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FIG. 4. Biochemical characterization of GPL-5 (a), GPL-6 (b), GPL-3 (c), and GPL-4 (d). (A) GC/MS analysis of alditol acetates of sugars
released from each purified GPL. (B) MALDI-TOF/MS analysis of total molecular mass of each purified GPLs. (C) MALDI-TOF/MS analysis
of total molecular mass of purified GPL-5 (a) and GPL-6 (b), which were subjected to B-elimination.

GPL-6 were m/z 1,171.7 and 1,157.7, respectively, which re-
sulted in the loss of total mass of 162, suggesting that 6-d-Tal
was linked to the position of p-allo-Thr (Fig. 4C). The linkage
position of the sugars linked to the L-alaninol site of GPL-5
and GPL-6 was then determined by GC/MS analyses followed
by perdeuteriomethylation. As shown in Fig. 5A, the GC pro-
files of alditol acetates from perdeuteriomethylated GPL-5
gave three peaks corresponding to 6-d-Tal, 3-O-Me-Rha, and
3,4-di-O-Me-Rha. The characteristic spectra of 3-O-Me-Rha
and 3,4-di-O-Me-Rha, which are predicted to be linked to

L-alaninol, are illustrated in Fig. 5B and C, respectively. The
spectrum of 3-O-Me-Rha gave fragment ions at m/z 121, 134,
and 165, which represent the presence of a deuteriomethyl
group at positions C-2 and C-4. In contrast, no deuteriomethyl
group was observed in 3,4-di-O-Me-Rha, whose C-2 position
was acetylated, supported by the detection of fragment ions at
mjz 131 and 190. The results from GC/MS analyses of perdeu-
teriomethylated GPL-6 were the same as those for GPL-5 (not
shown). These observations demonstrated that GPL-5 and
GPL-6 have the same sugar moieties, which are 6-d-Tal at .
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FIG. 4—Continued.

D-allo-Thr and 3-O-Me-rhamnosyl-(1-52)-3,4-di-O-Me-Rha at
L-alaninol, indicating that 3-O-Me-Rha was linked to GPL-3
and GPL-4 (Fig. 6).

Overexpression of gif1, gtf2, gtf3, and gif4 in M. smegmatis
mc?155. To investigate the effects of overexpression of each
gene on GPL biosynthesis, we constructed four gff-overex-
pressed strains in wild-type mc?155 and compared the profile
of total GPLs by TLC analyses. The results showed that the
profiles of Wt/pMVgtfl, Wi/pMVgtf2, and Wt/pMVgtf4 were
the same as that of Wt/pMV261, whereas Wt/pMVgtf3 pro-
duced two major compounds whose biochemical data corre-
sponded to those of GPL-5 and GPL-6 (Fig. 7).

Characterization of M. avium gtf4 and gtfB. We showed that
both M. smegmatis gtfl and gtf2 were responsible for glycosyl-
ation of the fatty acyl-tetrapeptide core. Comparison of the
genome sequences encompassing the GPL biosynthetic gene
cluster among several species of M. avium have shown that gif4
and g#fB (GenBank accession no. AF125999.1) are very similar
to M. smegmatis gtf] and gtf2, respectively, in the corresponding
putative amino acid sequences and might contribute to the
glycosylation of the fatty acyl-tetrapeptide core (13). However,
the function of each gene has not been thoroughly analyzed
(13). Therefore, to confirm the role of gif4 and gifB, we com-
plemented Agtfl and Agtf2 with the gif expression vectors
carrying gif4 (pMVgtfA) and gtfB (pMVgtfB). As shown in
Fig. 8, TLC analyses revealed that gtfd and g#fB restored the
production of wild-type GPLs in Agtfl and Agtf2, respectively,
whereas transformants with reverse vectors (Agtfl/pMVgtfB
and Agtf2/pMVgtfA) did not produce wild-type GPLs. These
results suggested that the function of M. avium gtf4 and gifB is
the same as that of M. smegmatis gtfl and gtf2, respectively.
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DISCUSSION

It has been-shown that the r#f4 gene of M. avium encodes a
rhamnosyltransferase which synthesizes ssGPLs, while other
genes involved in the glycosylation of the fatty acyl-tetrapep-
tide core remain unknown (12). In this study, we focused on
the four genes of M. smegmatis, which show high similarity to
rtfA, and generated their disruptants to characterize the role in
the GPL biosynthesis.

