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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 60 101-103¢ 180 276
M. abscessus subsp. 1 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
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 cC T G C T Cc 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 cC 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 ¢ C ¢ ¢ A T C C G T C C T T T T A ©C G CCG C A
massiliense”
Type 2 29 M. abscessus G C T C T G T C C C C A T C C G T C C T T T T A C G CCG T A
Type 2a 10 M. abscessus G C T C T G T cC C C C A T C C G T C C T T T C A C G CCG T A
Type 2b 2 M. abscessus G C T C T G T ¢ Cc ¢ 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 C C A T C C G T C T T T T C A C G cCCG C A
Type 2d 1 M. abscessus G C T C T G T cC CcC ¢ C A T C C G T C (¥ T T T T A C G CCcG G A
M. abscessus 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 (¢ G
Type 3b 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 G C A CG 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 CG C G
DS type 4 2 M. abscessus T T C C C G C G T T Cc A T C T G T T T T T T T A ¢ A CG [ G
DS type 5 1 M. abscessus G C T C T G T T T € T G C T C C C C T C Cc C T A C G 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. AB548601).
¢ 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

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

Primer Sequence (locations)” subsp. abscessus/M. abscessus subsp. massiliense®
MAB 0022¢F 5 -TTCGATTCTCCTAGGCTCCA-3" (22165-22184) 2201270
MAB 0022cR 5 -GGCGTACATGACCGCATACT-3" (22386-22367)

MAB 0104cF 5"-GGTGACTGAACTCCACGAAGA-3’ (105362-105382) 590/160
MAB 0104cR 5'-CGATATCGTGAGCCATCCTC-3" (105948-105929)

MAB 0357cF 5"-GGTAGCTCTTCCAGCCGAAT-3" (354468-354487) 900/300
MAB 0357cR 5'-CAGCACGCA AAGGTACGAC-3' (355376-355358)

MAB 1112¢F 5'-CCAAAACCGTTGAGCGTTAT-3" (1125571-1125590) 200/1,020
MAB 1112¢cR 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. CUA458896) as a reference.
b Fragment sizes were predicted from the results of sequencing of the draft genome of M. abscessus subsp. massiliense (accession no. BAOMO1066001 to BAOMO1000060).

“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 0357¢ and MAB 3644. However, the amplification results
were not always clear enough: it has been speculated that Taq
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 0357c 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 Si. 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 103104105 106107108103 110 Al A2 A10A11 A12 5_}.}__8?.

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

Cutaneous infection cases other

M ab ma ch 101102 103104105 106107108109110 AL A7 AI0AIL A12 A13 B

FIG 2 Representative single-PCR results for the reference strains and clinical isolates amplified with primer pair MAb 0357cF and MAb 0357cR. 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. abscessusand 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
0357¢ and MAB 3644 (Rev2R) 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

Type 1* 1a® 1b*

Type 2* 2a*

M ch ab 11 22 75 87 106 A1214 42 ma 2 34 A2 A1330 63 S0 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, 1a, and 1b, types 2, 2a, 2b, 2c, 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 (RevZR), 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 200 900 900, 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" 300°, 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 TTS region {Table 3).

# Weak band.
¢ Isolate showing discordant sequencing results.

“ Tsolate 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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Introduction

Abstract

Region of difference 1 (RD1) is a genomic locus in the Mycobacterium tuberculosis
genome that has been shown to participate in the virulence of the bacterium,
induction of cell death, and cytokine secretion in infected macrophages. In this
study, we investigated the role of RD1 in interleukin-1a (IL-10) secretion.
M. tuberculosis H37Rv strain, but not a mutant strain deficient for RD1 (ARD1),
significantly induced IL-1a secretion from infected macrophages. Although IL-1a
secretion was only observed in H37Rv-infected macrophages, there was no
difference in the level of [L-1a transcription and pro-IL1a synthesis after infection
with H37Rv and ARD1. Interestingly, ARD1 infection did not increase intracellular
Ca®* levels, and Ca®* chelators markedly inhibited IL-1a secretion in response to
H37Rv infection. Moreover, the inability of ARD1 to induce IL-1a secretion was
restored by treatment with the calcium ionophore A23187. A significant increase in
calpain activity was detected in macrophages infected with H37Rv, but not with
ARD1, and calpain inhibitors abrogated IL-1a secretion. Taken together, these
results suggest that in M. tuberculosis-infected macrophages, RD1 contributed to
maturation and secretion of IL-1a by enhancing the influx of Ca®* followed by
calpain activation.

A genomic locus of M. tuberculosis called ‘region of
difference 1' (RD1) is approximately 9.5 kb in length, and it

Mycobacterium tuberculosis, an etiologic agent of tubercu-
losis, is one of the leading threats to humans. Based on
estimates by the World Health Organization (WHO),
M. tuberculosis caused 8.7 million new cases of tuberculo-
sis and 1.4 million deaths worldwide in 2011 (WHO, 2012).
The recent emergence of extensively drug-resistant
M. tuberculosis and its co-infection with HIV highlights the
urgent need for an improved understanding of the patho-
genesis of M. tuberculosis, which may identify novel
approaches to treat and prevent tuberculosis (O’Donnell
et al., 2013).

was first discovered as a region that is absent in a genome of
M. bovis BCG (Mahairas et al., 1996). RD1 is critical for
bacterial virulence (Pym et al., 2002; Stanley et al.,, 2003,
2007; Gao ef al., 2004; Guinn et al., 2004; Majlessi et al.,
2005; Brodin et al., 2006), necrosis induction (Hsu et al.,
20083; Junqueira-Kipnis et al., 2006; Chen et al., 2007; Kaku
et al., 2007), granuloma formation (Volkman et al., 2004),
and the generation of protective immunity (Pym et al., 2003;
Brodin et al., 2004a). RD1 is located in the ESX-1 locus
(Felicher et al., 2011), which is one of the specialized export
systems of M. tuberculosis. The ESX-1 system is named for
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the secretory component, the 6-kDa early secreted antigenic
target (ESAT-6) of M. tuberculosis and has been referred to
as a type VIl secretion system (Abdallah et al., 2007). The
ESX-1 locus contains genes encoding secretory proteins and
a suite of genes encoding the secretion machinery (Feltcher
et al., 2011). Although all the components have not yet been
fully characterized, proteins with known functional domains
were identified. They include putative chaperones with an
AAA™ ATPase (Rv3868; EccA1, Rv3871; EccCb1), a subtil-
isin-like serine protease (Rv3883c; MycP1), and FtsK/Spo-
IIIE-like ATPase (Rv3870; EccCat). EccB1 and EccE1 are
shown to serve as core components of ESX-1. rv3877
(eccD1) is located in the RD1 region and predicted to be a
membrane-spanning protein that could be part of the trans-
location pore in the cytoplasmic membrane. The RD1 region
also contains genes coding for two secretory components,
ESAT-6 (EsxA) and culture filtrate protein of 10 kDa
(CFP-10; EsxB). Therefore, deletion of the RD1 locus
completely abrogates the ESX-1 secretory system.

