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Introduction

Vancomycin resistant enterococci (VRE) that are resistant to
high level of vancomycin and teicoplanin cause serious
illness resulting in limited therapeutic options in hospita-
lized patients. The VanA phenotype of VRE, which is the
most common one found in humans as well as animals, is
mediated by Tn1546-like elements. In Korea, avoparcin was
used as a growth promoter in poultry and pig production
from 1983 to 1997 as in Europe, and glycopeptide antibio-
tics, such as vancomycin and teicoplanin, were also widely
used in human medicine, as in the United States (Kirst et al.,
1998; Shin et al,, 2003). Since VRE were first detected in
human patients in 1992, the percentage of VRE increased
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Abstract

Vancomycin resistant enterococci (VRE) isolates from humans (23 isolates) and
poultry (20 isolates) were characterized by antibiotic susceptibility, vancomycin
resistance transferability, pulsed-field gel electrophoresis (PFGE), and structural
analysis of Tn1546-like clements. VRE isolates from humans and poultry showed
different resistance patterns, transferability, and transfer rate. In addition to these
phenotypic differences between humans and poultry VRE, PFGE and the structure
of Tnl1546-like elements were also distinct. Most poultry isolates (16/20) were
identical to the prototype vanA transposon, Tn1546, while most human isolates
(21/23) had multiple integrations of insertion sequence. The transmission of VRE
and vancomycin resistance determinant between humans and poultry could not be
demonstrated in this study.

from 4% in 1997 to 16% in 2002 according to the Korean
Nationwide Surveillance of Antimicrobial Resistance Study
(Lee et al., 2004). However, there was only limited informa-
tion on the correlation between VRE isolated from humans
and animals in Korea (Yu et al,, 2003; Seo et al., 2004),

In this study, the phenotypic characteristics of VRE from
humans and animals were defined by minimum inhibitory
concentrations (MICs) against various antibiotics and van-
comyin resistance transferability by filter matings. In addi-
tion, whole genomic DNA and Tn1546-like elements of VRE
were also analyzed by pulsed-field gel electrophoresis
(PFGE), overlapping PCR, and sequencing analysis to
determine the genetic correlation of VRE from humans and
animals.
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Materials and methods

Bacterial strains

A total of 43 vanA positive VRE, composed of 23 human and
20 poultry isolates from 1997 to 2000 in Korea, were
investigated as shown in Table 1. CCARM strains from
poultry were isolated from poultry farms in Gyeong-g1,
2000 and SN strains from poultry farms in Gyeong-gi,
1999. A] strains from human were isolated from Ajou
University Hospital in Gyeong-gi, 2000, KS strains from
different university hospitals in Seoul and Gyeong-gi from
1997 to 1999, and CCARM strains from different university
hospitals in Seoul and Gyeong-gi, 1999. All poultry strains
were isolated from feces whereas all human isolates were
from hospitalized patients. The vanA gene was confirmed by
PCR according to the previous study (Dutka-Malen et al.,
1995).

DNA preparation and PCR amplification

The chromosomal DNA of the isolate was extracted by the
guanidinium thiocyanated method. Amplification of DNA
was performed in a Mastercycler gradient (Eppendorf,
Hamburg, Germany) using a Taq polymerase (Takara,
Tokyo, Japan). The positions and sequences of PCR primers
used in this study are described in Table 2. Previously
characterized  vanA-containing faecium
BM4147 was served as a reference strain (Arthur er al.,
1993).

Enterococcus

Antibiotic susceptibility test

The MICs of the antibiotics were determined by the agar
dilution method according to the criteria of the National
Committee for Clinical Laboratory Standards (NCCLS, now
renamed the Clinical and Laboratory Standards Institute,
CLSI, 2000). The tested drugs were as follows: vancomycin,
teicoplanin, ampicillin, chloramphenicol, ciprofloxacin, er-
ythromycin, penicillin, and tetracycline. High-level resis-
tance to gentamicin was determined on the Mueller-Hinton
agar (Becton Dickinson & Co., Sparks, MD) supplemented
with gentamicin (500 pgmL™"). Enterococcus faecalis ATCC
29212 was used as a quality control for antibiotic suscept
ibility,

Mating procedures

Filter matings were performed with a donor/recipient ratio
of 1:4 as described previously (Tomita et al, 2002).
Enterococcus faecium BM4105RF, which is resistant to
rifampin and fusidic acid, was used as a recipient strain in
the conjugation experiments ( Carlier & Courvalin, 1990). At
the second conjugation from transconjugants, E. faecium
BM410558, which is resistant to spectinomycin and strepto-
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mycin, was used as a recipient strain. All of the vanA isolates
were susceptible to rifampin and fusidic acid, and all of the
vanA transconjugants with E faecium BM4105RF were
additionally susceptible to spectinomycin and streptomycin.

Statistical analysis

Statistical analysis was performed by the Analyse-it program
(Analyse-it Software, Lid,, Leeds, UK). »*-statistic and the
one-tailed P-value by the two-tailed probability by the
Fisher's Exact test were applied to analyze significant differ-
ences between the abserved antibiotic susceptibility percen-
tages of VRE isolates from different origins. The transfer
rates of human and poultry VRE isolates were compared
using an F-test

PFGE of genomic DNA

Whole cell DNA in agarose plugs was digested with 20 U of
Smal (Roche Molecular Biochemicals, Mannheim, Ger-
many) for 24h. The gels were clectrophoresed with a
clamped homogeneous electric field (CHEF-DR-11I, Bio-
Rad, Richmond, CA). The total run time, switch time, and
the voltage for the run were 20h, 1.0-21.05, and 6 V.am™',
respectively. The band patterns were analyzed using Quan-
tity One ver. 4.6.0, (Bio-Rad),

DNA sequence analysis

PCR amplicons larger than those of the prototype vanA gene
cluster of all isolates were sequenced (Bionics Co. Ltd, Seoul,
Korea). The complete nucleotide sequence of 1S1216V-153-
like variant can be found in GenBank under accession no.
AY916786.

Results and discussion

Antibiotic resistance and transferability of VRE

The antibiotic resistance patterns of the isolates are sum-
marized in Table 1. The MICs of all the vanA isolates to
vancomycin and teicoplanin were =512 and =32 pgmlL ™',
respectively, indicating the VanA phenotype. Moreover, VRE
had multidrug resistant characteristics (resistance to more
than three antibiotics). In general, human and poultry
isolates were resistant to ciprofloxacin (78% vs. 85%),
erythromycin (91% vs. 65%), penicillin (87% vs. 75%), as
well as tetracycline (78% vs. 95%), but they were susceptible
to chloramphenicol (74% vs. 85%). However, a higher
proportion of human isolates showed resistance to ampicil-
lin (83%) and high level of gentamicin (70%) compared
with animal isolates (25% and 20%, respectively)
(P < 0.01). VRE isolates from humans showed a higher rate
of multidrug resistance because of their stronger resistance
to ampicillin and high-level resistance to gentamicin ( Table 1).
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Table 1. Genetic and phenotypic characteristics of vanA enterococci from humans and poultry
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No. of

Strain number® fspecies PFGE type

MIC (ugmL ')

In1546type  transconjugants per donor  Vm

Tc Resistance profile

Poultry isolates
CCARMS0Z®/E. faecium 10 |
CCARMSO3OVE faecium 9 |
CCARMSD4V/E. faecium 7 |
CCARMSO43/E. faecium 7 1
CCARMSOAYE. faecium 9 I
CCARMS0AB/E faecium 10 |
CCARMSOABV/E faecium 14 | -
CCARMSDAY/E. faecium 10 l

|
|
1
]
|
|

CCARMSOSOVE. faecium 14 S8x107
CCARMSOS2/E. faecium 7 -
CCARMSOSS/E. faecium 10

CCARMSOSRE, faecium 6

CCARMSOBO/E. faecium 18

CCARMSO7E/E faecium 6 -
SNBI-A/E. faecium 17 1 37x10°
SN100-1/E faecium 17 | 56=10°
SN100-2/E faecium 17 [ -
SN119-1/E faecium ] vVa -
SN128-1/E faecalis -1 Va -
SN154-1/E. faecium 18 n -

Human solates

NR2/E. faecium n il 12x107
AJIVE, faecium 1 1% 16x101
A IE faecium 13 Wile 49x10°?
AJARVE faecals - Wil -

