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Sample preparations for transmission electron microscopy of virulent Mycobacterium tuberculosis are usually per-
formed with chemical fixation using glutaraldehyde (GA) in a biosafety area followed by post-fixation with aque-
ous osmium tetroxide (OT) in a conventional laboratory outside the biosafety area. Freeze-substitution with
osmium-acetone (OA) at ultralow temperature (— 85 °C) has been shown to provide high quality final images
and preserves cellular structures intact. However, some preparation procedures for freeze-substitution often re-
quire large fixed devices for freezing in a special laboratory. We have reported a novel freeze-substitution prep-
aration method that can be performed using a portable device in a biosafety cabinet at biosafety level (BSL) 3
areas. Here, as a next step, we examined whether images obtained from rapid freeze-substitution (RFS) after fix-
ation with glutaraldehyde (GA > RFS) are of comparable quality to those obtained using standard RFS. GA > RFS
provided excellent preservation of mycobacterial cell ultrastructure, including visualization of cytoplasmic
ribosomes, DNA fibers, and the outer membrane. The average number of ribosomes per cubic micrometer count-
ed on RFS and GA > RFS was not significantly different (6987.8 + 2181.0 and 6888.9 4 1799.3, respectively).
These values were higher, but not significantly so, than those obtained using conventional chemical fixation
(5018.7 4 2511.3). This procedure may be useful for RFS preparation of unculturable mycobacteria strains or
virulent strains isolated in laboratories that cannot perform RFS.
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Mycobacterium tuberculosis
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1. Introduction

In the field of mycobacterial microscopy, novel procedures are being
developed at an increasing pace. For example, microfluidic cultures and
time-lapse microscopy have been developed to track the life cycle of a
single live cell (Aldridge et al, 2012; Golchin et al, 2012; Wakamoto
etal, 2013), and cryo-electron microscopy techniques such as specimen
vitrification in ice followed by cryo-electron microscopy of vitreous
sections (CEMOVIS), without specimen fixation or staining have been
developed to observe fully hydrated bacterial cells (Matias and
Beveridge, 2006; Hoffmann et al., 2008; Zuber et al,, 2008; Couture-
Tosi et al, 2010; Hurbain and Sachse, 2011; Perez-Cruz et al,, 2013).
Although both procedures provide live images of the intact ultrastruc-
ture of biological materials, they are performed without chemical

Abbreviations: BSL, biosafety level; CEMOVIS, cryo-electron microscopy of vitreous
section; CF, chemical fixation; CF > RFS, rapid freeze-substitution after chemical fixation;
GA, glutaraldehyde; GA>RFS, rapid freeze-substitution after glutaraldehyde fixation;
MDR, multidrug-resistance; OA, osmium-acetone; OT, osmium tetroxide; PB, phosphate
buffer; RFS, rapid freeze-substitution; TEM, transmission electron microscopy; XDR,
extensively drug-resistant.

* Corresponding author. Tel.: +81 42 493 5072; fax: + 81 42 492 4600.

E-mail address: hyamada@jata.orjp (H. Yamada).

0167-7012/3 - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/.mimet.2013.10.019

fixation, which limits their use to nonpathogenic bacteria outside of
strict biosafety facilities.

In several previous electron microscopy studies of mycobacteria,
bacilli grown on solid media were embedded in melted agar and sub-
jected to the impact freezing method (Amako et al, 2003; Paul and
Beveridge, 1992, 1994; Takade et al,, 2003). In our previous study, we
reported a novel rapid freeze-substitution (RFS) procedure that was
applicable to highly virulent Mycobacterium tuberculosis strains inside
a class 1IB biosafety cabinet at a biosafety level 3 facility and that
met all biosafety requirements (Yamada et al., 2010). In this procedure,
agar-embedding steps were excluded in order to preserve the ultra-
structure intact, as far as possible. Instead, a small volume of highly con-
centrated bacillary solution was sandwiched between two single-holed
copper grids and immediately immersed in melting propane. The bacilli
were quickly fixed and substituted at ultralow temperature (—85 °C)
with 2% osmium tetroxide (0sO,, OT) dissolved in acetone (Yamada
etal, 2010, 2012).

In this study, we report that the abovementioned pre-fixation proce-
dure with glutaraldehyde (GA) followed by RFS at ultralow temperature
with an osmium-acetone (OA) solution can preserve the exquisite ultra-
structure of tubercle bacilli. It had been thought that GA fixation or
chemical fixation (CF) performed with a combination of GA and OT
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could cause the ultrastructure to deteriorate. However, we demonstrate
here that both pre-fixation of tubercle bacilli with GA before rapid
freezing and cryofixation/substitution with OA substitution at ultralow
temperature are crucial to preserving the ultrastructure. These results
indicate that poor preservation of ultrastructure should be attributed
to gradual freezing or OT fixation at a relatively higher temperature
(even at 4 °C) than ultralow temperature. In the improved technique
reported here, pathogenic bacilli were fixed with GA in a biosafety
area, and could then be immediately transferred to a conventional
laboratory desktop and subjected to rapid freezing and cryofixation/
substitution with OA. This procedure is extremely useful for RFS
sample preparation of highly biohazardous multidrug-resistant (MDR)
or extensively drug-resistant (XDR) isolates, viable but noncultur-
able isolates, and samples isolated in locations where RFS cannot
be performed in situ before transportation to an RFS-compatible
laboratory.

2. Materials and methods
2.1. Bacteria

M. tuberculosis H37Rv (ATCC 25618) was cultured with Middlebrook
7H9 (Becton Dickinson, MD, USA) supplemented with oxalic acid,
albumin (fraction V), dextrose and catalase (OADC) enrichment (Becton
Dickinson, MD, USA), and 0.05% Tween 80 for 2 weeks. One-milliliter al-
iquots were transferred to sterile microcentrifuge tubes and centrifuged
at 10,000 xg for 1 min. Supernatants were discarded, and the remain-
ing pellets were collected in two microcentrifuge tubes. One aliquot of
the pellet was used for original RFS and another was either subjected
to GA fixation alone or processed using conventional CF with GA and
1% OT and RFS after GA or CF as described below. All steps involving
live virulent bacteria were performed in a biosafety cabinet at a biosafe-
ty level 3 facility.

. GA >RES

51
2.2. Fixation

22.1. Pre-GA fixation and conventional CF ,

A highly concentrated bacillary pellet obtained as above was fixed
with 2.5% GA in 0.1 M phosphate buffer (PB, pH 7.4) at 4 °C for at
least 2 h. After centrifugation, the supernatant was discarded and rinsed
with PB three times, after which the sample was divided into two
microcentrifuge tubes. One part of the sample was subjected to RFS as
described below (Fig. 1b) and the other was subjected to 1% aqueous
OT fixation as conventional CFat4 °Cfor 1 h. After OT fixation, the latter
sample was rinsed with PB and one aliquot was subjected to rapid
freezing in the same manner as the RFS described below (Fig. 1c)
while the other was transferred to absolute acetone and stored in a
freezer at — 85 °C without rapid freezing. The remaining sample was
prepared using conventional CF (Fig. 1d).

