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Discrimination of Mycobacterium abscessus subsp. massiliense from
Mpycobacterium abscessus subsp. abscessus in Clinical Isolates by

Multiplex PCR
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The rapidly growing mycobacterium M. abscessus sensu lato is the causative agent of emerging pulmonary and skin diseases and
of infections following cosmetic surgery and postsurgical procedures. M. abscessus sensu lato can be divided into at least three
subspecies: M. abscessus subsp. abscessus, M. abscessus subsp. massiliense, and M. abscessus subsp. bolletii. Clinical isolates of
rapidly growing mycobacteria were previously identified as M. abscessus by DNA-DNA hybridization. More than 30% of these
117 clinical isolates were differentiated as M. abscessus subsp. massiliense using combinations of multilocus genotyping analy-
ses. A much more cost-effective technique to distinguish M. abscessus subsp. massiliense from M. abscessus subsp. abscessus, a
multiplex PCR assay, was developed using the whole-genome sequence of M. abscessus subsp. massiliense JCM15300 as a refer-
ence. Several primer sets were designed for single PCR to discriminate between the strains based on amplicons of different sizes.
Two of these single-PCR target sites were chosen for development of the multiplex PCR assay. Multiplex PCR was successful in
distinguishing clinical isolates of M. abscessus subsp. massiliense from samples previously identified as M. abscessus. This ap-
proach, which spans whole-genome sequencing and clinical diagnosis, will facilitate the acquisition of more-precise information
about bacterial genomes, aid in the choice of more relevant therapies, and promote the advancement of novel discrimination and

differential diagnostic assays.

M embers of the Mycobacterium chelonae-M. abscessus group of
rapidly growing mycobacteria (RGM), M. abscessus sensu
lato, have been identified not only as sources of pulmonary infec-
tions but also as emerging pathogens of nosocomial infections
following cosmetic surgery and postsurgical procedures (1-4).
The taxonomic status of M. abscessus sensu lato has not been re-
solved; however, M. massiliense and M. bolletii were characterized
as new species distinct from M. abscessus (5, 6). Although the
clinical significance of M. massiliense has been emphasized (7, 8),
it was proposed by Leao et al. in 2011 that M. massiliense and M.
bolletii should be reclassified as a united subspecies of M. abscessus,
M. abscessus subsp. bolletii, and that a new subspecies, M. abscessus
subsp. abscessus, should be designated (9). However, a recent
whole-genome study strongly supported the hypothesis that the
species can be divided into at least three subspecies: M. abscessus
subsp. abscessus, M. abscessus subsp. massiliense, and M. abscessus
subsp. bolletii (10). M. abscessus subsp. massiliense was initially
isolated from the sputum of a patient with pneumonia in France
in 2004 (5). In 2005, an outbreak of M. abscessus subsp. massiliense
infection was linked to intramuscular injections of an antimicro-
bial agent in South Korea (11). This bacterium was also the source
of a lethal case of sepsis in Italy (12) and has been found in cystic
fibrosis patients in France (13). Several cases of bacteremia and
cutaneous pulmonary infections have also been reported in Japan
(14-17).

A novel approach is required to differentiate M. abscessus
subsp. massiliense from M. abscessus subsp. abscessus and M. ab-
scessus subsp. bolletii because conventional methods such as bio-
chemical assays and 16S rRNA genotyping cannot make the dis-
crimination. Moreover, the clinical profile of M. abscessus subsp.
massiliense is different from those of M. abscessus subsp. abscessus
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and M. abscessus subsp. bolletii. In particular, antibiotic treatment
with clarithromycin is more effective against M. abscessus subsp.
massiliense lung infections, with resistance developing more read-
ily in cases of M. abscessus subsp. abscessus lung disease. Therefore,
differentiating M. abscessus subsp. massiliense from M. abscessus
subsp. abscessus is critical in the clinical environment (7). A sig-
nificant difference between M. abscessus subsp. massiliense and M.
abscessus subsp. abscessus-M. abscessus subsp. bolletii in suscepti-
bility to various antimycobacterial drugs has also been observed in
our laboratory (17). A significant difference between M. abscessus
subsp. abscessus and M. abscessus subsp. massiliense in treatment
response was also noted (18). However, the incidence of M. ab-
scessus subsp. bolletii infection is very rare, making it difficult to
separate its clinical profile from that of an M. abscessus subsp.
abscessus infection.

In Japanese hospitals, a commercially available DNA-DNA hy-
bridization (DDH) assay is frequently used for the clinical identi-
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TABLE 1 Primers used in this study

Primer Sequence Target and/or purpose (amplified fragment size) Reference
8F16S 5'-AGAGTTTGATCCTGGCTCAG-3' (positions 8 to 27)° Mycobacterial 165 rRNA gene, PCR (ca. 1,500 bp), 21
1047R16S 5'-TGCACACAGGCCACAAGGGA-3' (positions 1047 to 1028)" sequencing

830F16S 5'-GTGTGGGTTTCCTTCCTTGG-3' (positions 830 to 849)"

1542R16S 5'-AAGGAGGTGATCCAGCCGCA-3' (positions 1542 to 1523)°

TB11 5'-ACCAACGATGGTGTGTCCAT-3' Mycobacterial hisp65 gene, PCR (441 bp), 22
TB12 5'-CTTGTCGAACCGCATACCCT-3' sequencing

MabrpoF 5'-GAGGGTCAGACCACGATGAC-3' (positions 2112-2131)" Mycobacterial rpoB gene, PCR (449 bp), 17
MabrpoR 5'-AGCCGATCAGACCGATGTT-3" (positions 2559-2541)" sequencing

ITSF 5'-TTGTACACACCGCCCGTC-3' Mycobacterial 165-23S ITS region, PCR (ca. 340 23
ITSR 5'-TCTCGATGCCAAGGCATCCACC-3’ bp), sequencing

“ Nucleotide positions were assigned using the Escherichia coli 165 rRNA gene sequence as a reference.
b Primer design and nucleotide positions were based on the M. tuberculosis rpoB gene sequence (GenBank/EMBL/DDBJ accession no. L27989),

fication of mycobacterial strains. However, the reference panel for
the DDH Mycobacteria kit consists of only the 18 most common
strains of mycobacteria. Although the DDH test is able to clearly
differentiate M. chelonae from the rest of the M. chelonae-M. ab-
scessus group, M. abscessus subsp. massiliense and M. abscessus
subsp. bolletii are not included in the pane] (19). In fact, isolates
from different subpopulations of patients were all identified as M.
abscessus by the DDH assay. However, these isolates appeared to
have different responses to several antimycobacterial drugs (20).
These observations led us to develop a simple genotyping test to
discriminate M. abscessus subsp. massiliense from M. abscessus us-
ing the whole-genome data of M. abscessus subsp. massiliense as a
reference sequence.

MATERIALS AND METHODS

Bacterial strains. An environmental isolate (strain LRC AbsB-1)and 117
clinical isolates were obtained for differential diagnosis from hospitals in
Japan (see the Appendix for the list of the hospitals). Of these, 109 strains
were isolated from sputum samples and 8 were obtained from skin lesions
(see Table S1 in the supplemental material). All of the isolates had been
classified as M. abscessus based on the results of DDH analysis (DDH
Mycobacteria kit; Kyokuto Pharmaceutical Industrial, Tokyo, Japan).
This kit contains 18 strains of mycobacteria on the reference panel, which
includes M. abscessus but not M. abscessus subsp. massiliense or M. absces-
sus subsp. bolletii (19).

Reference strains of the rapidly growing mycobacteria M. abscessus
subsp. massiliense JCM 153007, M. chelonae JCM 63887, M. abscessus
subsp. bolletii JCM 15297%, and M. abscessus subsp. abscessus JCM 13569
(ATCC 19977) were obtained from the Japan Collection of Microorgan-
isms of the Riken Bio-Resource Center (BRC-JCM; Ibaraki, Japan). All
bacterial strains were subcultured on 2% Ogawa egg slants or 7H11 agar
plates.

Following development of the multiplex PCR assay, several labora-
tory and clinical isolates that had been classified using DDH assays
and/or sequencing were applied to this assay. They included isolates of
M. avium complex, M. fortuitum, M. gordonae, M. kansasii, M. lentifla-
vum, M. peregrinum, M. shimoidei, M. szulgai, M. triplex, M. tuberculosis,
and M. xenopi.

DNA extraction, DNA extraction was performed as described previ-
ously (17). In brief, a loopful of bacilli was suspended in 400 pl sterilized
phosphate-buffered saline supplemented with 0.05% Tween 80 and
stored at —80°C until the extraction was performed. A frozen sample was
crushed with zirconia beads (2 mm in diameter) in a bead-beating instru-
ment. Total genomic DNA was purified from the crushed suspension
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using a High Pure PCR template preparation kit according to the manu-
facturer’s instructions (Roche Diagnostics) and stored at —20°C.

Sequence analysis. The sequences of the clinical and environmental
isolates, which had been preliminarily identified as M. abscessus with the
DDH kit, were compared to those of the M. abscessus subsp. massiliense
JCM 153007, M. abscessus subsp. bolletii JCM 15297", M. chelonae JCM
6388", and M. abscessus subsp. abscessus JCM 135697 reference strains.
The sequences of the majority of the 165 rRNA gene, partial hsp65 and
rpoB genes, and the internal transcribed spacer (ITS) region between the
16S and 23S rRNA genes were amplified using AmpliTag Gold DNA poly-
merase (Applied Biosystems, Foster City, CA) with the primers listed in
Table 1. Both strands were sequenced with BigDye Terminator cycle se-
quencing kit ver. 3.1 (Applied Biosystems) and run on an ABI Prism 3130
Genetic Analyzer (Applied Biosystems). Analyses were performed after
removing the primers from the sequences (24).