In the early glycosylation steps of the fatty acyl-tetrapeptide
core, we observed that the disruption of gifl abolished the
whole GPLs and led to the accumulation of O-Me-Rha deriv-
atives without 6-d-Tal in Agtfl (Fig. 3B). Thus, we propose that
the gif] gene product catalyzes the transfer of 6-d-Tal to fatty
acyl-tetrapeptide core. It is reported that the M. avium 104Rg
strain, which has a spontaneous deletion in the genome region
including gtf4, also accumulated O-methylated and nonmethy-
lated Rha without 6-d-Tal (13, 30). This property is directly
supported by our result that the gf4 could complement Agtfl
(Fig. 8). However, M. avium 104Rg mainly contained non-
methylated Rha, whereas Agtfl derived from M. smegmatis
mc?155 contained only O-Me-Rha. These different observa-
tions may be due to differences in the substrate specificity of
methyltransferase, because 2,3,4-tri-O-Me-Rha was present in
M. smegmatis mc*155 but was not identified in M. avium spe-
cies (8, 25).

When the gtf2 gene was disrupted, we detected 6-d-Tal with-
out Rha derivatives in GC/MS analysis, which demonstrates
that the gtf2 gene contributes to the transfer of Rha to the fatty
acyl-tetrapeptide core (Fig. 3C). In addition, complementation
revealed that the gtfB gene of M. avium had the same function
as gif2 (Fig. 8). In the previous studies of GPL biosyntheses,
the mutant accumulating 6-d-Tal-containing derivatives with-
out the Rha residue have not been isolated from GPL-produc-
ing species so far. Our results directly indicated for the first
time that 6-d-Tal-containing derivatives could be an interme-
diate for the biosynthetic pathways of GPLs.

As for the order of glycosylation steps regulated by gtfl and
gif2, we cannot determine which step takes place earlier, since
both disruptants accumulated the intermediates having differ-
ent component (Fig. 3B and C). For M. avium serovar 2,
Eckstein et al. proposed a pathway in which the transfer of the
Rha residue to the fatty acyl-tetrapeptide core occurred prior
to that of 6-d-Tal, because a mutant strain, 104Rg, having the
84fA region deleted, accumulated the fatty acyl-tetrapeptide
core with only the Rha residue (13). However, our results lead
to the interesting possibility that there are two alternative
glycosylation pathways for the formation of nsGPLs (Fig. 9). If
the glycosylation should occur in a single pathway, we would
expect the accumulation of a nonglycosylated intermediate in
either of the disruptants, because one of the genes, gtf! or gf2,
would be responsible for the first step of glycosylation convert-
ing the fatty acyl-tetrapeptide core to a glycosylated interme-
diate. Thus, the detection of glycosylated intermediates from
both Agtfl and Agtf2 suggests that (i) the fatty acyl-tetrapep-
tide core could be the substrate for both Gtfl and Gtf2 and (ii)
the glycosylated intermediates could also be the substrates for
both Gtfl and Gtf2. We prove here that Gtfl and Gtf2 have
broad substrate specificity and propose that the fatty acyl-
tetrapeptide core is glycosylated by Gtfl and Gtf2 at the same
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FIG. 5. GC/MS analysis of alditol acetates of sugars released from perdeuteriomethylated GPL-5. (A) GC profile. (B) Mass spectrum and
fragment ion assignment corresponding to 3-O-Me-Rha. (C) Mass spectrum of fragment ion assignment corresponding to 3,4-di-O-Me-Rha.

time and then converted to the nsGPLs having both 6-d-Tal
and O-Me-Rha via cross-glycosylations (Fig. 9).

Structural determination of GPL-5 and GPL-6 revealed that
L-alaninol of the fatty acyl-tetrapeptide core was glycosylated
with disaccharide (3-O-Me- and 3,4-di-O-Me-Rha), which was
structurally different from GPLs including GPL-1 to -4 and
ssGPLs (Fig. 6). However, it is reported that M. fortuitum
complex produced GPLs which are glycosylated as in GPL-5

and GPL-6 as major components (19, 20). Therefore, these
observations suggest that this type of glycosylation is not spe-
cific for M. smegmatis. GC/MS analyses of GPL-5 and GPL-6
indicated the presence of 3-O-Me-Rha in addition to 3,4-di-
O-Me-Rha, and analyses of perdeuteriomethylated GP1-5 and
GPL-6 showed that position C-1 of 3-O-Me-Rha is linked to
position C-2 of 3,4-di-O-Me-Rha. Recent studies have shown
that M. smegmatis mc®*155 newly produces two polar GPLs
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FIG. 6. Proposed structures of GPL-5 and GPL-6. Figure in parentheses shows the structure of GPL-1, GPL-2, GPL-3, and GPL-4, which were

characterized in previous studies (10, 16, 25).

which contained two units of 3,4-di-O-Me-Rha at L-alaninol of
the fatty acyl-tetrapeptide core with no 3-O-Me-Rha at any
other position when cultured in carbon-limited medium (23,
24). However, the reason for not being able to detect 3-O-Me-
Rha remains unknown.