222 RES

The sandwich method was performed as described (Yamada et al,
2010; Yamaguchi et al,, 2003, 2009) and is summarized in Fig. 1a-d.
Briefly, volumes of less than 1 pl of the highly concentrated bacillary
pellets that were either not chemically fixed or were GA/CF fixed were
applied to glow-discharge-treated single-hole copper grids (hole size
0.1 mm diameter; Veco, Eerbeek, Netherlands), then pellets were cov-.
ered with another grid. Using tweezers, the grids were then immersed
in melting propane for 20 s before being placed in the cooling device
(Model VFZ-101 Multi Purpose Quick Freezing Device, Vacuum Device
Inc.,, Mito, Ibaraki, Japan). The pair of grids was transferred, detached
in liquid nitrogen, and immersed quickly into 2% OA solution and cooled
in the abovementioned freezing device. Then, samples were transferred
from the biosafety facility and placed in a freezer at — 85 °C for several
days, over which time the temperature was gradually raised to room
temperature. Then, the OA solution was discarded and the samples
were washed with absolute acetone three times at room temperature.

e 1 Contrifugation §

| Onginal Rapid Freeze Substiution (RFS) s RES CF > Acewneat 85°C
| (improved method) il G
Bacteria cullure ] 2.5% GA fixatlon 4 EARIIE £ : :
it ?HS} (4% ki Post-fixation with1% 0s0, {4°C, 1HR —}!

Rinse with phosphate buffer
{0.1 M, pH 7.4, PB)

Drop less than 1 4l of the bacillary pellet
on a hydrophilized single bole copper goid

H
]
i
i
i

a b

1 Sandwich the bacillary pellet with two hydrophilized single hole grid 3

1

 without

l Immerse sandwiched specimen into siush of liquid propane cooled by liquid nitrogen (LN)

Rapid
i Freezing

4

i Transfer to LN and detach grids

1

3 +

Transfer to 2% OA solution cooled by LN

-
g { Transfer 1o absolute acetone at -85 °C E

'

i

Freeze substitution at -88°C {2 ~ 7 Days), 20 °C {2 hours), and 4 °C (2 hours) i

1

i Rinse with acelone af room temperature (R, 5 min X 3) |

]

E Acstone-Spurr’s resin mixiuret:1 {1day) i

4

{ Spure's resin (1days X 2)

]

L

H

L

|
Embedding with Spur’s resin (70°G, 16Hrs) |
|

Sectioning, staining, and examination with JEOL JEM-1230

Fig. 1. Flowchart of the protocols for the four sample preparations used. (a) Original RFS, (b) GA > RFS, (c) CF > RFS, and (d) CF > acetone at —85 °C without rapid freezing. The steps
contained in the shaded rectangle (top left) were performed in a type IIA biosafety cabinet at a biosafety level 3 facility. After fixation through exposure to 2% OA or 2.5% glutaraldehyde,

the bacillary samples were transferred outside of the biosafety facility.
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2.3. Transmission electron microscopy

The samples prepared with GA, CF, and RFS were embedded in
Spurr's resin by using Leica/LKB Embedding Capsules Easy Molds.
Ultrathin sections of average thickness 70 nm were sectioned with a
Reichert Ultracut equipped with diamond knife, stained with uranyl
acetate and lead citrate, and examined under a JEOL JEM-1230 electron
microscope operated at 80 kV.

2.4. Image analysis and ribosome enumeration

Images were obtained through negative scanning using Adobe
Photoshop Elements version 9 with CanoScan 8800F, and were
saved as TIFF files and analyzed with Image] software (Rasband,
1997-2012). The number of ribosomes located in bacterial cytoplasm
on scanned images was enumerated in a region of interest selected
using a rectangular tool. Areas (um?) were measured using the
Image] measure tool, and referenced against a scale bar on each
negative. The number of ribosomes was converted and expressed
as number per cubic micrometer (um?).

2.5. Statistics

Averages and standard deviations were calculated, and the
randomization test for 2 independent samples was used to calculate
statistical significance according to the following formula (Yamada
etal, 2010, 2012)

X=y

) n T 1
\/{;(x,-—x)2 2 (y;—y)z}/m +m=2) \/H +t=

Here, n and m represent the number of examined cells in two groups
being compared, with average values x and y, respectively. Finally, the p
value was determined from the obtained ¢t value using a t distribution
table.

t=

3. Results and discussion

We have already reported the excellent preservation of the ultra-
structure of mycobacterial cells attainable through RFS (Fig. 2, Yamada
et al., 2010). Our original method allowed for RFS to be performed in a
biosafety cabinet in a BSL 3 area using compact devices. However, it
was impossible to use this method in laboratories without a safety cab-
inet in a BSL 3 area. Therefore, in this study we examined and developed
a further application of this method for specimens pre-fixed with GA in
order to allow the method to be used in conventional laboratories

(Fig. 1). In this improved method, M. tuberculosis was cultured in a lig-
uid medium for about 2 weeks and then fixed with 2.5% GA in PB in
BSL 3 area, after which it was transferred to a conventional laboratory
area and rinsed with PB. Then, after centrifugation, the highly concen-
trated bacillary pellet was subjected to RFS as in the original procedure.
In the images obtained from the RFS samples that had undergone prior
GA fixation (GA > RFS, Fig. 3), exquisite ultrastructure of tubercle bacilli
was preserved intact and the image quality was comparable to the orig-
inal RFS samples (RFS, Fig. 2). These images show clearly visible outer
membranes, DNA fibers, and countable ribosomes in both the RFS and
GA > RFS samples.

Furthermore, based on these results, we hypothesized that the
preservation of exquisite ultrastructure obtained from the GA > RFS
samples was attributable to cryofixation/substitution with OA at
ultralow temperature, and not to substitution with acetone without
OT at — 85 °C. Therefore, we examined the ultrastructure of the samples
fixed using GA and OT at 4 °C, equivalent to a conventional chemical
fixation, prior to either RFS with absolute acetone at ultralow tempera-
ture (CF > RFS) or without rapid freezing (CF > freeze-substitution) in
order to determine whether OT cryofixation or substitution with
absolute acetone was the crucial process for the exquisite ultrastructure
preservation in the GA > RFS-treated samples (Fig. 1). The images
obtained from the samples for CF> RFS (Fig. 4a and b) and CF>
freeze-substitution (Fig. 4c and d) were comparable to those obtained
from the CF samples (Fig. 5); that is, the cytoplasm of the tubercle
bacilli prepared by CF, CF>REFS, or CF > freeze-substitution was
apparently constituted of two compartments with different electron
density.