Short-read DNA sequencing using Illumina Genome Analyzer IL. A
cDNA library of M. abscessus subsp. massiliense JCM 153007, containing
fragments of approximately 500 bp in length, was prepared using a
genomic DNA Sample Prep kit (Illumina, San Diego, CA). DNA clusters
were generated on a slide using a Cluster Generation kit (ver. 2) on an
Iumina Cluster Station (Illumina), according to the manufacturer’s in-
structions. All sequencing runs for 83-mers were performed using Illu-
mina Genome Analyzer II (GA II) and an llumina sequencing kit (ver. 3).
Fluorescent images were analyzed using Illumina base-calling pipeline
1.4.0 to obtain FASTQ-formatted sequence data.

De novo assembly of short DNA reads. Prior to de novo assembly,
reads were divided into 40-, 50-, 60-, or 70-mers from the 5’ end of 83-mer
reads followed by nucleotide trimming based on the phred quality value
(cutoff of 14) using the Euler-SR qualitytrimmer command (25). These
trimmed sequences were then assembled using Euler-SR v1.0 (25) with
the default parameters (vertex size, 25).

Genome scaffold analysis using reference sequences. Reference se-
quence-assisted gap closing was performed with OSLay v1.0 software (26)
using the Mycobacterium abscessus ATCC 19977 chromosome DNA se-
quence as a reference genome (GenBank accession no, NC_010397). Ho-
mologous regions between the de nove assembly of short reads and ATCC
19977 chromosome DNA were identified by BLASTN searches with 1E-10
as a cutoff value (setting parameters, -m 8 -e 1E-10). Predicted supercon-
tigs (an ordered and oriented set of contigs that contained gaps) were
visualized by OSLay (26). Tentative scaffolds of M. abscessus subsp. massil-
iense chromosomal DNA sequence were obtained in the same manner as
the supercontigs. Pairwise alignment between those genome sequences
was performed using a BLASTN homology search (27) followed by visu-
alization of the aligned images with the Artemis Comparison Tool (ACT)
(28).
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TABLE 2 List of DNA sequence accession numbers (AB548592 to
AB548611)

16STRNA  hsp65 rpoB ITS

Strain ] (1,468 bp) (401bp) (409 bp) (298 bp)

M. abscessus subsp. AB548602 AB548601 AB548600 ABS548603
massiliense JCM 153007

M. abscessus subsp. bolletii  AB548606 AB548605 AB548604 AB548607
JCM 152977

M. abscessus subsp. abscessus AB548599 AB548598 AB548597 AB548596
JCM 135697

M. abscessus subsp. AB548592 AB548593 AB548594 ABS548595
massiliense strain Al

M. chelonae JCM 63887 AB548610 AB548609 AB548608 AB548611

PCR assays. Single-PCR and multiplex PCR assays differentiating M.
abscessus subsp. abscessus and M. abscessus subsp. massiliense were con-
ducted with the listed primers (see Table 4). In brief, 50 ul of a mixture
containing 50% AmpliTaq Gold 360 Master Mix (Applied Biosystems),
2% GC enhancer, 0.5 pM (each) primer, and 0.1 pg template DNA was
used for PCR with a single set of primers. Amplification was performed in
the Mastercycler gradient (Eppendorf) using 95°C for 10 min; 30 cycles of
95°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and a final extension
at 72°C for 7 min. The PCR products were separated by 2% agarose gel
electrophoresis and stained with ethidium bromide.

Nucleotide sequence accession numbers. The DNA sequences of the
165 rRNA (1,468-bp), hsp65 (401-bp), rpoB (409-bp), and ITS (298-bp)
fragments from the reference strains (type strains of M. abscessus subsp.
massiliense JCM 153007, M. chelonae JCM 63887, M. abscessus subsp.
bolletii JCM 152977, M. abscessus subsp. abscessus JCM 135697, and M.
abscessus subsp. massiliense cutaneous isolate strain Al) were deposited
into the International Nucleotide Sequence Databases (INSD) through
the DNA Databank of Japan (DDBJ) under accession numbers
AB548592 to AB548611 (see Table 2). The draft genome sequences of
M., abscessus subsp. massiliense were deposited under accession numbers
BAOMO01000001 to BAOMO01000060.

RESULTS

Multilocus sequence analysis. Nucleotide sequence analysis was
performed with the isolates and reference strains (M. abscessus
subsp. abscessus, M. abscessus subsp. massiliense, M. abscessus
subsp. bolletii, and M. chelonae). The sequences of the 1,468-bp
fragment of the 165 rRNA genes of the 118 isolates and the refer-
ence strains were almost identical, with only 1-bp mismatches or
no mismatches with M. abscessus subsp. abscessus, M. abscessus
subsp. massiliense, and M. abscessus subsp. bolletii found at nucle-
otide position 1007 or 1008 or 1407 or 1408 and additional 3-bp
mismatches with M. chelonae at nucleotide positions 999, 1039,
and 1265 (17). However, differences were observed with the se-
quences of hsp65, rpoB, and the ITS region (Table 3). There were
two distinct groups. The strains in the first group either had the
same hsp65/rpoB/ITS sequence as the M. abscessus subsp. abscessus
type strain (type 1) or had a 1- or 2-bp difference in hsp65 and/or
the ITS region (type la or type 1b). In this group, 58.5% of the
strains were classified as M. abscessus subsp. abscessus, in accor-
dance with the DDH results. The strains in the second group had
the same hsp65/rpoB/ITS sequence as the M. abscessus subsp.
massiliense type strain, with the exception of one base in the ITS
region (type 2) or one or two or no base pair differences in the ITS
region and/or rpoB (type 2a, type 2b, type 2c, and type 2d). In this
group, 36.4% of the strains classified as M. abscessus by DDH were
actually M. abscessus subsp. massiliense. The strains in the third
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group, with only 3 isolates included, had the same hsp65/rpoB/ITS
sequence as the M. abscessus subsp. bolletii type strain, with the
exception of 1-bp differences in rpoB (type 3a) and/or the ITS
region and/or hsp65 (type 3b and type 3c). In this group, 2.5% of
the strains classified as M. abscessus by DDH were actually M.
abscessus subsp. bolletii. The remaining three clinical isolates could
not be identified by the sequences, because they had discordant
sequencing results. The sequences of the hsp65 genes and ITS re-
gions of the two isolates were identical to those of M. abscessus
subsp. abscessus; however, they carried the rpoB sequence of M.
abscessus subsp. bolletii with the 1-bp mismatch (DS type 4). The
third isolate had the M. abscessus subsp. massiliense hsp65 and ITS
region sequences and the rpoB sequence of M. abscessus subsp.
abscessus (DS type 5). An examination of the data from combina-
tions of multilocus sequence analyses can be used to clearly dis-
criminate M. abscessus subsp. abscessus, M. abscessus subsp. massil-
iense, and M. abscessus subsp. bolletii with 97.5% accuracy.
Whole-genome sequence analysis and primer design. The
whole-genome sequence of the M. abscessus subsp. massiliense
type strain was compared with that of the M. abscessus subsp.
abscessus type strain (GenBank accession no. NC_010397) using
the ACT to visualize pairwise alignments between the sequences.
At least eight notable regions, containing 50- to 800-bp differ-
ences, were identified as candidates for PCR targets (i.e., 50- to
800-bp insertions or deletions in M. abscessus subsp. massiliense
compared to M. abscessus subsp. abscessus). Figure S1 in the sup-
plemental material shows a representative region, which had a
494-bp insertion in M. abscessus subsp. massiliense at position
3694233 of M. abscessus subsp. abscessus. The eight regions were
labeled MAB_0022¢c, MAB_0104c, MAB 0357c, MAB_1112c,
MAB_1176¢c, MAB_2847c, MAB_3644,and MAB_4614 withreference
to the locations of the open reading frames (ORFs). Regions around
MAB_0022c, MAB_0104c, MAB_3644, and MAB_4614 were asso-
ciated with coding sequences, whereas MAB_0357, MAB_1112c,
MAB_1176, and MAB_2847 were associated with noncoding se-
quences. Eight primer sets were designed using locations in the bor-
ders of regions that would sharply differentiate M. abscessus subsp.
abscessus and M. abscessus subsp. massiliense based on the sizes of
their PCR amplicons (Table 4). Single-PCR tests were performed
to cull the two best primer sets. The following check points were
used as selection criteria. (i) Were the isolates amplified? (ii) Were
the amplicons clear single bands? (iii) Were the amplicons the
correct size? (iv) Were the PCR results discriminating M. abscessus
subsp. abscessus and M. abscessus subsp. massiliense consistent
with the multilocus sequence analysis? All clinical isolates were
used in the single-PCR tests; however, tests were terminated when
check point 1, 2, or 3 was negative, with the first 20 strains selected.
Figure S2 in the supplemental material shows single-PCR results
targeting MAB_1176c as representative. As shown in that figure,
PCR of all M. abscessus subsp. abscessus strains produced an am-
plicon of the expected size, ca. 210 bp. Four clinical M. abscessus
subsp. massiliense strains and the M. abscessus subsp. massiliense
type strain produced an amplicon of ca. 860 bp. However, 8 clin-
ical strains produced an unexpected size of ca. 400 bp. These re-
sults suggested that the MAB 1176¢ primer sets were not suitable
for PCR, since the insertion sequence in the M. abscessus subsp.
massiliense clinical strains was not conserved as a uniformly sized
sequence of ca. 860 bp. Single-PCR results are shown in Table 52
in the supplemental material. Amplification using MAB 3644,
MAB 0022¢, and MAB 1112c¢ primer sets produced amplicons of
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TABLE 3 The sequential differences in clinical isolates in M. abscessus sensu lato