AJSUVE. faecium s Vic 74x10°?
AJGAE faecalis Vib =

KS1/E faecium 19 Vila 24%107
KS2/E. faecium 19 v 11107
KS3/E. faecium 4 Vila 61x10°
KSA/E. faecium 15 Viia 72x%10°%
KSS/E faecium 15 Vila 43%10°
KSB/E. faecium 15 Vila 33x107?
KST/E faecium 2 Vilb 86x10°
KSS/E faecium 14 Vila 10x10°
CCARMS002/E. fascium 8 | -
CCARMSO03/E faecium 16 Vila 7ax10"
CCARMSOOS/E. faecium 3 vh -
CCARMSODOT/E. faecium 13 Vila 09x10"°
CCARMSODR/E faecium 12 Vila 87x107
CCARMSO0YE. faecalis - Iva -
CCARMSOVO/E faecium 5 Via 21 %103
CCARMSO1VVE faecalis - Vila 30%x10°
CCARMSO024/E. faecalis - 1 46x10"7

= 1024
>1024
=1024
=1024
>1024
=1024
=1024
=1024
> 1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024

512
512
512
512
512
512
=1024
=1024
512
=1024
=1024
21024
=>1024
=1024
=1024
= 1024
=1024
=1024
=1024
=1024
=1024
=1024
=1024

256 Vm, Tc, Cp. Em, Pn, Te
256 Vm, Tc, Cp, Em, Pn, Te
256 Vm, Tc, Cp, Em, Pn, Te
256 Wm, Tc, Cp, Em, Pn, Te
256 vm, Tg, Cm, Cp, Em, Gm, Te
256 Vm, Tc, Cp, Em, Pn, Te
256 Vm, Tc, Cp, Em, Pn, Te
256 Vm, Te, Cp, Em. Pn, Te
256 Vm, Tc, Ap, Cp, Em, Pn, Te
256 vm, Tc, Cp, Em, Pn, Te
256 vm, Tc, Cp, Em, Pn, Te
128 vm, Tc, Ap, Cp. Pn, Te
256 vm, Tc, Ap, Cp, Pn, Te
256 Vm, Te, Ap, Cp, Pn, Te
32 Vm. Ic. Cp, Gm. Pn, Te
32 vm, Te, Te
32 Vm, T, Te
32 Vm, Tc. Cm, Cp, Em, Gm, Te
32 Vm, T¢, Cm. Em, Gm
128 Vm, Te, Ap, Cp. Em, Pn, Te

512 Vim, Tc, Ap, Cm, Cp, Em, Gm, Pn, Te
512 vm, Tc, Ap, Cp, Gm, Pn

512 vm, Te, Ap, Cp, Em, Gm, Pn
256 Vm, Tc, Ap, Cp, Em, Gm, Pn
512 Vm, Te, Ap, Cp, Em, Gm, Pn
512 vm, T, Cp, Em, Gm, Te

256 Vm, Tc, Ap, Cp, Em, Pn, Te
256 vm, T¢, Ap, Cp.Em, Pn, Te
256 Vm, Tc. Ap, Cp, Em, Gm, Pn, Te
256 vm, Tc, Ap, Cp, Em, Gm, Pn, Te
256 vm, Tc, Ap, Cp, Em, Gm, Pn, Te
256 Vm, Tc, Ap, Em, Gm, Pn, Te
512 Vm. Tc, Ap. Cm, Cp. Em, Gm, Pn, Te
512 Vm, Tc, Ap, Cp, Gm, Pn, Te
256 Vm, Te, Ap, Cp, Em, Pn, Te

256 vm, Tc, Ap, Em, Gm, Pn, Te
256 vm, T¢, Ap, Em, Pn, Te

256 vm, Tc, Ap, Cp, Em, Pn

256 vm, Tc, Ap, Cp, Em, Gm, Pn, Te
256 Vm, Tc, Cp, Em, Pn, Te

256 vm, Te, Ap, Cp, Em, Gm, Pn, Te
512 vm, Tc, Em, Gm, Te

256 vm, Te, Em, Te

*Strain sources are as follows: CCARM, Culture Collection of Antibiotic Resistant Microbes, Seoul, Korea; SN, Seoul National University, Seoul, Korea
(Sev et al,, 2004); AJ, Ajou University School of Mediane, Suwon, Korea; KS, National Institute of Health, Seoul, Kerea.

"Not transferable
‘Enterococcus faecalis were notincluded in PFGE analysis

Vim, Vancomycin; Tc, teicoplanin; Ap. ampicillin; Cm, chloramphenicol; Cp, aprofloxacin, Em, erythromycin; Gm, high-level resistance to gentamicin;
Pn, penicillin; Te, tetracycline.; €. faecium, Enterococcus faecium; PFGE, pulsed-field gel electrophoress; MIC, mimmurm intibitary concentration

These findings probably reflect the differences in the
selective pressure exerted by antibiotic usage in different
environments,
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Moreover, the transferability of vancomycin resistance
between enterococci was confirmed in most human isolates
(18/23) via mating experiments whereas only three poultry
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Table 2. Primers used in thrs study
Primer Nucleotide sequence (5" — 37) Position” Reference
Tn1546 primers
orf1 F1 ACGTTAAGAAAGTTTTAGTGG 712-92 This study
orfl R3 ACGCACCATACAGCATCA 324-307 This study
orf1 R2 GACACTGCCGGITACALT 773-756 This study
orf1 £2 CATACATGCGCCATTGAGATA 1085-1105 This study
orf1 R GCCCTTITAGGAATGG 1190-1175 This study
orf2 F1 CTTGCTTCCCACACCATT 2524-2541 This study
orf2 R1 GTTAGTCCATCCTCGCTTGAT 2780-2760 This study
orf2 F2 GCCATTCTGTATTICCGCTAA 3762-3781 This study
vanR F1 ATGAGCGATAAAATACTT 39763993 This study
vani R1 GGCAATTTCATGTTCATCATC 4020-4000 Ttis study
van5 F1 TTGGTTATAAAATTGAAAAATAA AB49-4671 Thus study
vans R1 TTAGGACCTCCTTTTAIC 5803-5786 This study
vanH F1 ATGAATAACATCGGCATTAC 6018-6037 This study
vanH R1 CTATTCATGCTCCTIGTICT 6986-6068 This study
vanA F GGLGAAAAC GACAATTGC 7153-7170 Dutka-Malen eral (1995)
vanA R GTACAATGCGGCCGTTA 7885-7869 Dutka-Malen et al. (1995)
vanX F1 ATGGAAATAGGATTTACTTT 8016-8035 This study
vanx F2 COGAATGGTGGCACTATGT B555-8572 This study
vanx R1 TTATTTAACGGGGAAATC B624-8607 This study
vany F1 ATGAAGAAGTTIGTTTITITIA 9052-9072 This study
van¥ R1 TTACCTCC TTOAATTAGTAT 9963-9944 This study
vanZ R1 CTTACACGTAATTIATIC 10602-10585 This study
151 216V-I53-hike primers
IS1216V F6 ACGACTACCAGCAACCAAG 68-86 This study
IS1216V F1 GCCGTGGGCTACTATCTT 287-304 This study
151216V F2 TTATTTGTATCGAGC CATC 499-517 This study
151216V R1 GGTAGAGGCAGTGCGTAA BD2-785 This study
151216V F4 TGGAAGCCATTCGAGGA 816-832 This study
151216V R4 ATTCCACTTCITGTCTAACCC 1195-1174 This study
151216V F5 AAMATCAAGGCATACATCGC 1948-1968 This study
1571542 primer
151542 F2 AACGTCCTCCTGGGTATG 98-81 This study
1519 pnimer
IS19F3 CCTCATTTCTTGGGAGTTT 103-85 This study

*The positions of the Tn1546, 1512 16V-153-like, 151542, and 1519 prnmers are based on the sequence of Tn1546, 1512 16V-153-like, 151542, and IS19
(GenBank accession nos M37297, L40B4 1, AF114715, and AF 169285, respectively)

isolates showed transferability with a significantly low
transfer rate (P < 0.05). This result suggests that vancomy-
cin resistance determinant transmission from poultry might
rarely happen.

