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Table 3
Genotype and allele frequencies of OAS-/ polymorphisms in SARS
infected, uninfected, and controls without contact history

OAS-1 SARS infected Uninfected p value Controls without
(n=160) (n=287) contact (n = 50)

Exon 6
Genotype

AA 25 (41.7%) 53 (60.9%) 0.0215 27 (54.0%)

AG 28 (46.7%) 29 (33.3%) 17 (34.0%)
GG 7 (11.7%). 5 (5.7%) 6 (12.0%)
Allele
A 0.65 0.76 0.0176 0.71
G 0.35 0.24 0.29
Exon 3
Genotype

AA 14 (23.3%) 37 (42.5%) 0.0163 17 (34.0%)

AG 33 (55.0%) 39 (44.8%) 26 (52.0%)
GG 13(21.7%) 11 (12.6%) 7 (14%)
Allele
A 0.51 0.65 0.0156 0.60
G 0.49 0.35 0.40
Table 4

Genotype and allele frequencies of MxA —88 G/T polymorphism in
the subgroups of SARS cases

SARS cases (n =44) p value
Non-hypoxemic Hypoxemic
group (n = 22) group (n=22)
Genotype
GG 8 (36.4%) 15 (68.2%) 0.0346
GT 10 (45.4%) 6 (27.3%) '
TT 4 (18.2%) 1 (4.5%)
Allele
G 0.59 0.82 0.0195
T 0.41 0.18 ’

In the presence of double-stranded RNA (dsRNA),
OAS-1 catalyzes the 2',5'-oligomers of adenosine in or-
der to permit the binding and activation of a latent ribo-
nuclease, RNase L, which cleaves cellular and viral
RNAs [11,25]. OAS-1 gene has two major transcripts
that are generated by alternative splicing at the last
two exons [23]. E16 (NM_002534) is a short transcript
with 5 exons and is translated to p40 isoform. E18
(NM_016816) is a long transcript with 6 exons and is
translated to p46 isoform. Another transcript 9-2 is gen-
erated using a different splice acceptor site that comes
from E18 at exon 6 and is translated to 9-2 protein
[26). The 9-2 protein has a unique property due to the
Bcl-2 homology domain 3 present in its unique carbox-
yl-terminal region. This is also distinctive in causing cel-
lular apoptosis by binding to the anti-apoptotic proteins
of the Bel-2 family [26]. Therefore, OAS-1 has dual func-
tions representing the synthesis of 2',5'-oligomers of
adenosine and the promotion of cellular apoptosis.
Knapp et al. [22] described how the GG genotype in
exon 6 of OA4S-1 gene was more frequent in persistent

HCV infection than in self-limiting infection. In our
study, the G-allele was more frequently observed in
SARS-CoV infected individuals than in the uninfected
group. In both these studies, the G-allele was susceptible
to virus infection. The A/G polymorphism in exon 6 is
located downstream of the stop codon for E18 transcript
meaning therefore that it is included in the 3’-untransiat-
ed region. However, it is located upstream of the stop
codon for 9-2, and the A/G SNP results in amino acid
substitution Arg397Gly of 9-2 protein, which is located
near the Bcl-2 homology domain (amino acid positions
372-393). It will be an interesting aspect if this phenom-
enon occurs with any functional importance. We also
analyzed the A/G polymorphism in exon 3 of 0AS-I
gene and found that there was strong linkage disequilib-
rium between the two SNPs. The A/G polymorphism in
exon 3 causes amino acid substitution Ser162Gly in
three isoforms, which is located near the dsRNA bind-
ing domain (amino acid positions 104—-158) of OAS-1
[27]. We are unable at this point to determine which
SNP is directly related to susceptibility to SARS or
SARS-CoV infection. One can also consider that the
other unidentified polymorphism of strong linkage dis-
equilibrium with these SNPs may serve as the basis for
any functional difference. Judging from the results ob-
tained in this study, polymorphisms in OA4S-/ gene are
likely to be involved in SARS-CoV infection or the
development of SARS, at least in part, bearing in mind
the fact that OAS-1 might have antiviral potential
against SARS-CoV.

SARS-CoV is usually cultured in Vero E6 cell line
[13-17,19], which cannot produce IFNs because it lacks
IFN genes [28,29]. Recently, Cinatl et al: [30] infected
permissive Caco-2 cells with SARS-CoV and analyzed
the effects of SARS-CoV on cellular gene expression
by high-density oligonucleotide arrays. They found that
SARS-CoV infection of Caco-2 cells up-regulated IFN-
inducible 04S5-2, 0ASL, and MxA but not PKR genes.
0AS-2 and OASL are members of the human 04S gene
family [25]. The role of OAS-1 as an inhibitor of SARS-
CoV replication should be clarified to examine the
hypothesis that Caco-2 cells permitted considerable
infection with SARS-CoV because they did not induce
0AS-1.

As regards the G/T polymorphism at position —88 in
promoter region of MxA gene, GG genotype and G-al-
lele were found to be more frequent in patients with an
enhanced clinical progression, requiring oxygen therapy,
although the number of cases was rather small. GG
genotype was found more frequently in non-responders
of IFN treatment in hepatitis C, and a luciferase repor-
ter assay revealed that the MxA4 promoter sequence of G
haplotype had lower promoter activity than that of T
haplotype [31]. Recently, Arcas et al. [32] reported that
GG genotype expressed lower amount of Mx4 mRNA
than GT or TT genotype in IFN-treated peripheral
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blood mononuclear cells in vitro. Spiegel et al. [15] re-
ported that SARS-CoV replication was not affected in
Vero E6 cells that were stably expressing MxA. They
concluded that antiviral effect of IFN against SARS-
CoV was not mediated by MxA. In our study, —88
SNP in MxA promoter was not related to disease sus-
ceptibility. Taking these observations together, MxA
may not have a strong inhibitory effect on replication
of SARS-CoV, but lower MxA expression may play a
role in the worsening of SARS clinical progression.

If SARS re-emerges, IFN could be a promising can-
didate to treat SARS patients [[2-19]. In the present
study, the SNPs in OAS-I were associated with SARS-
CoV infection or development of SARS, and the SNP
in MxA was associated with the progression of SARS.
It could be interesting to consider that they may also
be related to the response of SARS patients to IFNs,
and that SARS patients with AA genotype of the A/G
SNP in exon 3 of OAS-I may respond to IFN treatment
more effectively than those with AG or GG genotypes.
During the course of our study, age was not a risk factor
contributing to any worsening of SARS, probably be-
cause the majority of the patients consisted of relatively
young medical staff members [6].

In conclusion, we showed that the polymorphisms in
0OAS-1 gene were associated with SARS-CoV infection
or development of SARS and that the polymorphism
in MxA gene was also associated with hypoxemic status
in SARS cases in Vietnam. These findings may lead to
an understanding of IFN-induced antiviral response to
SARS infection.
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We characterized multidrug-resistant Pseudomonas aeruginosa strains isolated from patients involved in an

outbreak of catheter-associated urinary tract infections that occurred in a neurosurgery ward of a hospital
in Sendai, Japan. Pulsed-field gel electrophoresis of Spel-, Xbal-, or Hpal-digested genomic DNAs from
the isolates revealed that clonal expansion of a P. aeruginosa strain designated IMCJ2.51 had occurred in
the ward. This strain possessed broad-spectrum resistance to aminoglycosides, B-lactams, fluoroquino-
lones, tetracyclines, sulfonamides, and chlorhexidine. Strain IMCJ2.51 showed a level of resistance to
some kinds of disinfectants similar to that of a control strain of P. aeruginosa, ATCC 27853. IMCJ2.51
contained a novel class 1 integron, In113, in the chromosome but not on a plasmid. In113 contains an
array of three gene cassettes of blay,p_,, 2 Nnovel aminoglycoside resistance gene, and the aad41 gene. The
aminoglycoside resistance gene, designated aac(6')-lae, encoded a 183-amino-acid protein that shared
57.1% identity with AAC(6')-Iq. Recombinant AAC(6')-Iae protein showed aminoglycoside 6'-N-acetyl-
transferase activity by thin-layer chromatography. Escherichia coli expressing exogenous aac(6’)-Iae
showed resistance to amikacin, dibekacin, isepamicin, kanamycin, netilmicin, sisomicin, and tobramycin.
but not to arbekacin, gentamicins, or streptomycin. Alterations of gyr4 and parC at the amino acid
sequence level were detected in IMCJ2.S1, suggesting that such mutations confer the resistance to
fluoroquinolones observed for this strain. These results indicate that P. aeruginosa IMCJ2.S1 has devel-
oped multidrug resistance by acquiring resistance determinants, including a novel member of the aac(6')-1

family and mutations in drug resistance genes.

Pseudomonas aeruginosa is intrinsically resistant to many
antibiotics; however, it is sensitive to a limited number of
drugs, including some B-lactams, such as ceftazidime and imi-
penem, and aminoglycosides, such as amikacin and tobramy-
cin. However, recent studies have shown that several strains of
P. geruginosa that are resistant to these antibiotics have
emerged and are becoming widespread (21, 28).

In Japan, the major mechanism of resistance to aminogly-
cosides is production of aminoglycoside-modifying enzymes
(43). The aminoglycoside 6’-N-acetyltransferases [AAC(6")s]
are of particular interest because they can modify a number of
clinically important aminoglycosides including amikacin, gen-
tamicin, netilmicin, and tobramycin. The AAC(6')-I type
confers resistance to amikacin through acetylation of the
drug, whereas the AAC(6')-II type acetylates gentamicin.

* Corresponding author. Mailing address: Department of Infectious
Diseases, Research Institute, International Medical Center of Japan,
1-21-1 Toyama, Shinjuku, Tokyo 162-8655, Japan. Phone: (81) 3 3202
7181, ext. 2838. Fax: (81) 3 3202 7364. E-mail:tkirikae@ri.imcj.go.jp.

3734

To date, several different genes, designated aac(6’)-Ia to
aac(6’)-lad, that encode the AAC(6")-] enzymes have been
cloned and characterized (42, 50). Genes encoding amin-
oglycoside-modifying enzymes are often located on inte-
grons (15), sequences that can integrate gene cassettes
through site-specific recombination (17), in both plasmid
and genomic DNA (15). Class 1 integrons participate in
multidrug resistance in P. aeruginosa (27, 28, 37). Class 1
integrons contain two conserved segments (CS) that flank
the antibiotic resistance gene cassettes. The 5'-CS contains
the intI] gene, which encodes integrase, the enzyme respon-
sible for catalysis of site-specific recombination (8). The
3'-CS contains the gacEAI and sull genes and an open
reading frame (ORF), orf5 (13, 16).