Upon infection with M. tuberculosis, macrophages secrete
a variety of cytokines, including tumor necrosis factor-alpha
(TNF-a), interleukin-1o (IL-1e), IL-1B, IL-6, [L-12, and IL-18
(Patel et al., 2007; Kurenuma et al., 2009). Mycobacterium
tuberculosis infection is accompanied by an intense local
inflammation, which is likely due to these proinflammatory
cytokines. In fact, TNF-o, IL-1, and IL-6 mediate the tissue
injury in animal models of tuberculosis {(Grover et al., 2008).
IL-1 is a prototypic multifunctional cytokine and was initially
characterized as a factor that causes fever and augments
lymphocyte responses (Dinarello, 1996). In addition, several
studies have shown that IL-1a is recognized as a danger
signal that is released from necrotic cells and functions as a
key mediator of the inflammatory response (Chen ef al.,
2007; Sims & Smith, 2010). Furthermore, IL-1c secretion
could be of significance in terms of spreading proinflammatory
signals to healthy neighboring cells in vivo (Schaub et al,
2003), suggesting that IL-1a plays a key role in the patholog-
ical outcome. On the other hand, recent reports have shown
that IL-1 receptor knockout mice are highly susceptibie to
M. tuberculosis infection (Fremond et al., 2007), and both
IL-1a and IL-1f serve as mediators of protective immune
responses to M. tuberculosis (Mayer-Barber et al., 2001;
Guler et al., 2011). These findings suggest that IL-1o,
together with IL-1B, is critical to controlling acute M. tubercu-
losis infection and that coordinated regulation of IL-1 activity
may be necessary to govern host immune response to
M. tuberculosis.

Mycobacterium tuberculosis infection induces the produc-
tion of the proinflammatory cytokines IL-1a, IL-18, and IL-18,
which belong to the IL-1 superfamily (Sims & Smith, 2010).
IL-1B and IL-18 are produced as proforms that are cleaved by
caspase-1 and secreted as an active form. Previous studies
demonstrated the activation of caspase-1 by the induction of
potassium ion efflux in M. tuberculosis-infected macrophag-
es, and the RD1 locus of M. tuberculosis was required for the
induction this ion efflux (Kurenuma et al., 2009). In addition to
IL-18, a large amount of IL-1a is produced by infected
macrophages, and calpain, a Ca®*-dependent cysteine pro-
tease, is predicted to contribute to the processing and
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secretion of IL-1a (Carruth et al, 1991; Goll et al., 2003).
However, the precise mechanism underlying IL-1a secretion
remains undefined. In this study, we determined that
M. tuberculosis infection induced IL-12 mRNA expression
and pro-IL1a synthesis independently of RD1. Furthermore,
the RD1 gene locus was indispensable for the induction of
Ca** influx and the activation of calpain, which were required
for the processing and secretion of IL-1a..

Materials and methods

Reagents

EGTA was purchased from Nacalai Tesque Inc. (Kyoto,
Japan). BAPTA-AM and A23187 were obtained from Sig-
ma-Aldrich (St. Louis, MO). Calpain inhibitors, MDL28170
(carbobenzoxy-valyl-phenylalanial), EST ((25,35)-trans-
epoxysuccinyl-t-leucylamido-3-methylbutane ethyl ester),
and calpain inhibitor IV (Z-LLY-FMK), were obtained from
Merck Chemicals (Tokyo, Japan).

Mice

Female C57BL/6 mice were purchased from Japan SLC
(Hamamatsu, Japan). Mice were maintained under specific
pathogen-free conditions and used at 7-9 weeks of age. All
animal experiments were approved by the Animal Ethics
and Research Committee of Kyoto University Graduate
School of Medicine.

Bacteria

The following M. tuberculosis strains were kindly provided by
Prof. William R. Jacobs (Albert Einstein Institute, Bronx, NY)
(Hsu et al., 2003): H37Rv strain, an H37Rv mutant strain
deficient for the RD1 locus (ARD1), and an RD1-comple-
mented strain (ARD1::RD1). These M. tuberculosis strains
were grown at 37 °C to mid-log phase in Middlebrook 7H9
broth supplemented with 0.5% albumin, 0.2% dextrose,
3 ug mL™! catalase, and 0.2% glycerol. Bacteria were
harvested, stirred vigorously with glass beads (3 mm in
diameter), and centrifuged at 300 x g for 3 min to remove
the bacterial clumps. The suspension was stored at —80 °C
in aliquots. After thawing, the number of viable bacteria was
enumerated by counting the colonies after plating the diluted
suspension on Middlebrook 7H10 agar plates containing
enrichments (50 ug mL™" oleic acid, 0.5% albumin, 0.2%
dextrose, 4 pg mL™' catalase, and 0.85 mg mL™" sodium
chloride).

Macrophages

Peritoneal exudate cells were obtained by a peritoneal
lavage 4 days after an intraperitoneal injection with 3 mL of
thioglycollate medium (EIKEN Chemical, Osaka, Japan) and
plated at 5.0 x 10° cells well™" in 48-well tissue culture
plates. After incubation for 3 h, nonadherent cells were
removed and adherent cells were used as macrophages.
Based on Giemsa staining and a phagocytosis assay using
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latex beads, more than 98% of adherent cells were identified
as macrophages.

Intracellular growth of bacteria

Macrophages were infected with H37Rv, ARD1, and ARD1::
RD1 at a multiplicity of infection (MOI) of 5 for 3 h. Cells were
washed to remove exiracellular bacteria and cultured for21 h
at 37 °C. Cells were then lysed in phosphate-buffered saline
(PBS) containing 0.05% Triton X-100, and the number of
viable bacteria was enumerated by inoculating the cell lysate
on Middlebrook 7H10 agar plates containing enrichments
and counting colonies 3 weeks later.