PFGE profiles

A total of 37 vanA E. faecium from humans (18 isolates) and
poultry (19 isolates) were genotyped by PFGE (Fig. 1).
PFGE analysis using Quantity One ver. 4.6.0. revealed
extensive heterogeneity with no PFGE-deduced genetic
overlap between human and poultry isolates and differen-
tiated all isolates into 19 types with less than 60% similarity
(Fig. 1), There was no prevalent type, even among the same
sources. The highest similarity value shown between poultry
isolate CCARM5050 and human isolate KS8 was 63%.

® 2006 Federation of European Microbiological Societies
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Structural analysis of Tn71546-like elements

All isolates were divided into nine main types on the basis of
the patterns of ISs inserted into TnI546-like elements. Over-
all, human and poultry isolates belonged to different types;
most poultry isolates (16/20, 80%) were identical to the
prototype vanA transposon, Tnl546, while most human
isolates (21/23, 91%) had multiple integrations of 15s (Fig. 2).

The majority of IS1216V inserted in the vanX-vanY
intergenic region of isolates (A]22, AJ37, AJ38, AJ48, KSI,
KS2, KS4, KS5, KS6, KS8, CCARMS5003, CCARMS007,
CCARMS008, CCARMS5009, CCARMS5010, and
CCARMS5011) had a synonymous point mutation (T — C)
at position 826 based on the sequence of 1IS1216V (GenBank
accession no. L40841), which is an identical observation to
the previous study (Willems et al., 1999). All isolates with
IS1216V insertions in the vanX-vanY intergenic region, in

FEMS Microbiol Lett 260 (2006) 193-200
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Fig. 1. f cphoress and
der i s of Smal-digested whaole
qer c DNAs of 37 vanA Enterocaccus faecium (b) UFGAMA, Dice Coutliciont
from hospitalized patients (18) and poultry (19). (a) 059 060 080 1.00
PFGE' Lane M, molecular weight marker, lanes 1 =
1-8, £ fascum KS1-KS8; lane 9, E faecium —{z S R - N:jm

CARMS002, lane 10, £ faecium CCARMS003, 3 "Mmm

lane 11, £ faecium CCARMS00S; lane 12, 4 e e
E faecium CCARMS007, lane 13, E. faecium | § e
CCARMSD08, lane 14, E. faecium CCARMS010 = S Y
lane 15, £ faecium AJ22, lane 16, E faecium . COARMS076
AJ3B, lane 17, E faecium AJA3, lane 18, COARMS0SS
£ taecium AISY, lane 19, E faecium = CCARMSGAS
CCARMS028, lane 20, E. faecium CCARMS041, - CLARMSIS?
lane 21, E faeciurm CCARMS043, lane 22, —I COARMED
E faecium CCARMBO4E; lane 23, E faecium CCARMS002
CCARMS049; lane 24, E. faeciurm CCARMS052; 9 [ — ~ CCARMS044
lane 25, £ faecium CCARMS0S5, lane 26, T CGRARMSNS0
£ taecium CCARMS0SS, lane 27, E faecium - - = CCARMSO28
CCARMSOTE, lane 28, £ faecium CCARMS030, CCARMEOSS
lane 29, £ faecium CCARMSD44; lane 30, hex :
£ faecium CCARMS048, lane 31, £ faecium GG
CCARMS050, lane 32, £ faecium CCARMS0G0, ALl ol
lane 33, £ faecium SNB9-4; lane 34, E. faecium 12 ARE
SN100-1, lane 35, £ faecium SN100-2, lane 36, et
E faecium SN119-1, lane 37, E faecium SN154-1 = i ) I
Strains KS were from Korea Center for Disease EEA:ME-CD‘
Control and Prevention, CCARM from Culture - i ] ::
Collection of Antibiotic Resistant Microbes, Al - - gs
from Ajou University School of Medicine, and SN a
from Seoul National Unwersity. (b) Dendrogram of es
PFGE analysis: PFGE patterns were analyzed using Kas
Quantity One ver. 4 6.0 by the unweighted pair CCARMS003
group method with average linkages (UPGAMA) Sh0-€
(Bio-rad). Nineteen groups were made on the basis EN100-2
of dice coefficient, 0.6. The PFGE type {1-19) is AN 100-1
shown as bold letter on dendrogram. The arrow SNIS4-1
indicates the highest level of similarity between CGARMSDSD
vanA E faecium from poultry and hospitalized Ks2
humans (CCARMS050 vs. KSE), K51
which the 1S insertions were accompanied by adjacent reversely, which 1s commonly reported in Europe unlike
deletions, had an 8bp duplication of the target sequence, other Korean studies where 1S1216V was found to be

CTTCCAAC in type IVa and CCCATTGT in types [Vb, Vla, inserted directly in the orfl region, orf2-vanR and vanX-
Vib, Vlla, and VIIb. Interestingly, all of the ISI1216V vanY intergenic region (Willems er al., 1999; Huh er al.,
detected in the vanX-vanY intergenic region were inserted 2004).
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Fig. 2. Genetic maps of the Tn1546-like elements of VRE isolates from humans and poultry. Open arrows indicate the positions and transcription
directions of genes and orf. Lined boxes mndicate IS elements. The positions of the first nucleotide upstream and the first nudleotide downstream from
the IS insertion sites are depicted. Lined arrows upside the 155 indicate the transcnpbonal onentation of the inserted IS elements. Deletion in Tn 1 546-lke
elements is indicated by dotted lines. The vertical dotted lines indicate the boundaries of the different orf of Tn1546-like elements

The insertion of 1$1542 in the orf2-vanR intergenic region
induced the 8 bp duplication of the target sequence (CTA-
TAATC), and the insertion of 151678 in the vanX-vanY
intergenic region in Type 111 also induced the 5bp duplica-
tion (ATATA). A single nucleotide change (G — T) at
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position 8234 in vanX gene was found in only three poultry
isolates, SN89-4, SN100-1, and SN100-2, but not in human
isolates.

We found variations of Tn1546-like elements by sequence
analysis, which may reflect the unique characteristics of VRE

FEMS Microbeol Lett 260 (2006) 193-200
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in Korea, First, the 8’ end of 153-like located at the left end of
Tnl546 (Type V, VII, and IX) had the deletions at various
positions (Fig. 2), mutations (GA — AG) at positions 1831
and 1832 of Type Il and V11, and additional single nucleo-
tide insertion (C) at position 2014, unlike the sequence of
1S1216V-1583-like (GenBank accession no. L40841). More-
over, Type 11 had 310-bp of additional sequences between
151216V and 1S3-like (GenBank accession no. AY916786).
Secondly, all of the I1S19 insertion in the vanS-vanH inter-
genic region (Type VIII and IX) also contained Cto T, G to
A, and A to G point mutations at positions 15, 568, and 782,
respectively, and a slightly modified-single nucleotide muta-
tion at the duplication region of integration site (GATG-
TAT — TATGTAT) compared with the sequence of IS19
(GenBank accession no. AF169285) and the first study
reporting 1519 integration (Huh er al,, 2004). Finally, we
found a new IS-like element, 151678, in the vanX-vanY
intergenic region of the poultry isolate (Type 111, SN154-1)
(Jung et al., 2005).

The characteristics of human isolates, including a hetero-
geneity of the PFGE pattern, the predominance of the
Tni546-like element Type Vlla, and the transferability of
most isolates (18/23, 78%), suggest that the main contribu-
tory factor of the prevalence of VRE in humans might be the
horizontal dissemination of the Tni546-like element in
hospitals rather than the clonal spread of VRE itself. The
human (KS8) and poultry (CCARMS5050) isolates which
showed the highest similarity (63%) in PFGE analysis
belonged to different transposon types, and their antibiotic
resistance patterns were also different (Table 1). These
findings strongly suggest that they may have been indepen-
dent strains.