We demonstrated that this procedure can provide excellent images
of tubercle bacilli ultrastructure. In this study, we improved our original
method to enable most of the steps to be performed in a conventional
laboratory following GA fixation of the virulent tubercle bacilli in a
biosafety area. This improved method also provides excellent images
of the ultrastructure comparable to that of the original RFS method.
We demonstrated two important facts: first, that pre-fixation of the
samples with GA did not degrade the final ultrastructures; second,
that rapid freezing followed by cryofixation and substitution at ultralow
temperature with OA is crucial for preserving the ultrastructure follow-
ing pre-fixation with GA. Furthermore, it is revealed that cryofixation
and substitution at ultralow temperature are indivisible steps and one
cannot take the place of the other.

Although several studies have reported freeze-substitution follow-
ing GA or CF, a few drew attention to the usefulness of the method for
preparation of microbiological samples (Grief et al., 1994; Inoue, 1995;
Sato et al,, 1999; Yamaguchi et al,, 2011) while fewer still reported ex-
aminations involving pathogenic organisms, such as pathogenic fungi,
Exophiala dermatitidis and Cryptococcus neoformans (Yamaguchi et al.,
2005). Furthermore, Couture-Tosi et al. (2010) demonstrated that GA

Fig. 2. TEM images of tubercle bacilli during cell division obtained from original RFS preparation. (a) is a low magnification image and (b) a higher magnification image of the indicated area
in A, where the septum is clearly visible. Black arrowheads indicate outer membrane, white arrowheads indicate plasma membrane, white arrowheads outlined in black indicate
ribosomes, and white asterisks indicate DNA fibers. Scale bars are 200 nm (a) and 100 nm (b).
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Fig. 3. TEM images of the tubercle bacilli during cell division obtained from GA > RFS preparation. (a) is a low magnification image and (b) a higher magnification image of the indicated
area in (a), where the septum is clearly visible. (c) is another image of the longitudinal plane and (d) a cross-sectional image. Black arrowheads indicate outer membrane, white
arrowheads indicate plasma membrane, white arrowheads outlined in black indicate ribosomes, and white asterisks indicate DNA fibers. Scale bars are 200 nm (a and ¢) and 100 nm

(bandd).

pre-fixation was not associated with morphological changes in Bacillus
antracis CEMOVIS samples, and our observations are in agreement
with their finding.

Furthermore, Bleck et al. (2010) reported the results of a comparison
between several preparation methods for transmission electron micros-
copy samples using Mycobacterium smegmatis, including classical chem-
ical fixation, CEMOVIS, high-pressure freezing, and the Tokuyasu
method. They concluded that CEMOVIS was the “gold standard” for

cell imaging, with excellent preservation of intact cell ultrastructure.
However, the sample used in their report was the nonpathogenic
mycobacteria M. smegmatis, and GA > RFS preparation was not
examined. Therefore, the present study is the first to demonstrate that
GA > RFS of tubercle bacilli done in a conventional laboratory following
GA fixation is able to preserve exquisite ultrastructure to a comparable
extent as RFS, which must be performed entirely in a BSL 3 area when
GA fixation is not performed.

Fig. 4. TEM images of the tubercle bacilli obtained from CF > RFS preparation (a and b) and CF > acetone freeze-substitution at —85 °C (cand d). (a) and (c) are longitudinal images, and
(b) and (d) cross-sectional images. Black arrowheads indicate outer membrane, white arrowheads indicate plasma membrane, and white arrowheads outlined in black indicate ribosomes.

Scale bars are 200 nm (a and ¢}, 100 nm (b), and 50 nm (d).
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Fig. 5. TEM image of the tubercle bacilli obtained from CF preparation. Black arrowheads
indicate outer membrane, white arrowheads indicate plasma membrane, and white
arrowheads outlined in black indicate ribosomes. Scale bar is 200 nm.

In addition to comparing the images obtained from these prepara-
tion methods, we measured and compared the number of ribosomes
observed in the samples prepared by GA > RFS, RFS, and CF. As shown
in Fig. 6, the ribosome numbers enumerated on the images of the re-
spective samples were 6987.8 + 2181.0/um’, 6888.9 + 1799.3/um’,
and 5018.7 + 2511.3/um>. The number of ribosomes detected in the
samples prepared using GA > RFS and RFS was significantly higher
than that found in the CF sample (p = 0.04 and p = 0.05, respectively),
whereas there was no significant difference in ribosome number
between GA > RFS and RFS (p = 0.9).

Previous studies reported the ribosomal density in Mycobacterium
bovis BCG, calculated based on the quantitative relationships observed
between specific growth rates of cells and their macromolecular com-
positions, as approximately 4000 ribosomes/um?® (=11) (Comolli et al,,
2009; Cox, 2003, 2004). Our enumeration of ribosomes based on TEM
image examination described above was similar to these previous
results, indicating that both our original and improved RFS methods
can preserve the exquisite ultrastructure of tubercle bacilli well.

The improved RFS method would be extremely valuable to prepare
specimens of viable but unculturable microbiological materials or clini-
cal isolates of MDR- or XDR-TB which cannot be easily transferred from
conventional laboratories to laboratories where RFS can be performed.
Because, in this report, we could demonstrate the localization and den-
sity of ribosomes, which are the target of antibiotics such as aminogly-
cosides, this method should contribute to elucidating the mechanisms
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Fig. 6. Comparison of ribosome density between the preparation methods.

that cause drug resistance and to localizing the site of interaction
between drugs and their target molecules.
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Abstract

entire mpt64 gene.

The limitation should be recognized for clinical use.

Background: The rapid identification of acid-fast bacilli recovered from patient specimens as Mycobacterium
tuberculosis complex (MTC) is critically important for accurate diagnosis and treatment. A thin-layer
immunochromatographic (TLC) assay using anti-MPB64 or anti-MPT64 monoclonal antibodies was developed
to discriminate between MTC and non-tuberculosis mycobacteria (NTM). Capilia TB-Neo, which is the improved
version of Capilia TB, is recently developed and needs to be evaluated.

Methods: Capilia TB-Neo was evaluated by using reference strains including 96 Mycobacterium species
(4 MTC and 92 NTM) and 3 other bacterial genera, and clinical isolates (500 MTC and 90 NTM isolates).
M. tuberculosis isolates tested negative by Capilia TB-Neo were sequenced for mpt64 gene.

Results: Capilia TB-Neo showed 100% agreement to a subset of reference strains. Non-specific reaction to

M. marinum was not observed. The sensitivity and specificity of Capilia TB-Neo to the clinical isolates were 99.4%
(99.6% for M. tuberculosis, excluding M. bovis BCG) for clinical MTC isolates and 100% for NTM isolates tested,
respectively. Two M. tuberculosis isolates tested negative by Capilia TB-Neo: one harbored a 63-bp deletion in
the mpt64 gene and the other possessed a 3,659-bp deletion from Rv1977 to Rv1981¢, a region including the

Conclusions: Capilia TB-Neo is a simple, rapid and highly sensitive test for identifying MTC, and showed better
specificity than Capilia TB. However, Capilia TB-Neo still showed false-negative results with mpté4 mutations.