In the gtf3-overexpressed strain Wt/pMVgtf3, the produc-
tivities of GPL-5 and GPL-6 were much higher than those of
other GPLs (Fig. 7). So, we can speculate that the expression
level of gff3 is usually repressed and could be regulated by
some environmental factors, such as the nutrient condition or
the gene encoding sigma factor (23, 24). GC/MS analyses
showed that GPL-5 and GPL-6 have the structures in which
3-0-Me-Rha is linked to GPL-3 and GPL-4. These results
suggest that GPL-3 and GPL-4 could be the precursors of
GPL-5 and GPL-6, respectively, and in Wt/pMVgtf3, overex-
pression of gif3 resulted in 2-O-rhamnosylation of 3,4-di-O-
Me-Rha in GPL-3 and GPL-4 instead of 2-O-methylation for

FIG. 7. TLC analyses of crude GPL extracts from the M. smegmatis
mc?155 strain (Wt) transformed with gtf expression vectors. Total lipid
fraction after mild alkaline hydrolysis was spotted on plates and de-
veloped in CHCl;-CH;0H (9:1 [voljvol]). GPLs were visualized by
spraying with 10% H,SO, and charring. Each total lipid fraction was
extracted from an equal weight of harvested cells.

converting to GPL-1 and GPL-2, so that GPL-5 and GPL-6
were synthesized.

Figure 9 represents proposed glycosylation steps related to
M. smegmatis and M. avium. We showed that the functions of
gtfl and gif2 corresponded to those of gif4 and gtfB, respec-
tively. This finding demonstrates that the biosynthetic pathway
for nsGPLs, which is the glycosylation of the fatty acyl-tet-
rapeptide core with the 6-d-Tal and Rha residues, is common
between M. smegmatis and M. avium. Moreover, the biochem-
ical characterization of Agtf2 and Agtfl suggested that the
glycosylation pathways for nsGPLs might not be stringent. On
the other hand, it has been shown that the rtf4 gene of M.
avium triggers the biosynthesis of ssGPLs by transfer of Rha to
6-d-Tal of nsGPLs (12). In M. smegmatis, our results indicated
that the g#f3 gene plays a role in synthesis of 3-O-Me-rhamno-

$ 38'%6’

ﬁ&

FIG. 8. TLC analyses of crude GPL extracts from the M. smegmatis
mc?155 strain (Wt) and its gene disruptants transformed with M. avium
gif4 and gifB. Total lipid fraction after mild alkaline hydrolysis was
spotted on plates and developed in CHCL-CH;0H (9:1 [volfvol]).
GPLs were visualized by spraying with 10% H,SO, and charring. Each
total lipid fraction was extracted from an equal weight of harvested
cells.
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syl-(1—2)-3,4-di-O-Me-Rha linked to vr-alaninol of the fatty
acyl-tetrapeptide core by transfer of an extra Rha residue to
nsGPLs. Thus, the r#f4 and gtf3 genes have the ability to confer
the biosynthetic differences between M. avium and M. smeg-
matis, suggesting that these genes may be responsible for the
phylogenetic distinctions in the two species of mycobacteria.
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Keywords

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 isothérmal 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-
ium species.

Mycobacterium spp.; dnaA gene; differential
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 et 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-
ium 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
Sodiety, 1997).

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

© 2005 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

lulare complex (MAC), Mycobacterium kansasii, Mycobacter-
ium chelonae, Mycobacterium abscessus, and Mycobacterium
xenopi (Wayne & Sramek, 1992; Metchock et al., 1999; Primm
et al., 2004). Mycobacterium gordonae, Mycobacterium gastti,
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 et al., 1993; De Beenhouwer et al., 1995; Cloud
er al., 2002), recA (Blackwood et al., 2000), rpoB (Kim et al.,
1999), gytB (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 et al., 1998). The 16S 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 specificity 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; IThira et al., 2004; Parida

et al., 2004; Thai et 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
0.1mm diameter zirconia/silica beads (BioSpec Products
Inc., Bartlesville, OK). The mixture was beaded for 20 s with
a Beads Homogenizer 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 pL
distilled water.

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

Primer set

Species Strains Accession number Kan32 Gas583
Mycobacterium abscessus JATA 63-01 (ATCC 19977) AB087684 - -
Mycobacterium africanum KK 13-02 (ATCC 25420) ABD87685 - -
Mycobacterium avium JATA 51-01 (ATCC 25291) AB0O87686 - -

Clinical isolate 22 strains
Mycobacterium bovis JATA 12-01 (ATCC 19210) ABO87687 - -
Mycobacterium chelonae JATA 62-01 (ATCC 35752) AB087688 - -
Mycobacterium fortuitum JATA 61-01 (ATCC 6841) AB087689 - -
Mycobacterium gastri KK 44-02 (ATCC 15754) ABO87690 - +
Mycobacterium gordonae JATA 33-01 (ATCC 14470) ABOB7631 - -
Mycobacterium intracellulare JATA 52-01 (ATCC 13950) ABO87692 - -

