fixed with 4% PFA and frozen in Tissue-Tec OCT compound
(Sakura). The sections were incubated with anti-mouse Len2 Ab (R&D Sys-
tems), anti-pro-surfactant protein C (SP-C) Ab (Chemicon), anu-CD11b Ab
(BD Biosciences). or anti-pan cytokeratin Ab (Sigma-Aldnch), The nuclei
were d with 4" 6-diamidino-2-phenylindole (DAPL. Molecular Probes).
Alveolar epithelial cells were infected with GFP-expressing BCG for 16 h,
washed, and incubmed with Dexiran Conjugates (Cascade Blue, Molecular
Probes) and Alexa Fluor 594-labeled ricn for 6 h rlen2 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).

Len2 IN MYCOBACTERIAL INFECTION OF EPITHELIA

Western blor assay

BALF was collected from BCG-infected mice by cathetenzation techniques
o 500 wl of PBS. To normalize BALF samples, we injected the same vol-
ume of PRS (500 pul), recovered equal volume, and used them for Western blot
analysis. Afier removal of precipitates, the samples were separated on SDS-
PAGE and ferred o PVDF (Millipore). The membranes were
incubated with anti-mouse Len2 Ab. Bound Ab was detected with SuperSignal
West Pico Chermmlumi Sub (Pierce)

In vitro mycobacterial growth assay

Mycobacteria were incubated in Middlebrook TH9-ADC medium with the
indicated concentrations of rLen2 protein for 20 days at 37°C, and were
plated on Middlebrook 7H10-0OADC agar plates and incubated a1 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 mycobucteria

Mice were intratracheally infected with M. tuberculosis H37Rv (1 % 10°
CFU). At 6 wk after infection, homogenates of the lungs and livers were
plated on THI0-OADC agar plates. For histological analyses, the lungs
were hxed with 4% PFA at 20 or 5 days after infection, embedded in
paraffin, cut into sections, and stained with H&E or by the Ziehl-Neelsen
method, respectively.

Establishment 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"-tsA58 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 1l alveolar epithelial cells

In vitro infection of mycobacteria

Wild-type or Len2 ™ denved AECs or alveolar macrophages were incubated
with BCG for the indicated penods. To eliminate extracellular BCG, the cells
were cultured with 50 pg/ml streptomycin for 1 h, washed three tmes. and
harvested. Lysates of the cells were plated on THI0-OADC agar plates.

Detection of intracellular growth of mycobacteria

Wild-type and Len2 7 -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 streptomycin for 1 h, vig ly washed 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-Aldrich) or chlompromazine
(CPZ; Calbiochem) was added to the wells at 30 min before the [ "Huracil
pulse or rLen2 addition

Statistical analysis

Differences between control and expenmental groups were evaluated vsing
Student's [ test or ANOVA plus posthoc testing. Values of p < (.05 were
considered to indicate statistical significance

Results
Expression of lipocalin 2 in BCG-infected lungs

To assess the role of Len2 in mycobacterial infection, we first ana-
lyzed 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, 1A4). Expression of
Len2 mRNA was markedly increased a 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. 18). Alveolar macrophages were isolated, infected
with BCG, and analyzed for Len2 mRNA expression at 2 days
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FIGURE 1. Lecn2 expression in the lungs of BCG-infected mice. A,

Wild-type C57BL/6 mice were intratracheally infected with 25 x 10°
CFU of BCG. Total RNA was extracted from the lungs after the indicated
penods. 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
representative of two independent experiments. B, Alveolar macrophages
were isolated from uminfected wild-type mice, cultured with or without
BCG for 48 h, and then analyzed for their Len2 mRNA expression by
real-time quantitative PCR. C and D, At 2 days after intratracheal infection
with BCG. lung tissue sections were stained with anu-Len2 Ab (red), DAPI
(blue), and anti-SP-C Ab (green), and visualized by fluorescence micros-
copy. E. Wild-type nuce were intratracheally infected with 2.5 x 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-
nohistochermistry 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 11 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. 10). These findings indicate that not only alveolar
macrophages but also type Il alveolar epithelial cells produce Len2
during respiratory mycobactenal infection. Type 11 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 into the
alveolar space during the early phase of mycobacterial infection