Keywords: Capilia TB-Neo, Mycobacterium tuberculosis complex identification, mpt64 gene

Background

Tuberculosis remains a major threat to global health, and
therefore, rapid identification of the causative M. tubercu-
losis complex (MTC) is critical. Liquid culture detection is
now widely used for managing HIV-co-infected and drug-
resistant tuberculosis, and liquid culture can improve
the recovery of acid-fast bacilli and decreases the time

'Department of Mycobacterium Reference and Research, Research Institute
of Tuberculosis, Japan Anti-Tuberculosis Association, Kiyose, Tokyo 204-8533,
Japan

Full list of author information is available at the end of the article

( ) BioMed Central

to detection. However, because other non-tuberculosis
mycobacterium (NTM) species may also grow, it is
important to identify MTC from positive culture for
rapid and appropriate management of tuberculosis.
Several methods are available to identify mycobacteria.
Conventional biochemical tests are generally time-con-
suming [1,2] and not surely reproducible, while more
recently developed techniques involving molecular biology
[3-7] or high-performance liquid chromatographic ana-
lysis of mycolic acid [8] are accurate and rapid, but these
require expensive devices. In contrast, immunochromato-
graphic species identification tests, Capilia TB (TAUNS,

-© 2014 Chikamatsu et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Izunokuni, Japan), SD BIOLINE TB Ag MPT64 rapid
(Standard Diagnostics, Inc., Korea) and BD MGIT™ TBc
Identification Test (Becton, Dickinson and Company,
USA) have been adopted as a cheap, rapid, and accurate
alternative in clinical laboratories around the world
[9-11]. However, false positives to Mycobacterium mari-
num, Staphylococcus aureus [9,12], and false negatives in
MPB64 mutants [10,13] have occasionally been reported.
Capilia TB-Neo (TAUNS, Izunokuni, Japan), an improved
version of Capilia TB, has recently been developed to
overcome these problems. In this study, we evaluated the
performance of Capilia TB-Neo with reference strains and
clinical isolates. Any false-negative MTC clinical isolate
detected by Capilia TB-Neo were further investigated
relative genes.

Methods

Reference strains and clinical isolates

Reference strains of 96 Mycobacterium species and sub-
species (4 MTC and 92 NTM) and 3 other genera with
acid-fastness (Nocardia asteroids, Rhodococcus equi and
Rhodococcus aichiense) were used for the evaluation
(Table 1). A total of 500 MTC and 90 NTM clinical iso-
lates (10 M. abscessus, 4 M. chelonae, 13 M. fortuitum, 8
M. gordonae, 15 M. avium complex, 7 M. intracellulare,
3 M. nonchromogenicum, 5 M. scrofulaceum, 4 M. xenopi,
15 M. kansasii, 1 M. gastri, 2. M. peregrinum, 1 M. inter-
medium, 1 M. szulgai, and 1 M. marinum) were selected
to provide a representative sample of the isolates available
from Miroku Medical Laboratory Co., Ltd. (Saku, Japan)
from 2009 to 2010, and the collection from the Ryoken
survey in 2002 and 2007. The clinical isolates were
collected from patients as a part of routine examination.
No ethical approval was required for this type of labora-
tory based study only using isolates. Reference strains and
clinical isolates were cultured with OADC-supplemented
Middlebrook 7H9 broth (Becton, Dickinson and Company,
USA) and 2% Ogawa medium (Kyokuto Pharmaceutical
Industrial Co., Japan) at 37°C or 30°C.

Identification of mycobacteria

Mycobacterium species of the clinical isolates were iden-
tified using one or more of the following approaches: (i)
the DNA or RNA amplification kits Cobas Amplicor PCR
(Roche Diagnostics, Japan) and TRC Rapid (Tosoh Bio-
science, Japan); (ii) the DNA-DNA hybridization DDH
Mycobacteria Kit (Kyokuto Pharmaceutical Industrial Co.,
Japan); and (iii) 16S rRNA gene sequencing, supplemen-
tary [7]. The isolates identified as MTC were further
examined by multiplex PCR analysis of ¢fp32, the region
of difference (RD) 9, and RD12 according to the method
of Nakajima et al. [14]. When MTC species other than M.
tuberculosis sensu stricto were detected, they were further
characterized with respect to RD1, RD4, RD7, and MiD3

Page 2 of 7

[15]. If M. bovis Bacillus Calmette-Guerin (BCG) was
identified, additional multiplex PCR analyses were per-
formed to test for RD2, RD14, RD15, RD16, and SenX3-
RegX3 to distinguish sub-strains of BCG [16,17]. The
multiplex PCR amplification was performed using a Type-
it Microsatellite PCR Kit (QIAGEN, Japan). Each PCR
reaction contained 1.0 pl of DNA template, 625 pl of
Type-it multiplex PCR Master mix, 1.25 ul of Q-solution,
0.25 pl of each primer (10 pmol/pl) and an appropriate
amount of molecular grade water for a total reaction
volume of 13 pl. The thermal profile was as follows:
(i) 95°C (5 min); (ii) 28 cycles of 95°C (0.5 min), 58
or 55°C (1.5 min), 72°C (0.5 min); and (iii) a final exten-
sion step at 68 or 60°C (10 or 30 min). The amplified
products were analyzed by 3% agarose gel electrophoresis.
The expected RD loci for each MTC species are summa-
rized in Table 2.

Capilia TB-Neo, SD MPT64, and TBc ID

The validation of Capilia TB-Neo (TAUNS, Izunokuni,
Japan) was conducted using the aforementioned refer-
ence strains as well as MTC and NTM clinical isolates.
In addition, SD BIOLINE TB Ag MPT64 rapid (SD
MPT64: Standard Diagnostics, Inc. Korea) and BD
MGIT™ TBc Identification Test (TBc ID: Becton, Dickin-
son and Company, USA), detect MPT64 which is the same
as MPB64, were tested using reference strains and NTM
clinical isolates. Each test was performed according to the
manufacturer’s instructions. Briefly, clinical isolates grow-
ing on Ogawa medium were suspended in 1 ml of sterile
distilled water, and the suspension subjected to the test.
Similarly, positive liquid cultures of reference strains
(McFarland No. 1 to 2) were directly subjected to each test.
Positive test results were indicated by a red line in the test
area after 15 min.