Real-time RT-PCR

Macrophages were infected with H37Rv, ARD1, and ARD1::
RD1 ata MOI of 5 for 3 h, washed, and cultured for 3 h. Total
RNA was extracted using the Nucleospin RNA II kit (Mache-
rey-Nagel, Duren, Germany). Total RNA (0.2 nug) was treated
with an RNase-free DNase (Promega, Tokyo, Japan) and
subjected to reverse transcription (RT) using a Super-Script
Il first-strand synthesis system for RT-PCR (Invitrogen,
Tokyo, Japan). Quantitative real-time RT-PCR was per-
formed on an ABI Prism 7000 (Applied Biosystems, Foster
City, CA) using a Platinum SYBR green gPCR Super-
Mix-UDG (Invitrogen) according to the manufacturer’s
instructions. The level of IL-1o. mRNA was normalized on
the basis of B-actin mMRNA expression and analyzed with ABI
Prism 7000 sps software. DNA sequences of the PCR
primers are as follows: IL-1¢, 5-CTCTAGAGCACCATGCTA
CAGAC-3' (forward) and 5-TGGAATCCAGGGGAAACACT
G-3' (reverse); and B-actin, 5-TGGAATCCTGTGGCATC-
CATGAAAC-3' (forward) and 5'-TAAAACGCAGCTCAGTAA
CAGTCCG-3' (reverse).

Cytokine assay

Macrophages were infected with H37Rv, ARD1, and ARD1::
RD1 at a MOI of 5 for 3 h. Cells were washed to remove
extracellular bacteria and cuitured for 21 h. The culture
supernatant was collected, and the levels of IL-1a. and IL-12/
23p40 were determined by the OptEIA mouse IL-1a ELISA
set and the OptEIA mouse IL-12/23p40 ELISA set (BD
Bioscience Pharmingen, San Diego, CA), respectively. In
one experiment, macrophages were infected with each of
three M. tuberculosis strains for 3 h, washed, and cultured
for 3, 6, 9, 12, and 21 h. The culture supernatant was
collected, and the level of IL-1a was measured. Concomi-
tantly, cells were lysed in PBS containing 1% Triton X-100 at
each time point. The lysate was centrifuged to prepare the
cleared cell lysate, and the level of [L-1a in the cell lysate
was also measured. Alternatively, macrophages were
infected with ARD1 at a MOI of 5 for 3 h. Cells were washed
and incubated for 21 h in the presence or absence of 10 yM
A23187. The culture supernatant was collected, and IL-1a
concentration was determined. In addition, macrophages
were infected with M. tuberculosis strains and cultured as
described above. The culture supernatant was collected,

Role of RD1 in IL-1a secretion

and cells were lysed in 10 mM HEPES buffer (pH 7.5)
containing 150 mM NaCl, 1% Nonidet P-40, 10% glycerol,
1 mM EDTA, and a protease/phosphatase inhibitor cocktail
(Nacalai Tesque Inc., Kyoto, Japan). The culture superna-
tant and the cell lysate were subjected to SDS-PAGE, and
separated proteins were transferred to a polyvinylidene
difluoride membrane by electroblotting. To detect pro-iL1a
(35 kDa) and mature IL-1a (17 kDa), the membrane was
treated sequentially with biofinylated goat anti-IL-1a poly-
clonal antibody (Genzyme, Cambridge, MA) and streptavi-
din-horseradish peroxidase (HRP) conjugate (Invitrogen).
After a brief incubation of the membrane in ECL Plus (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden), the bands
representative of pro-IL-1a and mature IL-1o were detected
in a LAS-4000 mini imager {Fuji Film, Tokyo, Japan).

Calpain activation

Macrophages were infected with H37Rv for 3 h. Cells were
washed to remove extracellular bacteria, cultured for 3 h,
and then treated for 21 h with or without 1 mM EGTA, 20 uM
BAPTA-AM, 10-40 uM MDL28170, 100 uM calpain inhibitor
IV, and 100 uM EST. The cuiture supernatant was collected,
and the level of IL-1a was measured by ELISA or Western
blotting. Preliminary studies showed that the concentration
ranges of the Ca®* chelators and calpain inhibitors exhibited
no direct cytotoxicity to macrophages (data not shown). In
one experiment, macrophages were infected with three
M. tuberculosis strains for 3 h, washed, and culiured for 3, 6,
9, 12, and 24 h. The culture supernatants were collected,
and the cell lysates were prepared for each culture period. To
evaluate calpain activity, the culture supernatants and the
cell lysates were subjected to SDS-PAGE and Western
blotting using anti-a-fodrin monoclonal antibody (Chemicon
International, Temecula, CA) and HRP-conjugated anti--
mouse IgG1 antibody (Invitrogen). We monitored the amount
of the proteolytic fragment of a-fodrin, an internal substrate of
calpain, in the culture supernatant and that of full-length
a-fodrin in the cell lysate.

Lactate dehydorogenase (LDH) release

Macrophages were infected with H37Rv, ARD1, and ARD1::
RD1 for 3 h, washed, and then cultured for 21 h. The LDH
activity in the culture supernatant was monitored at 3-h
intervals after infection using a LDH cytotoxicity detection kit
(TaKaRa BIO). In one experiment, cells were infected with
H37Rv for 3 h, washed, and subsequently cultured with or
without 1 mM EGTA, 40 pM MDL28170, and 100 pM
calpain inhibitor IV for 21 h. The culture supernatant was
collected, and LDH activity was measured. The maximum
LDH release referred to the LDH value obtained from the
supernatant of cells freated with 1% Triton X-100.

Intracellular Ca®* level

Macrophages were plated at 1.25 x 10° cells well™" in
96-well black microplates (Invitrogen) and infected with
M. tuberculosis H37Rv, ARD1, and ARD1::RD1 at a MOI of
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5 for 3 h. The intraceliular Ca®* concentration was monitored
at 3-h intervals for 21 h using a Fluo-4 NW Ca®" assay kit
(Invitrogen) according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed using Student’s ttest. A
value of < 0.05 was considered to be statistically significant.