We describe here the genotypic and phenotypic properties
of a new multidrug-resistant P. aeruginosa strain that caused a
nosocomial outbreak of infection at a hospital in Japan. The
isolate carries a class 1 integron that contains an array of three
gene cassettes, including one encoding a novel aminoglycoside
acetyltransferase.
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MATERIALS AND METHODS

Bacterial strains. Seven clinical isolates of P. aeruginosa, including P. aerugi-
nosa IMCJ2.81, were obtained from seven patients with urinary tract infections
in a neurosurgery ward of a hospital in Japan. P. aeruginosa ATCC 27853 was
obtained from the American Type Culture Collection (Manassas, Va). Esche-
richia coli strains DHSa (Takara Bio, Shiga, Japan) and BL21-AI (Invitrogen,
Carlsbad, Calif.) were used as hosts for recombinant plasmids and for expression
of aac(6')-Iae, respectively. The rifampin-resistant P. aeruginosa mutant ATCC
27853 RFP' was used. P. aeruginosa GN17203 (51) was provided by S. Iyobe
(Kitasato University, Sagamihara, Japan).

Antibiotics and disinfectants. The antibiotics amikacin, cefoxitin, and imi-
penem were from Banyu Pharmaceutical Co. (Tokyo, Japan). Arbekacin and
dibekacin were from Meiji Seika Kaisha (Tokyo, Japan), aztreonam was from
Eizai (Tokyo, Japan), cefotaxime was from Aventis Pharma (Tokyo, Japan), and
cefpodoxime and ceftazidime were from Glaxo Smith Kline (Tokyo, Japan).
Cefepime was from Bristol Pharmaceuticals (Tokyo, Japan); ciprofloxacin and
levofloxacin were from Daiichi Pharmaceutical (Tokyo, Japan); gentamicin, ise-
pamicin, netilmicin, and sisomicin were from Schering-Plough (Osaka, Japan);
kanamycin A and B mixture, neomycin B and C mixture, and streptomycin were
from Nacalai Tesque (Kyoto, Japan); and meropenem was from Sumitomo
Pharmaceutical (Osaka, Japan). Tetracycline was from Lederle Japan Co. (To-
kyo, Japan); piperacillin and piperacillin-tazobactam were from Tomiyama Pure
Chemical Industries (Tokyo, Japan); moxalactam, tobramycin, and sulfamethox-
azole-trimethoprim were from Shionogi and Co. (Osaka, Japan); and kanamycin
A, polymyxin B, and silver sulfadiazine were from Sigma Chemical (St. Louis,
Mo.). The disinfectants alkyldiaminoethylglycine hydrochloride and povidone
iodine were from Yoshida Pharmaceutical Co. (Tokyo, Japan); benzalkonium
chloride was from Wako Pure Chemical Industries (Osaka, Japan); and chlo-
rhexidine gluconate was from Ishimaru Pharmaceutical (Osaka, Japan).

In vitro susceptibility to antibiotics and disinfectants. MICs of antibiotics,
except polymyxin B and silver suifadiazine, were determined by the microdilution
method. The MICs of polymyxin B and silver sulfadiazine were determined by
the agar dilution method according to the protocols recommended by the CLSI
(formerly NCCLS), standard M7-A6 (33).

Bactericidal activities of disinfectants were evaluated by time- and dose-de-
pendent killing studies in 96-well microplates. Briefly, [0° microorganisms were
incubated at 35°C for 0.5 min to 60 min in 160 wl disinfectants diluted serially
twofold. To neutralize the bactericidal activities of the disinfectants, a 10-ul
aliquot of each suspension was transferred to 200 pl Trypticase soy broth (Bec-
ton Dickinson, Franklin Lakes, NJ) containing 15% Tween 80 (Sigma), 1%
soybean lecithin (Nacalai Tesque), and 0.5% sodium thiosulfate (Nacalai
Tesque) and then cultured for 24 h. The minimum bactericidal concentrations
(MBCs) of disinfectants were recorded relative to the duration of incubation
with bacteria.

Transfer of drug resistance among bacteria. Transfer of the drug resistance
from P. aeruginosa clinical isolates to a rifampin-resistant mutant of 7. aerugi-
nosa, ATCC 27853 RFP*, was examined with the broth mating method (25).
After mating, transconjugants were selected on Mueller-Hinton agar plates con-
taining rifampin (200 pg/ml) and imipenem (16 pg/ml) or amikacin (20 pg/ml).
Plasmid DNAs from the clinical isolates were purified either with a QIAprep kit
(QIAGEN, Tokyo, Japan), by Kado and Liu’s (24), or method by the method of
Domenico et al. (11). With the QIAprep kit or Kado and Liu’s method, the
bacteria were lysed at different temperatures, 22°C for 5 min or 60°C for 70 min
for each method.

PCR of class 1 integrons. To identify the presence of a class 1 integron and to
determine the size of any inserted gene cassettes, PCR amplification was per-
formed as described previously (29) with primers 5'-cs and 3’-cs, which are
specific for 5-CS and the 3'-CS of class 1 integrons, respectively, and an Expand
High Fidelity PCR system (Roche Diagnostics GmbH, Penzberg, Germany). To
determine the content and order of genes in the integron, PCR amplification of
the variable region of class 1 integrons was carried out with the primers listed in
Table 1. All PCRs were performed with a GeneAmp PCR system 9700 thermal
cycler (Applied Biosystems, Foster City, Calif.). Genomic DNAs extracted as
described by Sambrook and Russell (41) were used as templates. Amplification
conditions were 30 cycles of 94°C for 1 min, 50°C tor | min, and 72°C for 3 min
or 5 min. PCR for amplicons longer than | kb was performed with [.25 U of
Z-Taq polymerase (Takara Bio) and 30 cycles of 95°C for | s and 68°C for 120 s
according to the manufacturer’s instructions.

PCR of QRDRs. The gyrd, gyrB, parC, and parE quinolone resistance-deter-
mining regions (QRDRs) of P. weruginosa were amplified by PCR with the
primers listed in Table | according to methods described previously (1, 21, 26,
31). PCR products were sequenced with the same primers.
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DNA sequencing. DNA sequences were determined by the dideoxy chain
termination method with an ABI PRISM 3100 sequencer (Applied Biosystems).
Homology searches of nucleotide and deduced protein sequences were per-
formed by FASTA and BLAST screens of the DDBJ, GenBank, and EMBL
databases. Multiple-sequence alignments and searches for ORFs were per-
formed with GENETYX-WIN software (Genetyx, Tokyo, Japan). The dendro-
gram for AACs was calculated with the CLUSTAL W Program (49).

Cloning of the aac(6')-lae gene. The coding region of aac(6’)-lae (Fig. 1) was
amplified by PCR with 2.5 U of Ex Tag DNA polymerase (Takara Bio) and
primers aacS1-FC and aacS1-RC (Table 1). The PCR products were cloned into
pCRT7/NT (Invitrogen) downstream of the region encoding a six-His tag. Then
plasmid pAACS, which contains aac(6')-lae, or plasmid pREVAACS, which
contains aac(6’)-Iae in the reverse direction, was transformed into E. coli DH5«
cells by the CaCl, method (6). DNA sequences of these cloned fragments were
verified by sequencing of both strands as described above.

Purification of recombinant AAC(6')-Iae. E. coli BL21-Al harboring plasmid
pAACG6 was grown to an 440 of 0.2 to 0.3 in LB medium containing 50 mg/liter
ampicillin at 37°C. After addition of arabinose (final concentration, 0.02%) to
induce expression of AAC(6')-1ae, the E. coli strain was cultured for another 18 h
at 25°C. The bacterial cells were collected, resuspended in 50 mM HEPES buffer
(pH 7.5) containing 0.1% Triton X-100, and lysed by sonication on ice for 15 s
40 times and then for 20 s 100 times. After centrifugation to remove the debris,
the solubilized protein was applied to an AKTA Prime (Amersham Biosciences,
Piscataway, NJ) system equipped with a HiTrap Chelating HP column (Amer-
sham Biosciences) loaded with Ni**. The column was washed with 20 mM
Tris-HCl (pH 7.9) containing 60 mM imidazole and 0.5 M NaCl and was eluted
with the same buffer containing 1 M imidazole. The eluted proteins were col-
lected and dialyzed in 50 mM HEPES buffer (pH 7.5). The protein preparation
yielded a single band upon sodium dodecyl sulfate-polyacrylamide gel electro-
phoretic analysis (data not shown).

Acetylation of aminoglycosides by recombinant ACC(6')-Iae. Enzymatic acet-
ylation of aminoglycosides was done as described previously (53). Recombinant
AAC(6") from actinomycete strain #8 was provided by J. Ishikawa (National
Institute of Infectious Diseases, Tokyo, Japan). Various aminoglycosides were
incubated with recombinant AAC(6’)-Iae or AAC(6') as a positive control in the
presence of acetyl coenzyme A, and the acetylated derivatives were detected by
thin-layer chromatography. The reaction was carried out at 37°C for 30 min to
12 h.

Pulsed-field gel electrophoresis (PFGE). Genomic DNA from P. aeruginosa
was prepared by the procedure of Grundmann et al. (14) and digested overnight
with 10 U of Spel, Xbal, or Hpal (Takara Bio). The DNA fragments were
separated on 1.0% agarose gels in 0.5X Tris-borate-EDTA butfer with a CHEF
Mapper system (Bio-Rad Laboratories, Hercules, Calif.} at 6 V/em for 20 h.

Southern hybridization. We performed Southern blotting to identify the lo-
cation of Inl113. A 465-bp segment of aac(6')-lae and a 362-bp segment of
blagp., amplified by PCR were labeled with horseradish peroxidase and used as
probes.

Nucleotide sequence accession number. The nucleotide sequence of Inl13
reported here has been deposited in the EMBL/GenBank/DDBJ databases and
assigned accession number AB104852.

RESULTS

Epidemiologic analysis of a nosocomial outbreak of P.
aeruginosa. From June 2002 to November 2002, a P. aeruginosa
outbreak occurred in a neurosurgery ward of a 500-bed hospi-
tal in Japan. Three patients developed catheter-associated uri-
nary tract infections with mulitidrug-resistant P. aeruginosa in
June 2002. Various measures for infection control were under-
taken, but four patients subsequently developed similar cath-
eter-associated urinary tract infections with multidrug-resistant
P. aeruginosa over the next 5 months. Seven P. aeruginosa
isolates from these patients were analyzed by PFGE. The
PFGE patterns of Spel-, Xbal-, or Hpal-digested genomic
DNAs from the isolates were identical, indicating that the
isolates were all from monoclonal expansion of a single mul-
tidrug-resistant P. aeruginosa strain. This clone was named 7.
aeruginosa IMCJ2.51. PFGE patterns of Spel-, Xbal-, and
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TABLE 1. PCR primers

ANTIMICROB. AGENTS CHEMOTHER.