In conclusion, this study reveals a degree of diversity
between human and poultry VRE in Korea. Although a
small number of VRE were analysed in this study, our
findings suggest that the occurrence of VRE in humans and
poultry developed independently in Korea. Further investi-
gations using more VRE recently isolated from both origins
are underway to provide more information on epidemiolo-
gical and evolutionary events of VRE dissemination in
Korea.
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Abstract

For the establishment of a diagnostic tool for mycobacterial species, a part of the
dnaA gene was amplified and sequenced from clinically relevant 27 mycobacterial
species as well as 49 clinical isolates. Sequence variability in the amplified segment
of the dnaA gene allowed the differentiation of all species except for Mycobacterium
tuberculosis, Mycobacterium africanum and Mycobacterium microti, which had
identical sequences. Partial sequences of dnaA from clinical isolates belonging to
three frequently isolated species revealed a very high intraspecies similarity, with a
range of 96.0-100%. Based on the dnaA sequences, a species-specific primer set for
Mycobacterium kansasii and Mycobacterium gastri was successfully designed for a
simple loop-mediated isothermal amplification method. These results demon-
strate that the variable sequences in the dnaA gene were species specific and were
sufficient for the development of an accurate and rapid diagnosis of Mycobacter-
ilim species.

Mycobactenum spp.; dnaA gene; ditferential
diagnosis; LAMP assay

Introduction

Increasing reports of opportunistic infection by nontuber-
culous mycobacteria (NTM) in immunocompromised pa-
tients such as AIDS patients and elderly people are a matter
of serious concern to public health (Horsburg, 1991; Mon-
tessori er al, 1996; Primm et al, 2004). The routine
diagnosis of mycobacteriosis relies primarily on the detec-
tion of acid-fast-stained bacilli in the samples by micro-
scopic observation, and the infecting mycobacterial species
can be identified with conventional tests including observa-
tion of colony morphology and pigmentation, growth rate,
and biochemical characteristics (Cernoch et al, 1994;
Metchock et al, 1999). Disadvantages of this approach
include the time taken to provide clinically relevant infor-
mation. The clinician must initiate therapy for Mycobacter-
tum tuberculosis against NTM infection several weeks before
species identification (Montessori et al., 1996), which may
increase health care costs, and may reduce the social activity
of the patients. Therefore rapid detection and identification
of the species level of mycobacteria is required, both to
decide whether measures are needed to prevent the spread of
the disease and for adequate therapy (American Thoracic
Society, 1997).

The mycobacterium species often implicated in NTM
infection are Mycobacterium avium-Mycobacterium intracel-

& 2005 Federation of European Microbiological Societies
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lulare complex (MAC), Mycobactertum kansasii, Mycobacter-
ium chelonae, Mycobacterium abscessus, and Mycobacterium
xenopi (Wayne & Sramek, 1992; Metchock et al., 1999; Primm
et al,, 2004). Mycobacterium gordonae, Mycobacterium gastri,
or most of the rapidly growing species are rarely pathogenic,
but are often encountered as contaminant in clinical samples,
Therefore, the discrimination of these species from pathogenic
ones is an important diagnostic issue (Primm et al, 2004).

Several studies have been conducted to develop rapid
methods based on molecular technique for identifying
mycobacterial species in recent years. The DNA sequences
reported for such usage are those of 165 rRNA gene
(Kirschner er al., 1993; De Beenhouwer ¢t al., 1995; Cloud
et al., 2002), recA (Blackwood et al., 2000), rpoB (Kim er al.,
1999), gyrB (Kasai et al., 2000), hsp65 (Plikaytis et al., 1992;
Brunello et al., 2001), or 165-23S internal transcribed spacer
(ITS) (De Smet et al., 1995; Roth ef al., 1998). The 165 rRNA
gene and ITS-based methods are currently widely accepted
as rapid and accurate for identifying mycobacteria (Plikaytis
et al., 1992; De Smet et al., 1995; Park et al., 2000; Turenne
et al., 2001). However, some species have the same sequence
or a very high similarity (Kim et al., 1999; Kasai et al., 2000).
This fact indicates the need to develop more reliable and
user-friendly molecule-based diagnostic tools.

Recently, Notomi et al. (2000) have reported a novel
nucleic acid amplification method, termed loop-mediated
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isothermal amplification (LAMP), that amplifies DNA with
high specificity, efficacy, and rapidity under isothermal
conditions. The LAMP reaction requires a Bst DNA poly-
merase with strand displacement activity and a set of four
specially designed primers that recognize six distinct se-
quences on the target DNA, the specifiaity of which should
be extremely high. The amplification products are stem-
loop DNA structures with several inverted repeats of the
target. The advantage of the LAMP method is that the
reaction is performed under isothermal conditions of be-
tween 60 and 65 “C. As a result, it requires only simple and
cost-effective reaction equipment. The LAMP method has
emerged as a powerful tool to facilitate genetic testing for
various infectious diseases (Enosawa et al, 2003; Iwamoto

et al., 2003; Kuboki et al, 2003; Thira et al., 2004; Parida

et al., 2004; Thai er al., 2004).

The purpose of our work is to identify a species-specific
region of Mycobacterium sp., and to develop a LAMP assay
that can differentiate clinically relevant species.

233

Materials and methods

Bacterial strains and preparation of genomicDNA

The bacteria used in this study comprised 27 strains and
49 clinical isolates as shown in Table 1. All strains except for
Mycobacterium leprae were cultured on 1% Ogawa medium
{Nissui, Tokyo, Japan) at 37 "C. Mycobacterium leprae was
prepared from infected nude mouse food pad (Shepard,
1960). Genomic DNA was extracted from mycobacterial
strains as follows. Mycobacterial cells were resuspended in
1.8 mL of sterile phosphate-buffered saline (PBS) containing
0.1 mm diameter zirconia/silica beads (BioSpec Products
Inc., Bartlesville, OK). The mixture was beaded for 20 s with
a Beads Homogemizer Model BC-20 (Central Scientific
Commerce, Tokyo, Japan), transferred to a 1.5mL micro-
centrifuge tube, and the genomic DNA was purified with
proteinase K treatment and phenol/chloroform extraction
followed by ethanol precipitation, then suspended in 100 uL
distilled water.

Table 1. Mycobacterium species and strains used in this study and results of the loop-mediated isothermal amplification assay

Primer set

Species Strains ACCEsSIon number Kan3? Gas583
Mycobacterium abscessus JATA 63-01 (ATCC 19977) ABOB7684 - -
Mycobacterium africanum KK 13-02 (ATCC 25420) ABOB7685 - o
Mycaobacterim avium JATA 51-01 (ATCC 25291) ABOB7686 - -

Clinical isolate 22 strains
Mycobacterium bovis JATA 12-01 (ATCC 19210) ABOB7687 - -
Mycobacterium chefonae JATA B2-01 (ATCC 35752) ABOB7688 - —
Mycobacterium fortuiturm JATA 61-01 (ATCC 68471) ABOB7689 - -
Mycobacterium gastri KK 44-02 (ATCC 15754) ABOBTE90 - =
Mycobacterium gordonae JATA 33-01 (ATCC 14470) ABOBT691 - -
Mycobacterium intraceliulare JATA 52-01 (ATCC 13950) ABOB7692 - -

Chmical isolate 17 strams
Mycobacterium kansasii KK 21-01 (ATCC 12478) ABOE7693 + -

Clinical isolate 10 strains + -
Mycobacterium leprae Thai-53 ABDB7694 - -
Mycobacterium malmoense JATA 47-01 (ATCC 29571) ABOB7695 - -
Mycobacterium marinum JATA 22-01 (ATCC 927) ABDB7696 - -
Mycobacterium microti KK 14-01 (ATCC 19422) ABO87697 - -
Mycobacterium nonchromogenicum JATA 45-01 (ATCC 19530) ABOB7698 - -
Mycobacterium parafortuitum ATCC 25807 AB087693 - -
Mycobacterium phiel ATCC 19249 ABO87700 - -
Mycobacterium scrofulaceum JATA 31-01 (ATCC 19981) ABOB7701 - -
Mycobacterium simiae KK 23-08 (ATCC 25275) ABOB7702 - -
Mycobacterium smegmatis JATA 64-D1 ABO87703 - -
Mycobactenium szulgai JATA 32-01 ABOB7704 - -
Mycobacterium terrae KK 46-01 (ATCC 15755) ABOB7705 - -
Mycobacterium triviale KK 50-02 (ATCC 23292) ABOB7706 - -
Mycobacteriumn tuberculosis JATA 11-01 (H37Rv) ABOB7707 - —
Mycobacterium ulcerans KK 43-01 ABOB7708 = =
Mycobacterium vaccae KK 66-01 ABOBT709 - -
Myrobacterium xenopi KK 42-01 (ATCC 19250) ABO87710 - -

All strains were kindly donated by Dr Kashiwabara, NIID.
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Clinical isolates were identified by Amplicore Mycobacter-
sum kit (Roche Pharma, Basel, Switzerland) or conventional
biochemical test (Jamal et al., 2000).