Nucleotide sequence position”

No. of hsp65” rpoB° ITS region
tested  Predicted DDH
Group strains  result 115 118 127 187 190 229 340 10 31 79 88 124 127 136 193 202 277 283 316 343 376 379 25 45 48 60 101-1039 180 276
M. abscessus subsp. 1 M. abscessus T T C C C G C T T € T G C T C C C C T C C C T A C A CG C G
abscessus
Type 1 61 M. abscessus T T C C C G C T T C T G C T C C C C T C C C T A C A CG C G
Type la 6 M. abscessus T T C C C G C T T C T G C T C C C C T C C C T A T A CG C G
Type 1b 2 M. abscessus T T C C C G T T T C€C T G C T C C C C T C C C T A T A CG C G
M. abscessus subsp. 1 M. abscessus G C T C T G T cC ¢ C ¢ A T C C G T C C T T T T A € G CCG C A
massiliense”
Type 2 29 M. abscessus G C T C T G T cC ¢ C C A T C C G T C C T T T T A C G CCG T A
Type2a 10 M. abscessus G C T C T G T cC C C C A T C o} G T C C T T T cC A C G CCG T A
Type 2b 2 M. abscessus G C T C T G T cC C C C A T C C G T C T T T T T A C G CCG C A
Type 2¢ 1 M. abscessus G C T C T G T cC € € C A T C Cc G T C T T T T C A C G CCG C A
Type 2d 1 M. abscessus G C T C T G T cC ¢ C C A T C C G T C C T T T T A C G CCG C A
M. ubscessu{r subsp. 1 M. abscessus G C T T T C C G T T C A T C T T T T T T T T T A C A CG C G
bolletii
Type 3a 1 M. abscessus G C T T T C C G T T C A T C T C T T T T T T T A C A CG C G
Type 3b i M. abscessus G C T T T C C G T T C A T C T C T T T T T T T G C A GG C G
Type 3¢ 1 M. abscessus G C T C T C C G T T C A T C T T T T T T T T T G C A GG C G
DS° type 4 2 M. abscessus T T C C C G C G T T C A T C T C T T T T T T T A C A GG C G
DS type 5 I M. abscessus G C C T G T T T € T G C T C C C C T C C C T A C CCG C A

“ Bold letters indicate nucleotides different from those of the type strains.

¥ Nucleotide positions were based on the M. abscessus subsp. massiliense sequence of the partial hsp65 gene (accession no. AB348601).
¢ Nucleotide positions were based on the M. abscessus subsp. massiliense sequence of the partial rpoB gene (accession no. AB548600).

4 Base deficient.

¢ Isolate showing discordant sequencing results.
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PCR Differentiation of M. massiliense and M. abscessus

TABLE 4 Primers to discriminate reference strains of M. abscessus subsp. abscessus and M. abscessus subsp. massiliense

Primer

Amplified fragment size (ca. bp) of M. abscessus

Sequence (locations)” subsp. abscessus/M. abscessus subsp. massiliense”
MAB 0022cF 5'-TTCGATTCTCCTAGGCTCCA-3' (22165-22184) 220/270 -
MAB 0022cR 5'-GGCGTACATGACCGCATACT-3' (22386-22367)
MAB 0104cF 5'-GGTGACTGAACTCCACGAAGA-3' (105362-105382) 590/160
MAB 0104cR 5'-CGATATCGTGAGCCATCCTC-3" (105948-105929)
MAB 0357¢cF 5'-GGTAGCTCTTCCAGCCGAAT-3' (354468-354487) 900/300
MAB 0357cR 5'-CAGCACGCA AAGGTACGAC-3' (355376-355358)
MAB 1112cF 5'-CCAAAACCGTTGAGCGTTAT-3' (1125571-1125590) 200/1,020
MAB 1112cR 5'-ATCATGAACCGCAAGTACCG-3’ (1125776-1125757)
MAB 1176¢F 5'-CACACCACGTGTCCTACAGC-3' (1193378-1193397) 210/860
MAB 1176cR 5'-AGTCCATCGAACGAACTTGG-3' (1193594-1193575)
MAB 2847cF 5'-CCCACAAATTTCGTAAGACCA-3' (2896496-2896516) 130/200
MAB 2847cR 5'-ACCCAGGTGGAACTCTTCAC-3’ (2896628-2896609)
MAB 3644F 5'-GTCACCGCAGAAATCGAGTC-3' (3694129-3694148) 200/700
MAB 3644R 5'-GGGGTGGTTGACGTGTTC-3" (3694310-3694293)
MAB 3644 (Rev2R)" 5'-CGAGGTCAAGTGGCTTCTTT-3' (3694262-3694243) 150/650
MAB 4614F 5'-CCTTCACCCTTCCGTTCAT-3' (4698970-4698988) 215/535
MAB 4614R 5'-GTTGGGACTGCAGGTATTGC-3' (4699184-4699165)

“ Nucleotide positions were based on the complete sequence of the M. abscessus subsp. abscessus chromosome (accession no. CU458896) as a reference.
b Fragment sizes were predicted from the results of sequencing of the draft genome of M. abscessus subsp. massiliense (accession no. BAOM01000001 to BAOM01000060).

© MAB 3644 (Rev2R) was used only in the multiplex PCR.

the proper size, although some of the clinical strains displayed
contrasting results. We concluded that the combined targeting of
MAB_0357c and MAB_3644 would produce the best results (Fig.
1 and 2). These regions generated amplicons of the correct size,
delivered results that were consistent with those of multilocus se-
quence analysis, and provided an easy visual means to distinguish
between M. abscessus subsp. abscessus and M. abscessus subsp.
massiliense.

Discriminatory multiplex PCR assay. Based on the results of
single PCR, we performed amplifications using the clinical strains.
All of the clinical isolates that were initially identified as M. absces-
sus by DDH could be resolved as M. abscessus subsp. abscessus or
M. abscessus subsp. massiliense using both sets of primer pairs
MAB 0357c and MAB 3644. However, the amplification results
were not always clear enough: it has been speculated that Tag
polymerase is heavily utilized to amplify shorter bands, leaving
many weak longer bands (data not shown). For more clearly bal-
anced multiplex amplification, MAB 3644R was replaced with
MAB 3644 (Rev2R) (Fig. 3). Using MAB 0357¢ and MAB 3644
(Rev2R) allowed a clear separation of M. abscessus subsp. abscessus

Reference strains

Pulmonary infection cases

isolates from M. abscessus subsp. massiliense isolates (Table 5; see
also Table S1 in the supplemental material). Multiplex PCR results
from the three type strains and 118 clinical isolates are shown in
Table S1. A total of 70 M. abscessus subsp. abscessus isolates
showed the same multiplex PCR pattern (ca. 900 bp and ca. 150
bp), and 44 M. abscessus subsp. massiliense isolates showed ca. 300
bp and ca. 650 bp. However, the results for 4 isolates of M. abscessus
subsp. bolletii were not converged. One of the clinical isolates
(type 3a) and the type strain showed an amplification pattern that
was identical to that of M. abscessus subsp. abscessus (ca. 900 bp
and ca. 150 bp). The two other clinical isolates (types 3b and 3c)
showed different patterns, ca. 150 bp and ca. 300 bp and a weak
pattern of ca. 300 bp and ca. 650 bp, respectively. The discordant
results from two type 4 isolates were identical to those obtained for
M. abscessus subsp. bolletii type 3b, showing a multiplex PCR pat-
tern of ca. 150 bp and ca. 300 bp. The pattern determined for the
remaining type 5 discordant isolate was identical to that of M.
abscessus subsp. massiliense, ca. 300 bp and ca. 650 bp. All other
mycobacterial isolates prepared as negative controls were negative
in this multiplex PCR assay. The only exception was the M. che-

Cutaneous infection cases other

™M ab ma ch 101 102 103 104105 106107 108109 110 ALl A2 A10Al11 AL2 A13 B1

FIG 1 Representative single-PCR results for the reference strains and clinical isolates amplified with primer pair MAb 3644F and MAb 3644R. The numbers are
the strain numbers of the clinical isolates. Underlining indicates that M. abscessus subsp. massiliense (ma) was classified after the multilocus genotyping assay
shown in Table 3. The M. abscessus subsp. massiliense PCR product was fully amplified to 700 bp. However, the M. abscessus subsp. abscessus (ab) and M. chelonae

(ch) amplicons amplified to 200 bp in size.
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Reference strains Pulmonary infection cases

Cutaneousinfection cases other

M ab ma ch 101102 103104105 106107 108109110 AT A2 ATOALL A12 A13 BT

FIG 2 Representative single-PCR results for the reference strains and clinical isolates amplified with primer pair MAb 0357cF and MAD 0357¢R. The numbers
are the strain numbers of the clinical isolates. Underlining indicates that M. abscessus subsp. massiliense (ma) was classified after the multilocus genotyping assay
shown in Table 3. The M. abscessus subsp. abscessus (ab) PCR product was fully amplified to 900 bp in size. However, the M. abscessus subsp. massiliense amplicon

was 300 bp in size, while M. chelonae (ch) did not amplify.

lonae type strain, which showed a single weak band of ca. 200 bp
(Fig. 3).