Expected size of

Reference or GenBank

Primer Sequence? (5'=3') amplicon (bp) Position (at)” accession no.
S'-cs GGCATCCAAGCAGCAAG 29
3'-cs AAGCAGACTTGACCTGA 29
intl-F TGCGTGTAAATCATCGTCGT 838 Downstream of intl] AF071413
intl-R CGAAGTCGAGGCATTTCIGT 177-196 in intll AF071413
IMP-F¢ DTTYCTAAACAYGGYTTGGT 362 145-164 in blayyp. | AB(070224
IMP-R® YTTTYAGGYARCCAAACYACT 486--500 in blap., AB070224
aacS1-F CGCAAGCTGCAGAAATTCTAT 465 47-67 in aac(6')-Iae This study
aacS1-R TCCCATTTGCATTAGGAATCA 491-511 in aac(6’)-lae This study
aadAl-F TGATTTGCTGGTTACGGTGA 451 144~163 in aadAl AF071413
aadAl-R TACTGCGCTGTACCAAATGC 575~594 in aadAl AF071413
qacEdelta-F TGAAAGGCTGGCTTITTCIT 286 2-21 in qacEAI AF071413
qacEdelta-R GCAATTATGAGCCCCATACC 268-287 in qacEAL AF071413
sul-F TCACCGAGGACTCCTTCTITC 759 29-48 in sull AF071413
sul-R GGGTTTCCGAGAAGGTGATT 768~787 in sull AF071413
intlimpl-F AGCACCTTGCCGTAGAAGAA 695 262-281 in intl! AJ640197
intlimpl-R TTTTATAGCCACGCTCCACA 243-262 in blayyp., AJ640197
implaacS1-F AAAGGCAGCATTTCCTCTCA 737 265284 in blayyp., This study
implaacS1-R GACGGCCAAGAATCGAAAT 89-107 in aac(6')-lae This study
aacSlaadAl-F ATTGTGTGGTTGGGTTGGAT 691 186-~205 in aac(6')-lae This study
aacSlaadAl-R GGAGAATCTCGCTCTCTCCA 231-259 in aadA1 This study
aadAlgacEd-F TGATTTGCTGGTTACGGTGA 873 144--163 in aadAl AF071413
aadAlgacEd-R ATGCGGATGTTGCGATTACT 42-61 in gacEAI AF071413
qacEdsul-F TCGGTGTTGCTTATGCAGTC 306 167186 in gacEAI AF071413
qacEdsul-R ACATCCACGACGTCTGATCC 112~131 in sull AF071413
int-R TGCGTGTAAATCATCGTCGT 3,172 Downstream of intl! AF071413
sul-R GGGTTTCCGAGAAGGTGATT 768~787 in sull AF071413
sul-F TCACCGAGGACTCCTTCTTC 6,474 29-48 in sull AF071413
tniB-R ATCATCGACCTGTCCCACCT 16-35 in tmiBAI AF071413
tniB-F CAGAGCCAGTTGCTCCATIT 1,749 395-414 in tniBA1 AF071413
tniA-R CTTTCACCGCGAAGTCACTC 384-403 in tnid AF071413
GyrAl TTATGCCATGAGCGAGCTGGGCAACGACT 366 147-176 in gyrA 26
GyrA2 AACCGTTGACCAGCAGGTTGGGAATCTT 484--512 in gyrd 26
GyrBl GCGCGTGAGATGACCCGCCGT 390 1162-1182 in gyrB 31
GyrB2 CTGGCGGTAGAAGAAGGTCAT 1531-1551 in gyrB 31
PARC1 ATGAGCGAACTGGGGCTGGAT 210 166~187 in parC 21
PARC2 ATGGCGGCGAAGGACTTGGGA 354-375 in parC 21
ParEl CGGCGTTCGTCTCGGGCGTGGTGAAGGA 592 1223-1250 in parE 1
ParE2 TCGAGGGCGTAGTAGATGTCCTTGCCGA 1787-1814 in parE 1
aacS1-FC ATGAAATACAACATTGTTAATATTA 552 1-25 in aac(6')-lae This study
aacS1-RC TTACATTATATTTTTCCACATTAAT 528-552 in aac(6')-lae This study

¢ D stands for adenine, thymine, or guanine; R stands for adenine or guanine; Y stands for cytosine or thymine.

¢ Nucleotides are numbered according to deposited sequences.

¢ Primer designed to amplify blap., (accession no. AB070224) or homologous genes, including blaypo (AJ243491), blaypp.5 (ABO10417), blaye.4 (AF445082),
blayp.s (AF290912), blapp ¢ (AB040994), blayps (AF416736), bla yp.g (AF322577), blayyp.y (AY033653), blayye.g (AB074434), and blayyp._,, (AB074437).

Hpal-digested genomic DNAs from IMCJ2.S1 are shown in
Fig. 2A.

Susceptibility of P. aeruginosa IMCJ2.51 to antibiotics and
disinfectants. The MICs of various antibiotics, including po-
tent active B-lactams, against IMCJ2.51 were compared with
those against a reference strain, P. aeruginosa ATCC 27853
(Table 2). IMCJ2.S1 was resistant to all antibiotics tested ex-
cept for arbekacin and polymyxin B. Strain ATCC 27853 was
sensitive to all of the antibiotics tested except cefoxitin, flo-
moxef, and kanamycin. Thus, IMCJ2.S1 was classified as a
multidrug-resistant strain of P. aeruginosa.

To test whether IMCJ2.51 showed increased resistance to
disinfectants, the MBCs of four disinfectants, povidone iodine,
alkyldiaminoethylglycine hydrochloride, benzalkonium chlo-
ride, and chlorhexidine gluconate, were determined for both
IMCJ2.51 and ATCC 27853. Both strains were resistant to
chlorhexidine gluconate but sensitive to povidone iodine
(MBC, <0.001% [wt/vol]), alkyldiaminoethylglycine hydro-

chloride (MBC, <0.001% [wt/vol]), and benzalkonium choride
(MBC, <0.005% [wt/vol}). The MBC patterns of these strains
were identical. These results indicate that the sensitivity of
IMCJ2.51 to disinfectants is not different from that of the P.
aeruginosa reference strain.

Detection of an integron in P. geruginosa IMCJ2.S1. To
determine if strain IMCJ2.51 carried a class 1 integron, PCR
analysis specific for class 1 integrons was performed (29).
Strain IMCJ2.51 yielded a 2.5-kbp PCR product, whereas E.
coli CSH2 harboring plasmid NR1 (32), which carries In2 (30),
yielded a 1.0-kbp PCR product. P. aeruginosa ATCC 27853 did
not yield PCR products. These results suggest that strain
IMCJ2.51 and E. coli CSH2 each carry a class 1 integron and
that this integron contains additional sequences that are not
present in In2.

The class 1 integron frequently contains the niB and tnid
genes downstream of the 3'-CS (13, 16). To confirm the pres-
ence of a class 1 integron in IMCJ2.51 and to elucidate the
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FIG. 1. Structure of In2 (GenBank accession no. AF071413) and In113. Gene cassettes are represented as open boxes with an adjacent vertical
bar (59-be), shown as heavy solid vertical bars. The novel ORF found in In113 is shown as a hatched box. Genes are indicated by horizontal arrows.
IS are represented as gray boxes and are labeled. The sites of the 5'-CS, gene cassettes, 3'-CS, and i module are indicated just below the construct.
IRi and IRt are shown as vertical lines labeled i and t, respectively, and the artll sites are shown as open vertical bars toward the left of the

constructs.

structure downstream of the 3'-CS, we performed PCR specific
for intl1, gqacEAI, sull, and their spanning or marginal regions.
PCRs yielded the expected products (Table 1), with the excep-
tion of a 4.7-kbp fragment after amplification with int-R and
sul-R and a 2.5-kbp fragment after amplification with tniB-F
and tniA-R. These data show that IMCJ2.S1 carries a class 1
integron and that this integron contains inzl1-sull in a 4.7-kbp
region, sull-tniB in a 6.5-kbp region, and miB-tnid in a 2.5-kbp
region (Fig. 1).

Identical results were obtained for the other six isolates from
the outbreak.

Structure of the class 1 integron found in P, aeruginosa
MCJ2.51. We analyzed the sequences of the PCR products to
determine the structure of the class 1 integron of IMCJ2.S1.
The 5'-CS contained intl], the attll recombination site with a
7-bp core site sequence of GTTAGAA (45), and the
TGGACA (—35) and TAAACT (—10) hexamers separated by
17 bp, which is characteristic of the Pc promoter (7, 45). Al-
though TTGTTA (—35) and TACAGT (—10) hexamers sep-
arated by 14 bp were present again downstream of the Pc

A

promoter, this region is not likely to act as the P2 promoter,
because there is no GGG sequence (7, 45).

Between the 5'-CS and 3'-CS, there were three gene cas-
settes (Fig. 1). The 880-nucleotide (nt) cassette contained the
metallo-B-lactamase gene blayp. (35) and a 127-nt 59-base
element (59-be) site, a site for site-specific.cointegration events
(Fig. 3), and this cassette was identical to one described pre-
viously (2, 35). The 647-nt cassette contained an ORF and a
68-nt 59-be site (Fig. 3). The sequence of this 647-nt cassette
was not found in any database, and therefore, we named this
integron In113 (Fig, 1). The ORF in the 647-nt cassette en-
coded a 183-amino-acid (aa) product that was 55.2% identical
to a 6'-N-aminoglycoside acetyltransferase, AAC(6")-Ia (48),
and 57.1% identical to AAC(6')-Iq of Klebsiella pneumoniae
(4). We named the predicted protein AAC(6’)-Iae according
to the standard nomenclature (42).