Amplification of the region within dnaAgene

Highly polymorphic regions flanked by conserved regions
were identified by aligning the Mycobacterium spp. dnaA
sequences, which were available in GenBank at the time this
study was initiated. These regions were used to design a pair
of degenerate primers, UIF 5'-GTS CAR AAC GAR ATC
GAR CG-3' and UIR 5’-CCB GAY TCR CCC CAG ATG AA-
3", A schematic representation of the primer design is shown
in Fig. la, PCR was performed in a TAKARA Thermal Cycler
MP (TAKARA Biomedical, Otsu, Japan) with a reaction
mixture consisting of 1 pL of genomic DNA, each deoxynu-
cleoside triphosphate at a concentration of 200 uM, each
primer at a concentration of 0.4 uM, 1 x PCR buffer with
1.5mM MgCl: (TAKARA Biomedical), and 1.25 U of ExTaq
(TAKARA Biomedical), with 10 uL PCRX Enhancer System
solution (Gibco BRL, Rockville, MD) in a total volume of
50 uL. The PCR thermocycles were 3 min at 94 °C, followed
by 30 cycles of 94 'C for 105, 50°C for 205, and 72°C for
45s, with a final extension step at 72°C for 7min. PCR
products were visualized by UV illumination of an ethidium
bromide-stained 1.5% agarose gel and cut out to purify with
EASYTRAP Ver.2 (TAKARA Biomedical) according to the

manufacturer's instruction,

DNA sequencing and sequencing analysis

The ABI Prism BigDye Terminator v3.1 Cycle Sequencing Kit
(PE Biosystems, Foster City, CA) was used for the sequencing
of the PCR products. The same primers for amplification
were used for sequencing. The sequencing reaction was

(a)1 238 502 1228 1521
|Dnmaiﬂ1IDoma'm2I- Domain 3 lDomnhd
(b) 228 612
UtF UiR
298 508

Fig. 1. Schematic representation of the DnaA protein and pnmer design
for the amplification of the partial mycobacterial dnaA gene. Number
indicates the nucleotide position of Mycobacterium fuberculosis, Gen-
Bank accession number ALO21427 (a) The DnaA protein from M.
tuberculosss contains four domains. Domain 1 1s involved in interaction
with DnaB. Domain 2 constitutes a flexible loop. DNA unwinding
required Domain 3. Domain 4 Is sufficient for specific binding to DNA
Primers UTF and UIR were used to generate about 400bp fragment
from dnaA of 27 mycobacterial spp. (b) Analysis and comparison region
used in this study are indicated by a bar (298-508 bp).

@ 200%5 Federation of European Microtiological Soceties
Published by Blackwell Publishing Ltd. All nghts reserved

T Mukai et al

performed in accordance with the instruction of the manu-
facturer, Sequencing products were purified with a Centrisep
column (Princeton Separations, Adelphia, NJ).

The sequencing output was analyzed by using the DNA
Sequence Analyzer computer software (PE Biosystems). The
partial dnaA sequences were aligned using the Clustal W
algorithm (Thompson et al., 1994) of the software DNASpace
ver. 3.5 (Hitachi Software Engineering, Yokohama, Japan),
and the alignment was manually corrected. A phylogenetic
tree was generated by DNASpace ver. 3.5 (Hitachi Software
Engineering) with a total of 1000 bootstraps. Pairwise
similarity of the partial dnaA sequences was determined by
using DNASIS package (Hitachi Software Engineering).

Species-specificLAMP assay for Mycobacterium
kansasiiand Mycobacterium gastri

A set of four primers comprising two inner primers and two
outer primers that recognized six distinct regions on the
target sequence were designed with PrimerExplorer Ver.3
(Fujitu, Tokyo, Japan). The detailed sequences of the pri-
mers are shown in Fig. 3. The two inner primers are called
the forward inner primer (FIP) and the backward inner
primer (BIP), and each contains two distinct sequences
corresponding to the sense and antisense sequences of the
target DNA, one for priming in the first stage and the other
for self-priming in late stages. FIP contains the sequence
complementary F1 (Flc) and F2. BIP contains the comple-
mentary Bl (Blc) and B2. The two outer primers consist of
F3 and B3.

The LAMP reaction was carried out in 25 pL of reaction
mixture by using the Loopamp DNA amplification kit
(Eiken Chemical Co. Ltd., Tochigi, Japan) containing 2.4 p
M (each) FIP and BIP, 0.2 uM (each) of the outer primers,
F3 and B3, 20mM Tris-HCI (pH 8.8), 10 mM KCI, 8 mM
MgSO,, 10mM (NH,4):504, 0.1% Tween 20, 0.8 M betaine,
1.4mM (each) of dNTP, 8U of Bst DNA polymerase
(New England BioLabs, Beverly, MA), and the template
DNA. Amplification was undertaken in 0.5 uL microtubes
in a heatblock under isothermal conditions of 63°C
for 60min, followed by 80°C for 2min to terminate
the reaction. Positive and negative controls were included
in each run, and precautions to prevent cross-contamina-
tion were observed. Two microliter aliquots of LAMP
products were subjected to electrophoresis on a 4%
agarose gel in Tris-borate-EDTA buffer followed by staining
with ethidium bromide and were visualized on a UV
transilluminator at 302 nm. The specificity of the LAMP-
amplified products were further validated by restriction
enzyme digestion with Nael and Haell for M. kansasi
and M. gastri, respectively. The diluted genomic DNA was
used for determining the sensitivity of the species-specific
LAMP assay.
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Fig. 2. Phylogenenc relationship of 27 Mycobactenum speces Untoated tree based on the draA sequences The tree was generated from DNASpace
(Hitachi Software Engineering) with the Clustal W algonthm. The numbers on the dendrogram indicate the percentages of occurrence in 1000

bootstrapped trees, only values of == 90% are shown

Results

Comparison of partial dnaA sequence to identify
the Mycobacteriumspecies

For the species identification of mycobacterial species, we
analyzed some possible variable regions of mycobacterial
sequences deposited in the GenBank, and found the 5’ pan
of the dnaA gene as a candidate target for PCR amplification.
The PCR products with UIF and UIR, from 27 mycobacterial
species, showed the ragged pattern around 400bp in size
(data not shown). Therefore, we determined nucleotide
sequences, corresponding to position 228-612bp of Myco-
bacterium tuberculosis, of all 27 species (Fig. 1a). The align-
ment of the sequence shows that the region (298-508bp) in
the amplified products had the highest species-specific varia-
bility (Fig. 1b). The size of the variable fragment in dnaA
ranged from 154 bp in M. triviale to 232bp in M. kansasii.
The variable region exhibits a reasonable number of nucleo-
tide substitution and insertion or deletion sites, which is
important for the development of a differential diagnostic
tool. The lowest interspecies similarity was 28.2% in M. leprae
versus M. vaccae. The similarity between M. avium and M.
intracellulare was 78.3% and that between M. marinum and
M. ulcerans was 97.7%. Pathogenic M. kansasii were easily
differentiated from nonpathogenic M. gastri (83.6%). The
sequences of M. tuberculosis, M. microti, M. africanum, and
M. bovis were found to be identical, except for one nucleotide
substitution that occurred in M. bovis. When clinical isolates
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from clinically relevant mycobacterial strains were analyzed,
the following minor variation was found among each species:
97.7-100% (M. avium) and 96.0-100% (M. intracellulare).
We did not find any intraspecies variation in 10 clinical
isolates and the standard strain of M. kansasii. Because other
reports using different systems revealed the existence of more
than one sequevar (Yang et al., 1993; Alcaide et al., 1997), we
may need to examine a bigger number of clinical isolates.

The unrooted phylogenetic tree showed that the 27
mycobacterial species were resolved by the variable region
in the dnaA sequence (Fig. 2). All rapidly growing species,
M. abscessus, M. chelonae, M. fortuitum, M. parafortuitum,
M. phlei. M. vaccae, and M. smegmatis, made a cluster that
was clearly separated from those of the other species so far
examined. On the other hand, M. kansasii, M. gastri, M.
avium, and M. intracellulare are clinically relevant species;
however, the branch of the former two species was obviously
segregated from one of the later two species, which was
supported by high bootstrap values. The results indicated
that the partial dnaA sequence could be useful for the
differentiation of NTM (Fig. 2).