DISCUSSION

We have developed a simple, cost-effective discriminative multi-
plex PCR to differentiate M. abscessus subsp. massiliense from M.
abscessus subsp. abscessus and from other RGM. The multiplex
PCR expanded upon the results of two sets of discriminative single
PCRs to concurrently amplify M. abscessus subsp. abscessus and M.
abscessus subsp. massiliense and distinguish them based upon dif-
ferences in amplicon size. In order to achieve the different ampli-
fications in length, clear insertion or deletion regions between M.
abscessus subsp. massiliense and M. abscessus subsp. abscessus
whole-genome sequences were selected for the single-PCR targets
using the Artemis Comparison Tool. The combination of MAB
0357c and MAB 3644 (RevZR) for targeted PCR mainly leads to
two distinct visual patterns that are easily read by novice PCR
technologists. Previously, clinicians identified all isolates as M.
abscessus because the use of the DDH assay was very common in
Japan. The isolates were also grouped together because of their
colony morphologies, growth profiles, and biochemical charac-
teristics. Even the majority of the sequences of their 16S rRNA
genes are the same. However, clinicians began to suspect that dif-
ferent strains were present because there were significantly differ-
ent clinical outcomes and drug susceptibility groups among these
isolates. For example, M. abscessus subsp. massiliense is more sus-
ceptible to azithromycin than M. abscessus subsp. abscessus but not

M. abscessus

to clofazimine, meropenem, and panipenem (17). Thus, correct
and rapid species identification could facilitate the clinical treat-
ment of mycobacterial infections (7). Two distinct genotypes were
eventually observed in isolates identified as M. abscessus by the
DDH mycobacterial assays (17). These two groups can be sepa-
rated by a combinational genotypic analysis of the sequences of
the ITS region and hsp65 and rpoB genes. Similarly, in other re-
ports of multilocus sequencing analysis performed with hsp65,
rpoB, and secAl (4) or with eight housekeeping genes (29), M.
abscessus subsp. abscessus, M. abscessus subsp. massiliense, and M.
abscessus subsp. bolletii are clearly differentiated. But this method-
ology is not practical due to the cost and effort involved. There
have been other PCR-based methods, such as erythromycin ribo-
some methyltransferase (erm) PCR (8) and variable-number tan-
dem-repeat (VNTR) analysis (30). erm PCR is also a very simple
and accurate method but, having only one target, can easily lead to
false-negative results. The VNTR method is not easy for nonex-
perts.

A study in South Korea found that 51% of the M. chelonae-M.
abscessus group is comprised of M. abscessus subsp. abscessus and
47% is M. abscessus subsp. massiliense (11). A typing study of M.
abscessus subsp. abscessus, M. abscessus subsp. massiliense, and M.
abscessus subsp. bolletii performed in the United States showed
that 64% of the isolates were M. abscessus subsp. abscessus and 28%
were M. abscessus subsp. massiliense (4). In France, 60% of the
isolates belonged to M. abscessus subsp. abscessus and 22% to M.

M. massiliense

__Typert 1ot 1

__Type2* _2a® 2b*2c*2d*Type 4*

M ch ab 11 22 75 87 106 A1214 42 ma 2 34 A2 A1330 63 50 65 77 26

FIG 3 Representative multiplex PCR results for the reference strains and clinical isolates amplified with primer pair MAB 3644F and MAB 3644 (Rev2R) and
primer pair MAB 0357cF and MAB 0357cR. *, types 1, l1a, and 1b, types 2, 2a, 2b, 2¢, and 2d, and type 4 are the groupings of the clinical isolates based on their
sequences (Table 3). The numerals below the groupings are the strain numbers of the clinical isolates.
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TABLE 5 PCR results compared with other genetic classifications

PCR Differentiation of M. massiliense and M. abscessus

PCR result(s) (ca. bp) with primer pair(s):

No. of MAB 3644F + MAB
tested Predicted DDH Classification by hsp65/rpoB/ MAB 3644F + MAB 0357¢F + 3644 (Rev2R), MAB
Group strains result ITS sequences” MAB 3644R MAB 0357cR 0357cF + MAB 0357cR
M. abscessus subsp. 1 M. abscessus M. abscessus subsp. abscessus 200 900 900, 150
abscessus”
Type 1 61 M. abscessus M. abscessus subsp. abscessus 200 500 900, 150
Type la 6 M. abscessus M. abscessus subsp. abscessus 200 900 900, 150
Type 1b 2 M. abscessus M. abscessus subsp. abscessus 200 900 900, 150
M. abscessus subsp. 1 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
massiliense”
Type 2 29 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
Type 2a 10 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
Type 2b 2 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
Type 2¢ 1 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
Type 2d 1 M. abscessus M. abscessus subsp. massiliense 700 300 300, 650
M. abscessus subsp. 1 M. abscessus M. abscessus subsp. bolletii 200 900 900, 150
bolletii™
Type 3a 1 M. abscessus M. abscessus subsp. bolletii 200 900 900, 150
Type 3b 1 M. abscessus M. abscessus subsp. bolletii 200 300 300, 150
Type 3¢ 1 M. abscessus M. abscessus subsp. bolletii 700 300" 3007, 650
DS¢ type 4 2 M. abscessus M. abscessus subsp. abscessus- 200 300 300, 150
M. abscessus subsp. bolletii?
DS type 5 1 M. abscessus M. abscessus subsp. massiliense- 700 300 300, 650

M. abscessus subsp. abscessus®

“ Classifications were determined on the basis of the overall results of sequencing of hsp65, rpoB, and the ITS region (Table 3).

> Weak band.
¢ Isolate showing discordant sequencing results.

4 Isolate showing M. abscessus subsp. abscessus hsp65 and M. abscessus subsp. bolletii rpoB sequences.
¢ Isolate showing M. abscessus subsp. massiliense hsp65 and ITS region and M. abscessus subsp. abscessus rpoB sequences.

abscessus subsp. massiliense (13), while in Japan, 71% belonged to
M. abscessus subsp. abscessus and 26% to M. abscessus subsp.
massiliense (20). In pulmonary patients in the Netherlands diag-
nosed with infections by strains from the M. chelonae-M. abscessus
group, 50% of the isolates were identified as M. abscessus subsp.
abscessus and 29% as M. abscessus subsp. massiliense (31). In ac-
cordance with the recent study in Japan mentioned above (20), we
can estimate that more than 30% of patients diagnosed with M.
abscessus subsp. abscessus should differentiate as M. abscessus
subsp. massiliense patients. Some isolates might be colonizers
whereas others might have appeared after prolonged treatment of
infections by other nontuberculous mycobacteria. Therefore, we
are currently collecting patient treatment data from the hospitals
that participated in this study and are analyzing the relationship
between clinical isolates and treatment history.

Three clinical isolates were not identified to the species level by
multilocus sequence analysis. They are discordant isolates that
were previously reported by Zelazny et al. (4) and Macheras et al.
(29). The sequences of the hsp65 genes and ITS regions of the two
isolates were identical to those of M. abscessus subsp. abscessus;
however, they carried the rpoB sequence of M. abscessus subsp.
bolletii with the 1-bp mismatch (DS type 4). Both strains produced
multiplex PCR amplicons of ca. 300 bp and ca. 150 bp, like those of
M. abscessus subsp. bolletii type 3b (see Table S1 in the supplemen-
tal material). The third isolate which had the M. abscessus subsp.

January 2014 Volume 52 Number 1

massiliense hsp65 and ITS regions and the rpoB sequence of M.
abscessus subsp. abscessus (DS type 5) had the multiplex PCR pat-
tern of M. abscessus subsp. massiliense (ca. 300 bp and ca. 650 bp).
Although those strains are very rare, they are interesting in that
they suggest the occurrence of horizontal gene transfer. Such dis-
cordant isolates would produce different amplicons (ca. 300 bp
and ca. 150 bp) from M. abscessus subsp. abscessus and M. abscessus
subsp. massiliense (Table 5).

In the case of RGM infection, we propose the use of this mul-
tiplex PCR assay as a first step, because it can be used by inexpe-
rienced technicians to identify M. abscessus subsp. abscessus and
M. abscessus subsp. massiliense quickly and accurately. In addition,
there is no need to prepare purified DNA; the supernatant from a
boiled bacterial suspension can be used (data not shown). The result-
ing band patterns of 900 bp and 150 bp and of 300 bp and 650 bp
imply the identification of M. abscessus subsp. abscessus and M.
abscessus subsp. massiliense with 97.2% and 95.7% accuracy. An-
other rare pattern, 300 bp and 150 bp, implies identification of a
discordant strain with 66.7% accuracy. Although this multiplex
PCR method conduces to reasonably accurate discrimination, it
cannot be used to differentiate M. abscessus subsp. bolletii from M.
abscessus subsp. abscessus or M. abscessus subsp. massiliense, be-
cause all three clinical isolates of M. ‘abscessus subsp. bolletii
showed different multiplex PCR patterns in this study (Table 5).