Results

The RD1 locus is indispensable for IL-1a secretion from
M. tuberculosis-infected macrophages

Based on our investigation into the mechanism underlying
the bacterial virulence factors that contribute to cytokine
production by infected macrophages, we recently identified
that the RD1 locus in the M. tuberculosis genome was
critically involved in IL-1$ and IL-18 secretions through the
activation of caspase-1 (Kurenuma ef al., 2009). Further-
more, we also found that IL-1a secretion was highly
dependent upon the RD1 locus. In this current study,
therefore, we analyzed the mechanism underlying IL-1a
secretion from M. tuberculosis-infected macrophages, spe-
cifically the role of the RD1 locus. IL-1a secretion by
macrophages infected with the H37Rv strain, an RD1-defi-
cient mutant (ARD1) strain, and an RD1-complemented
(ARD1::RD1) strain was measured. We found that H37Rv,
but not 2RD1, induced a high level of IL-1a secretion from
infected macrophages (Fig. 1a). Furthermore, complemen-
tation with the RD1 locus mostly restored the inability of
ARD1 to induce IL-1a secretion (Fig. 1b). Interestingly,
H37Rv and 2RD1 induced comparable levels of IL-12/23p40
production. These results clearly demonstrated that RD1 is
required for the secretion of [L-1a from infected macrophag-
es, whereas it is dispensable for 1L-12/23p40 production. To
rule out the possibility that the difference between the
induction of IL-1a in response to H37Rv and ARD1 infection
was due to the efficacy of infection and replication of these
bacteria strains, we measured their cfu numbers at 3 h and
24 h after infection. There was no significant difference in
the number of bacteria recovered for these M. tuberculosis
strains (Fig. 1d). Taken together, these results indicated
that RD1 is indispensable for the induction of IL-1a secretion
from H37Rv-infected macrophages.

RD1 is involved in the maturation and secretion of IL-1q,
but does not participate in the induction of IL-1a
transcription in H37Rv-infected macrophages

To analyze the mechanism by which RD1 facilitates IL-1a
secretion from H37Rv-infected macrophages, we first deter-
mined the level of IL-1a mRNA expression after infection with
H37Rv and ARD1 by real-time RT-PCR. A significant
increase in IL-1o. mRNA expression was detected in macro-
phages infected with H37Rv, and the levels were almost
20-fold higher than that observed in noninfected macrophag-
es (Fig. 2a). Similarly, significantly high levels of IL-1o mRNA
expression were also detected in macrophages infected with
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Fig. 1 RD1 contributes to IL-1a secretion from H37Rv-infected macro-
phages, but is dispensable for 1L-12/23p40 production. Thioglycol-
late-induced peritoneal exudate macrophages were infected with H37Rv
and ARD1 (a) or with H37Rv, ARD1, and ARD1::RD1 (b) at a MOI of 5
for 3 h. Cells were washed and then cultured for 21 h. The culture
supernatant was collected, and the level of IL-1« and 1L-12/23p40 was
measured. (c) Macrophages were infected with H37Rv, ARD1, and
ARD1::RD1 for 3 h. Cells were washed and then cultured for 21 h. Cells
were lysed in 0.05% Triton X-100 solution after 3 h of infection and 21 h
of cultivation. The cell lysate was inoculated on Middlebrook 7H10 agar
plates, and the cfu number was counted 3 weeks later. Data represent
the mean + SD of triplicate assays and are representative of three
independent experiments [*P < 0.01 (determined by Student’s t-test)].

2RD1. We next compared the level of [L-1a synthesis and its
secretion from macrophages infected with H37Rv and ARD1.
IL-1ais synthesized as a 35-kDa precursor protein (pro-iL1o)
thatis subsequently converted into the mature IL-10. (17 kDa)
and secreted into the extracellular space. To analyze the
kinetics of IL-10 production in response to H37Rv and ARD1
infection, we quantified the total amount of IL-1a by deter-
mining the titer of mature IL-1a in the culture supernatant plus
the titer of pro-IL-1a in the cell lysate. Consistent with the
pattern of mRNA expression, IL-1a production was similarly
observed as early as 3 h after infection with H37Rv and
ARD1, and the levels gradually increased up to 21 h. There
was no difference in the kinetics of IL-1a production after
infection with H37Rv and ARD1 (Fig. 2b). On the other hand,
IL-1o was detected only in the culture supernatant of
H37Rv-infected macrophages, and ARD1 did not exert the
ability to induce IL-1a secretion (Fig. 2c). Western blot
analysis revealed similar levels of pro-IL1a synthesis in
macrophages after infection with H37Rv and ARD1; however,
significant IL-10 secretion was only observed in macrophag-
es infected with H37Rv (Fig. 2d). These resulis indicated that
while IL-1a transcription and pro-1L1a synthesis were induced
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Fig. 2 RD1 is involved in IL-1a maturation and secretion, but not in IL-1a transcription or pro-iL-1a synthesis. (a) Macrophages were infected with
H37Rv and ARD1 at a MOI of 5 for 3 h. Cells were washed and cultured for 3 h. Total RNA was extracted, and the level of IL-1o mRNA expression was
analyzed by real-time RT-PCR. Data represent the mean =+ SD of three independent experiments. (b, ¢) Macrophages were infected with H37Rv and
ARD1 at a MOl of 5 for 3 h. Cells were washed and cultured for up to 21 h. The culture supernatant and the cell lysate were prepared at the indicated
time after infection. The level of IL-1a production (b) was evaluated by a total of IL-1u concentration in the culture supernatant and the cell lysate. The
level of secreted IL-1a (c) was determined by measuring the level of IL-1a in the culture supernatant. Data represent the mean + SD of triplicate
assays and are representative of three independent experiments: [*P < 0.01 (determined by Student’s t-test)] (d) Macrophages were infected with
H37Rv and ARD1 at a MOI of 5 for 3 h. Cells were washed and cultured for up to 24 h. The culture supernatant and the cell lysate were prepared at
indicated times and subjected to SDS-PAGE. Mature IL-1a and pro-IL1a were detected by Western blotting. B-actin was detected to confirm that

comparable amounts of cell lysates were applied to SDS-PAGE.

independently of RD1 in H37Rv-infected macrophages, the
gene locus plays a role in the maturation and secretion of
IL-1ou.