Identification of mycobacteria by dnaA
sequence-targeted species-specificLAMP assay

Several sets of primers designed from the dnaA sequence
were evaluated for their specificity and sensitivity by the
LAMP method. One set of primers named Kan-32 for M.
kansasii and Gas-583 for M. gastri was selected (Fig. 3), and

© 2005 Federation of European Microbiological Societes
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(a) Kan 32
101 150 200
GACOAGGOTG COCAGCCOGC mmﬂsg GGCCTGGAAA TGTCACGGGA a%mcmr GAAACCOCOG AAGCCCCCGG AGACACCOAC GACGCOGACD
CTGETCCOAS GOBTOOGCCH GETACTAAGG COGGACCTTT ACAGTGCCCT TTGCAGTONG CTTITGOGRE TTCOGGAEC TrTGTIGCTe CTOCOaCTar
201 paa) 250 Fic 350

AGACC

SGOOGH CGGOCCTOGA COCOOTTGEC CCACCTACTT CACCAAGCOC COGTOGOGCA CCOCOGATAC GOTOOCTGCC ACOGOCGOAA CCAGCCTCAA
haor b bk bt S bk
FEIGGCGAEOC GCOGOAAGCT

GOGCCAACCG GGTGOATGAN GTGOTTOGOS GGCAGCCOUT GGCOGCTATAG CCAGCGACGS TGGCCGCCTT GATCOGAGTT
301 351 B2 B3 400

CCGOCUCTAC ACGTTOGACA £% COCCTACANG

CCTTOGTGAT COUGOGOCTOC AATCCGTTOG CGCACGCOGC CACCCTIGGOT ATOGUDCAAG CACCTOL

GGCGOOOATG TACAAGCTOT GOAAGCACTA OCCOCOGAGS TTAGCCAAGC GOOTGOGOCS GTGOOACCGS TAACGGCTTC GTOGACOCGC GOGOATSTTO

Gas 583

101 150 200
F3 F2

GACGAGAGCG CTCAGCCGGC CUATOAGCCC GGCCTGGAAA TUTUCTGGGA ACCCGAAACC ATCGGAGATA ACGAUGALG

CTGCTCTOGE GAGTOGE

C CGACGAGAART GCCGGCAGLC

G GUTACTOGGS COGGACCTIT AGAGGOCCCT TGGGCTTIGG TAGCCTCTGT TGCTGOTGOG GCTGOTCTTA :.‘-}G"T-?GT{'\SJ

201 Hae ll 250 100
——— Bic

CCCGACCCAA TTGGCCCACGS TACTTCACCA AGCGCCCGTC GGGCACCGAT C& CCACCGGTGG AACCAGOCTC AACCGCCGCT ACACCTTCGA

GOGCTOOGTT AACCGGOTOC ATOAAGTGOT TOOCOGGCAG CCOOTGOCTA TOCCAGCGGC GGTGGCCACC TTOGTCGOAD TTGOCOGCGA TGTOGAAGCT

301 Fic 350 388 B2

CACCTTCOIT ATOGGOGOCT CCAATOGGTT CGCACAQGCC GCCACCCTCS CCATCGCOCA AGCACCTOOS OGCGCCTACA ACCOCCTC
GTGAMAGCAN TAGCUOOGAA GOTTAGCCAA GOGTAGTGOGG CGGTGGOAGC GGTAGUGGCT TCOGTGGACGC GOGOGGATGET TUGGEGAG

B3
(b) Kan 32 Gas 583
F3 CGATGATTCCGGCCTGGA F3 AGCCCGGCCTGGAAAT
B3 GTTGAGGCTGGTTCOGC B3 GTGCGAACCGATTGGAGG
FIP TCTCGTCGGCGTCGTOGGTATGTCACGGGAAACGTCAC FIP TGGGCCAATTGGGTCGGOGCCOGGOARCCUGAAACCATC
BIP GACCCGGTTGGCCCACCTAGCAGCGACCGTATCGGC BIP TCGGGCACCGATACGGTCGGAAGGTGTCGAAGGTGTAGT

Fig. 3. Location of oigonucleotide primer sets Kan 32 and Gas 583, used for the loop-mediated isothermal amplification method. For Mycobacterium
kansasii partial dnaA gene (GenBank accession number ABOB7693) and for Mycobacterium gastri partial dnad gene (GenBank accession number
ABDB7690) A right arrow indicates the sense sequence which (s used as the primer A left arrow indicates that a complementary sequence 15 used as the

pamer. The unique restriction enzyme recognition sites in the amplified product are shown with a bold bar. (b) List of each primer sequence

by using these primer sets, a successful LAMP product
appeared as a ladder of multiple bands (Fig. 3a).

The species specificity and intraspecies stability of each
primer set were examined with purified DNA from 27
mycobacterial species and 10 clinical isolates of M. kansasii.
We subjected each sample to amplification using Kan-32 or
Gas-583 primer set. The results obtained by electrophoretic
examination are summarized in Table 1. Although 200 pg of
nontargeted species DNA were not amplified, significant
amplification of targeted respective isolates was observed
after a 60 min incubation at 63°C. To confirm that the
amplification products had corresponding DNA structures,
the amplified products were digested with restriction en-
zymes and the size of the fragments was analyzed by
clectrophoresis. Nael cuts between F1 and Bic for the M.
kansasii amplicon; Haell was used for the M. gastri ampli-
cons, The sizes of the fragments generated after digestion
were in good agreement with sizes predicted theoretically
from the expected DNA structure: 100 and 93 bp by Nael
digestion, and 123 and 98 bp by Haell digestion (Fig. 4a).
Thus, we concluded that each primer set was species specific.

© 2005 Federation ol Furopean Microbiological Societies
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We next assessed the sensitivity of the assay. Serially
diluted M. kansasii or M. gastri genomic DNA was used.
The results of a typical experiment are shown in Fig. 4b.
Amplified DNA was readily visible when 500 copies of
genomic DNA were present in a 60 min incubation assay.
The detection limit did not change with a longer incubation
period (data not shown).

Discussion and conclusions

For the identification of species, a target gene must be
conserved among strains and species. As the DnaA protein
is generally conserved among microbial organisms (Mizrahi
et al., 2000), this coding region could be used for the target
analysis. Four functional domains of the DnaA protein have
been defined (Messer et al., 1998). Domain | is involved in
oligomerization and interaction with DnaB, Domain 2
constitutes a flexible loop, Domain 3 has ATPase function,
and Domain 4 is sufficient for specific binding to DNA. The
variable region that we identified in the dnaA sequence was
equivalent to the Domain 2 coding nucleotide sequence

FEMS Microbiol Lett 254 (2006) 232-239
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(a)
1 2 3 M 4 5 6

Fig. 4. () Four percent agarose gel electrophoresis and restriction enzyme analysis of loop-mediated 5o
crenium kansash and Mycobacrerium gastri. Lanes: M, 100 bp DNA [adder; 5

dnaA gene ot &

anomic DNA from M kansasii (lanes 1 and 2) ar

5 4-6, LAMP camed out with M. gastn pnmer, Gas S83, in the pres

LAMP product from lane 4 atter digestion with Hae Il (b) Senal diution of purified M. kans
sensitivities by LAMP. Lanes: M, 100 bp DNA ladder, lanes 1-5 LAMP carried out with K

lane 1, 1000 copees, lane 2, 500 copies, lane 3, 100 copies, |

the presence of genomic DNA of M. gastri, lane 6, 1000 co

(Fig. 1). This domain is the least conserved region in the dna
A gene with respect to sequence and length among M
smegmatis, M. tuberculosis, and M. leprae (Fsihi et al,
1996). However, comparative studies of this region using
27 mycobacteria have not been reported and, as far as we
know, this is the first report indicating the usefulness of the
dnaA Domain 2 sequence as a differential diagnostic tool.
An accurate and rapid bacterial identification greatly
contributes to this field of medication. Several methods
based on molecular biological techniques have been re-

ported. The sequences that have been reported include
hsp65, 165 rRNA gene, and ITS (Plikaytis et al, 1992; De
Smet et al, 1995; Springer et al., 1996; Messer & Weigel,
1997; Roth er al., 1998; Brunello ef al., 2001). Each gene has
several advantages and disadvantages. An excessive degree of
variability is found in the hsp65 gene (Telenti et al., 1993),
which may hinder the development of reliable probes. While
16s rRNA gene sequence is identical in M. kansasii and M.
gastri and shows narrow divergenicity within species (Taylor
et al, 1997), ITS sequence can be used to distinguish
between M. kansasii and M. gastri (Roth et al., 1998). While
M.
gastri does not induce an apparent disease. The discrimina-
tion between these mycobacteria provides useful informa-
tion to select the appropriate therapy. The percent similarity
of ITS between two species was 93% (Roth et al., 1998), and
that of the dnaA variable region was found to be 83.6%.
These observations may indicate the usefulness of the dnaA
gene for discrimination of these species, at least in comple-
ment with ITS.