Clinical isolate 17 strains
Mycobacterium kansasii KK 21-01 {ATCC 12478) ABO87693 + -

Clinical isolate 10 strains + -
Mycobacterium leprae Thai-53 ABOB7694 - -
Mycobacterium malmoense JATA 47-01 (ATCC 29571) AB087695 - -
Mycobacterium marinum JATA 22-01 (ATCC 927) ABOB7696 - -~
Mycobacterium microti KK 14-01 (ATCC 19422) AB087697 - -
Mycobacterium nonchromogenicum JATA 45-01 (ATCC 19530) ABO87698 - -
Mycobacterium parafortuitum ATCC 25807 AB087699 - -
Mycobacterium phlei - ATCC 19249 AB087700 - -
Mycobacterium scrofulaceum JATA 31-01 (ATCC 19981) ABO87701 - -
Mycobacterium simiae KK 23-08 (ATCC 25275) ABQ087702 - ~
Mycobacterium smegmatis JATA 64-01 AB087703 - -
Mycobacterium szulgai JATA 32-01 ABO87704 - -
Mycobacterium terrae KK 46-01 (ATCC 15755) AB087705 - -
Mycobacterium triviale KK 50-02 (ATCC 23292) ABO87706 - -
Mycobacterium tuberculosis JATA 11-01 (H37Rv) AB087707 - . -
Mycobacterium ulcerans KK 43-01 AB087708 - -
Mycobacterium vaccae KK 66-01 AB087709 - -~ -
Mycabacterium xenopi KK 42-01 (ATCC 19250) AB0O87710 - -

All strains were kindly donated by Dr Kashiwabara, NIID.
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Clinical isolates were identified by Amplicore Mycobacter-
ium 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, U1F 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. 1a. 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 L. The PCR thermocycles were 3 min at 94 °C, followed
by 30 cycles of 94 °C for 105, 50°C for 20s, 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

(@1 238 502 1208 1521
[Domain 1_1 Domain 2 ’ Domain 3 Domain 4
{b) 228 612
U1F U1R
j - - ]
298 508

Fig. 1. Schematic representation of the DnaA protein and primer design
for the amplification of the partial mycobacterial dnaA gene. Number
indicates the nucleotide position of Mycobacterium tuberculosis, Gen-
Bank accession number AL021427. (a) The DnaA protein from M.
tuberculosis contains four domains. Domain 1 is 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 U1F and U1R were used to generate about 400bp fragment
from dnaA of 27 mycobacterial spp. () Analysis and comparison region
used in this study are indicated by a bar (298-508 bp).
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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 dinaA 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-specific LAMP 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 uL of reaction
mixture by using the Loopamp DNA amplification kit
(Eiken Chemical Co. Ltd., Tochigi, Japan) containing 2.4
M (each) FIP and BIP, 0.2puM (each) of the outer primers,
F3 and B3, 20mM Tris-HCl (pH 8.8), 10 mM KCl, 8 mM
MgSO,, 10mM (NH,4)-80y, 0.1% Tween 20, 0.8 M betaine,
14mM (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
transillumiinator at 302 nm. The specificity of the LAMP-
amplified products were further validated by restriction
enzyme digestion with Nael and Heell for M. kansasii
and M. gastri, respectively. The diluted genomic DNA was
used for determining the sensitivity of the species-specific
LAMP assay.
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M. microrti
M. bovis = M. africanum

.M i M. triviale 100/ M. tuberculosis
M. kansasii M. gastri vial
M. xenopi
M. marinum 100
M. ulcerans 100
M. leprae
93
M. chelonae 100 M. szulgai
M. abscessus 94
M. terrae
M. fortuitum M. nonchromogenicum
100
M. phlei ‘ M.simiae
M. parafortuitum M. scrofulaceum
M. malmoence
M. vaccae py smegmatis M. gordonae M. intracellulare
M. avium 0.1

Fig. 2. Phylogenetic relationship of 27 Mycobacterium species. Unrooted tree based on the dnaA sequences. The tree was generated from DNASpace
(Hitachi Software Engineering) with the Clustal W algorithm. 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’ part
of the dnaA gene as a candidate target for PCR amplification.
The PCR products with U1F and U1R, 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 (298508 bp) in
the amplified products had the highest species-specific varia-
bility (Fig. 1b). The size of the variable fragment in dnaA
ranged from 154bp 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. africamun, and
M. bovis were found to be identical, except for one nucleotide
substitution that occurred in M. bovis. When clinical isolates

FEMS Microbiol Lett 254 (2006) 232-239

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 mycobacteriaby dnaA
sequence-targeted species-specificLAMPassay

Several sets of primers designed from the drnaA 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
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(a) Kan 32
101
F3
GACGAGGGTE CGCAGCCGGC CGATGATTCC GGCCTGGARA