Calpain is required for the secretion of IL-1a from
H37Rv-infected macrophages

It has been shown that calpain, a Ca*-dependent cysteine
protease, is activated by various stimuli and contributes to
the maturation and secretion of IL-1a (Kobayashi ef al.,
1990). To determine whether calpain is also involved in
IL-1o secretion from H37Rv-infected macrophages, we
investigated the effect of several calpain inhibitors on

IL-1a secretion. As shown in Fig. 3, MDL28170 dramatically
inhibited IL-1a secretion from H37Rv-infected macrophages
in a dose-dependent manner. Furthermore, two other
calpain inhibitors, calpain inhibitor IV and EST, also
impaired IL-1a secretion. In addition, the Ca®* chelators
EGTA and BAPTA-AM markedly inhibited cytokine secre-
tion. On the other hand, these reagents did not affect IL-12/
23p40 secretion from H37Rv-infected macrophages. Taken
together, these results suggested that calpain is involved in
the secretion of IL-1a from H37Rv-infected macrophages.
To further clarify the contribution of calpain to H37Rv-in-
duced IL-1a secretion, we measured the activity of calpain in
infected macrophages. It has been shown that a-fodrin, a
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240-kDa cytoskeletal protein, is an endogenous substrate of
calpain, and the amount of the degraded fragment
(145 kDa) released in the culture supernatant is indicative
of calpain activity (Wang, 2000; Goll ef al.,, 2003). Thus, we
analyzed the amount of fragmented o-fodrin in the culture
supernatant after infection with H37Rv, ARD1, and ARD1::
RD1. As shown in Fig. 4a, the amount of fragmented
a-fodrin was detected in the culture supernatant as early as
6 h after infection with H37Rv and gradually increased until
24 h. However, ARD1 hardly induced the breakdown of
a-fodrin. The kinetics of degraded product largely paralleled
time-dependent IL-1a secretion. Moreover, H37Rv markedly
decreased the amount of full-length a-fodrin in the cell lysate
and increased the small fragment of a-fodrin in the culture
supernatant (Fig. 4b). However, ARD1 infection induced a
marginal level of a-fodrin fragmentation. On the other hand,
significant levels of fragmented o-fodrin were observed in
macrophages infected with ARD1::RD1. These results
suggested that calpain was involved in IL-1a secretion from
H37Rv-infected macrophages with RD1 playing a critical
role in calpain activation.

RD1 is implicated in calpain activation and IL-1a
secretion through the elevation of intracellular Ca**
levels in H37Rv-infected macrophages

Calpain is a Ca®-dependent cysteine protease, and an
increase in the cytosolic Ca®* level plays a major role in
calpain activation (Goll et al., 2003). Therefore, we next
analyzed the kinetics of cytosolic Ca®* levels in macrophages
infected with H37Rv, ARD1, and ARD1::RD1 using the Fluo-4
NW Ca®* assay kit. H37Rv-infection markedly increased
cytosolic Ca®* levels as indicated by the high fluorescence
intensity of Fluo-4. The fluorescence intensity was markedly

56

(determined by Student’s t-test)].

enhanced 6 h after infection and maintained until 21 h
(Fig. 5a). In contrast, ARD1 induced a weak fluorescence
intensity compared with H37Rv, and it was sustained, albeit at
a lower level, during the culture period. On the other hand,
ARD1::RD1 induced a high level of fluorescence intensity with
similar kinetics as that of H37Rv, Therefore suggesting that
RD1 was involved in the induction of Ca®* influx in
H37Rv-infected macrophages. To further elucidate the con-
tribution of RD1, we investigated whether A23187, a calcium
jonophore, restored the inability of ARD1 to induce IL-1a
secretion. As shown in Fig. 5b, ARD1 induced a low level of
IL-1a secretion; however, treatment with A23187 significantly
enhanced IL-1a secretion. These data suggested that RD1
contributes to the increase in cytosolic Ca®* levels in infected
macrophages, and the RD1-dependent Ca®* influx leads to
calpain activation and IL-1a secretion from infected macro-
phages.

Discussion

In this study, we examined the role of RD1 in IL-10 secretion
from H37Rv-infected macrophages. Our results clearly
showed that H37Rv infection induced a high level of IL-1a
secretion, and RD1 was indispensable for the maturation
and secretion of IL-1a; however, RD1 did not contribute o
the induction of IL-1a transcription and pro-IL1a synthesis.
Finally, RD1 was implicated in calpain activation through the
increase of cytosolic Ca®* levels.

Recent studies have shown that M. iuberculosis has TLR
ligands, and the cytokine production by TLR2- and
TLR4-deficient macrophages in response to M. tuberculosis
is markedly decreased compared with that of WT macro-
phages (Means et al., 2001). Therefore, it is highly likely that
IL-1a production is mainly induced by a direct interaction of
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Fig. 4 Mycobacterium tuberculosis H37Rv but not ARD1 promotes fragmentation of o-fodrin in infected macrophages. (a) Macrophages were infected
with H37Rv and ARD1 at a MOt of 5 for 3 h. Cells were washed and then cultured for the indicated periods. The culture supernatant was collected and
subjected to SDS-PAGE. The amount of degraded fragment (145 kDa) of a-fodrin (an endogenous substrate of calpain) was monitored by Western
blotting. (b) Macrophages were infected with H37Rv, ARD1, and ARD1::RD1 at a MOI of 5 for 3 h. Cells were washed and cultured for 21 h. The
culture supernatant and the cell lysate were prepared concomitantly. They were subjected to SDS-PAGE, and the amount of full-length and
fragmented o-fodrin was monitored. B-actin was detected to confirm that comparable amounts of cell lysates were applied to SDS-PAGE.

macrophages with M. tuberculosis. Furthermore, previous
studies have shown that RD1 contributes to bacterial
virulence, the generation of protective immunity (Pym et al.,
2003; Brodin et al., 2006), granuloma formation (Volkman
et al., 2004), and necrosis induction (Hsu et al, 2003;
Junqueira-Kipnis et al., 2006; Chen et al., 2007; Kaku et al.,
2007). In addition, we have found that RD1 played a pivotal
role in caspase-1 activation through facilitating K* efflux
from the cytoplasm of infected macrophages (Kurenuma
et al.,, 2009). In this study, we demonstrated the active
participation of RD1 in Ca®* influx in infected macrophages.
Based on these findings, we speculated that RD1 may
provoke a perturbation of cytoplasmic membrane integrity,
thus causing the transmembrane fluxes of calcium and
potassium ions.