The recent trend in genetic testing is to make systems fully
automatic with high-throughput analysis. Although this
may be an ideal approach, it requires expensive equipment

M. kansasii is a representative pathogenic mycobacteri
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sit or M. gastri genomic DNA was amplified to deterrmine the
n 32 primer st in the presence of genomic DNA of M. kansasi,
a5 583 primer

ed water

cater, lanes 6-10 LAMP carried out wi

ot in

anes 9, 10 copy, lane 10, d

as well as a well-trained person in diagnostic laboratories.
I'he LAMP method could be conducted under isothermal
conditions ranging from 60 to 65 “C by a single enzyme. The
only equipment needed for LAMP reaction is a regular
laboratory water bath or a heat block that furnishes a
constant temperature around 63 "C. LAMP does not require
a thermal cycling step, and an isothermal reaction for a short
time (60 min) is enough to amplify the target DNA to a
detectable level. As PCR and other molecular biological
techniques are conducted in well-equipped laboratories,
these methodologies are often impracticable under a field
diagnosis.

In this paper, we demonstrated that the dnaA region
could be an effective new nucleotide region for the diagnosis
of NTM infection and that the LAMP method could be
applied for a dnaA gene-based differential diagnostic tool.
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Dendritic cells (DC) are pivotal for initiation and regulation of innate and adaptive
immune responses evoked by vaccination and natural infection. After infection,
mycobacterial pathogens first encounter monocytes, which produce pro-inflammatory
cytokines, including IL-1p, TNF-a and IL-6. The role of these cytokines in DC maturation
remains incompletely understood. Here, we show that maturation of DC from
monocytes was impaired by pretreatment of monocytes with low doses of IL-1p. Under
these conditions, Mycobacterium leprae-infected DC failed to stimulate antigen-specific
T cell responses. Expression of CD86 and CD83 and production of IL-12 in response to
lipopolysaccharide and peptidoglycan were diminished. In contrast, these DC functions
were not impaired by pretreatment with TNF-a, IL-6 or IL-10. When monocytes were
infected with M. bovis Bacillus Calmette-Guérin, and subsequently differentiated to DC,
the activity of these DC was suppressed as well, Thus, IL-1f acts at early stages of

[DOI 10.1002/eji.200535727)]

differentiation of DC and impairs biological functions of DC at later stages. Therefore, B Key words:
production of IL-1p by mycobacteria-infected antigen-presenting cells counteracts BCG - Dendritic cell
effective stimulation of innate and adaptive immune responses. - IL-1p - IL-12

Introduction over long periods without being eradicated by the host
immune system [5]. The current vaccine against
tuberculosis, BCG has only limited protective effects,
and no reliable vaccine has been developed against
leprosy [6, 71.

Host defense against mycobacteria in human is

Infections by mycobacterial pathogens still cause major
health problems globally. Mycobacterium tuberculosis
kills more adults than any other infectious agent and one
third of the world's population is considered infected

with this pathogen [1, 2]. M. leprae affects skin and
peripheral nerves, causing massive body deformation
[3, 4]. These pathogenic mycobacteria persist in vivo
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primarily conducted by type 1 adaptive immune
responses, and DC play a major role as APC [8, 9]. To
elicit T cell immunity, activation of APC is critical and
strongly influenced by pro-inflammatory cytokines
[10-12]). Type 1 CD4" T cells are stimulated by cognate
interactions with APC and IL-12 costimulation [13].
IL-12 is preferentially produced by activated DC and its
production is associated with the activation of NF-xB
[14, 15]. After appropriate stimulation, blood mono-
cytes can mature to DC and 25% of the circulating
inflammatory monocytes are estimated to differentiate
to DC and 75% to tissue macrophages [16, 17]. Resting
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macrophages serve as habitat for mycobacteria [18].
After infection with mycobacteria, mononuclear pha-
gocytes rapidly produce cytokines including IL-1f as
first-line mediators of defense [5, 19].

IL-1B is a 17-kDa prototypic pro-inflammatory
cytokine. IL-1P is multifunctional and acts on a wide
variety of target cells [20]. It induces numerous genes
regulated by IL-1B-inducible transcription factors such
as NF-xB [21, 22]. Therefore, IL-1p not only participates
in the innate immune response, but also influences T cell
activity. However, the effect of IL-1p on monocytes
undergoing differentation into DC remains unknown
especially with regard to the adaptive T cell response
against mycobacteria.

Here, we show that IL-1f in picomolar quantities
markedly influences monocyte maturation to DC with
profound consequences for subsequent T cell responses.
Our findings that mycobacteria impair DC differentia-
tion and function via IL-1p can explain at least partially
the persistence of mycobacteria in host cells.

Results

Effects of IL-1p pretreatment of monocytes on
DC-mediated T cell stimulation

Monocytes primed with BCG produced significant
concentrations of IL-1p at MOI =>0.06 (Table 1).
Similarly, macrophages produced IL-1P in response to
priming with BCG although less efficiently than
monocytes. These findings raised the question whether
IL-1P influences maturation of DC from monocytes.
To this end, we pretreated monocytes with IL-1B and
then allowed them to mature into DC (Table 2). DC
derived from untreated monocytes stimulated CD4"*
Tecells after a pulse with M. leprae (MOI 20). In contrast,
CD4™ Teell stimulation by DC differentiated from IL-1p
pretreated monocytes was markedly impaired. Inhibi-
tion depended on the IL-1B concentration used for
pretreatment of monocytes. Significant inhibition was
achieved at > 100 pg/mL IL-1PB. Similarly, IL-1P
inhibited T cell stimulation when other Ag, including

Eur. J. Immunol. 2006. 36: 1443-1452

heat-killed M. leprae or major membrane protein
(MMP)-II were used to pulse DC. IL-4 or IL-10 were
not produced by CD4" T cells under these conditions
(data not shown). IL-1a impaired APC functions of DC in
a similar manner as IL-1P, whereas other pro-inflam-
matory cytokines, including TNF-a and IL-6 did not
affect Ag-presenting functions of DC.

Phenotype of DC derived from IL-1p-pretreated
monocytes

In an attempt to characterize DC derived from IL-1p-
pretreated monocytes, we determined surface markers
of immature DC (Fig. 1). Immature DC derived from
monocytes, which had been pretreated with IL-1f or
not, expressed similar or mildly reduced cell surface
levels of HLA-ABC, HLA-DR and CD1a, and were devoid
of the macrophage marker CD14. Similarly, the ability of
immature DC to engulf mycobacteria as assessed by
uptake of GFP-expressing BCG did not differ signifi-
cantly (GFP-expressing M. leprae could not be prepared
because of the inability of this obligate intracellular
pathogen to grow in vitro). Subsequently, we deter-
mined surface markers of mature DC generated by LPS
stimulation (Fig. 2). Expression of HLA-ABC and HLA-
DR was not significantly altered by [L-1p pretreatment of
monocytes. In contrast, CD86 and CD83 were down-
regulated by IL-1p preweatment, both with respect to
surface expression and percent of positive cell numbers
(Fig. 2A). These phenotypic alterations were also
observed with M. leprae-infected mature DC (data not
shown). IL-1B did not influence the surface expression
of MMP-II, one of the dominant Ag of M. leprae [23], on
M. leprae-pulsed mature DC (Fig. 2B). In addition, IL-1p
or BCG pretreatment of monocytes did not alter the
expression of TLR2 and TLR4 (Fig. 2C). Finally, IL-1B
pretreatment of monocytes did not cause apoptosis of
DC (data not shown). Thus, DC differentiated from IL-1p
pretreated monocytes were only partally activated.