Sequencing of the mpt64 gene

Any false-negative M. tuberculosis isolate detected by
Capilia TB-Neo was further analyzed by sequencing
mpt64 and surrounding genes by using the primers listed
in Table 2. Each PCR reaction contained 1.0 ul of DNA
template, 12.5 pl of Type-it multiplex PCR Master mix,
25 pl of Q-solution, 0.5 pl of each primer (10 pmol/ul)
and an appropriate amount of molecular grade water for a
total reaction volume of 25 pl. The thermal profile was as
follows: (i) 95°C (5 min); (ii) 30 cycles of 95°C (0.5 min),
62°C (1.5 min), 72°C (1 min); and (iii) final extension at
60°C (10 min). The amplified product was analyzed by 3%
agarose gel electrophoresis and was purified using Mag
Extractor (TOYOBO, Japan). The purified DNA products
were subjected to direct sequencing using an ABI 377 auto-
matic sequencer (Applied Biosystems, USA) and BigDye
Terminator Cycle Sequencing v 3.1 (Applied Biosystems,
USA), according to the manufacturer’s instructions, DNA
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Table 1 List of reference strains and the results of identification of MTC by using Capilia TB-Neo, SD MPT64, and TBc ID

Species Strain Capilia SO TBcID Species Strain Capilia SD  TBcID
TB-Neo MPT64 TB-Neo MPT64
M. tuberculosis H37Rv ATCC27294 + + + M. interjectum ATCC51457 - - -
M. africanum ATCC25420 + + + M. intermedium ATCC51848 - - -
M. bovis ATCC19210 + + + M. intracellulare ATCC13950 - - -
M. microti ATCC19422 + + + M. kansasii ATCC12478 - - -
M. abscessus ATCC19977 - - - M. kubicae ATCC700732 - - -
M. acapulcensis ATCC14473 - - - M. lactis ATCC27356 - - -
M. agri ATCC27406 - - - M. lentiflavum ATCC51985 - - -
M. aichiense ATCC27280 - - + M. madagascariense  ATCC49865 - - -
M. alvei ATCC51304 - - - M. malmoense ATCC29571 - - -
M. asiaticum ATCC25276 - - - M. marinum ATCC00927 - - +
M. aurum ATCC23366 - - - M. moriokaense ATCC43059 - - -
M. austroafricanum ATCC33464 - - - M. mucogenicum ATCC49650 - - -
M. avium subsp. avium ATCC25291 : B - M. neoaurum ATCC25795 - - -
M. avium subsp. paratuberculosis ATCC19698 - - - M. nonchromogenicum ~ ATCC19530 - - -
M. avium subsp. “suis” ATCC19978 - - - M. novum ATCC19619 - - -
M. avium subsp. silvaticum ATCC49884 - - - M. obuense ATCC27023 - - -
M. branderi ATCC51789 - - - M. paraffinicum ATCC12670 - - -
M. brumae ATCC51384 - + - M. parafortuitum ATCC19686 - - -
M. celatum ATCC51131 - - - M. peregrinum ATCC14467 - - -
M. celatum Il ATCC51130 - - - M. petroleophilum ATCC21497 - - -
M. chelonae chemovar niacinogenes ATCC35750 - - - M. phlei ATCC11758 - - -
M. chelonae subsp. chelonae ATCC35752 - - - M. porcinum ATCC33776 - - -
M. chitae ATCC19627 - - + M. poriferae ATCC35087 - - -
M. chlorophenolicum ATCC49826 - - - M. pulveris ATCC35154 - - -
M. chubuense ATCC27278 - - - M. rhodesiae ATCC27024 - - -
M. confluentis ATCC49920 - - - M. scrofulaceum ATCC19981 - - -
M. conspicuum ATCC700090 - - - M. senegalense ATCC35796 - - -
M. cookii ATCC49103 - - - M. septicum ATCC700731 - - -
M. diernhoferi ATCC19340 - - - M. shimoidei ATCC27962 - - -
M. duvalii ATCC43910 - - - M. shinshuense ATCC33728 - - -
M. engbaekii ATCC27353 - - - M. simiae ATCC25275 - - -
M. flavescens ATCC14474 - - B M. smegmatis ATCC19420 - - -
M. fortuitum subsp. acetamidolyticum ~ ATCC35931 - - - M. smegmatis ATCC700084 - - -
M. fortuitum subsp. fortuitum ATCC06841 - - - M. sphagni ATCC33027 - - -
M. fortuitum subsp. fortuitum ATCC49403 - - - M. szulgai ATCC35799 - - -
M. gadium ATCC27726 - - - + M. terrae ATCC15755 - - -
M. gallinarum ATCC19710 - - - M. terrae DSMZ43540 - - -
M. genavense ATCC51234 - - - M. terrae DSMZ43541 - - -
M. gilvum ATCC43909 - - - M. terrae DSMZ43542 . - -
M. goodii ATCC700504 - - - M. thermoresistibile ATCC19527 - - -
M. gordonae ATCC14470 - - - M. tokaiense ATCC27282 - - -
M. gordonae group B'® KK33-08 - - - M. triplex ATCC700071 - - -
M. gordonae group C'° KK33-53 - . - M. triviale ATCC23292 - - -
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Table 1 List of reference strains and the results of identification of MTC by using Capilia TB-Neo, SD MPT64, and TBc ID

(Continued) :
M. gordonae group D'® KK33-46 - -

M. haemophilum ATCC29548

M. hassiacum ATCC700660 -

M. heckeshornense DSMZ44428

M. heidelbergense ATCC51253

M. hiberniae ATCC49874

M. vaccae ATCC15483 - - -
M. valentiae ATCC29356 -
M. wolinskyi ATCC700010 -
M. xenopi ATCC19250 -
Nocardia asteroides ATCC19247
Rhodococcus equi ATCC6939 - - -
Rhodococcus aichiense  ATCC33611 - - -

sequences of mpt64 from each isolate were compared
with M. tuberculosis H37Rv by using Genetyx-win ver. 5.2
(Genetyx Co., Japan).

Results

Each of the three kits (Capilia TB-Neo, SD MPT64, and
TBc ID) was tested using the 99 reference strains. Capilia
TB-Neo correctly produced positive results for four MTC
(M. tuberculosis, M. africanum, M. bovis, and M. microti)
and negative results for 92 NTM and 3 non-mycobacterial
species (other genera) with acid-fastness, while SD MPT64
and TBc ID generated several false positives (Table 1).
The sensitivity and specificity of Capilia TB-Neo to refer-
ence strains were 100%.

Of the 500 MTC clinical isolates tested, 497 were
identified as MTC by Capilia TB-Neo. The other 3
isolates that tested negative by using Capilia TB-Neo
also tested negative by using SD MPT64 and TBc ID.
All three kits produced negative results for all 90 NTM
clinical isolates examined. Thus, The sensitivity and spe-
cificity of Capilia TB-Neo to the clinical isolates were
99.4% and 100%, respectively.