RD1 is located in the ESX-1 locus of the M. tuberculosis
genome and includes genes encoding ESAT-6 and CFP-10
(Feltcher et al., 2011). Both ESAT-6 and CFP-10, which
belong to the WXG-100 superfamily, are secreted through
the ESX-1 secretion system and form a protein complex
(Brodin et al.,, 2004b). Recent studies have shown that
ESAT-6 exerts membrane lytic activity (Hsu ef al., 2003; de
Jonge et al, 2007) and influences a variety of signaling
pathways (Yu & Xie, 2012). Therefore, it is probable that
ESAT-6 may provoke the morphological alteration not only
in the phagosomal membrane but also in the cytoplasmic
membrane, resulting in the influx of intracellular Ca** level.
Alternatively, recent reports have shown that the ESX-1
system may facilitate the diffusion of some bacterial
products into the cytoplasm. Indeed, Mishra et al. have
shown that ESAT-6 contributes to caspase-1 activation by

facilitating the spread of immunostimulatory components
into the cytoplasm (Mishra et al, 2010). Wang ef al.
reporied that ESAT-6 induced IL-1B secretion from human
dendritic cells (Wang et al., 2012). ESX-1 is required for the
disruption of the phagosomal membrane and translocation
of mycobacteria. Bacteria that have escaped from the
phagosome subsequently secrete components through the
ESX-5 system, which induce inflammasome activation,
IL-1B secretion, and caspase-independent cell death
(Abdallah et al., 2011). Therefore, it is possible that RD1
may function in IL-1a production by inducing phagosomal
membrane damage and the diffusion of some mycobacterial
components that are required for Ca®* influx, as well as
calpain activation in the cytoplasm of infected macrophages.
Alternatively, it has been shown that nucleotides including
ATP and ADP induce calcium signaling in immune cells
(Marteau et al., 2004; Bendz et al., 2008). Because wild-
type M. tuberculosis causes necrosis of infected macro-
phages with a high frequency, therefore, it is probable that
nucleotides released from necrotic cells may partly contrib-
ute to the intracellular Ca®* mobilization. To clarify the
precise mechanism of RD1 in lL-1a secretion, further
studies are required to identify mycobacterial components
that are directly responsible for the induction of Ca®* influx.

RD1 is involved in the induction of necrotic cell death of
infected macrophages by causing mitochondrial membrane
damage and ATP depletion (Kaku et al., 2007). Thus, we
determined whether calpain participates in cell death of
infected macrophages by measuring the release of LDH
from cells infected with H37Rv in the presence of the calpain
inhibitors MDL28170, inhibitor 1V, and EGTA. The calpain
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Fig. 5 RD1 contributes to the increase in cytosolic Ca®* level in infected
macrophages. (a) Macrophages were infected with H37Rv, ARD1, and
ARD1:RD1 at a MOI of 5 for 3 h. Cells were washed and cultured for
3 h. The culture medium was removed, and cells were labeled with a
dye-loading solution containing Fluo-4 NW. The fluorescence intensity
was monitored for up to 21 h. (b) Macrophages were infected with ARD1
for 3 h. Cells were washed and cultured for 21 h in the presence of
10 pM A23187. The culture supernatant was collected, and the level
of iL-1a secretion was measured. (—), no infection or no addition of
A23187. Data represent the mean == SD of triplicate assays and are
representative of three independent experiments. [*P < 0.01 (deter-
mined by Student’s ttest)).

inhibitors weakly, but significantly, prevented LDH release
and largely abrogated IL-1a secretion (Fig. 2 and Support-
ing Information, Fig. S1). In this regard, previous studies
reported that ESAT-6 was a potent activator of the NLRP3
inflammasome, and consequently, necrotic cell death of
infected macrophages was triggered by ESAT-6-dependent
NLRP3 inflammasome activation (Mishra et al., 2010; Wong
& Jacobs, 2011). Therefore, calpain was necessary to
catalyze pro-lL-1a, but it likely only contributes to necrotic
cell death of infected macrophages. On the other hand,
EGTA also inhibited LDH release from infected macrophag-
es, and its inhibitory activity was much stronger than those
of the calpain inhibitors, suggesting that Ca®* signaling was
required for the cell death.

Pro-IL-1a, unlike pro-IL-1B, is thought to activate IL-1
receptor-dependent signal pathway in a similar manner as
mature IL-1o. Therefore, the passive release of pro-iL-1a
upon cell death serves as a danger signal and is capable of
causing inflammation. Indeed, a sterile inflammatory
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response can be triggered by IL-1a released from dying
cells (Chen et al., 2007). In H37Rv-infected macrophages, a
large portion of IL-1a secreted into the culture supernatant
was converted to the mature form, while most IL-1a
detected in the cell lysate remained in the proform, indicat-
ing an intracellular process that resulted in the preferentially
secretion of mature IL-14. Recent reports indicated that
IL-1a secretion was closely related to IL-1p secretion. Gross
et al. identified a distinct IL-1a secretion pathway that was
dependent on inflammasome (Gross et al., 2012). Fettels-
choss et al. also showed that mature IL-1a secretion
required activation of the inflammasome, and IL-1§ served
as a shuttle for IL-1a (Fettelschoss et al., 2012). Further-
more, Zheng et al. recently showed that an intracellular form
of IL-1 receptor 2 (IL-1R2) interacted with pro-lL-1a,
preventing calpain cleavage. Caspase-1 cleaves IL-1R2,
which allows cleavage of pro-IL-1a by calpain (Zheng et al.,
2013). Therefore, it appeared that caspase-1 and the
inflammasome were not involved in the maturation of
IL-10, but the secretion of mature IL-1o was likely depen-
dent on inflammasome, caspase-1, and IL-1§.