150
TGTCACGGGA

T. Mukai et al

200

AACGTCACTC GARACCCOIS AAGCOULO3G AGRCACCGAL SECOSCCGACG
>

CTGCTCCCAC GUGTCGGCIG GCTACTAAGS CCGEACCTTT

Nae |

—
AGACCGCCGE O3GLCCTCGA

ACRGITGCCCT
201 50
CRECCAAGCSC
SIGGTTCGCS

281

Bic
CCCGGTTEGC CCACCTACTT
GGGCCAACCG GGTGBATGAR

TCTGGLIGCC GCCGB3AGLT
30
QOGOGCTAL

CCTTCGTSAT
GGAAGCACTA

CGROGLCTOC RRTCGGITCG

o
GETGEGCGATS GCCGIGGAGE TTAGCCARGT

Gas 583
101

BACIEGAGCG

15¢

F3
CTCRBCCGGC CGATGAGCCC GGCCTGGAAA

TCTGTEaCTE OTGCaaOTac
Fic
CCAGOCTORE
GGTCGGAGTT
B3

DGCCTACEAC

TTGCRASTGEE CTTTTGGAGY TTOG3GEGECC
206G
GETCGITECT ACCGGCGGAR

TGECCGCCTT

CCAGCGACGS
B2 400
CACCTGORCG
GOSTGCEECG GTEEGRCIES TAGU3GCTTY STEIANGIGS

GOGGATSTTS

CGACGAGRAT GUCGITAGCT

TCTCCCREEA

CTICTCTCBC GAGTOZECOG CCGGACTTIT

Haell

—
AGCEICCGTIC

AGAGGICOCT

201 250
Bilc

GGECACCGAT

COCGACCCAR TTGGETCCAIT

F2
ACCCGAAACC ATCSGAGLCE ACGACTGAIGC

. -
TGESCTTTES TAGCCICTST TACTSCTSCE GUTSCTCTTE CO3CO3ITONE

300

ACGETCETN: CCRTCRETGS AACCAGCCTC AACCSTCGCT ATACCTIOSAE

GEGCTGRETT
Fic

CACCTTOGTT ATCGGIGCCT

AACCGGGTSES ATI2AS TOGCGGGCRS TOIGTGICTA

301

35

o

J

CTRRTCGGETT CICACROGIC GQTAIOCTCOG

GTGGAAGCAL TAGCTGIGGA GGTTAGCCAR

B3

GCGTRTECGE U3GTAGGAGT

(b) Kan32

P T —
GC BGTGEOCACT TTI3TIG3AG TTEGCG3CEA TGTGGARGCT
B2

TECCAGIG

CCRTOBOOGE AGCROCTGIG C3CHOCTATRE RCOTOITC

GETRGCGGIT TCOSTGGACIT GOGCGIATST

Gas 583

F3 CGATGATTCCGGCCTGGA

B3 GTTGAGGCTGCTTCCGC

FIP TCTCGTCGGCGTCGTCEGTATGTCACGGGAAACGTCAC
BIP GACCCGGTTGGCCCACCTAGCAGCGACCGTATCEGC

F3 AGCCCGGCCTGGARAT

B3 GTGCGAACCGATTGGAGG

FIP TGGGCCAATTGGGETCGGGGCCGGGRACCCGAAACCATC
BIP TCGGGCACCGATACGGTCGGAAGGTGTCGAAGGTGTAGC

Fig. 3. Location of oligonucleatide primer sets Kan 32 and Gas 583, used for the loop-mediated isothermal amplification methad. For Mycobacterium
kansasii partial dnaA gene (GenBank accession number AB087693) and for Mycobacterium gastri partial dnaA gene (GenBank accession number
ABO087690). A right arrow indicates the sense sequence which is used as the primer. A left arrow indicates that a complementary sequence is used as the
primer. 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 60min 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
electrophoresis. Nael cuts between F1 and Blc 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 93bp by Nael
digestion, and 123 and 98bp by Haell digestion (Fig. 4a).
Thus, we concluded that each primer set was species specific.
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We next assessed the semsitivity 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 1 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
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Fig. 4. (a) Four percent agarose gel electrophoresis and restriction enzyme analysis of loop-mediated isothermal amplification (LAMP) products of partial
dnaA gene of Mycobacterium kansasii and Mycobacterium gastri. Lanes: M, 100 bp DNA ladder; lanes 1-3, LAMP carried out with M. kansasii primer, Kan
32, in the presence of genomic DNA from M. kansasii (lanes 1 and 2) and M. gastri (lane 3); lane 2, LAMP product from lane 1 after digestion with Nael;
lanes 4-6, LAMP carried out with M. gastri primer, Gas 583, in the presence of genomic DNA from M. gastri (lanes 4 and 5) and M. kansasii (lane 6).lane 5,
LAMP product from lane 4 after digestion with Hae Il. {b) Serial dilution of purified M. kansasii or M. gastri genomic DNA was amplified to determine the
sensitivities by LAMP. Lanes: M, 100 bp DNA ladder; lanes 1-5 LAMP carried out with Kan 32 primer set in the presence of genomic DNA of M. kansasii,
lane 1, 1000 copies; lane 2, 500 copies; lane 3, 100 copies; lane 4, 10 copy; lane 5, distilled water. lanes 6-10 LAMP carried out with gas 583 primer set in
the presence of genomic DNA of M. gastri, lane 6, 1000 copies; lane 7, 300 copies; lane 8, 100 copies; lanes 9, 10 copy; lane 10, distilled water.