The multiplex PCR system identified 492 M. tubercu-
losis isolates out of 500. Five isolates, which were ¢fp32-,
RD9-, RD4-, RD7-, and MiD3-positive, but RD12-nega-
tive, were initially identified as M. canettii. However, col-
onies of these isolates showed a consistent rough surface
on solid medium, and subsequent sequencing of hsp65
indicated that the isolates had the genotype of M. tuber-
culosis sensu stricto (data not shown). These isolates were
collected from different areas of Japan. Consequently, 497
isolates were identified as M. tuberculosis. The remaining
3 isolates were deficient in RD1, RD4, RD7, RD9, and
RD12, and therefore were identified as M. bovis BCG.
Two of these isolates were confirmed as M. bovis BCG
Tokyo based on the unique size of RD16, and the third
isolate had the same RD pattern as BCG Connaught and
BCG Montreal, as for RD2, RD14, RD15, RD16 and
SenX3-RegX3 (Figure 1). Among the 3 MTC isolates that
tested negative by Capilia TB-Neo, 2 isolates were M.

tuberculosis and the other was M. bovis BCG Connaught
or BCG Montreal (Table 3).

Mutations in the mpt64 gene were detected by
sequencing two M. tuberculosis isolates with negative
results by Capilia TB-Neo. One isolate had a deletion of
63 bp from nucleotides 196 to 258 (amino acids position
43 to 63), and the other had a deletion of 3,659 bp from
nucleotide 874 in Rv1977 to nucleotide 905 in Rv198lc,
which included the whole mpt64 gene.

Discussion

In many industrialized countries, the ability to rapidly
distinguish between MTC and NTM is critical in clinical
practice. Indeed, the anti-tuberculosis drug resistance sur-
vey in Japan revealed that 19.3% of all clinical mycobacterial
isolates are NTM [18], underscoring the importance of
rapid and accurate detection of MTC from acid-fast bacil-
lus-positive culture. The immunochromatographic assay kit
for the identification of MTC is now widely used in
many countries. Capilia TB-Neo is the improved version
of Capilia TB, and has been subjected to few clinical evalu-
ations. Here, we report good overall performance of the
kit but with several limitations.

In this study, the sensitivity of Capilia TB-Neo was
99.4% to clinical MTC isolates or 99.6% excluding M.
bovis BCG, while the specificity of the kit tested to
clinical NTM isolates was 100%. However, the isolation
of BCG could present a practical problem. The M. bovis
BCG Tokyo strain is sporadically isolated in Japan as a
complex of vaccination or bladder cancer therapy, and is
identified as MTC with the kit [19]. Some BCG strains
such as Connaught, Pasteur, and Tice lack RD2 includ-
ing the mpt64 gene, but RD2 is conserved in others such
as Tokyo, Moreau, and Russia [16]. This issue should be
properly addressed to avoid confusion. Although it is
difficult to discriminate BCG Tokyo from MTC with
mpt64/mpb64, their differentiation would be an import-
ant advance in the development of a future TLC product.
The weak false-positive reaction to M. marinum that was
reported using Capilia TB [12] was not observed in this
study, and resulted in better specificity. The minimum
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Table 2 Oligonucleotide primers used in PCR and direct sequencing

Target gene Primer ID Nucleotide sequence (5'-3') Size (bp) Ref. no.
MTC identification | i X
165 rRNA 285 GAGAGTTTGATCCTGGCTCAG 1028 . 7
264 TGCACACAGGCCACAAGGGA ) i
259 TTTCACGAACAACG GACAA 591
cfp32 Rv0577F ATGCCCAAGAGAAGCGAATACAGGCAA 786 14
RvO577R CTATTGCTGCGGTGCGGGCTTCAA
"RD9 Rv2073cF TCGCCGCTGCCAGATGAGTC 600 14
Rv2073cR TITGGGAGCCGCCGGTGGTGATGA
RD12 Rv3120F GTCGGCGATAGACCATGAGTCCGTCTCCAT ) 404 14
Rv3120R GCGAAAAGTGGGCGGATGCCAG k
RD1 ET1 AAGCGGTTGCCGCCGACCGACC: i 15
ET2 CTGGCTATATTCCTGGGCCCGG
ET3 GAGGCGATCTGGCGGTTTGGGG
RD4 Rv1510F GTGCGCTCCACCCAAATAGTTGC 1033 15
Rv1510R TGTCGACCTGGGGCACAAATCAGTC
RD7 Rv1970F GCGCAGCTGCCGGATGTCAAC 1116 15
Rv1970R CGCCGGCAGCCTCACGAAATG
MiD3 IS1561F GCTGGGTGGGCCCTGGAATACGTGAACTCT 530 15
] IS1561R AACTGCTCACCCTGGCCACCACCATGGACT
Distinguish sub-strains of BCG
RD2 RD2I CCAGATTCAAATGTCCGACC » 16
RD2r GTGTCATAGGTGATTGGCTT
RD14 RD14| CAGGGTTGAAGGAATGCGTGTC 16
RD14r CTGGTACACCTGGGGAATCTGG
RD15 RD8I ACTCCTAGCTTTGCTGTGCGCT 16
RD8r GTACTGCGGGATTTGCAGGTTC
RD16 RD16nf ACATTGGGAAATCGCTGCTGTTG ) 17
RD16nr GGCTGGTGTTTCGTCACTTC
SenX3-RegX3 a GCGCGAGAGCCCGAACTGC 16
a5 GCGCAGCAGAAACGTCAGC
Sequencing
mpt64 (Rv19800) mMpb64W-F ACTCAGATATCGCGGCAATC ‘ 1061 this study
mpb64W-R CGATCACCTCACCTGGAGTT
Rv1977 Rv1977F GTTTCCCGAGATCAGCTCAA 348 this study
Rv1977R ATCTCGTCGTGTGTCACCAG
Rv1981c Rv1981F GATCGAATGCAGGCTGGTAT 399 this study
Rv1981R ACTACTACCGCGGTGACGAC

detection concentration of M. tuberculosis for Capilia
TB-Neo was 10° CFU/ml (data not shown), which was
one-tenth than that for the previous kit. There was a re-
port that Cpilia TB-Neo was higher sensitivity than Capilia
TB [20]. In summary, the overall performance of Capilia
TB-Neo was better than Capilia TB in both sensitivity and
specificity.

SD MPT64 and TBc ID were also tested with reference
strains. Both SD MPT64 and TBc ID showed false-positive
results against several NTM strains in this study. Kodama
et al. [12] reported that no M. marinum strains
grown on 2% Ogawa medium tested positive by using
the Capilia TB, while all strains grown on 3 kinds of
liquid medium, MGIT (Becton Dickinson, Japan), KRD
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addressed in clinical practice, and the users should
perform morphological characterization with a micro-
scope to identify cord formation.