Calpains are intracellular Ca®**-dependent cysteine prote-
ases that are ubiquitously expressed, and more than 15
proteins belong to the calpain family (Croall & DeMartino,
1991). There is mounting evidence thatindicates that calpains
break down a wide variety of cytoskeletal, membrane-asso-
ciated, and regulatory proteins and participate in signal
transduction, apoptosis, and {L-1a secretion (Czuprynski &
Brown, 1987; Carruth et al., 1991; Chua et al., 2000; Croall &
Ersfeld, 2007; Dewamitta et al., 2010; Sato et al., 2011). In
general, calpain activity is tightly regulated by the level of
transcription, Ca®* availability, autoproteolysis, phosphoryla-
tion, intracellular distribution, and endogenous inhibitors (Goll
et al., 2003). Our results showed that RD1 contributes to
calpain activation through the increase in cytosolic Ca®* levels
in infected macrophages. Furthermore, IL-1a secretion
by infected macrophages was significantly inhibited by
MDL28170, which exerts broad-spectrum activities, and also
by EST and calpain inhibitor 1V, which preferentially inhibit
calpain | and calpain I, respectively. The results suggested
that calpain | and calpain I, two major calpains that are
distinguished by the optimal Ca®* concentration required for
maximal activity, are possibly involved in the processing of
IL-1a during M. tuberculosis infection. However, we cannot
exclude the possibility that other calcium-dependent prote-
ases may also contribute to the processing of IL-1a either
alone or in combination with calpain.

Although it has long been believed that both pro- and
mature |IL-1a exert a similar activity through binding to IL-1
receptor, recent reports demonstrated that pro-IL-1a accu-
mulated in the nucleus where it induced biological
responses that were dependent upon the nuclear localiza-
tion (Stevenson ef al., 1997; Cheng et al., 2008; Luheshi
et al., 2009). Therefore, IL-1a can be regarded as a dual
function cytokine, and it is unknown whether these two
forms of IL-1a similarly contribute to the induction of host
resistance to M. tuberculosis, as it has been shown that
IL-1R-deficient mice are susceptible to M. tuberculosis
infection and blocking of IL-1a increases their susceptibility.
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Therefore, IL-1 signaling is definitely important for host
resistance to M. tuberculosis (Fremond et al., 2007; Guler
et al., 2011). Thus, it may be interesting to determine the
role of pro- and mature IL-1a for the primary host resistance
to M. tuberculosis infection.

In conclusion, our study clearly indicated that M. tuber-
culosis infection induced IL-1a mRNA expression and
pro-IL-1a synthesis. These processes were independent of
RD1. In contrast, RD1 was implicated in calpain activation,
as well as the maturation and secretion of IL-1a through
the elevation of intracellular Ca?* level. These findings
provide further insight into the interaction between the RD1
locus and the host cytokine response to M. tuberculosis
infection.
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ycobacterium kyorinense is a slow-growing mycobacterium

that was first described in 2009 (1). M. kyorinense is closely
related to M. celatum, M. branderi, and M. fragae, and exhibits
significant pathogenicity for humans, causing pneumonia,
lymphadenitis, and arthritis (2—4). Antimicrobial susceptibility
tests demonstrated that M. kyorinense is generally resistant to ri-
fampin, isoniazid, and ethambutol (4). Further investigation is
needed to clarify the genomics, biology, epidemiology, and patho-
genicity of this species.

We sequenced the genomic DNA of the M. kyorinense type
strain KUM060204" on an Ion PGM system (Life Technologies)
and assembled the reads using CLC Genomics Workbench 7.0. A
total of 4,133,490 reads were generated, with an average read
length of 203 bp, yielding a total sequence of 837,657,777 bp.

The assembled sequences of KUM060204T comprised 453 con-
tigs, with a combined length of 5,302,980 bp, with a G+ C ratio of
66.9%. The average cover depth was 50X, the N;, contig size was
53,523, the average contig was 11,706 bp long, and the longest
contig was 137,319 bp.

Genome annotation was performed using the RAST prokary-
otic genome annotation server (http://www.nmpdr.org/FIG/wiki
/view.cgi/Main/RAST). RAST predicted 5,405 putative open read-
ing frames, including 5,351 coding sequences and 54 RNAs (46
tRNAs and 8 rRNAs). RAST functional analysis of the predicted
protein-coding genes showed 78 genes involved in cell walls and
capsules, 64 in membrane transport, 206 in protein metabolism,
93 in DNA metabolism, 141 in virulence and defense, 135 in res-
piration, 331 in fatty acids, lipids, and isoprenoids, 395 in cofac-
tors, vitamins, prosthetic groups, and pigments, and 356 in amino
acids and derivatives.

To explore the molecular mechanism underlying the resistance
of M. kyorinense to anti-tuberculosis drugs, we selected several
genes known to be responsible for resistance to rifampin (rpoB),
ethambutol (embB), and isoniazid (inhA, katG, and ahpC). The
sequences of these genes in M. kyorinense were compared with
those in M. tuberculosis H37Rv to clarify whether they contain
specific mutations associated with resistance to anti-tuberculosis
drugs in M. tuberculosis. Analysis of the rpoB gene confirmed our
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previous finding that KUM0602047 harbors a Ser531Asp amino
acid substitution, the most frequent mutation in rifampin-resistant
M. tuberculosis (4, 5). In contrast, we did not detect a substitution at
Met306 of embB, the major mutation in ethambutol-resistant M. fu-
berculosis (6). Nor did we find a Ser315Thr substitution of katG, a
mutation in the regulatory region (nucleotides [nt] —48, —51, —54,
—81, and —88) of ahpC, a Ser94Ala substitution in the inhA gene
or a mutation in the regulatory region (nt —15 and —17) of inhA,
which are common mutations in isoniazid-resistant M. tuberculo-
sis (6). These results suggested that the mechanism underlying
drug resistance in M. kyorinense is significantly different from that
in M. tuberculosis.

In conclusion, we report the genome sequence of
KUMO060204T which to the best of our knowledge is the first ge-
nome sequence of the species M. kyorinense.