As a result of this study, we have developed a simple, rapid
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methodology to distinguish between M. abscessus subsp. abscessus
and M. abscessus subsp. massiliense. This approach, which spans
whole-genome sequencing and clinical diagnosis, will facilitate
the acquisition of more precise information about bacterial ge-
nomes, aid in the choice of more-relevant therapies, and promote
the advancement of novel discrimination and differential diag-
nostic assays.

APPENDIX

The clinical isolates used in this study were sent from the hospitals and
universities described below. Specimens were originally collected for dis-
ease diagnosis. The portion remaining after diagnosis was used for this
study. We appreciate the work of all of the clinicians in the following
institutions who took care of patients infected with these mycobacteria:
Hokkaido Social Insurance Hospital, Japan Anti-Tuberculosis Associa-
tion (JATA) Fukujuji Hospital, Saitama Medical University, National
Hospital Organization (NHO) Tokyo National Hospital, Showa Univer-
sity Fujigaoka Hospital, National Defense Medical College Hospital, Kyo-
rin University Hospital, NHO Minami-Kyoto Hospital, Kyoto Prefectural
University of Medicine, JATA Osaka Hospital, NHO Kinki-Chuo Chest
Medical Center, NHO Matsue Medical Center, NHO Higashihiroshima
Medical Center, Kawasaki Medical School, Kyosai-Yoshijima Hospital,
and NHO Omuta Hospital.
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Efficient Activation of Human T Cells of Both CD4 and CD8 Subsets
by Urease-Deficient Recombinant Mycobacterium bovis BCG That
Produced a Heat Shock Protein 70-M. tuberculosis-Derived Major
Membrane Protein II Fusion Protein

Tetsu Mukai, Yumiko Tsukamoto, Yumi Maeda, Toshiki Tamura, Masahiko Makino
Department of Mycobacteriology, Leprosy Research Center, National Institute of Infectious Diseases, Tokyo, Japan

For the purpose of obtaining Mycobacterium bovis bacillus Calmette-Guérin (BCG) capable of activating human naive T cells,
urease-deficient BCG expressing a fusion protein composed of Mycobacterium tuberculosis-derived major membrane protein II
(MMP-II) and heat shock protein 70 (HSP70) of BCG (BCG-DHTM) was produced. BCG-DHTM secreted the HSP70-MMP-11
fusion protein and effectively activated human monocyte-derived dendritic cells (DCs) by inducing phenotypic changes and en-
hanced cytokine production. BCG-DHTM-infected DCs activated naive T cells of both CD4 and naive CD8 subsets, in an antigen
(Ag)-dependent manner. The T cell activation induced by BCG-DHTM was inhibited by the pretreatment of DCs with chloro-
quine. The naive CD8* T cell activation was mediated by the transporter associated with antigen presentation (TAP) and the
proteosome-dependent cytosolic cross-priming pathway. Memory CD8™ T cells and perforin-producing effector CD8™ T cells
were efficiently produced from the naive T cell population by BCG-DHTM stimulation. Single primary infection with BCG-
DHTM in C57BL/6 mice efficiently produced T cells responsive to in vitro secondary stimulation with HSP70, MMP-II, and M.
tuberculosis-derived cytosolic protein and inhibited the multiplication of subsequently aerosol-challenged M. tuberculosis more
efficiently than did vector control BCG. These results indicate that the introduction of MMP-II and HSP70 into urease-deficient

BCG may be useful for improving BCG for control of tuberculosis.

Mycobacterium tuberculosis is a causative bacterium of tuber-
culosis. One-third of the global population is latently in-
fected with M. tuberculosis, which is responsible for 1.4 million
deaths worldwide each year (1—4). Recently, multidrug-resistant
strains of M. tuberculosis have emerged and spread worldwide (5),
which mandates the development of reliable preventive measures
and therapeutic tools. The manifestation of adult lung tuberculo-
sis cannot be prevented by currently used Mycobacterium bovis
BCG (6); therefore, the development of more-effective single-in-
jection vaccines is strongly desired.

Host defenses against M. tuberculosis are conducted largely by
type 1 T cells of both CD4 and CD8 subsets (7-9). As one of the
most important effector elements, gamma interferon (IFN-vy) is
well known (10). IFN-vy can be produced chiefly by CD4™ T cells
and CD8™ T cells. CD8™ T cells are also required to differentiate
into cytotoxic T lymphocytes capable of killing M. tuberculosis-
infected macrophages and dendritic cells (DCs) (11, 12). The kill-
ing process is via a granule-dependent mechanism involving per-
forin, which is produced in activated T cells (13, 14). Therefore,
both CD4™ T cells and CD8" T cells, specifically of the memory
phenotype capable of responding immediately to M. tuberculosis-
infected cells, are key elements in host defenses against M. ruber-
culosis, and vaccinating agents are required to have the ability to
activate T cells to produce memory subpopulations. BCG acti-
vates naive CD4™ T cells substantially but not convincingly and
activates naive CD8™ T cells poorly (15, 16). The reasons why
BCG cannot prevent the development of tuberculosis have not
been elucidated fully, but one of the major reasons is its poor
immunostimulatory activities, based on the lack of ability to in-
duce phagosomal maturation (17-19). Therefore, BCG-derived
antigens (Ags) cannot be fully processed in the Ag-presenting cells
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(APCs) and cannot be efficiently presented to CD4™* T cells and
CD8™ T cells. These observations indicate that improvement of
BCG in terms of activation ability is necessary.

Various molecules, including early secretory antigenic target 6
(ESATS), the Ag85 family proteins, and polyprotein Mtb72F, have
been identified as good candidates for component vaccines
against tuberculosis (9, 20-24). However, the development of a
fully reliable vaccine using these component molecules has not
been successful. Furthermore, the strategy that is necessary to im-
prove BCG is still not fully determined, although some candidate
recombinant BCG (rBCG) is already available (17-19). Previ-
ously, Grode et al. produced urease-deficient rBCG that produced
acidic phagosomes due to lack of ammonium production and
effectively translocated into lysosomes (18). However, the urease
depletion alone potentiated the immunostimulatory activity of
BCG but did not effectively inhibit the multiplication of M. tuber-
culosis in lung. This requires secretion of another foreign Ag, list-
eriolysin. We independently produced urease-deficient rBCG
(BCG-AUT-11-3) by depleting the ureC gene, which encodes ure-
ase, from parent BCG (19). BCG-AUT-11-3 strongly activated
naive human CD4" T cells to produce IFN-y but failed to stimu-
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late naive human CD8™ T cells, which indicates that another mod-
ification of BCG is necessary.

Similarly, a new reliable vaccine is needed for prevention of
leprosy, which is caused by infection with Mycobacterium leprae.
We are currently developing a new rBCG capable of inhibiting the
multiplication of M. leprae in vivo. First, we identified major
membrane protein II (MMP-II) (gene name, bfrA or ML2038) as
one of the immunodominant Ags of M. leprae (25). MMP-1I can
ligate Toll-like receptor 2 (TLR2) and consequently activates the
NF-«B pathway of APCs (25), and MMP-II-pulsed DCs activate
both naive CD4" T cells and naive CD8™* T cells (25, 26). Second,
we tried to improve BCG by overexpressing MMP-II. When we
introduced the MMP-II gene into BCG extrachromosomally, the
rBCG showed enhanced activity to stimulate naive T cells of both
CD4 and CD8 subsets (27). The second rBCG that we produced
was BCG-70M, having a BCG-derived heat shock protein 70
(HSP70)-MMP-II fusion gene, and subcutaneous single BCG-
70M vaccination inhibited the multiplication of M. leprae in
C57BL/6 mice (28). Therefore, the secretion of the HSP70-
MMP-II fusion protein was useful for enhancing the T cell-stim-
ulating activity of BCG.

Overall, these results suggest that the combination of urease
depletion and intraphagosomal secretion of antigenic protein is
useful for construction of a new rBCG. We found that M. tuber-
culosis has an MMP-II gene (gene name, Rv1876) that is 100%
homologous to the MMP-II gene of BCG and 90% homologous to
that of M. leprae at the amino acid level. Previously, we purified
the recombinant MMP-II (rtMMP-II) protein of M. tuberculosis
using Mycobacterium smegmatis and evaluated its immunostimu-
latory activities (29). Similar to M. leprae-derived MMP-II, M.
tuberculosis-derived MMP-II ligates TLR2 and activates DCs, and
the MMP-II-pulsed DCs activate both subsets of naive T cells (29).
Furthermore, both human DCs and macrophages infected with
M. tuberculosis strains such as H37Rv and H37Ra expressed
MMP-II derivatives on their surfaces (29). These results indicate
that the MMP-II of M. tuberculosis is highly immunogenic and
might be a good candidate for vaccine development. Therefore, in
this study, we produced a new rBCG, termed BCG-DHTM, in
which urease-deficient BCG-AUT-11-3 was introduced with a fu-
sion gene composed of the M. tuberculosis-derived MMP-II gene
and the HSP70 gene of M. tuberculosis (Rv0350), and we evaluated
its immunostimulatory activities.