(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 tRNA gene, and ITS (Plikaytis et al., 1992; De
Smet er al.,, 1995; Springer et al., 1996; Messer & Weigel,
1997; Roth et al., 1998; Brunello et 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. kansasii is a representative pathogenic mycobacteria, 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

FEMS Microbiol Lett 254 (2006) 232-239

as well as a well-trained person in diagnostic laboratories.
The 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 (60min) 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-1f, TNF-o 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-1B. 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 résponse to
lipopolysaccharide and peptidoglycan were diminished. In contrast, these DC functions
were not impaired by pretreatment with TNF-q, 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-1B acts at early stages of
differentiation of DC and impairs biological functions of DC at later stages. Therefore,
production of IL-1B by mycobacteria-infected antigen-presenting cells counteracts
effective stimulation of innate and adaptive immune responses.

[DOI 10.1002/€§1.200535727]
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Introduction over long periods without being eradicated by the host

immune system [5]. The current vaccine against

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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tuberculosis, BCG has only limited protective effects,
and no reliable vaccine has been developed against
leprosy [6, 7].

Host defense against mycobacteria in human is
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-18 as
first-line mediators of defense [5, 19].

IL-1B is a 17-kDa prototypic pro-inflammatory
cytokine. IL-1f is multifunctional and acts on a wide
variety of target cells [20]. It induces numerous genes
regulated by IL-1B8-inducible transcription factors such
as NF-xB [21, 22]. Therefore, IL-13 not only participates
in the innate immune response, but also influences T cell
activity. However, the effect of IL-1§ on monocytes
undergoing differentiation 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-1f can explain at least partially
the persistence of mycobacteria in host cells.

Results

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

Monocytes primed with BCG produced significant
concentrations of IL-1p at MOI 20.06 (Table 1).
Similarly, macrophages produced IL-1B 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-15 and
then allowed them to mature into DC (Table 2). DC
derived from untreated monocytes stimulated CD4"
T cells after a pulse with M. leprae (MOI 20). In contrast,
CD4™ T cell stimulation by DC differentiated from IL-18
pretreated monocytes was markedly impaired. Inhibi-
tion depended on the IL-13 concentration used for
pretreatment of monocytes. Significant inhibition was
achieved at > 100 pg/mlL IL-1B. Similarly, IL-1B
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-1o impaired APC functions of DCin
a similar manner as IL-1B, whereas other pro-inflam-
matory cytokines, including TNF-¢ 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-18-
pretreated monocytes, we determined surface markers
of immature DC (Fig. 1). Immature DC derived from
monocytes, which had been pretreated with IL-18 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 IL-10 pretreatment of
monocytes. In contrast, CD86 and CD83 were down-
regulated by IL-1B pretreatment, 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-1f 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-1
or BCG pretreatment of monocytes did not alter the
expression of TLR2 and TLR4 (Fig. 2C). Finally, IL-1f
pretreatment of monocytes did not cause apoptosis of
DC (data not shown). Thus, DC differentiated from IL-1
pretreated monocytes were only partially activated.

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

Cell type IL-1B (pg/mL) production after stimulation with BCG at MOIL

0 0.0625 0.25 1.0
Monocytes 22402 23.7 £4.6™ 229.4 4+ 19,172 861.4 £ 2237
Macrophages 33+ 04 4.0+ 1.1 346+ 28" 163.3 + 2017

* 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 done 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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Table 2. M. leprae-specific IFN-y production by CD4* T cells stimulated by M. leprae-pulsed DC derived from IL-1B 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) (MOD) 20:1 40:1
0 0 0.7 + 0.0 0.2 + 0.0
0 20 206.7 % 15.1 50.7 + 4.9
30 0 04 + 0.0 0.3 £ 0.1
30 20 192.8 + 19.3 249 + 11.2
100 0 03 +01 0.6 + 0.2
100 20 50.9 & 6.1 13.4 + 0.3
300 0 07 + 04 0.8 £ 0.7
300 20 30.3 + 2.6 9.7 £ 1.9™
1000 0 0.3+ 0.1 0.4 £ 0.2
1000 20 9.5+ 2.1 3.0+ 05

9 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-1p-treated monocytes were pulsed with M. leprae on day 3, treated with LPS (25 ng/mlL) 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.