AAC(6')-lae was relatively similar to a subfamily of
AAC(6')-1 enzymes that includes AAC(6')-Ia (48),
AAC(6')-1q (4), and AAC(6')-Im (19) [which is not the
AAC(6")-Im reported by Chow et al. (5) and has also been

B
Spel Xbal Hpal
M M

FIG. 2. (A) PFGE of Spel-, Xbal-, and Hpal-digested genomic DNA from multidrug-resistant P. aeruginosa IMCJ2.S1. (B) Southern blotting
of the same gels with an aac(6’)-lae probe. Lanes M, HindlIII-digested A phage DNA as a size marker.
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TABLE 2. In vitro susceptibilities of P. aeruginosa IMCJ2.81 and P.
aeruginosa ATCC 27853 to various antimicrobial agents

MIC (ng/ml) for:

Antibiotic P. aeruginosa P. aeruginosa
IMCJ2.51 ATCC 27853
Piperacillin >128 <4
Piperacillin-tazobactam 64 4
Cefotaxime >128 8
Ceftazidime : >128 <1
Cefepime >64 2
Cefoxitin >64 >64
Flomoxef >128 >128
Moxalactam >128 16
Imipenem 128 4
Meropenem 128 1
Aztreonam 128 2
Amikacin 128 2
Arbekacin 2 <0.5
Dibekacin >128 <0.5
Gentamicin 16 <1
Isepamicin 128 <4
Kanamycin >128 >128
Netilmicin >128 <0.5
Sisomicin >128 <0.5
Streptomycin >64 <4
Tobramycin 64 <0.5
Tetracycline 32 16
Sulfamethoxazole-trimethoprim 128 32
Levofloxacin 64 <0.5
Ciprofloxacin 32 <05
Polymyxin B 2 2
Silver sulfadiazine 64 64

referred to as AAC(6')-Ip, by Centrén and Roy (4)] (61.7%
identity in a 149-aa overlap) and to AAC(6')-Ii (9) (40.3%
identity in a 166-aa overlap) (Fig. 4). On the basis of the work
of Neuwald and Landsman (34), four motifs in the amino acid
sequences of the subfamily proteins belonging to AAC(6')-Iae
were designated motifs C, D, A, and B (Fig. 5). Comparison of
amino acid sequences of members of the AAC(6")-I subfamily
with that of AAC(6")-1ae revealed that motifs C, D, A, and B,
which are found in most GCN5-related N-acetyltransferases
(GNATS) (12, 34), were conserved in AAC(6')-lae (Fig. 5). A
large motif at the C terminus, motif B (12), was 63.3% identical
between AAC(6')-Im (19) and AAC(6')-Tae. The third cas-
sette was 856 nt long and contained the aminoglycoside 3"-
adenyltransferase gene aadAl (18, 22) and a 60-nt 59-be site

LH consensus
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AAC(6N-Tj
AAC(6)-TgAAC(E)-IkAAC(6Y)-Th

AAC(6")-Id AAC(6)-Ir AAC(6)-It
AAC(6)-Taa AAC(6')-Iv
AAC(6)-ly AAC(B)-Iw

Cé 6)[x
AAC(6)-IF AAC(6)-Is

AACOI9 s 6112
AAC(6)-le
AAC(6)-Iad
AAC(6')-29b
AAC(6")-29a

AAC(6"-Ii
AAC(6")-Ta
AAC(6")-Tae
AAC(6)-Ia

AAC(6)-Im  AAC(E)Iq
AAC(6)-Ie

AAC(6)-Ib

AAC(6)-Ib
0.1

FIG. 4. Dendrogram of aminoglycoside 6'-N-acetyltransferases for
comparison with AAC(6’)-Iae. The dendrogram was calculated with
the CLUSTAL W program. Branch lengths correspond to the number
of amino acid exchanges for AAC proteins. EMBL/GenBank/DDBJ
accession numbers of AAC proteins are as follows: AAC(6')-Ia,
M18967-1; AAC(6")-Ib, M23634; AAC(6')-Ic, M94066; AAC(6')-1d,
X12618; AAC(6')-Ie, M13771; AAC(6')-If, X55353; AAC(6')-Ig,
109246; AAC(6')-Ih, L29044; AAC(6")-li, L12710-1; AAC(6')-Lj,
1.29045; AAC(6')-1k, L29510; AAC(6')-11, Z54241 and U13880;
AAC(6')-Im, Z54241-2; AAC(6')-Ig, AF047556-1; AAC(6)-Ir,
AF031326; AAC(6')-Is, AF031327; AAC(6')-It, AF031328; AAC(6')-
Tu, AF031329; AAC(6")-Iv, AF031330; AAC(6')-Iw, AF031331;
AAC(6')-Ix, AF031332; AAC(6')-Iy, AF144880; AAC(6')-Iz,
AF140221; AAC(6')-laa, NC_003197; AAC(6")-Iad, AB119105;
AAC(6')-Ila, M29695; AAC(6')-IIb, 106163; AAC(6")-29a,
AF263519; AAC(6")-29b, AF263519.

(Fig. 3). This cassette was similar to one reported previously
(30, 36) except for a silent C-to-T substitution at nt 135.

The 3'-CS included gacEAI (39), sul (47), and orf5 (30, 37).
There were three inserted sequences (IS), IS1326 (3), 1S1353
(3), and IS26 (38), in the region downstream of the 3'-CS (Fig.
1). IS26 is known to be inserted into the tnid coding region of
the ini transposition module (30).

Drug resistance mediated by the AAC(6')-Iae enzyme. To
examine the role of AAC(6")-Iae in aminoglycoside resistance,
a recombinant plasmid, pAACS, carrying aac(6')-lae from
strain IMCJ2.S1 was transformed into E. coli DHSa. E. coli
harboring pAAC6 showed significantly lower susceptibility to

RH consensus

*

I I % I

blapp.; 59-be: AATTTCTAMNCAAGTCGTTGCAGCACG-88bp-GCCGCTGAYCTTAGC -GTTAGCCGGA

aagg6 g -lae
-be:

aadAl 59-be:

1L 2L
L

\4

*
TTCGGCTAACAACTGCIITCAACTTGA- | Tbp-ACAAGTT: CAAAT-GTTARACATC

=

4

*
AATGTCTAA]CAATTCQTTCAAGCCGA- l4bp-GCGGCTTAAlCTCAAGCqTTAGATG CA
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| L J

LH simple site

RH simple site

FIG. 3. Structures of 59-be of In113. Seven-base-pair putative core sites in the left-hand (LH) and right-hand (RH) consensus sequences were
designated 1L and 2L and 2R and 1R, respectively. The putative recombination event occurs between the G and the first T in the LR core site and
is indicated by vertical arrows (see reference 45). The relative orientations of LL, 2L, 2R, and IR are indicated by arrows under the sequence. An
extra base in 2L is marked with an asterisk. Inverted repeats are underscored with arrows.
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P. aeruginosa AAC(6")-1ae [AB104852]
C. diversus AAC(6")-1a [M18967-1]
C. freundii AAC(6')-Im [Z54241-2]
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|ECISAENICIGIL 58
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—_ ket

E. faecium AAC(6)-1i [L12710-1]
K. pneumoniae AAC(6')-1q [AF047556-1] 1

— |—1—SE-FDRNNPY-LKDQLSDLLRLT{PEEYGDSSAEEYIEEMMNPER [ AVAAV 51
YS [CD1AESNEL | LEAAKILRKSFLDAGNESIVD | KKA

IKKSVLDAGNEDSYGD | KNA | —EEWEECI EHPNICLGIG 38
[—EE EDCIEHPNLCLGIC 58

Motif C

P. aeruginosa AAC(6")-lae [AB104852] 59 INDE VELREMIKKI-TTEERTEMY | KKKHONKGFEK |1 FETEKKAKERNLEG]] 117

C. diversus AAC(6")-1a [M18967-1] 59 [NNS | GLRPMMKER-UTEL 2L VVRPDYQNKG Hel [ELKELIEENRAREQGH | GliALEq 117

C. freundii AAC(6)-Im [Z54241-2] 39 LDDK( 1 W TELRPMYDKI-TTEEITMY | KTE YQGKGFEKVLRELIETRAKSRG | | allAReY 97

E. faecium AAC(6')-1i [L12710-1] 52 DQDELVIEF 1 [8AIPQ T%ELHP ESSRRKNG H{ETRIGVNYLEKEVASRGG | T LGT 111

K. pneumoniae AAC(6')-Iq [AF047556-1] 59 LDDKEI{gNTIELRPMYUDKIIEEEMY [ KTEYQCRG EKVE [ KE KRAKGRG1 [ GljAlLel] 117
Motif D Motif A o

P. aeruginosa AAC(6")-Iae [AB104852]
C. diversus AAC(6")-1a [M18967-1]

C. freundii AAC(6)-Im [Z254241-2]

E. faecium AAC(6")-1i [L.12710-1]

K. pneumoniae AAC(6")-Iq [AF047556~ 1]

118 BEETFRTESMSELNNENIFHE | KNI KNETEFERTE
118 DDEYYRYSESL 1 TITEDNI(EDS I KNI (N HPEFY

Motif B
P. aeruginosa AAC(6")-Iae [AB104852] 178 M{KNIM 183
C. diversus AAC(6")-Ia [M18967-1] 178 MIKSLIKE 185
C. freundii AAC(6")-Im [Z54241-2] 158 MEQILARKNSP-TIAST 173
E. faecium AAC(6")-Ti [L12710-1] 170 —{IMAKT | |PRPDSQ 182
K. pneumoniae AAC(6Y)-1q [AF047556-1] 178 MKDIS 183

FIG. 5. Alignment of the AAC(6')-lae amino acid sequence with those of four members of the AAC(6')-I subfamily. Identical residues are
marked with black boxes. Four motifs, including the highly conserved motif B, are underlined. A conserved region of 21 amino acids, described
by Shmara et al. (44), is indicated by a dotted line. GenBank accession numbers are given in brackets to the right of AAC names. C. diversus,

Citrobacter diversus; C. freundii, Citrobacter freundii.

amikacin, dibekacin, isepamicin, kanamycin, netilmicin, si-
somicin, and tobramycin than the parent strain and the nega-
tive control. MICs for other aminoglycosides, including ar-
bekacin, gentamicin, and streptomycin, were unchanged
(Table 3). These results indicate that aac(6’)-lae is involved in
aminoglycoside resistance.

To examine potential acetylase activity of AAC(6')-1ae, we
assessed the purified recombinant AAC(6')-Iae against ami-
noglycosides by thin-layer chromatography (53). As shown in
Fig. 6, kanamycin, amikacin, tobramycin, netilmicin, sisomicin,
isepamicin, arbekacin, neomycin, and gentamicin were acety-
lated by AAC(6')-1ae and AAC(6"). Acetylation by AAC(6')-
Iae was complete for all of these aminoglycosides except gen-
tamicin, which showed incomplete acetylation. These
aminoglycosides all have 6'-NH,. The present results, there-

fore, suggest that AAC(6')-1ae is a functional acetyltransferase
that modifies the 6'-NH, position of aminoglycosides.

Location of In113. Clinical isolates of P. aeruginosa fre-
quently possess the R plasmid, which carries a class 1 integron.
Therefore, we screened our seven P. aeruginosa clinical isolates
for the presence of this plasmid. P. aeruginosa GN17203 was
used as a positive control for blayyp.,, since it has been shown
to harbor pMS350, which contains a blayp., gene. Genomic
DNA from IMCJ2.S1 was used as a control for aac(6')-Iae and
blayp.;.