Several mutations in the mpt64 gene produce a nega-
tive test result for M. tuberculosis isolates in the TLC
assay using anti-MPB64 monoclonal antibodies. To date,
these include a 63-bp deletion from nucleotide 196, a
1-bp deletion from nucleotide 266, a point mutation
at position 388 or 402, IS6110 insertion mutation at
: position 177 or 501, a 176-bp deletion from nucleo-

§ 200 bp tide 512, and a 1-bp insertion at position 287 [10,13,21].
In our study, 2 M. tuberculosis isolates gave false-negative
results by using the Capilia TB-Neo, SD MPT64, and TBc

y S ID. One isolate had a deletion of 63 bp from nucleotide
Fii“’e i M“"E"el’_‘ '.’CF: _a“?'VSiS of B’g}G'C")’ba“e”'Z’T"CSO;S BC? 196 in the mpt64 gene as reported previously, and the

- I o 10 : 3 4

s seas ad il solts | 557011 (7202 |t st possesed a 3,659-bp el from nuceo-
Russian (ATCC35740), 5: BCG Montreal (ATCC35735), 6 BCG Connaught | tide 874 in Rv1977 to 905 in Rv1981c, including the whole
(ATCC35745), 7: BCG Danish, 8 BCG Tokyo, 9: Sample 421, 10: Sample mpt64 gene. To the best of our knowledge, this is the first
467, 11: Sample 475, M: Size marker. report of a large deletion in mpt64. A transposon site
hybridization (TraSH) study [22] indicated that mpt64
is not essential for infection or in vitro growth of M.
tuberculosis. This large deletion mutant supported the
medium (Japan BCG Laboratory, Japan) and Myco Acid finding.
(Kyokuto Pharmaceutical Industrial Co. Ltd., Japan), even- In summary, the TLC assay detecting MPB64 or
tually displayed a positive reaction that intensified MPT64 can be applied to specimens prepared from li-
with time. Kodama et al. speculated that nonspecific  quid and solid culture. It does not need special reagents,
antigen which could make complex with anti-MPB64  instruments, or complex techniques. Capilia TB-Neo
antibody may be produced in liquid mediums, but tested in this study showed excellent sensitivity with per-
not on solid medium. Considering the effect of liquid fect specificity.
culture, the original bacterial suspensions giving false-
positive results, that were prepared from liquid and
solid culture, were then re-tested before and after 10-fold  Conclusions
dilution. Interestingly, none of these diluted strains Capilia TB-Neo showed high sensitivity and specificity
tested positive in these kits, but bacterial concentra-  with clinical mycobacterial isolates, and 100% specifi-
tions were high enough for positive results in case of city to reference strains. However, 2 M. tuberculosis
MTC. These results implied that a high concentra- isolates were tested negative by Capilia TB-Neo be-
tion of bacterial antigens could induce non-specific cause of mutations in the mpt64 gene, and positive to
reactions in SD MPT64 and TBc ID. The manufac- certain BCG sub-strain. This study, therefore, serves
turer’s instructions for the TBc ID indicate that this to emphasize the importance of careful use of the kit
kit may be used up to 10 days after a positive MGIT and the complementary techniques such as morpho-
alarm. This non-specific reaction should be properly logical identification.

M1 23456 78 91011 M

Table 3 Results of PCR detection and Capilia TB-Neo of MTC with clinical isolates

Species interpretation (Number of isolates) Banding pattern Capilia TB-Neo %
cfp32 RD9 RD12 RD4 RD7 MiD3 RD1

M. tuberculosis (490) + + + NT NT NT NT + 98.0

M. tuberculosis (2) + + + NT NT NT NT - 04

"M. canettii’ (5)° K + + - + + + + + 10

M. bovis BCG Tokyo (2)P + - - - - + - + 04

M. bovis BCG Connaught (1) + - - - - + - - 02

2Confirmed to be M. tuberculosis by hsp65 sequencing and morphology, °Confirmed by contracted RD16, “Confirmed by absence of RD2 and RD15, and contracted
SenX3-RegX3, NT: Not tested.
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In the context of spinal tuberculosis a study of the inflammatory responses of human muitinucleated osteoclasts infected
with virulent Mtb is of interest. Intracellular Mtb infection resulted in the rapid growth of Mtb and production of
proinflammatory cytokines. In contrast, highly-fused multinucleated osteoclasts incapacitated the production of these
cytokines, Mib escaped from the endosome/phagosome, and led to a different pattern of osteoclast activation with the
production of a set of chemokines. These findings indicate that intracellular Mtb infection in multinuclear osteoclasts
reprograms osteoclast development via the dysregulation of cytokines and chemokines.
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Introduction

Abstract

Spinal tuberculosis is a condition characterized by massive resorption of the spinal
vertebrae due to the infection with Mycobacterium tuberculosis (Mtb). However,
the pathogenesis of spinal tuberculosis has not been established because it was
almost completely eradicated by the establishment of antibiotic treatment in the
mid-20th century. In this study, we investigated the inflammatory responses of
human multinucleated osteoclasts infected with virulent Mib strain. We found that
the intracellular Mtb infection of multinuclear osteoclasts resulted in the rapid
growth of Mib and an osteolytic response, rather than inflammation. In response to
Mtb infection, the mononuclear osteoclast precursors produced proinflammatory
cytokines including tumor necrosis factor (TNF)-a, an intrinsic characteristic they
share with macrophages. In contrast, highly fused multinucleated osteoclasts
incapacitated the production of these cytokines. Instead, the intracellular Mib
inside multinuclear osteoclasts escaped from the endosome/phagosome, leading
to a different pattern of osteoclast activation, with the production of chemokines
such as CCL5, CCL17, CCL20, CCL22, CCL24, and CCL25. Moreover, intracel-
lular infection with an avirulent Mib strain resulted in diminished production of
these chemokines. These findings indicate that intracellular Mib infection in
multinuclear osteoclasts reprograms osteoclast development via the dysregulation
of cytokines and chemokines.

inflammatory bone destruction (Haynes, 2004), fracture, and
collapse of the vertebrae, resulting in massive kyphotic

Inflammatory bone diseases are characterized by the
infiltration of immune cells, including lymphocytes, mono-
cytes, polymorphonuclear leukocytes, and even activated
osteoclasts. Spinal tuberculosis (also called Pott’s disease)
is defined as a chronic inflammatory destruction of spinal
bones, mainly induced by the mycobacterial infection of the
spinal cavity, and is believed to be initiated by the abnormal
activation of osteoclasts in the bone tissue, which leads to

deformities. Finally, the spinal canal may become narrower
because of abscesses, granulation tissue or direct dural
invasion, leading to spinal cord compression and neurolog-
ical deficits.

The mortality from tuberculosis has decreased dramati-
cally in developed countries following the introduction of
effective chemotherapeutic agents in the mid-20th century,
including isoniazid, rifampicin, pyrazinamide, streptomycin,
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and ethambutol, before the molecular biology-based path-
ological mechanism of the disease had been completely
revealed. However, Mycobacterium tuberculosis (Mtb) now
affects one-third of the world population, and causes almost
2 million deaths per year; 30% of new cases can be found in
India, China, Africa, and South America (WHO, 2012). In
addition, current treatments are becoming obsolete because
of the emergence of drug-resistant strains of Mib. Thus, the
development of a new, improved vaccine and/or new drugs
that tackle the emergence of antibiotic resistance are sorely
needed.