Len2-mediated inhibition of mycobacterial growth
.4

We produced rlen2 and analyzed its effect on in vitro mycobuc-
terial growth, Addition of rlen2 dose-dependently inhibited the
growth of avirulent strains of mycobactena such as BCG and M.
tuberculosis H3TRa (Fig. 2, A and B). rLen2 also inhibited the
growth of virulent M. wberculosis H3TRv in a dose-dependent
manner (Fig. 2C). Thus, Len2 has the ability to inhibit the growth
of several mycobacterial 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 H3TRv (C) (1 < 10P°
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. . BCG was incubated with increasing concentrations
of DFO (1 uM, 100 uM and 1 mM) for 20 days and then plated on TH10-
OADC agar. The CFU numbers were counted. £ and F, BOCG was incubated
n the presence of rlen2 (50 pg/mi) as well as increasing concentrations of
FeCly (E: 5 nM, 500 nM, 50 uM, and 5 mM) or MB (F: | pg/ml. 10 pg/ml,
1 ng/ml, 100 ng/mi, and 10 pgfml) (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, ANOV A, posthoc Scheffe, =, p < 0.05;
=+, p < (.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). Additon of fermic iron
rescued Len2-mediated inhibition of BOCG 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 mycobactenal growth by sequestering iron,

In vive anti-mycobacterial actvity of lipocalin 2

We next addressed the in vivo role of Len2 in M. tuberculosis
infection using Len2 ™" mice. Wild-type and Len2 ™" mice were
intratracheally infected with M. mberculosis H37Rv and moni-
tored for their survival (Fig. 3A). Len2™"" mice were highly sen-
sitive to intratracheal infection with M. auberculosis 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 riter of
M. wiberculosis was higher in Len2™"™ mice than that in wild-1ype
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. 30),
indicating that the inflammatory response in Len2
enhanced. possibly due to progression of the M. ruberculosis in-
fection. These findings demonstrate that Len2 plays an important
role in host resistance to M. tuberculosis infection in vivo.

Tomice was
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FIGURE 3, mice 1o M. wberculosis infection
A, Wild-type (n = 11) and Len2™" (n = 12) mice were miratracheally infecied
with M. uberculosts HITRy (1 107 CFU) and their survival was momitored for
8wk B, Wild-type (n = 7) and Len2™" (n = 7) muce were intratracheally in
fected with M. mnberculosis H37Rv (1 % 107 CFU). At 6 wk after infecton,
homogenates of the lungs and livers were plated on THIOOADC agar and the
CFU titers were countid. Symbols represent individual muice, and bars nepresent
the mean CFL munbers. »_ g << 0.05; o=, p << 0.005. Data are representative of two
mdependent expe C, H&E w of representative lung tissues from
wild-type and Len2™" muce at 20 days after intratracheal infection with M
tuberculosis

High suwt.publht\ of Lem2 ™

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
similar densities of M. uberculosis were observed in granuloma-

mice,

tous lesions, although the number and size of the granulomatous
mice (data not shown). In ad-
dition, M. tuberculosts exhibited similar staining of cells with a
macrophage-like morphology in wild-type and Len2 ™" mice (Fig,
44). Sinkingly, some of the alveolar epithelial cell layers in
Len2™'" mice contained M. ruberculosis (Fig. 4B). In sharp con-
trast, M. fuberculosis was scarcely detected within the epithelial
cell layers of wild-type mice. To corroborate these fAindings, 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 CD1 Ib, 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

lesions were increased in Len2 '
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FIGURE 4. Increased numbers of M. tuberculosis in Len2 alveolar

epithelial cells. A and B, Wild-type and Lonl mice were intratracheally
infected with M. mberculosis HATRa. At § days after infection, the lungs
were fixed n paraffin, sectioned, and stained with the Zichl-Neelsen
method. Amrows indicate red-stained M. tuberculosis. C-E, At § days after
intratracheal infection with GFP-expressing BCG (green), lung tissue sec-
tions were stuned with anti-CD1 b Ab (C, red) or anti-pan-cytokeratin Ab
(D, red), and visualized by fluorescence microscopy. The number of cells
containing BCG was counted 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 Len2,
invasion and replication of mycobactena 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-mycobactenial activity in alveolar macrophages
Next, we established AECs from wild-type and Len2 mice.
Because AECs are difficult to culture in vitro, we ook advantage
of transgenic mice harboring a temperature-sensitive mutation of
the SV40 large tumor Ag gene under the control of an IFN-v-
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 charactenistics of type Il
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 rLen2 reduced the CFU numbers in
Len27' cells (Fig. 5C). Taken together, these findings indicate
that the high susceptibility of Len2 ™' mice 10 M. berculosis
infection is artributable to impaired clearance of mycobactena
from alveolar epithelial cells, rather than alveolar macrophages, in
the absence of Len2