The extracts from the seven clinical isolates and P. aerugi-
nosa GN17203 were separated by agarose gel electrophoresis,
and Southern blotting with aac(6')-lae or blay,p., as a probe
was performed. A plasmid that contained bla;yp.; but not
aac(6')-lae was detected in P. aeruginosa GN17203. Despite

TABLE 3. Aminoglycoside resistance patterns of E. coli DH5a alone or harboring plasmids with or without aac(6')-lae

MIC (pg/ml)of:

Strain
AMK ABK DIB GEN ISE KAN NEO NET SIS STR TOB
E. coli DHSOL(pAAC6)” 8 0.5 32 0.25 8 64 4 32 16 4 8
E. coli DH5a(pREVAACS)" 05 0.5 0.5 0.25 0.25 1 2 0.25 0.25 4 0.5
E. coli DHSOL(pCRT'HNT)" 0.5 0.25 0.5 0.25 0.25 1 2 025 0.25 4 0.25
E. coli DHSa 0.5 0.5 0.5 0.25 0.25 1 2 0.25 0.25 4 0.25

“ AMK, amikacin; ABK, arbekacin; DIB, dibekacin; GEN, gentamicin; ISE, isepamicin; KAN, kanamycin; NEO, neomycin; NET, netilmicin; SIS, sisomicin; STR,

streptomycin; TOB, tobramycin.
» Recombinant plasmid constructed by cloning aac(6')-lae into pCRT7/NT.

¢ Recombinant plasmid constructed by insertion of DNA fragment with reverse sequence of aac(6')-lae into pCRT7/NT.

“ Cloning vector (ABPC).
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FIG. 6. Thin-layer chromatogram of aminoglycosides incubated
with AAC(6')-Iae protein (I) or with AAC(6") from Streptomyces livi-
dans TK21 as a control (II) (53) in the presence (+) or absence (—) of
acetyl coenzyme A. KAN, kanamycin, AMK, amikacin; TOB, tobra-
mycin; ABK, arbekacin; GEN, gentamicin; NEO, neomycin; DIB,
dibekacin; NET, netilmicin; SIS, sisomicin; ISE, isepamicin.

repeated attempts (three times per procedure), we did not
detect this plasmid by ethidium bromide staining or Southern
blotting in any of the clinical isolates (data not shown). In
contrast, Southern hybridization of Spel-, Xbal-, and Hpal-
digested genomic DNAs of the seven clinical isolates revealed
50-kb, 250-kb, and 60-kb aac(6')-lae-positive fragments, re-
spectively (Fig. 2). These fragments were also positive for
blapyp., (data not shown). To examine whether the drug-re-
sistant phenotype of P. aeruginosa IMCJ2.51 can be trans-
ferred by conjugation, IMCJ2.S1 was incubated with P. aerugi-
nosa ATCC 27853 RFP". Carbapenem resistance was
transferred from P. aeruginosa GN17203 to P. aeruginosa
ATCC 27853 RFP", consistent with the results reported by
Watanabe et al. (51). In contrast, resistance to amikacin or
carbapenem was not transferred from IMCJ2.51 to ATCC
27853 RFP". These results suggest that In113 is located in the
chromosome, and not on a plasmid, of P. aeruginosa IMCJ2.51.

Resistance of IMCJ2.S1 to fluoroguinolones. IMCJ2.S1 was
highly resistant to fluoroquinolones (Table 2). This resistance
is typically associated with mutations in the QRDR within
gvrA, gyrB, parC, and parE, which encode DNA gyrase or to-
poisomerase IV in P. aeruginosa (1, 21, 26, 31). Therefore, we
screened IMCJ2.S1 mutations within the QRDR. Compared
to the gyr4 sequence of strain PAO1 (46), the gyr4 sequence of
IMCJ2.S1 contained an ACC-to-ATC mutation in codon 83
that causes a Thr-to-Ile change in the A subunit of DNA
gyrase. IMCJ2.51 also had a TCG-to-TTG mutation in codon
87 of parC that causes a Ser-to-Leu substitution in the C
subunit of topoisomerase IV. IMCJ2.S1 had four mutations in
gyrB: CGC to CGT in codon 396, AAA to AAG in codon 408,
GAA to GAG in codon 484, and TTG to CTG in codon 513.
There were four mutations in parE: GAA to GAG in codon
448, GGT to GGC in codon 472, AGT to AGC in codon 474,
and GCC to GCT in codon 477. These mutations in gyrB and
parE did not lead to amino acid changes in the proteins en-
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coded (1, 31). Identical results were obtained with the other six
clinical isolates. Together, these results indicate that IMCJ2.S1
contains mutations in gyr4 and parC that are associated with its
fluoroquinolone resistance.

DISCUSSION

A variety of aminoglycoside 6'-N-acetyltransferases have
been described (Fig. 4) and classified into three subgroups (42,
50). Recently, a new enzyme, AAC(6')-1ad, which is a member
of the largest subfamily, was isolated from an Aciretobacter
genospecies 3 strain in Japan (10). In the present study, we
identified AAC(6')-lae, which shows considerable phyloge-
netic distance from members of the largest subfamily, which
includes AAC(6")-Iad and its divergents (Fig. 4). AAC(6')-Iae
belongs to the subfamily comprising AAC(6')-1a, -Ii, -Im, and
-Ig (4, 9, 19, 48). There was only a low level of homology
between the 59-be site of aac(6’)-lae and those of the genes
encoding other members of the aac(6')-/ family. Furthermore,
aac(6')-lae has a low G+C content (26.8%) (data not shown),
whereas the average G+C content of the P. aeruginosa PAO1
genome is 66.6% (46). Therefore, aac(6’)-lae may be derived
from an environmental species with an intrinsically low G+C
content.

AAC(6')-1ae from P. aeruginosa strain IMCJ2.51, which was
responsible for an outbreak of catheter-associated urinary tract
infections, acetylated all of the aminoglycosides with 6'-NH,,
and acetylation of arbekacin and neomycin appeared to be
complete (Fig. 6I). However, E. coli DH5a(pAACS), express-
ing exogenous AAC(6')-Iae, was sensitive to arbekacin and did
not show reduced susceptibility to neomycin. Arbekacin and
neomycin were shown to retain their antibiotic effects even
after they were acetylated by AAC(6') from an arbekacin-
resistant actinomycete strain at the 6’ positions (53). Entero-
coccus faecium producing AAC(6")-1i was susceptible to neo-
mycin even though AAC(6')-Ii acetylated neomycin (52).
These results suggest that acetylation of arbekacin and neo-
mycin at 6’ positions does not affect the antimicrobial activities
of these drugs. We cannot exclude the possibility that the
antimicrobial activity observed after treatment with AAC(6')-
Tae is due to residual arbekacin or neomycin that was not
acetylated.

E. coli DH5a expressing AAC(6')-Iae was sensitive to gen-
tamicin (Table 3), although AAC(6)-Iae showed only partial
acetylation of gentamicin (Fig. 61). The sensitivity of these
bacteria to gentamicin appears to be due to incomplete acet-
ylation of gentamicin, which was observed with AAC(6') from
an arbekacin-resistant actinomycete strain (53)(Fig.6II). Com-
mercially available gentamicin is a mixture of a number of
derivatives of gentamicin, such as gentamicin C,, C,,, C,, and
C,p, that have modifications of position 6’. Gentamicin C; and
C,, carry a methyl group on N-6' and are refractory to
AAC(6")-1 enzymes (42, 50). We cannot exclude the possibility
that acetylated gentamicin components, which are more sus-
ceptible to AAC(6')-1 enzymes, retain antibiotic activity.

In the present study, we identified In113, a class 1 integron
that contains a novel aminoglycoside resistance gene, aac(6')-
lae. Several classes of integrons have been categorized on the
basis of the structure of integrase (15, 40). The most common
integrons in P. aeruginosa are those of class 1 (27, 28, 37).
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Because their structures are very similar to each other, the
direct origin of In113 could be from In2 (30), which was orig-
inally isolated from Shigella flexneri in Japan in the late 1950s
(32) (Fig. 1).

IMCJ2.81 was resistant to all antibiotics tested except ar-
bekacin and polymyxin B (Table 2). However, the presence of
In113 and the mutations in gyrd and parC of the QRDR are
not sufficient to explain the multidrug resistance of this strain.
Alterations of gyr4 and parC are known to contribute to fluo-
roquinolone resistance (1, 21, 26, 31). The blay,p., gene cas-
sette, which encodes the IMP-1 metallo-B-lactamase, confers
resistance to all B-lactams except monobactams (2, 27, 35). The
aac(6')-Iae gene cassette, which encodes AAC(6')-lae, confers
resistance to amikacin, dibekacin, isepamicin, kanamycin,
netilmicin, sisomicin, and tobramycin (Table 3). The variant
aadA]l gene cassette, which encodes aminoglycoside 3"-adeny-
lyltransferase, confers resistance to streptomycin (18, 22). The
sull gene, which encodes dihydropteroate synthetase type I,
confers resistance to sulfamethoxazole (47). Thus, the resis-
tance of IMCJ2.S1 to aztreonam, gentamicin, tetracycline, tri-
methoprim, and silver sulfadiazine appears to be related to
another, unidentified resistance factor(s).

In conclusion, we describe here a novel aminoglycoside 6'-
N-acetyltransferase gene contained on a class 1 integronin a P.
aeruginosa strain that caused a nosocomial outbreak of urinary
tract infections. In113 may spread across Japan, because B-lac-
tams, including carbapenems and aminoglycosides, are fre-
quently used as therapeutic agents against P. aeruginosa and
methicillin-resistant Staphylococcus aureus (20, 23). Surveil-
lance for multidrug-resistant P. aeruginosa containing In113 is
under way at several medical care facilities in the Sendai area
of Japan.
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A novel gene, dfrG, encoding a trimethoprim (TMP)-resistant dihydrofolate reductase (DHFR, designated
S3DHFR) was cloned from a clinical isolate of methicillin-resistant Staphylococcus aureus. Escherichia coli
expressing dfrG was highly resistant to TMP. Recombinant S3DHFR exhibited DHFR activity that was not

inhibited by TMP.

Trimethoprim (TMP) is a potent inhibitor of bacterial dihy-
drofolate reductase (DHFR) and is effective in vitro against
methicillin-resistant Staphylococcus aureus (MRSA). In com-
bination with sulfamethoxazole, TMP has been used success-
fully to treat patients infected with MRSA and is effective at
eradicating carriage (10, 16). Resistance of S. aureus to TMP
was first reported in the 1980s (12) and was found to be due to
plasmid-mediated production of an additional DHFR that was
less sensitive to TMP than intrinsic DFHR (S. aureus DHFR
[SaDHFRY]) encoded by the dfrB gene on the chromosome (1,
12). Plasmid-mediated production of an additional TMP-resis-
tant DHFR is one of the most common mechanisms of resis-
tance to TMP in bacterial organisms. At least 14 different types
of TMP-resistant DHFRs in gram-negative bacteria have been
reported (10); however, only a limited number of TMP-resis-
tant DHFRs in gram-positive bacteria have been reported
(10).