® "p <0.0001 vs. control (IL-1p O pg/mL, M. leprae (MOI 20)), “p <0.0005 vs. control (IL-1 O pg/mL, M. leprae (MOI 20)).
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sz ) | & 2321 [ 4452 o1} { ¢ 265
it i @ . C
o i i Figure 1. Phenotype and phagocytic activity of
i )//‘\ _&J‘\ ; immature DC differentiated from IL-1B pretreated
- ; F Y monocytes. Plastic adherent monocytes were pre-
. . i, - treated with the indicated doses of IL-1B and were
3553 | 14 20481 | 4 4235 o3i1 s @] subsequently differentiated into DC by 3-day
100 |1 ) culture with rtGM-CSF and rlL-4. For analysis of
i i# phagocytic activity of DC, the immature DC
R I A jK/\\ (cultured for 3 days) were pulsed with GFP-
expressing BCG (MOI 10) and expression of GFP was
i 2821 | 1§ 1798} |} 4738 03} 318 assessed on day 4 of culture. Dashed lines, isotype-
i i i @™ matched control IgG; solid lines, mAb staining, The
a0 Jii il i number represents the difference in mean fluor-
it ‘)‘/\ 4—_‘/\ ' escence intensity between dotted and solid lines.
RS d S The number in parentheses indicates percent
HLA-ABC HLA-DR CDis cD14 GFP-BCG positive cell number. Representative data of three
(Mor 19) independent experiments are shown.

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

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

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

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-13 failed to produce
significant amounts of IL-12 (Fig. 3A). Similar results
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were obtained for TNF-o 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 not altered under these
conditions (data not shown). IL-12p70 production in
response to MMP-II, which ligates to TLR2, was similarly
affected by pretreatment of monocytes with IL-1B
(Fig. 3C). Also, both rIL-1f (Fig. 3D) and BCG
(Fig. 3E) induced IL-12p70 production only in DC
derived from IL-1B untreated-monocytes. The failure to
produce IL-12p70 was long lasting as DC differentiated
from IL-1 pretreated monocytes in the presence of GM-
CSF and IL-4 did not produce IL-12p70 in response to
LIPS 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/mlL of
TNF-q, IL-6 or IL-10, differentiated to DC, which were
then stimulated with LPS. None of these cytokines

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (A) Phenotype of mature DC
differentiated from monocytes pretreated
with IL-1B. Plastic adherent monocytes
were pretreated with the indicated doses of
{ IL-1B and were subsequently differentiated
i into DC by 5-day culture with rGM-CSF and
* rlL-4. Cells were treated with LPS (25 ng/
mL) on day 4 and analyzed on day 5.
Dashed lines, isotype-matched control IgG;
solid lines, mAb staining. The number
represents the difference in mean fluor-
escence intensity between dotted and solid
lines. The number in parentheses indicates
percent positive cell number. Representa-
tive data of three independent experiments
i are shown. (B) MMP-II expression on

L mature DC obtained as in (A), except that
DC were infected with M. leprae (MOI 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-18 or BCG.
Plastic adherent monocytes were pre-
treated with the indicated doses of IL-1 or
BCG and were subsequently differentiated
into mature DC as in (A). Dashed lines,
isotype-matched control IgG; solid lines,
mAb 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.

10.9
(18.5)

129
A (18.1)

| 127
i (18.6)

impaired IL-12p70 secretion by DC (Table 3). Thus, IL-
1B signaling in monocytes but not IL-6, TNF-qa or IL-10
signaling, inhibited IL-12 secretion by DC. Subsequently,
IL-1f 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-1p or other cytokines and 24 h later
stimulated with LPS. Cells treated with TNF-o 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-1B 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-1f production in monocytes at concentrations up to
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Figure 3. IL-12p70 production by stimulated
mature DC. DC were differentiated by 4-day
culture with rGM-CSF and riL-4 from
monocytes. Monocytes were treated with the
indicated doses of riL-1f (O----O: IL-1B 0,
@—@: 1L-1p 100 and [3—{7: IL-1p 300 pg/mL),
and were stimulated for 24 h with: (A) LPS,
(B) PGN, (C) MMP-1I, (D) IL-18 and {E) BCG at
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1 pg/mL, whereas 1 pg/mL LPS stimulated IL-1J
secretion in monocytes. Accordingly, DC derived from
monocytes pretreated with MLC produced equal con-
centrations of IL-12p70 as untreated DC did, whereas
DC derived from LPS pretreated monocytes failed to
secrete significant concentrations of IL-12p70. Mono-
cytes infected with BCG at MOI <0.03 did not produce
significant levels of IL-1p and accordingly were able to
produce IL-12p70 after differentiation into DC. In
contrast, BCG at MOI 0.13 stimulated IL-18 production
from monocytes and concomitantly inhibited IL-12p70
secretion by DC. BCG infection did not cause apoptosis
under these conditions (data not shown). To directly
determine the role of endogenous IL-1B on IL-12
production by DC, antibody neutralization experiments