MATERIALS AND METHODS

Preparation of cells and Ags. Peripheral blood samples were obtained
from healthy purified protein derivative (PPD)-positive individuals, with
informed consent. In Japan, BCG vaccination is compulsory for children
(0 to 1 year of age). Peripheral blood mononuclear cells (PBMCs) were
isolated using Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) and
cryopreserved in liquid nitrogen until use, as described previously (30).
For the preparation of peripheral monocytes, CD3* T cells were removed
from either freshly isolated heparinized blood or cryopreserved PBMCs
by using immunomagnetic beads coated with anti-CD3 monoclonal an-
tibody (MAb) (Dynabeads 450; Dynal Biotech, Oslo, Norway). The CD3™
PBMC fraction was plated on tissue culture plates, and adherent cells were
used as monocytes (31). DCs were differentiated as described previously
(30, 32). Briefly, monocytes were cultured in the presence of 50 ng of
recombinant granulocyte-macrophage colony-stimulating factor (rGM-
CSF) (Pepro Tech EC Ltd., London, England) and 10 ng of recombinant
interleukin-4 (xIL-4) (Pepro Tech) per ml (32). On day 4 of culture, im-
mature DCs were infected with rBCG at the indicated multiplicity of in-
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fection (MOI) and, on day 6 of culture, DCs were used for further analyses
of surface Ag and for mixed lymphocyte assays. Macrophages were differ-
entiated as described previously (33, 34). In brief, monocytes were cul-
tured in the presence of 10 ng of recombinant macrophage colony-stim-
ulating factor (rM-CSF) (R&D Systems, Inc., Minneapolis, MN) per ml.
On day 5 of culture, macrophages were infected with rBCG at the indi-
cated MOIs and, on day 7 of culture, they were used for further analyses of
surface Ag and for mixed lymphocyte assays. The rMMP-II protein was
produced as described previously (25, 35). The rHSP70 protein was pur-
chased (Hy Test Ltd., Turku, Finland), and H37Rv-derived cytosolic pro-
tein was produced as described previously (35).

Vector construction and preparation of rBCG. The genomic DNAs
were obtained from BCG substrain Tokyo and from M. tuberculosis strain
H37Rv. The oligonucleotide primers used for amplification of the
hsp70 gene were F-Mb70Bal (5'-aaaTGGCCAtggctcgtgeggteggg-3') and
R-Mb70Eco (5'-aaaGAATTCcttggecteceggeeg-3'). The MMP-II se-
quence from M. tuberculosis genomic DNA was amplified with primers
E-MMPTBEco (5'-aattGAATTCatgcaaggtgatcccgatgt-3') and R-MMPT-
BSal (5'-aattGTCGACtcaggtcggtgggcgaga-3'). In all primer sequences,
capital letters indicate restriction sites. The amplified products were di-
gested with appropriate restriction enzymes and cloned into the parental
pMV261 plasmid. For replacement of the kanamycin resistance gene with
the hygromycin resistance cassette, the Xbal-Nhel fragment from
pYUBB854 (36) was cloned into the Spel-Nhel fragment of the plasmid
(36). The rBCG in which the ureC gene was disrupted (BCG-AUT-11) was
produced as described previously (19). The hygromycin cassette in BCG-
AUT-11 was removed by using pYUB870 encoding y3-resolvase (y3-
tnpR) (36). The unmarked BCG was named BCG-AUT-11-3. The
HSP70-MMP II fusion protein-expressing vector was introduced into
BCG-AUT-11-3 by electroporation. BCG-AUT-11-3 containing pMV-
HSP70-MMP-II as an extrachromosomal plasmid is referred to as BCG-
DHTM, and BCG-Tokyo containing pMV-261-hygromycin is referred to
as BCG-261H (BCG vector control). Recombinant BCGs and M. tubercu-
losis strain H37Rv were grown to log phase and stored at —80°C, at 10®
CFU/ml. Before infection of DCs and macrophages, BCG levels were
counted by the colony assay method. There was no significant difference
in in vitro culture growth between BCG-261H and BCG-DHTM.

Analysis of cell surface Ags. The expression of cell surface Ags on DCs
and lymphocytes was analyzed using a FACSCalibur system (BD Biosci-
ences, San Jose, CA). Dead cells were eliminated from the analysis by
staining with propidium iodide (Sigma-Aldrich, St. Louis, MO), and 1 X
10* live cells were analyzed. For the analysis of cell surface Ags, the follow-
ing MAbs were used: fluorescein isothiocyanate (FITC)-conjugated MAbs
against HLA-ABC (G46-2.6; BD Biosciences), HLA-DR (L243; BD Bio-
sciences), CD86 (FUN-1; BD Biosciences), CD83 (HB15a; Immunotech,
Marseille, France), CD62L (Dreg 56; BD Biosciences), CCR7 (clone
150503; R&D Systems), and CD27 (M-T271; BD Biosciences) and phyco-
erythrin-conjugated MAbs to CD162 (TBS; Exbio, Prague, Czech Repub-
lic), CD8 (RPA-T8; BD Biosciences), and CD4 (RPA-T4; BD Biosciences).

The expression of MMP-II on rBCG-infected DCs was determined
using the MAb against MMP-1I of M. leprae (M270-13, IgM, kappa),
which may detect MMP-1I associated with major histocompatibility com-
plex (MHC) molecules (26), followed by FITC-conjugated anti-mouse
immunoglobulin (Ig) MAb (Tago Immunologicals, Camarillo, CA). For
inhibition of the intracellular processing of phagocytosed bacteria, DCs
were treated with 50 uM chloroquine (Sigma-Aldrich) for 2 h, washed,
infected with rBCG, and subjected to analyses of MMP-II surface expres-
sion. The intracellular production of perforin was assessed as follows:
naive CD8* T cells were stimulated with rBCG-infected DCs for 5 days in
the presence of naive CD4" T cells, and CD8™* T cells were surface stained
with phycoerythrin-labeled MAb to CD8 and fixed in 2% formaldehyde.
Subsequently, the cells were permeabilized using permeabilizing solution
(BD Biosciences) and were stained with FITC-conjugated MADb to perfo-
rin (3G9; BD Biosciences) or FITC-labeled isotype control.
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APC functions of DCs. The ability of BCG-infected DCs and macro-
phages to stimulate T cells was assessed using an autologous APC-T cell
coculture, as previously described (32, 37). Purification of CD4™ and
CD8™ T cells was conducted by using negative-isolation kits (Dynabeads
450; Dynal Biotech) (32). Naive CD4" and CD8" T cells were produced
by further treatment of these T cells with MAb to CD45RO, followed by
beads coated with goat anti-mouse IgG MADb (Dynal Biotech). More than
98% of CD45RA™ T cells were positive for the expression of CCR7 mol-
ecules. Memory-type T cells were similarly produced by the treatment of
cells with MAb to CD45RA Ag. The purified responder cells (1 X 107 cells
per well) were plated in 96-well round-bottom tissue culture plates, and
DCs or macrophages infected with rBCG were added to give the indicated
APC/T cell ratio. Supernatants of APC-T cell cocultures were collected on
day 4, and cytokine levels were determined. In some cases, rBCG-infected
DCs and macrophages were treated with MAb to HLA-ABC (W6/32,
mouse IgG2a, kappa), HLA-DR (L1243, mouse IgG2a, kappa), or CD86
(IT2.2, mouse 1gG2b, kappa; BD Biosciences) or normal mouse IgG. The
optimal concentrations of the MAbs were determined in advance. Also, in
some cases, immature DCs and macrophages were treated with the indi-
cated doses of chloroquine, brefeldin A (Sigma-Aldrich), or lactacystin
(Sigma-Aldrich) and subsequently infected with BCG-DHTM. The opti-
mal doses of these reagents were determined in advance.

Measurement of cytokine production. Levels of the following cyto-
kines were measured: IFN-y produced by CD4* and CD8* T cells and
interleukin 12p70 (IL-12p70), tumor necrosis factor alpha (TNF-a), IL-
1B, and GM-CSF produced by DCs or macrophages stimulated for 24 or
48 h with rBCGs. The concentrations of these cytokines were quantified
using enzyme assay kits (Opt EIA human enzyme-linked immunosorbent
assay [ELISA] set; BD Biosciences).

Animal studies. For inoculation into mice, rBCG and M. tuberculosis
strain H37Rv were cultured in Middlebrook 7H9 medium to log phase
and stored at —80°C, at 10° CFU/ml. Before the aliquots were used for
inoculation, the concentrations of viable bacilli were determined by plat-
ing on Middlebrook 7H10 agar plates. Three 5-week-old C57BL/6] mice
(Clea Japan Inc., Tokyo, Japan) per group were inoculated subcutane-
ously with 0.1 ml of phosphate-buffered saline (PBS) or PBS containing
1 X 10%or 1 X 10*rBCG. The animals were kept under specific pathogen-
free conditions and were supplied with sterilized food and water. Four or
12 weeks after inoculation, the spleens were removed and splenocytes
were suspended in culture medium at a concentration of 2 X 10° cells per
ml. The splenocytes were stimulated with the indicated concentrations of
rMMP-II, rHSP70 (HyTest), or H37Rv-derived cytosolic protein, in trip-
licate, in 96-well round-bottom microplates (19, 27). The individual cul-
ture supernatants were collected 3 to 4 days after stimulation. For obser-
vation of the effect of BCG vaccination on M. tuberculosis infection, five
C57BL/6 mice per group were vaccinated with either BCG-261H or BCG-
DHTM, at 1 X 10* CFU/mouse, for 6 weeks and were challenged with
H37Rv at 100 CFU/lung by aerosol infection using an automated inhala-
tion exposure apparatus (model 099C A4212; Glas-Col Corp.). Six weeks
later, bacterial burdens in the lung and spleen were assessed by mechanical
disruption in PBS with 0.5% (vol/vol) Tween 80 and enumerated by col-
ony assay. Animal studies were reviewed and approved by the Animal
Research Committee of Experimental Animals of the National Institute of
Infectious Diseases and were conducted according to their guidelines.