Nucleotide sequence accession numbers. The whole ge-
nome sequence of KUM060204T has been deposited in DDB]/
EMBL/GenBank under the accession mumbers BBKA(G1000001 to
BBKA01000453.
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Direct detection of Mycobacterium avium in
environmental water and scale samples by loop-mediated
isothermal amplification

Yukiko Nishiuchi, Aki Tamaru, Yasuhiko Suzuki, Seigo Kitada,
Ryoji Maekura, Yoshitaka Tateishi, Mamiko Niki, Hisashi Ogura
and Sohkichi Matsumoto

ABSTRACT

We previously demonstrated the colonization of Mycobacterium avium complex in bathrooms by the
conventional culture method. In the present study, we aimed to directly detect M. avium organisms
in the environment using loop-mediated isothermal ampilification (LAMP), and to demonstrate the
efficacy of LAMP by comparing the results with those obtained by culture. Our data showed that
LAMP analysis has detection limits of 100 fg DNA/reaction for M. avium. Using an FTA® elute card,
DNA templates were extracted from environmental samples from bathrooms in the residences of 29
patients with pulmonary M. avium disease. Of the 162 environmental samples examined, 143 (88%)
showed identical results by both methods; 20 (12%) and 123 (76%) samples were positive and
negative, respectively, for M. avium. Of the remaining 19 samples {12%), seven {5%) and 12 (7%)
samples were positive by the LAMP and culture methods, respectively. All samples that contained
over 20 colony forming units/primary isolation plate, as measured by the culture method, were also
positive by the LAMP method. Our data demonstrate that the combination of the FTA elute card and
LAMP can facilitate prompt detection of M. avium in the environment.
Key words | bathroom, direct detection, FTA elute card, loop-mediated isothermal amplification
(LAMP), Mycobacterium avium
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The incidence of Mycobacterium avium complex (MAC)
infection is gradually increasing all over the world, especially
in developed countries (Falkinham 1996; Field et al. 2004;
Griffith ef al. 2007). MAC organisms inhabit the environment
and are transferred to susceptible humans or farm animals,
leading to infection and disease (Falkinham 2002; Field
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et al. 2004; Angenent et al. 2005). M. avium and other nontu-
berculous mycobacteria are widely distributed in natural and
artificial environmental habitats, including natural water
bodies, drinking water distribution systems, hot tubs, forest
soils, peats, and potting soils (Falkinham 2009). We pre-
viously reported that MAC was frequently detected in
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samples from bathrooms in the residences of patients with
pulmonary MAC disease, suggesting that the bathroom is
the possible source of infection (Nishiuchi et al. 2007, 2009).
Although MAC colonization in the human environment
was polyclonal and displayed genetic diversity, some geno-
types were identical or similar to the clinical isolates
obtained from the corresponding patients (Nishiuchi ef al.
2007, 2009). Moreover, the characteristics of MAC disease,
such as multiple infections with genetically different strains
(Wallace ef al. 1998, 2002) and frequent relapse or reinfection
(Kobashi & Matsushima 2003), could be atiributable to the
presence of a reservoir for MAC in the environment immedi-
ately surrounding the patients. It is important to break this
cycle of infection by removing the infection source; identifi-
cation of the source in the environment is thus the initial
important step for controlling the disease.

In previous investigations, we isolated M. avium organ-
isms by conventional culture. Although this method is basic
and essential for the assessment of genetic diversity and
drug susceptibility, the procedure is time consuming; it
takes 3 weeks to obtain primary isolates and another 2
weeks to obtain pure cultures, followed by polymerase
chain reaction (PCR) analysis for species identification
(Nishiuchi et al. 2007, 2009). Thus, at least 5 weeks are usually
required to detect M. awium organisms, underscoring the
need for an alternative, rapid, and accurate method of
M. avium detection in environmental specimens, which
would in turn facilitate accelerated diagnosis. Nucleic acid
amplification (NAA) tests are commonly used in hospitals
to directly detect Mycobacterium tuberculosis and M. avium
in clinical specimens because they require less time than cul-
ture. Several recent systematic investigations have confirmed
the high specificity and sensitivity of NAA tests (Ichiyama
et al. 1996; Soini & Musser zo0r; Huggett et al. 2003; Park
et al. 2006). A novel NAA method, termed loop-mediated
isothermal amplification (LAMP), is commonly used to
detect viruses, parasitic protozoans, and bacteria including
M. tuberculosis complex (Iwamoto et al. 2003; Boehme ef al.
2007; Pandey et al. 2008), M. avium (Iwamoto ef al. 2003),
M. avium subsp. paratuberculosis (Enosawa ef al. 2003),
M. intracellulare (Iwamoto ef al. 200%), M. kansasii (Mukai
et al. 2006) and M. gastri (Mukai et al. 2006). The LAMP
method has been applied to detect mycobacteria in clinical
samples (Iwamoto et al. 2003, Boehme et al. 2007; Pandey

el al. 2008), but it has not been tested for environmental
samples. In the present study, environmental samples
obtained previously (Nishiuchi ef al. 2009) were subjected to
LAMP analysis for the direct detection of M. avium using
novel primer sets targeting the M. avium 16S rRNA gene.
The results were compared with those obtained previously
by culture (Nishiuchi ef al. z009). We also employed FTA®
elute cards for genomic DNA extraction; these cards allowed
very easy recovery of DNA templates from the environmental
samples without resorting to the use of any harmful reagent.

METHODS
Design of LAMP primers

Using conserved sequences of the 16S rRNA gene as a target,
two inner primers, namely the forward inner primer (FIP)
and backward inner primers (BIP), two outer primers (F3
and B3), and two loop primers (FL and BL) for M. avium
were designed using PrimerExplorer V3 software (htips://
primerexplorer.jp; Eiken Chemical Co. Ltd, Tokyo, Japan).
The primer sequences and other details are listed in Table 1.

LAMP reaction

LAMP was performed in 50 pl reaction volumes containing
4 ul of the extracted DNA template, 20 umol 1™* each of FIP
and BIP, 25 ymol 1™ each of F3 and B3, 30 umol1I™* each
of FL. and BL, 1.4 mmol I"* deoxynucleoside triphosphate
mix, 0.8moll™? betaine (Sigma-Aldrich, St Louis, MO,
USA), 20mmol 1™ Tris-HCl (pH 8.8), 10mmoll™ XCl,
10mmol 1! (NH,),S0,, 8 mmol 1™ MgSQ,, and 64 U of
Bst DNA polymerase (large fragment; New England Biolabs
Inc., Beverly, MA, USA). The mixture was incubated at 64 °C
for 60 min in a Loopamp® realtime turbidimeter (LA-200;
Teramecs Co., Kyoto, Japan) and then heated to 80°C for
2 min to terminate the reaction.

Analysis of LAMP products
The LAMP reaction causes turbidity in the reaction tube, which

is proportional to the amount of amplified DNA. The reaction
was considered positive when a turbidity of >0.1 was observed
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