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

indicated doses. IL-12p70 concentrations
were measured by ELISA. Representative
data of three independent experiments are
shown.

were performed (Table 6). DC derived from BCG-
pretreated monocytes were significantly impaired in
IL-12p70 production and this impairment was abro-
gated when neutralizing IL-18 mAb were present during
BCG pretreatment. Control mAb showed no neutralizing
effects. In addition, impaired IL-12p70 production by
LPS pretreated monocytes was abrogated by neutraliz-
ing mAD to IL-1p (not shown). Thus, BCG inhibited IL-12
production by DC via IL-1f signaling in monocytes.

Discussion

Host defense against mycobacterial pathogens is
mediated by innate and adaptive immune responses.
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Table 3. IL-12p70 production by DC differentiated from monocytes pretreated with various cytokines®

Cytokine pretreatment of IL-12p70 (pg/ml) production by DC after stimulation with LPS at dose:
(Iﬁ)%n;;yrff) 0 6.3 ng/mL 25 ng/mL
None 47 + 0.8 363.4 + 6.2 546.7 + 8.7
IL-1B 34 £ 1.0 18.0 + 2.2° 480 + 5.1
TNF-« 38 + 0.8 352.8 + 5.8 531.5 + 7.3
1L-6 40 + 0.4 3752 + 9.8 564.4 + 11.8
IL-10 1.3 + 01 4003 + 11.9 895.8 &+ 29.9

a,

DC (1 x 10°/well) were differentiated from monocytes pretreated with either of the above cytokines on day 0 of culture. On day 4
of culture, DC were stimulated with LPS for 24 h. Representative data of three separate experiments are shown. Assays were
done in triplicate, and results are expressed as mean =+ SD.

Y "y <0.0001 vs. control (LPS 0 ng/ml).

Table 4. Effects of cytokine pretreatment on IL-12p70 production by DC®

Cytokine pretreatment of IL-12p70 production (pg/mlL) by DC after stimulation with LPS at dose:
ilag%a;‘;fn]i)c 0 6.3 ng/mlL 25 ng/mL
None 0.2 = 0.0 333.9 + 11.0™ 539.2 + 20.3
IL-1p 0.3 + 0.0 68.5 + 9.8 219.1 + 107
TNF-a 84 £ 19 330.7 + 12.8 534.1 + 30.0
IL-6 3.6 £ 0.8 331.8 + 134 535.9 + 28.2

3 Monocytes cultured for 3 days in the presence of rtGM-CSF and 11L-4 (1 x 105/well) were pretreated with cytokines and on day 4
cells were further stimulated with LPS for 24 h. Representative data of three separate experiments are shown. Assays were done
in triplicate, and results are expressed as mean =+ SD.

b "p <0.0005 vs. control (LPS 0 ng/mL).

Table 5. IL-12p70 production by DC derived from Ag-pulsed monocytes®

Monocyte treatment IL-1B production (pg/ 1L-12p70 production (pg/mL) by DC
ml) by monocytes® after stimulation with LPS at dose:
0 6.3 ng/mL 25 ng/mL
Exp. 1 None 1.3 £ 01 11.8 = 2.1 250.8 + 18.7 489.9 + 21.0
MLC® (1 pg/mlL) 1.6 £ 0.2 133 +£ 1.8 2241 = 17.9 360.9 £ 154
LPS (1 pg/mL) 150.3 + 3.9 4.0 + 0.9 1.8 + 0.39 1.5 + 0.17
MLC? (1 ug/mL) + LPS (1 pg/mL) 160.8 + 4.3 44 + 0.8 0.9 + 0.2 0.0 + 0.079
Exp. 2 None 0.0 £ 0.1 0.0 £ 0.0 309.6 £ 20.5 499.3 + 237
BCG (MOI 0.03) 6.8 + 0.7 14.6 = 2.6 264.7 = 21.8 493.2 + 21.8
BCG (MOI 0.13) 148.7 + 9.6 50 + 1.1 446 + 3.9 91.8 + 12.37

3 DC(1 x 10°/well) were derived from monocytes pulsed with Ag or LPS. DC were then stimulated for 24 h with LPS. Representative
data of three separate experiments are shown. Assays were done in triplicate, and results are expressed as mean =+ SD.

® The concentration of IL-1B produced by monocytes after priming with indicated stimulator.

9 MLC: M. leprae-derived cytosol fraction.

9 "p <0.005 vs. None (Monocyte not pretreated), 'p <0.001 vs. None {Monocyte not pretreated).
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