A total of 43 clinical isolates of MRSA from Chiang Mai,
Thailand, and 244 clinical isolates of MRSA from Tokyo, Ja-
pan, were analyzed in this study. All isolates were positive for
dfrB by PCR and also positive for femB encoding coagulase
and for mecA associated with methicillin resistance. All isolates
from Chiang Mai, Thailand, were resistant to TMP, whereas all
those from Tokyo, Japan, except one, S. aureus IMCJ934, were
sensitive to TMP (Table 1). Crude extracts prepared from a
TMP-resistant isolate from Chiang Mai, S. aureus CM.S2
(IMCJ1454), showed DHFR activity, and K, values of the
extract for DHF and NADPH were similar to those of crude
extracts from TMP-sensitive strain ATCC 25923 (Table 2);
however, the 50% inhibitory concentration (ICsq) of TMP for

* Corresponding author. Mailing address: Department of Infectious
Diseases, Research Institute, International Medical Center of Japan,
1-21-1 Toyama, Shinjuku, Tokyo 162-8655, Japan. Phone: (81) 3 3202
7181, ext. 2838, Fax: (81) 3 3202 7364. E~mail: tkirikae@ri.imcj.go.jp.
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the crude extract of strain CM.S2 was more than 15,000-fold
greater than that of ATCC 25923.

HindIlI-digested fragments of the S. aureus CM.S2 genome
were cloned, transformed into Escherichia coli DH5a cells, and
selected on agar medium containing TMP (8 pg/ml). The re-
sultant plasmid, named pSA1, had a 3.5-kb insert containing a
complete open reading frame (ORF) surrounded by truncated
ORFs (data not shown). The complete ORF consisted of 498
bp encoding a putative protein of 165 amino acids with simi-
larities to TMP-resistant DHFR from Staphylococcus haerno-
yticus (79% identity) (7), Bacillus anthracis (67% identity) (2),
and Bacillus cereus (65% identity) (15) (Fig. 1). The deduced

TABLE 1. MICs of trimethoprim in S. awreus and E. coli strains

MIC of
Strain TMP Characteristic(s) or genotype
(ng/ml)

S. aureus CM.S2 (IMCJ1454)  >512  Clinical isolate from Chiang Mai,
Thailand, in 2003

S. aureus IMCJ934 >512  Clinical isolate from Tokyo, Japan,

: in 2001

S. aureus ATCC 29213 4  Quality control strain for antimicro-
bial susceptibility testing

E. coli DH5a(pSAI) >512  Transformant harboring a 3.5-kb
BamHI fragment with dfrG li-
gated to pHSG398

E. coli DH50(pHSG398) <2  Transformant harboring pHSG398

E. coli DH5a(pT7dfrG) >512  Transformant harboring PCR-ampli-
fied dfrG ligated to pCRT7/NT

E. coli DH5a(pT7dfrB) 128  Transformant harboring PCR-ampli-
fied intrinsic dfrB ligated to
pCRT7/NT

E. coli DH5a(pCRT7/NT) <2  Transformant harboring pCRT7/NT

E. coli DH5a <2 supE44 hsdR17 recAl gyrA96 endAl

thi-1 relAl
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TABLE 2. Enzyme kinetic and inhibitory properties of staphylococcal DHFRs
K (M
DHFR Origin M) ICsq of TMP
DHF NADPH (M)
Crude enzyme S. aureus CM.S2 (IMCJ1454) 5.83 £2.09 1517+ 1.73 214
S. aureus ATCC 25923 316 =199 1478 + 2.73 0.013
TMP-resistant DHFRs
S3DHFR S. aureus CM.S2 (IMCJ1454) 2.68 *+ 1.09 238+ 197 254
S2DHFR* S. haemolyticus MUR313 5.1 1.7 127
S1DHFR? S. aureus 6.6 124 9.8
TMP-sensitive DHFRs
SaDHFRcm 52 S. aureus CM.S52 (IMCJ1454) 3.01 = 1.40 2.97 = 0.57 0.014
SaDHFR* S. aureus ATCC 25923 0.012

% Data from references 6, 7, and 8.

protein is somewhat less similar to the intrinsic TMP-sensitive
DHEFRs from S. aureus (SaDHEFR) (8), S. epidermidis (SeDHFR)
(6), and E. coli K-12 (17), with 41%, 40%, and 40% similarity,
respectively (Fig. 1). This complete ORF was named dfrG, and
the deduced protein was designated S3DHFR. Amino acid
sequence alignment of DHFRs suggests that residues involved
in the binding of TMP and NADPH in other DHFRs are
conserved in S3DHFR (Fig. 1). An ORF downstream of dfrG,

S3DHFR
S2DHFR

B. anthracis.

B. cereus10987
B. cereus14579
B. subtilis

E. faecalis

E. faecium

S. pneumoniae
S I%HFR
E.coli K-12

S3DHFR
S2DHFR

B. anthracis.

B. cereus10987
B. cereus14579

designated orfUI, was located in the opposite direction of dfrG
and consists of 1,950 bp encoding 650 amino acids, although
the deduced amino acid sequence did not show any significant
homology to sequences of other previously reported proteins.
An ORF upstream of dfrG consisted of 582 nucleotides and
was identical to the 3'-flanking region of the SAV0404 gene
encoding a hypothetical protein (11). dfrG and orfUl were
flanked by a 28-bp inverted repeat and a 7-bp direct repeat,

B. subtilis

E. faecalis

E. faecium

g‘llf)n}e[lli"lgoniae O'FLYE AMIDOWD OLDE D
SeDHFR OTLs EAMIDQ‘\{‘D EVESSVE @OLDEIGNTI P
SaDHFR ----VigigeeOTLFE EMID&DD EVASSVE EKLDE ip
E.coli K-12 D- VP MV LEEGRVEIE QFLEKAQ DYEP DDJES§BSEF HDADAQNSHS
S3DHFR PEEIEEsNN LLS---- (Accession number AB2056

S2DHFR Pl [P IR - --~~-~ Accession number Z50141

B. anthracis PAYYISAEIKO0 - - - - - -~ Accession number AEQ170

B. cereus}0987 BOYY|SAMIKR) - ----~- Accession number AEQ172

B. cereus14579 Y YMHV Y EIC0[e) Accession number AE0170

B. subtilis Accession number L77246

E. faecalis Accession number AEQ169

E. faecium Accession number 741860

S. pneumoniae Accession number 274778

SI%HFR Accession number X13290

SeDHFR Accession number Z48233

SaDHFR Accession number 216422

E.coli K-12 Accession number P00379

FIG. 1. Multiple-sequence alignment of the amino acid sequence of S3DHFR from S. aureus CM.S2 (IMCJ1454) isolate with those of DHFRs
from other bacteria. The amino acid sequence of S3SDHFR was compared with that of type S1 from S. aureus, S2 from §. haemolyticus MUR313,
and the chromosomal DHFRs from B. anthracis Ames, B. cereus ATCC 10987, B. cereus ATCC 14579, Bacillus subtilis Marburg, E. faecalis V583,
a methotrexate-resistant mutant of E. faecium strain A, Streptococcus pneumoniae ATCC 49619, Staphylococcus epidermidis ATCC 14900
(SeDHFR), S. aureus ATCC 25923 (SaDHFR), and E. coli K-12. Sequence comparison was performed by aligning the proteins with the Clusta]W
program (http://www.ddbj.nig.ac.jp/E-mail/clustalw-e.html). Amino acid positions involved in the binding of trimethoprim (T) and NADPH
cofactor (N) are according to studies of the E. coli K-12 enzyme (3, 9, 13, 14). Identical residues are indicated by white letters on black background.

Gaps introduced to maximize alignment are indicated by dashes.
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Type X DHFR
Type IVDHFR
e E1DHFR
Type XlI DHFR
Type 01 DHFR
S enterica 7T Tlc DHFR
E coli K-12 %7 <o Type VDHFR
E. aerogenes 3m sz TypeIb DHFR
V. vdnificus 346 1000, - Type | DHFR
290
H il 609 o Type VIl DHFR
B. cereus 14579 400 469
B. anthracis J577 4 TFype VIDHFR
595 749
B. cereus 10987
525
o4 Type X DHFR
989
S3DHFR B subtilis 450
SaDHFR
SeDHFR ~ SIDHFR
S2DHFR
S preurnoniae
0.1

FIG. 2. Dendrogram of S3DHFR and DHFR from a variety of organisms. The dendrogram was created by the ClustalW program. Branch
lengths correspond to the number of amino acid exchanges of the DHFR proteins (accession number and species given in parentheses) of types
1 (X00926, from E. coli), b (140985, from E. coli), IV (A60935, from E. coli), V (X12868, from enterobacterial plasmid pLMO150), VI (Z86002,
from Proteus mirabilis), VII (X58425, from E. coli), VIII (U10186, from E. coli), IX (A49788, from E. coli), X (AY123253, from Klebsiella
pneumoniae), XII (141043, from E. coli), E1 (AF028812, from E. faecalis), S1 (X13290, from S. aureus), and S2 (Z50141, from S. haemolyticus
MUR313) and the chromosomal DHFRs of B. anthracis Ames (AE017031), B. cereus ATCC 14579 (AE017005), B. cereus ATCC 10087
(AE017271), B. subtilis Marburg (L77246), Enterobacter aerogenes (M26022), E. coli X-12 (P00379), E. faecalis V583 (AE016951), E. faecium
mutant strain A (741860A), Haemophilus influenzae R1047 (X84205), Salmonella enterica serovar Paratyphi ATCC 9150 (CP000026), S. aureus
ATCC 25923 (SaDHFR; Z16422), S. epidermidis ATCC 14900 (SeDHFR; Z48233), Streptococcus pneumoniae ATCC 49619 (Z74778), and Vibrio

vulnificus YJ016 (BA000037).

indicating that the region is in an insertion sequence (IS). The
DNA sequence, ranging from 275 bp upstream of dfrG to the
363 bp of the 5'-terminal region of dfrG, was identical to that
previously reported for plasmid pMG1 in Enterococcus faecium
(18). The dfrG gene may have been acquired from E. faecium
via IS-mediated recombination. The ancestral origin of S3DHFR,
however, remains unknown; S3SDHFR showed little similarity
to and considerable phylogenetic distance from intrinsic
DHEFR of E. faecium (Fig. 2).

The MICs of TMP in E. coli transformants harboring pSA1
or pT7dfrG carrying dfrG were significantly increased than
those in control strains (Table 1), indicating that dfrG is re-
sponsible for TMP resistance. An E. coli transformant harbor-
ing pT7dfrB carrying dfrB also showed increased MIC, but it
was not as high as those of E. coli strains expressing dfrG. dfiB
is believed to encode a TMP-sensitive DHFR of S. aureus
because it was found in all . aureus strains, regardless of TMP
susceptibility. Similar results were reported for dfrE encoding

Enterococcus faecalis DHFR (4). The increased MIC for TMP
in E. coli carrying dfrB may be explained by the multicopy
effects of high expression of the housekeeping protein DHFR.