Table 1. IL-1p production after stimulation of mononuclear phagocytes with BCGY

Cell type IL-1p (pg/mL) production after stimulation with BCG at MOI:

0 0.0625 0.25 1.0
Monocytes 22+02 23.7 + 46" 229.4 +19.1™ 861.4 + 2237
Macrophages 33+£04 40411 346+28 1633+ 2017

3 plastic adherent monocytes, and M-CSF (5 ng/mL)-treated macrophages (1 x 10°/well) were stimulated for 24 h with BCG at the
indicated MOL Assays were Elone in triplicate, and results are expressed as mean + SD.
¥ 'p <0.05 vs. control (MOI 0), “p <0.005 vs. control (MOI 0), “p <0.0005 vs. control (MOI 0), " p <0.01 vs. control (MOI 0).
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Immunity to infection

Table 2. M. leprae-specific IFN-y production by CD4* T cells stimulated by M. leprae-pulsed DC derived from IL-1f pretreated
monocytes™

IL-1p pretreatment M. leprae infection of IFN-y (pg/mL) secretion by CD4" T cells

of monocytes immature DC after stimulation with DC at ratio (T: DC):
(pg/mL) B 20:1 401
0 0.7 + 0.0 0.2 £ 0.0
20 206.7 + 15.1 50.7 + 4.9
30 0 0.4 + 0.0 0.3+ 01
30 20 192.8 + 19.3 249 + 112
100 0 0.3+ 0.1 06+ 02
100 20 509 + 6.1™ 134 £ 0.3
300 0 07 £04 0.8 + 0.7
300 20 303 + 2.6 97 +1.9™
1000 0 0.3+ 0.1 04 + 02
1000 20 95+ 21 3.0+ 05

") cD4* T cells (1 x 10%/well) were stimulated for 4 days with autologous DC at the indicated T cell:DC ratio. Immature DC
differentiated from untreated or IL-1j-treated monocytes were pulsed with M. leprae on day 3, treated with LPS (25 ng/mL) on
day 4, and were used as APC on day 5. Representative data of three separate experiments are shown. Assays were done in
triplicate, and results are expressed as mean + SD.

b “p <0,0001 vs. control (IL-1§ 0 pg/mL, M. leprae (MOI 20)), “p <0.0005 vs. control (IL-1f 0 pg/mlL, M. leprae (MOI 20)).

582 7z 4452 or | & 205
(am
0 A Figure 1. Phenotype and phagocytic activity of
i 1 immature DC differentiated from IL-1p pretreated
I‘_/\ / \.j\ monocytes. Plastic adherent monocytes were pre-
treated with the indicated doses of IL-1p and were
3553 F. 2048 ![ s o3l 14 (:::u subsequently differentiated into DC by 3-day
100 \ culture with TGM-CSF and rIL-4. For analysis of
] phagocytic activity of DC, the immature DC
¥ \‘—/\ lJ\ (cultured for 3 days) were pulsed with GFP-
expressing BCG (MOI 10) and expression of GFP was
202.1 1788 ans 03 ns assessed on day 4 of culture. Dashed lines, isotype-
(1% matched control IgG; solid lines, mAb staining. The
300 || ;\1 number represents the difference in mean fluor-
m i \_,/\ escence intensity between dotted and solid lines.
S . The number in parentheses indicates percent
HLA-ABC HLA-DR CDla cD14 GFP-BCG positive cell number. Representative data of three
(MO1 10) independent experiments are shown.

Effects of IL-1p pretreatment of monocytes
on IL-12 production by DC

culture were found optimal for stimulation by the TLR4
ligand LPS and the TLR2 ligand peptidoglycan (PGN)
(data not shown). DC derived from untreated mono-
cytes produced IL-12p70 in response to LPS in a dose-
dependent manner, whereas DC differentiated from
monocytes pretreated with IL-1f failed to produce
significant amounts of IL-12 (Fig. 3A). Similar results

In order to determine whether DC differentiated from
IL-1B pretreated monocytes can be adequately activated,
we determined IL-12p70 production by DC in response
to TLR2 and TLR4 signaling. DC obtained on day 4 of
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(A) (8) Figure 2. (A) Phenotype of mature DC
IL-1g IL-1B differentiated from monocytes pretreated
= | ——T LT o ) with IL-1f. Plastic adherent monocytes
:ﬁ om A w1 uLs were pretreated with the indicated doses of
LI i o |l IL-1p and were subsequently differentiated
i { ! it i into DC by 5-day culture with rGM-CSF and
5 i riL-4. Cells were treated with LPS (25 ng/
— — o ml) en dlay 4 _and analyzed on day 5.
f o i‘l ) ] asi) Dashe_d lines, isotype-matched control IgG;
100 f\l\ 100 |4 solid lines, mAb staining. The number
{
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[TTE] § T
i
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TLR2

were obtained for TNF-a production by DC (data not
shown). Moreover, untreated DC produced IL-12p70 in
response to PGN in a dose-dependent manner, whereas
IL-1p pretreatment of monocytes significantly impaired
IL-12p70 production (Fig. 3B) although expression of
TLR2 on the surface of DC was nor altered under these
conditions (data not shown). IL-12p70 production in
response to MMP-II, which ligates to TLR2, was similarly
affected by pretrearment of monocytes with IL-1f
(Fig. 3C). Also, both riL-1p (Fig. 3D) and BCG
(Fig. 3E) induced IL-12p70 production only in DC
derived from IL-1p untreated-monocytes. The failure to
produce IL-12p70 was long lasting as DC differentiated
from IL-1p pretreated monocytes in the presence of GM-
CSF and IL-4 did not produce IL-12p70 in response to
LPS for up to 7 days (data not shown). Next, we
examined whether other cytokines produced by mono-
cytes infected with BCG inhibited IL-12 production by
DC. Monocytes were pretreated with 100 pg/mL of
TNF-a, IL-6 or IL-10, differentated to DC, which were
then stimulated with LPS. None of these cytokines

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

i represents the difference in mean fluor-
. escence intensity between dotted and solid

s lines. The number in parentheses indicates

e percent positive cell number. Representa-
tive data of three independent experiments
are shown, (B) MMP-II expression on
mature DC obtained as in (A), except that

MMP-T1 DC were infected with M. leprae (MOl 20) on

day 3. Dashed lines, isotype-matched
control IgM; solid lines, mAb staining, The
number represents the difference in mean
fluorescence intensity between dotted and
solid lines, The number in parentheses
indicates percent positive cell number.
Representative data of three independent
experiments are shown. (C) Expression of
TLR on mature DC differentiated from
monocytes pretreated with IL-1p or BCG.
Plastic adherent ‘monocytes were pre-
treated with the indicated doses of IL-1p or
BCG and were subsequently differentiated
into mature DC as in (A). Dashed lines,
isotype-matched control IgG; solid lines,
mADb staining. The number represents the
difference in mean fluorescence intensity
between dotted and solid lines. Represen-
tative data of three independent experi-
ments are shown.

impaired IL-12p70 secretion by DC (Table 3). Thus, IL-
1P signaling in monocytes but not IL-6, TNF-a or IL-10
signaling, inhibited IL-12 secretion by DC. Subsequently,
IL-1pB sensitivity of monocytes undergoing DC matura-
tion was determined. Monocytes were cultured for
3 days in the presence of rGM-CSF and rIL-4 and then
treated with IL-1B or other cytokines and 24 h later
stimulated with LPS. Cells treated with TNF-u or IL-6
produced similar concentrations of IL-12p70 as com-
pared to untreated DC in response to LPS. In contrast,
IL-1p treatment significantly reduced IL-12p70 produc-
tion (Table 4).

Effects of endogenous IL-1p on IL-12p70
production by DC

We assessed the influence of endogenously produced
IL-1p on IL-12p70 production by DC (Table 5). The
M. leprae-derived cytosolic protein (MLC preparation),
which represents an antigenic fraction, did not induce
IL-1p production in monocytes at concentrations up to
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