Statistical analysis. Student’s f test was applied to determine statistical
differences. Throughout the in vitro experiments, we included 1 or 2 tech-
nical replicates in each individual experiment and used at least 3 separate
PBMC donors.

RESULTS

Activation of Ag-presenting cells by BCG-DHTM. The purpose
of rBCG production is to activate naive T cells effectively and,
consequently, to produce memory-type T cells efficiently. In order
to stimulate responder T cells, APCs susceptible to BCG infection
should be adequately activated by infection with rBCG. We as-
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sessed the ability of newly produced rBCG (BCG-DHTM) to ac-
tivate APCs with respect to phenotypic changes and cytokine pro-
duction (Fig. 1). To assess phenotypic changes, we examined the
expression of MHC, CD86, and CD83 molecules on DCs (Fig. la).
Both vector control BCG (BCG-261H) and BCG-DHTM upregu-
lated the expression of these molecules, but BCG-DHTM infec-
tion induced upregulation more efficiently than did infection with
BCG-261H. We measured the production of cytokines, including
IL-12p70, TNF-a, and IL-1{, from DCs with stimulation with
rBCGs (Fig. 1b). Significantly higher levels of all of these cytokines
were produced by BCG-DHTM stimulation. Further, when M-
CSF-dependent macrophages were stimulated with either BCG-
261H or BCG-DHTM, BCG-DHTM stimulation induced pro-
duction of significantly higher levels of TNF-o and GM-CSF (Fig.
1c). Inall of these experiments, we used various doses of rBCGs for
the assessments, and similar changes were observed (data not
shown). These results indicated that BCG-DHTM activated DCs
and macrophages more efficiently than did BCG-261H.

Activation of memory-type and naive CD4™ T cells by BCG-
DHTM. Previously, we reported that the enhanced activation of
both CD4" T cells and CD8™" T cells induced by rBCG that was
introduced with the M. leprae-derived MMP-II-HSP70 fusion
gene was dependent on secretion of the HSP70-MMP-II fusion
protein. Since we also confirmed that newly produced BCG-
DHTM secreted the fusion protein composed of M. tuberculosis-
derived MMP-II and HSP70 (data not shown), we assessed the
CD4" T cell-stimulating ability of BCG-DHTM (Fig. 2). When
either BCG-261H or BCG-DHTM was used to infect DCs and was
used as a stimulator, autologous memory-type CD4™ T cells pro-
duced significantly higher levels of IFN-+y by stimulation of BCG-
DHTM-infected DCs than BCG-261H-infected DCs (Fig. 2a);
around 300 pg/ml of IFN-y was secreted by stimulation with very
small numbers of rBCG-infected DCs (MO, 0.063) and with very
small numbers of DCs (T cell/DC ratio, 80:1). At different T
cell/DC ratios, BCG-DHTM exhibited higher activity (data not
shown). In addition to IFN-vy, TNF-a and IL-2 were efficiently
produced with BCG-DHTM stimulation (data not shown). Then,
we assessed rBCG-infected macrophages as stimulators. Com-
pared to DCs, macrophages needed to be infected with higher
doses of rBCGs to stimulate memory-type CD4™ T cells; however,
more than 100 pg/ml of IFN-y could be produced by responder
CD4* T cells when BCG-DHTM was used at an MOI of 0.5 to
infect macrophages. Further, a larger quantity of macrophages (T
cell/macrophage ratio, 10:1) was needed to activate CD4™ T cells
convincingly (Fig. 2b). It should be noted that the BCG vector
control could not induce the apparent activation of CD4" T cells.
BCG-DHTM did not induce IFN-vy production from either DCs
or macrophages (data not shown). Then, we assessed the activity
of BCG-DHTM to stimulate naive CD4™ T cells (Fig. 2c). BCG-
DHTM induced the production of significantly higher levels of
IFN-vy than did BCG-261H at MOIs of 0.063 to 0.25 (T cell/DC
ratio, 20:1). Increasing IFN-v levels could be produced, depend-
ing on the dose of BCG-DHTM used to infect DCs. Also, at dif-
ferent T cell/DC ratios, BCG-DHTM showed greater activity (data
not shown). However, BCG-DHTM-infected macrophages failed
to induce the production of significant levels of IFN-y from naive
CD4" T cells or CD8™ T cells (data not shown),

Activation of memory-type and naive CD8™ T cells by BCG-
DHTM. The effects of BCG-DHTM-infected DCs on CD8" T cell
activation were examined (Fig. 3). While BCG-261H did not ac-
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FIG 1 (a) Upregulation of APC-associated molecules and activation markers on DCs by infection with BCG-DHTM. Monocyte-derived immature DCs were
infected with either BCG-261H or BCG-DHTM at an MOI of 0.063 and were cultured for another 2 days in the presence of rtGM-CSF and rlL-4. The DCs from
day 6 of culture were gated and analyzed. Dashed lines, isotype-matched control 1gG; solid lines, indicated test MAbs. Representative results of three separate
experiments are shown. The numbers in the top right corners of the panels represent the differences in fluorescence intensity (mean * standard deviation [SD])
between the control IgG and the test MAb in three independent experiments. (b) Cytokine production from DCs by stimulation with BCG-DHTM. DCs
produced using rtGM-CSF and rIL-4 were stimulated with either BCG-261H or BCG-DHTM for 24 h. (¢) Cytokine production from macrophages by stimulation
with BCG-DHTM. Macrophages differentiated from monocytes by using M-CSF were stimulated with either BCG-261H or BCG-DHTM for 24 h. The
concentrations of the indicated cytokines were determined by the ELISA method. A representative of three separate experiments is shown. Assays were performed
in triplicate, and the results are expressed as mean = SD. Titers were statistically compared using Student’s t test.

tivate memory CD8* T cells efficiently, BCG-DHTM activated the
T cells and induced the production of more than 100 pg/ml of
IFN-v (Fig. 3a). Compared to the dose of rBCG required for acti-
vation of memory-type CD4™ T cells, a higher dose of rBCG was
needed, which may be based on the fact that parent BCG did not
activate naive CD8™ T cells and did not produce BCG-specific
memory-type CD8* T cells efficiently. When autologous naive
CDB8™ T cells were stimulated by rBCG as a responder population,
only BCG-DHTM efficiently activated naive CD8™ cells to pro-
duce IFN-y (Fig. 3b). Efficient concentrations of IFN-y could be
produced from naive CD8™ T cells by stimulation with DCs in-
fected with BCG-DHTM. As observed previously (18, 32), BCG-
261H did not activate naive CD8™" T cells. These phenomena were
observed consistently under various conditions, including differ-
ent MOIs and T cell/DC ratios. In order to confirm the activation
of naive CD8" T cells by BCG-DHTM, the expression of activa-
tion markers on naive CD8* T cells was examined (Fig. 3c). When
autologous naive CD8™ T cells were stimulated with DCs infected
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with either BCG-261H or BCG-DHTM in the presence of naive
CD4™ T cells, more-efficient downregulation of CD62L expres-
sion on CD8" T cells was induced by BCG-DHTM stimulation.
These phenomena were observed at different MOIs and, even at
lower MOIs such as 0.031, efficient downregulation was observed
in BCG-DHTM-stimulated CD8"* T cells.

Characteristics of BCG-DHTM. Previously, we reported that
BCG-70M induced expression of MMP-II on the surface of DCs
infected with BCG-70 M (28). Thus, we analyzed the DCs infected
with BCG-DHTM in terms of MMP-II expression (Fig. 4a).
Whereas both uninfected DCs and DCs infected with BCG-261H
did not express MMP-II derivatives on the surface, BCG-DHTM
induced expression of MMP-II derivatives (6.8-fold increase in
MMP-II expression in BCG-261H-infected DCs). Higher levels of
expression were observed when higher MOIs of rBCG were used
(data not shown). Further, MMP-II expression was inhibited by
the treatment of immature DCs with chloroquine, an inhibitor of
phagosomal acidification, prior to infection with BCG-DHTM.
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FIG 2 (a) IFN-vy production from memory-type CD4™ T cells by stimulation with BCG-DHTM-infected DCs. Monocyte-derived DCs were infected with either
BCG-261H or BCG-DHTM at the indicated MOIs and were used as stimulators of memory-type CD4™ T cells in a 4-day culture; 10° responder T cells were
stimulated with the rBCG-infected DCs at a T cell/DC ratio of 80:1. (b) IFN-y production from memory-type CD4™ T cells by stimulation with BCG-DHTM-
infected macrophages. Macrophages produced by using M-CSF were infected with either BCG-261H or BCG-DHTM at the indicated MOls and were used as
stimulators of responder CD4™ T cells in a 4-day culture; 10° responder T cells were stimulated with the IBCG-infected macrophages at a T cell/macrophage ratio
of 10:1. (c) IFN-y production from naive CD4™ T cells by stimulation with BCG-DHTM-infected DCs. Monocyte-derived DCs were infected with either
BCG-261H or BCG-DHTM at the indicated MOIs and were used as stimulators; 10° responder naive CD4* T cells were stimulated with the rBCG-infected DCs
at a T cell/DC ratio of 20:1. A representative of three separate experiments is shown. Assays were performed in triplicate, and the results are expressed as

mean * SD. Titers were statistically compared using Student’s 7 test.