For functional analysis of S3DHFR and DHFR from S.
aureus CM.S2 (SaDHFR,,s,), overexpression and purifica-
tion of these recombinant DHFRs were achieved. Overexpres-
sion of S3DHFR or SaDHFR(,, 5, Was accomplished by inte-
gration of the respective coding regions downstream of the
His-tagged coding region of the pCR/T7NT expression vector
and transformation into the E. coli strain BL21-Al. Recombi-
nant protein in soluble extracts was purified by affinity chro-
matography to determine enzymatic activities. The K, values
of recombinant S3DHFR for DHF and NADPH were 2.68 =
1.09 M and 2.38 + 1.97 uM, respectively (Table 2). The K,,,
values of DHF and NADPH for S3DHFR did not differ from
those of SaDHFR, g, but the ICs, values of TMP for these
DHFRs differed significantly. The IC,, of TMP for S3DHFR
was more than 8,000-fold greater than I1Cs, values for TMP-
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sensitive SaDHFR and SaDHFR(,,s,, indicating that
S3DHFR and SaDHFR -\, 5, are indeed DHFRs but that only
S3DHFR plays a critical role in TMP resistance. The K, values
of crude extracts for NADPH were sixfold greater than those
of recombinant S3DHFR (Table 2). Crude extracts may con-
tain other factor(s) that bind to NADPH.

Detection of dfrG was performed by PCR on isolates from
Chiang Mai, Thailand, and Tokyo, Japan. All Chiang Mai
isolates were resistant to TMP and contained dfrG, whereas all
Tokyo isolates but one were sensitive to TMP and did not
contain dfrG (data not shown). The single Tokyo isolate
IMCJ934 was resistant to TMP and contained dfrG (Table 1).

Pulsed-field gel electrophoresis (PFGE) analysis revealed 13
patterns of Smal digestion in the 43 MRSA isolates from
Chiang Mai, Thailand (data not shown). Cluster analysis
showed that 12 of the 13 PFGE patterns formed a cluster
(>75% similarity). The PFGE pattern of S. aureus CM.S2
genomic DNA was identical to that of 18 MRSA isolates.
These results suggest that clonal expansion of MRSA carrying
dfrG occurred at the hospital in Chiang Mai. The TMP-resis-
tant isolate from Tokyo, Japan, IMCJ934, showed the same
PFGE pattern as that of one of the Chiang Mai isolates, S.
aureus CM.S2 (data not shown).

dfrG was detected by Southern blotting on fragments of
Smal-digested genomic DNA, but it was not detected on plas-
mids (data not shown). Conjugal transfer of TMP resistance
from S. awreus CM.S2 to recipient strains S. aureus
IMCI565RFP* or IMCJ644RFPT was unsuccessful, suggesting
that dfrG is located on the chromosome and not on a plasmid
of these clinical isolates. It remains to be determined whether
dfrG can be transferred by phages or mobile elements.

A single amino acid substitution (Phe to Tyr) at codon 98 of
SaDHFR was reported to be associated with TMP resistance in
S. aureus (5). Therefore, approximately 390 bp of internal
DNA sequence of dfrB encoding SaDHFR was determined.
When S. aureus ATCC 29213 was used as a control (5), all
isolates from Chiang Mai, Thailand, exhibited three silent mu-
tations: CAT to CAC in codon 77 and TTT to TTC in codons
91 and 118. All isolates from Tokyo, Japan, contained four
silent mutations: AAA to AAG in codon 30, CAT to CAC in
codon 77, and TTT to TTC in codons 91 and 118. These results
indicate that these mutational changes are not associated with
TMP resistance in the isolates from Chiang Mai or Tokyo.
Other possible mechanisms of TMP resistance, such as over-
expression of intrinsic DHFR, efflux, or impermeability, may
be involved.

The CM.S2 strain was the dominant clone from Chiang Mai,
Thailand. MRSA surveillance is being carried out in the hos-
pital from which these isolates were obtained. 5. aureus CM.S2
is resistant to clindamycin, erythromycin, gentamicin, and tet-
racycline and is less sensitive to arbekacin. Fosfomycin, lin-
ezolid, and vancomycin are effective in vitro; quinupristin-dal-
fopristin and daptomycin were not available for testing.
Results of this surveillance will be reported in the future.

Our data strongly suggest that the TMP resistance-associ-
ated gene dfrG is prevalent in Thailand, and an isolate harbor-
ing this gene was found in Japan. This gene may spread world-
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wide, and measures against this, such as gene monitoring and
adequate use of TMP, should be established.

This study was supported by Health Sciences research grants from
the Ministry of Health, Labor and Welfare (H15-SHINKO-11).
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Sputum Cathelicidin, Urokinase
Plasminogen Activation System

Components, and Cytokines

Discriminate Cystic Fibrosis, COPD,

and Asthma Inflammation*

Wei Xiao, MD; Yao-Pi Hsu, MS; Akitoshi Ishizaka, MD;

Teruo Kirikae, MD, PhD; and Richard B. Moss, MD

Background: Interest in airways inflammatory disease has increasingly focused on innate
immunity. We investigated several components of innate immunity in induced sputum of patients
with cystic fibrosis (CF), COPD, and asthma, and healthy control subjects.

Methods: Twenty eight patients with mild CF lung disease (age = 12 years; FEV,, 74 % 3%
predicted [mean * SE]), 74 adults with COPD (FEV,, 55 = 2% of predicted), 34 adults with
persistent asthma (FEV,, 66 = 2% of predicted), and 44 adult control subjects (FEV,, 85 = 1% of
predicted) were studied while in stable clinical condition. Levels of sputum interleukin (IL)-8,
IL-10, interferon (IFN)-y, tumor necrosis factor (TNF)-o, human cationic antimicrobial protein
18 (CAP18), urokinase-type plasminogen activator (uPA), uPA receptor (uPAR), and plasminogen
activator inhibitor (PAI)-1 were determined. Cell sources were investigated by flow cytometry
and immunochistochemistry. Spirometry was performed prior to sputum induction.

Results: CF patient sputum showed greatest increase in IL-8 compared to that of patients with
COPD and asthma (which were also greater than control subjects), and elevated levels of TNF-«
and IL-10 compared to other groups. There were no differences in IFN-y. CAP18 levels were
elevated in CF and COPD patients compared to control subjects, while asthma patients had
reduced CAP18 levels, uPA levels were similar but uPAR was elevated in CF and COPD patients
more so than in asthma patients, while PAI-1 levels were elevated in all three disease groups.
CAP18 localized to neutrophil secondary granules; neutrophils were also sources of IL-8 and
PAI-1. CAP18 and PAI-I negatively correlated with pulmonary function.

Conclusion: Induced-sputum innate immune factor levels discriminate inflammatory changes in
CF, COPD, and asthma, suggesting potential roles in pathophysiology and as well as providing
disease-specific biomarker patterns. (CHEST 2005; 128:2316-2326)

Key words: cathelicidin; cystic fibrosis; cytokine; innate immunity; urokinase plasminogen activator system
Abbreviations: BSA = bovine serum antigen; CAP18 = human cationic antimicrobial protein 18; CF = cystic fibrosis;

ELISA = enzyme-linked immunosorbent assay; FITC = fluorescein isothiocyanate; IFN = interferon; IL = interleukin;
PAI = plasminogen activator inhibitor; PBS = phosphate-buffered saline solution; PE = phycoerythrin; TNF = tumor

necrosis factor; uPA = urokinase-type plasminogen activator; uPAR = uPA receptor

The pathogenesis of cystic fibrosis (CF) lung
disease is characterized by compromised local
innate immunity, which permits microbial coloniza-
tion and chronic infection.! Current thinking empha-
sizes the primary role of volume depletion of airway
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surface liquid and resulting compromise of mucocili-
ary clearance.2 Additional innate defense mecha-
nisms may also be involved, as a primary proinflam-
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matory bias of the CF epithelia has been posited,>-*
and activity of endogenous antimicrobial peptides
produced by airway epithelia and glands may be
altered in CF.5-6 While some epithelial antimicrobi-
als have received much attention in CF, in particular
the B-defensins, others have not.”-8 In particular, the
role of the only human cathelicidin, the 18-kd, 140
amino acid cationic antimicrobial protein (human
cationic antimicrobial protein 18 [CAP18]), has not
been investigated in sputum from patients with CF.
It is produced by respiratory epithelia as well as
stored in secondary (specific) granules of polymor-
phonuclear leukocytes, and in a model system re-
stores deficient antimicrobial activity in the CF
airway milieu.9-10 Proteolytic cleavage of CAP18 by
proteinase 3 yields a potent antimicrobial peptide

(carboxy terminal 37 amino acid fragment of.

CAP18).11 Via its action on the formyl peptide
receptor-like 1 expressed on several cell types, car-
boxy terminal 37 amino acid fragment of CAP18 is
also an important regulator of macrophage function;
has potent chemotactic activity for neutrophils,
monocytes, and T cells; and possesses angiogenesis
activity.}>14 Abnormalities in CAP18 could there-
fore profoundly affect the pathophysiology of CF by
its ability to link innate to adaptive immunity and its
neovascularizing effect.

Another innate defense pathway recently found
active in the airway is the plasminogen activator
system constituted by its local serine protease acti-
vator urokinase-type plasminogen activator (uPA),
the uPA-specific cell surface receptor (uPA receptor
[uPAR]) [CD87], and an arginine-specific serine
protease inhibitor (serpin), plasminogen activator
inhibitor (PAI)-1.15-16 yPA binding to uPAR results
in enhanced activation of cell-bound plasminogen
with subsequent effects on cell adhesion, chemotac-
tic migration, and tissue remodeling.16-20 The uPA
system is involved in a number of pathologic states,
including inflammation after tissue injury as key
participants in the enzymatic modification of the
extracellular matrix, resulting in cell recruitment,
migration, adhesion, and mitogenesis.>1% In addi-
tion to proteolytic activity, plasmin activates metal-
loproteinases that degrade extracellular matrix.?® To
maintain normal lung function and integrity in the
host response, tight control of the proteolytic en-
zymes and their inhibitors is needed to maintain
proper function of neutrophils, macrophages, and
mesenchymal cells. The uPA system is one of the
components that act on neutrophils and macro-
phages to facilitate the interaction between cells and
matrix.2!-22 A critical innate defense role for the
uPA/uPAR/PAI-1 system has recently been de-
scribed in murine models of acute pulmonary infec-
tion as well as in the pathogenesis of interstitial lung

www.chestjournal.org

diseases.23-26 The role of this system in human
chronic airway inflammatory lung diseases is just
emerging.26-27

CF, COPD, and asthma are chronic airway dis-
eases with different causes that share some features
in' pathologic changes and clinical syndrome. In
these diseases, there is chronic mucosal and airway
inflammation with distinct pathophysiologic features
in each but a common increase in the infiltration of
neutrophils and a variety of inflammatory mediators
including interleukin (IL)-8. The pathologic pro-
cesses in these diseases all seem to involve progres-
sive inflammatory responses with elements of tissue
remodeling, airway obstruction, and reduction in
expiratory flow rates. In the present study, we deter-
mined and compared the levels and sources of
uPA/uPAR/PAI-1, CAP18, and several cytokines
(IL-8, tumor necrosis factor [TNF]-o, interferon
[IFN}-y, and IL-10) in induced sputum of CF,
COPD, and asthma patients, and healthy control
subjects to see if differing local inflammatory pat-
terns can be discerned noninvasively and related to
airflow obstruction as measured by expiratory flow
rates.

MATERIALS AND METHODS

Subjects

We recruited 28 patients with CF (age, 12 to 50 years) followed
up at the CF Center clinic at Stanford University Medical
Center. CF diagnoses in all patients were made by positive (> 60
mEq/L) pilocarpine iontophoresis sweat test results, with ho-
mozygous or compound heterozygous for AF508 CF transmem-
brane conductance regulator mutations. All patients had chronic
infection with Pseudomonas aeruginosa by serial sputum culture
and were in stable clinical condition {no pulmonary exacerbation
within previous month). CF patients were also excluded for FEV,
values < 40% predicted, oxyhemoglobin saturation <.92% on
room air, pneumothorax, hemoptysis, or history of Burkholderia
cepacia in sputum. None were receiving regular inhaled or
systemic corticosteroids. Seventy-four patients (age 38 to 79
years) with previously diagnosed COPD were recruited from the
Respiratory Clinic of the Hospital of Shandong Medical Univer-
sity, Peoples Republic of China. All were in stable condition and
not receiving antibiotics for at least 2 weeks prior to testing.
Thirty-four patients with asthma (age, 14 to 75 years) followed up
in Shandong were also studied. Finally 44 healthy nonsmoking
subjects without reported respiratory symptoms (age, 20 to 60
years; 20 patients at Stanford and 24 patients at Shandong) were
also studied. All participants gave written informed consent with
protocols approved by the Institutional Review Boards at Stan-
ford and Shandong.

Pulmonary Function
Pulmonary function tests were performed accarding to Amer-

ican Thoracic Society guidelines for performance and acceptance
prior to sputum induction.
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Sputum Induction and Processing

Sputum was collected from each patient as previously de-
scribed using 3% hypertonic saline solution (at Stanford) or 3.5%
hypertonic saline solution {at Shandong) via an ultrasonic nebu-
lizer with 2-min collections of sputum, which were pooled for
analysis.26-29 All subjects underwent sputum induction regardless
of history of ability to expectorate. Subjects were encouraged to
cough, and sputum was collected into polypropylene cups. The
induced-sputum samples were weighed, and an equal volume of
Sputolysin (Calbiochem-Novabiochem; San Diego CA) diluted
10% in normal saline solution was added. Samples were vortexed
3 seconds and incubated for 5 min at 37°C in a water bath with
vigorous shaldng (160 rotations per minute). Samples were
further mixed by aspirating up and down 20 times in a transfer
pipette. Five-minute incubations were then repeated two more
times. Finally, the samples were centrifuged at 2,000 revolutions
per minute (800g) for 5 min at 4°C, and the sol phase was used
for analysis.

Soluble Mediators of Innate Immunity

Human TL-8, IL-10, IFN-vy, TNF-qa, CAP18, uPA, uPAR, and
PAI-1 levels in the supernatant sol phase of sputum were
determined by enzyme-linked immunosorbent assay (ELISA)
using a standardized format. Wells of microtiter plates (pelypro-
pylene 96-well culture clusters, Catalog No. 3598; Costar; Pleas-
anton CA) were coated with 50 wL per well capture antibody (see
below for specific reagents) diluted in phosphate-buffered saline
solution (PBS) [P-4417; Sigma Chemical; St. Louis, MO], incu-
bated overnight at 4°C, and washed three times with wash buffer
(PBS 0.01%, Thimersol; Sigma Chemicals; 0.05% Tween 20
[polyoxyethylene sorbitan mono-cleate]; Sigma Chemical).
Blocking solution (1% bovine serum albumin [BSA], A-2153;
Sigma Chemical; 5% sucrose PBS) 200 1L per well was added,
incubated at room temperature for 1 h, and the wells were
washed three times with washing buffer. Samples and standards
diluted in diluting solution (0.1% BSA-0.05% Tween 20-Tris-
buffered saline solution) were then added (50 pL per well),
incubated overnight at 4°C, and washed three times with washing
buffer. Biotinylated detection antibody (see below for specific
reagents) in dilution buffer was then added (50 pL per well) and
incubated 2 h at room temperate with gentle mixing. Plates were
then washed four times with washing buffer. Avidin-peroxidase-
conjugated secondary antibody (see below for specific reagent)
diluted in dilution buffer was then added (50 L per well), and
incubated 1 h at room temperature with gentle mixing. Plates
were then washed four times with washing buffer. Developing
solution (75 L per well o-phenylenediamine [P-6912; Sigma
Chemical] in citrate-phosphate buffer pH 6.0 with 4 pL 30%
H,0, [H-1009; Sigma Chemicall) per 10-mL buffer was added,
the reaction stopped with 25 WL per well 2 N H,SO,, and the
well color was read at an optical density of 492 with an automated
microplate reader (Molecular Devices; Mountain View, CA).

Specific Reagents for the ELISA

IL-10: For IL-10, the capture antibody was from Pharmingen
(Catalog No. 18551D; BD Pharmingen; San Diego, CA), the
primary antibody was purified rat anti-human IL-10 diluted to 4
pg/mL, the detection antibody was biotinylated rat anti-human
IL-10 (Catalog No. 18562D; BD Pharmingen) diluted to 4
pg/mL, the detector was horseradish peroxidase-streptavidin
(Catalog No. 43-4323; Zymed Laboratories; San Francisco, CA)
diluted 1:1000, and the standard was recombinant human IL-10
{Catalog No. 19701N; BD Pharmingen) diluted to 10,000, 5,000,
2,500, 1,250, 625, 312.5, 156, 78, and 39 pg/mL.
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IFN-v: For IFN-y, the capture antibody was purified mouse
anti-human INF-y (N1B4, Catalog No. 18891D; BD Pharmin-
gen) diluted to 2 pg/mL, the detection antibody was biotinylated
mouse anti-human IFN-y (45B3, Catalog No. 189802D; BD
Pharmingen) diluted to 2 pg/mL, and the standard was recom-
binant human IFN-y (Catalog No. 19751N; BD Pharmingen),
diluted to 10,000, 5,000, 2,500, 1,250, 625, 312.5, 156, 78, and 39
pg/mL. .

IL-8: For IL-8, the capture antibody was purified monoclonal
antibody to human IL-8 (Catalog No. MAB208; R&D Systems;
Minneapolis, MN) diluted to 4 pwg/mL, the detection antibody
was biotinylated goat anti-human IL-8 (Catalog No. BAF208;
R&D Systems) diluted to 200 ng/mL, and the standard was
recombinant human IL-8 (Catalog No. 208-IL; R&D Systems)
diluted to 5,000, 2,500, 1,250, 625, 312.5, 156, and 78 pg/mL.

TNF-0: For TNF-a, the capture antibody was mouse anti-
human TNF-a (Part 840119; R&D Systems) diluted to 4 wg/mL,
the detection antibody was biotinylated goat anti-human TNF-a
(Part 840120; R&D Systems) diluted to 300 ng/mL, the detector
was horseradish peroxidase-streptavidin (Part 89080; R&D Sys-
tems) diluted to 1:200, and the standard was recombinant human
TNF-o (Part 840121; R&D Systems) diluted to 2,000, 1,000, 500,
950, 125, 62.5, 31.95, and 16 pg/mL.

uPA, PAI-1, and uPAR: For uPA, PAI-1, and uPAR, ELISA
kits (Imubind; American Diagnostics; Greenwich, CT) were used
according to the instructions of the manufacturer (Catalog Nos.
894, 821, and 893, respectively).

CAP18: For CAP18, the capture antibody was rabbit polyclonal
antibody to human lipopolysaccharide-binding domain of CAP18
diluted to 1:200; the detection antibody was a mouse IgGl
monoclonal antibody to CAP18 diluted to 1:1000; the detector
was horseradish peroxidase-conjugated goat anti-mouse IgG
(Catalog No. 115-367-5296; Jackson Immuno Research Lab Inc.;
West Grove, PA) diluted 1:2500; and the standard was a synthetic
27 amino acid peptide fragment of CAP18 (amino acids 109-135)
diluted to 5,000, 2,500, 1,250, 625, 312.5, 156, 78, 39, and 20
ng/mL. The capture antibody, detection antibody and standard
were obtained from Dr. Yoshikazu Naiki and Teruo Kirikae,
Japan. In a pilot study, the same CAP18 ELISA was used to
measure CAP18 levels in serum, BAL fluid, and expectorated
sputum of patients with CF (see “Results”).

Immunhistochemisiry of Induced-Sputum Cells

Adherence of Sputum Cells to Glass Slides: After removal of
the supernatant of centrifuged sputum samples, cell pellets were
each suspended in 20 mL of PBS (P-4417; Sigma Chemical) and
centrifuged at 1,200 revolutions per min for 10 min. After
removal of the supernatant, the cell pellet was resuspended in 1%
BSA (A-2153; Sigma Chemical)-PBS. Dead cells were excluded
by Trypan Blue (T-9520; Sigma Chemical) cell count. Cells were
diluted to approximately 2.5 X 10% in 1% BSA-PBS. Following
cytocentrifuge (700 revolutions per minute for 5 min) 100 pL of
cell suspension per slide were air dried and freezer stored at
- 20°C.

Staining: Frozen slides were thawed at room temperature.
Cells were fixed by incubating slides in 4% formaldehyde (Cat-
alog No. 16220; Electron Microscopy Sciences; Fort Washington
PA)-PBS for 15 min at room temperature to fix cells. After three
washes in PBS, slides were incubated in 1% H,0, (H-1009;
Sigma Chemical)-PBS 10 min at room temperature, washed
three times in PBS, and stained. Slides were permeabilized by
incubation with 0.5% saponin (5-2149; Sigma Chemical)-PBS for
10 min at room temperature. Slides were then washed thrice with
PBS-0.05% Tween 20--0.01% Thimerosal (T-5125; Sigma). Once
the cells were permeabilized, the same buffer was used after this
step. According to the protocol of the Vectastain Elite ABC kit
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