According to these results, we analyzed the effect of chloroquine
treatment of immature DCs on the activation of T cells by BCG-
DHTM (Fig. 4b). IFN-y production from naive CD4" T cells and
naive CD8" T cells by stimulation with BCG-DHTM-infected
DCs and that from memory-type CD4* T cells by stimulation
with BCG-DHTM-infected macrophages were significantly in-
hibited by chloroquine treatment of these APCs. These results
suggest the possibility that the secreted fusion protein is one of the
elements responsible for the activation of both CD4™ T cells and
CD8" T cells. BCG-DHTM-infected DCs or macrophages were
treated with MAbs to HLA and CD86 molecules prior to being
used as stimulators of responder T cells (Fig. 4c). Treatment of

January 2014 Volume 21 Number 1

BCG-DHTM-infected APCs with MAbs to HLA-DR, CD86, and
MMP-II (data not shown) significantly inhibited IFN-y produc-
tion from naive CD4" T cells and memory-type CD4" T cells.
Also, the treatment of BCG-DHTM-infected DCs with MAbs to
HLA-ABC and CD86 molecules significantly inhibited the pro-
duction of IFN-vy from naive CD8™ T cells. These results suggested
that BCG-DHTM activated T cells in an Ag-specific manner, at
least partially. In general, for activation of naive CD8" T cells by
bacteria, the activation of cross-presenting pathways in APCs is
required. We examined whether BCG-DHTM utilized the cytoso-
lic cross-presentation pathway for the activation of naive CD8* T
cells (Fig. 4d). To this end, we treated immature DCs with either
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FIG 3 (a) IFN-y production from memory-type CD8™ T cells by stimulation with BCG-DHTM. Monocyte-derived DCs were infected with either BCG-261H
or BCG-DHTM at the indicated MOIs and were used as stimulators; 10° responder memory-type CD8™ T cells were stimulated for 4 days with rBCG-infected
DCsata T cell/DC ratio of 10:1. (b) IFN-vy production from naive CD8" T cells by stimulation with BCG-DHTM. DCs were infected with either BCG-261H or
BCG-DHTM at the indicated MOls and were used as stimulators; 10° responder T cells were stimulated for 4 days with rBCG-infected DCs at a T cell/DC ratio
of 10:1. A representative of three separate experiments is shown. Assays were performed in triplicate, and the results are expressed as mean * SD, Titers were
statistically compared using Student’s ¢ test. (c) Downregulation of CD62L expression on naive CD8™ T cells by BCG-DHTM stimulation. DCs were infected with
either BCG-261H or BCG-DHTM at the indicated MOIs and were cocultured with unseparated naive T cells for 5 days ata T cell/DC ratio of 20:1. The stimulated
CD8* T cells were gated and analyzed for expression of CD62L molecules. Dashed lines, isotype-matched control IgG; solid lines, anti-CD62L MADb. The
numbers in the top right corners of the panels represent the differences in fluorescence intensity (mean * standard deviation) between the control IgG and
anti-CD62L MAb in three independent experiments. A representative of three separate experiments is shown.

brefeldin A or lactacystin and subsequently infected them with
BCG-DHTM at an MOI of 0.25. These pretreatments of DCs sig-
nificantly inhibited IFN-y production from naive CD8" T cells.
Production of memory and effector T cells from naive CD8*
T cells by BCG-DHTM. Since it is well documented that the pro-
duction of long-lasting memory CD8" T cells from naive CD8* T
cells requires help from CD4* T cells and since BCG-DHTM ac-
tivated both naive CD4" T cells and naive CD8" T cells, naive
unseparated T cells were stimulated with DCs infected with either
BCG-261H or BCG-DHTM and the stimulated CD8¥ T cells were
gated and analyzed (Fig. 5a). Stimulation with BCG-DHTM more
efficiently produced CD27°" or CCR7"" memory-type T cells
from naive T cells. Further, BCG-DHTM produced perforin-pro-
ducing CD8* T cells more efficiently than did BCG-261H. Effi-
cient production of these CD8* T cells was observed with differ-
ent doses of BCG; however, in the absence of CD4™ T cells,
production of memory and effector T cells was not observed (data
not shown). Furthermore, it is necessary to produce T cells with
high migratory function. Thus, we assessed the expression of
CD162 on both CD4™ T cells and CD8™ T cells stimulated with
DCs infected with BCG-DHTM (Fig. 5b). BCG-DHTM produced
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CD162M8" CD4™ T cells and CD162"5" CD8™ T cells more effi-
ciently than did BCG-261H. Similar differences between BCG-
261H and BCG-DHTM were observed at different MOl (data not
shown).

Production of T cells responsive to secondary stimulation by
BCG-DHTM infection in vivo. Functional studies using C57BL/6
mice were conducted to examine the ability of BCG-DHTM to
produce T cells that were highly responsive to secondary in vitro
stimulation (Fig. 6). The mice were subcutaneously inoculated
with 1 X 10* CFU/mouse of rBCGs 4 weeks (Fig. 6a) or 12 weeks
(Fig. 6b) before in vitro stimulation. As secondary stimulators,
recombinant MMP-II, recombinant HSP70 protein, and H37Rv-
derived cytosolic protein were used. Some of these proteins are
highly immunogenic and thus they induced substantial IFN-y
production from T cells of uninfected mice; however, splenic T
cells from mice inoculated with BCG-DHTM 4 weeks previously
produced significantly higher levels of IFN-y and IL-2 (data not
shown) than did T cells from uninoculated mice and those from
BCG-261H-infected mice, by responding to all of the secondary
stimulators (Fig. 6a). To examine the long-term effects of single
inoculations of BCG-DHTM, T cells from C57BL/6 mice similarly
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FIG 4 (a) Expression of MMP-1I on DCs. Immature DCs were either treated with 50 M chloroquine for 2 h or not treated and subsequently were infected with
either BCG-261H or BCG-DHTM at an MOl of 0.5. After 2 days of culture in the presence of rGM-CSF and rlL-4, DCs were gated and analyzed. Dashed lines,
control normal IgM; solid lines, anti-MMP-1I MAb (IgM). The numbers in the top right corners of the panels represent the differences in fluorescence intensity
(mean = standard deviation) between the control IgM and MMP-II MAD in three independent experiments, Representative results of three separate experiments
are shown. (b) Effects of chloroquine treatment of DCs and macrophages on the activation of T cells. Immature DCs and macrophages were treated with
chloroquine (50 uM for 2 h) or not treated and subsequently were infected with BCG-DHTM at the indicated MOls. These DCs and macrophages were used as
stimulators of the indicated responder T cells at the indicated responder/stimulator ratios. IFN-y produced by T cells was measured. (c) Inhibition of T cell
activation by treatment of BCG-DHTM-infected DCs and macrophages with MAbs. DCs and macrophages were infected with BCG-DHTM at the indicated
MOIs and subsequently were treated with 10 pg/ml of the MAb or normal murine IgG. These APCs were used as the stimulators of the indicated responder T cells
(1 X 10° cells/well), at the indicated T cell/APC ratios, for 4 days. [FN-y produced by T cells was measured. (d) Effects of treatment of immature DCs with
brefeldin A or lactacystin on the activation of naive CD8" T cells. Immature DCs from 4 days of culture were treated with either brefeldin A (2.5 pg/ml) or
lactacystin (50 M) or not treated and subsequently were infected with BCG-DHTM at an MOI of 0.25. These DCs were used as stimulators of responder
autologous naive CD8* T cells (1 X 10°/well) ata T cell/DC ratio of 10:1. IFN-y produced by T cells was measured. A representative of three separate experiments
is shown. Assays were performed in triplicate, and the results are expressed as mean * SD. Titers were statistically compared using Student’s ¢ test.

inoculated with rBCGs 12 weeks previously were examined (Fig.
6b). Again, significantly higher levels of IFN-y were produced
from T cells obtained from mice inoculated with BCG-DHTM
with secondary stimulation, although we could not recover BCG
from spleen. In a separate experiment, a different dose (1 X 10*
CFU/mouse) of BCG was examined, and similar results were ob-
tained (data not shown),

Effect of BCG-DHTM vaccination on the multiplication of
H37Rv in vivo. C57BL/6 mice vaccinated with either BCG-261H
or BCG-DHTM (1 X 10* CFU/mouse) for 6 weeks were chal-
lenged with 100 CFU per lung of H37Rv by aerosol infection. Six
weeks later, the M. tuberculosis recovered from both lungs and
spleen was enumerated (Fig. 7). Mice vaccinated with either BCG-
261H or BCG-DHTM demonstrated inhibited multiplication of
M. tuberculosis in the lung, and BCG-DHTM vaccination inhib-
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ited M. tuberculosis multiplication more strongly than did BCG-
261H vaccination (Fig. 7a). Similar results were observed in the
spleen (Fig. 7b). Similar protective effects of BCG-DHTM on M.
tuberculosis recovery were observed in mice 12 weeks after vacci-
nation (data not shown).

DISCUSSION

Studies using the T cell receptor-transgenic M. tuberculosis mouse
model clearly demonstrated that the most susceptible APCs, in-
cluding DCs and macrophages, need at least 7 to 10 days to initiate
stimulation of CD4™ T cells and CD8™ T cells in regional lymph
nodes on aerosol infection with M. tuberculosis and the stimulated
T cells need 4 to 5 weeks to initiate inhibition of the multiplication
of M. tuberculosis in lungs (38). The activation of both CD4* T
cells and CD8™ T cells is required for inhibition of the replication
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