There is a question remaining as to whether osteoclastic
activation and differentiation are facilitated at the inflamma-
tory sites of spinal tuberculosis. It is well known that
activated osteoclasts play an important role in inflammatory
bone destruction, such as that occurring due to rheumatoid
arthritis and inflammatory osteolysis. Similarly, spinal tuber-
culosis is believed to develop as a result of the activation of
osteoclasts in bone tissue in response to Mib infection,
as an enormous amount of multinuclear osteoclast-like
cells surrounding granulomatous caseous necrosis were
observed around destroyed bones in a histological analysis.
In fact, the development of spinal tuberculosis seems to be
related to the infiltration of inflammatory immune cells into
the bone tissue. However, there are no data available
concerning whether Mib directly infects the multinuclear
osteoclasts intracellularly. Thus, we assumed that the
source of Mtb-activated osteoclasts in spinal tuberculosis
was as follows; (1) abnormal activation of Mib-infected
macrophages or their precursors in the inflammatory sites
following a local infection, and subsequent activation of the
RANK-RANKL axis, (2) abnormal induction and extravasa-
tion of Mib-infected mononuclear osteoclast precursors from
circulating cells into the inflammatory sites due to systemic
infection, resulting in abnormal activation, and (3) unex-
pected pathogenic activation and reprogramming of
multinuclear osteoclasts resident in the tissue in response
to Mib infection, followed by the dysregulation of cytokines
and chemokines, causing the pathological destruction of the
bone tissue.

Generally, proinflammatory cytokines, such as tumor
necrosis facter (TNF)-a, interleukin (IL)-18, and IL-6, are
produced by macrophages in response to bacterial infec-
tion; proinflammatory cytokines also promote osteoclasto-
genesis (Boyle et al, 2003). In the case of rheumatoid
arthritis, the RANK-RANKL axis plays a principal role in the
promotion of osteoclast differentiation. This is because the
higher expression of RANKL in synovial fibroblasts, which
is strongly induced by the autoreactive T cells that
infiltrated into the synovial tissue, directs pathological
osteoclast differentiation via the production of proinflam-
matory cytokines (Takayanagi et al., 2000a, b). Bacterial
pathogens surged RANKL via Toll-like receptor (TLR)-med-
iated signaling (Kikuchi et al, 2001; Jiang et al., 2002;
Suda et al., 2002); however, several reports suggested that
proinflammatory cytokines (Boyle et al., 2003) and several
bacterial molecules act as promoters of osteoclastogenesis
via the enhancement of RANKL through several TLRs
(Kikuchi et al., 2001; Jiang et al., 2002; Suda et al., 2002),
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whereas other studies reported that bacterial stimulation
suppressed the generation of osteoclast precursors
(Takami et al., 2002; Ji et al, 2009). Thus, it is still not
clear whether bacterial stimulation promotes osteoclasto-
genesis.

Recently, chemokines have been recognized to be major
factors involved in osteolysis and pathological osteoclasto-
genesis (Oba et al., 2005; Kim et al., 2006). CCL3/MIP-1a.
induces ectopic osteoclastogenesis in osteolytic lesions of
rheumatoid arthritis (Haringman. et al., 2006; Menu et al.,
2006) and multiple myeloma (Choi et al., 2000; Han et al.,

. 2001; Haringman et al., 2006), implying that CCL3 and its

receptor CCR1 act as a crucial chemokine for communica-
tion between osteoclasts and osteoblasts (Hoshino et al.,
2010). The participation of other axes of chemokines—
chemokine receptors such as CCL2-CCR2 axis (Kim et al.,
2006; Li et al., 2007; Binder et al., 2009), CCL5-CCR5 axis
(Oba et al., 2005; Menu et al., 2006; Hoshino et al., 2009),
and CX3CL1-CX3CR1 axis (Saitoh et al, 2007; Koizumi
et al., 2009; Hoshino et al., 2013) also play roles in bone
remodeling. Nowadays, some types of chemokines
are responsible for pathological bone destruction through
the regulation of osteoclasts and their precursor cells that
are derived from common progenitor cells in bone marrow,
thus suggesting that several chemokine antagonists provide
a strong rationale for further development of the therapeutic
targets of associated osteolytic bone disease such as
multiple myeloma and rheumatoid arthritis (Oba et al.,
2005; Menu et-al, 2006; Dairaghi et al., 2012). These
findings are referenced in favor of therapeutic treat-
ments targeting chemokines to prevent pathogenic bone
resorption.

To clarify the pathological mechanism underlying the
overactivation of osteoclasts observed in tuberculosis-
related osteolytic lesions, we stimulated osteoclasts and
their precursors with virulent living Mtb and investigated the
expression profiles of chemokines specific for tuberculosis
infection.

Materials and methods

Ethical guidelines for human studies

All human experiments were performed with the approval of
the local ethics committees of the Research Institute of
National Center for Global Health and Medicine (No.
H21-785).

Cells, materials, and bacteria

Mycobacterium tuberculosis H37Rv virulent laboratory
strain (ATCC 27294), Mycobacterium tuberculosis H37Ra
avirulent strain (ATCC 25177), and Mycobacterium bovis
BCG-Tokyo vaccine strain were cultured at exponential
growth phase in Middlebrook 7H9 broth (BD, Sparks, MD)
with ADC enrichment (BD) and 0.05% Tween 80 at 37 °C
for 7-10 days. Lipopolysaccharide (LPS) from Escherichia
coli O55B5 and peptidoglycan (PGN) from Staphylococcus
aureus were purchased from Sigma Aldrich (St. Louis, MO)
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and Fluka Chemical (St. Gallen, Switzerland), respectively.
Recombinant human M-CSF and RANKL were -purchased
from R&D Systems Inc. (Minneapolis, MN). Normal human
natural mononuclear osteoclast precursors cells (Poietics™
Osteoclast Precursor Cell System) were purchased from
Lonza Walkersville, Inc. (Walkersville, MD) and maintained
with osteoclast precursor cell basal medium in the presence
of 10 ng mL™" M-CSF (without RANKL) and used as
mononuclear osteoclast precursors (precursor mononuclear
cells; pMCs). The multinuclear osteoclasts were induced
according to the manufacturer’s instructions. Human periph-
eral blood monocytes were collected from a healthy volun-
teer, separated using CD11b MicroBeads (Miltenyi Biotec
Inc., Bergisch Gladbach, Germany), and stored at -80 °C
prior to use.

Osteoclast culture and intracellular Mib infection

Mononuclear pMCs were cultured with osteoclast precursor
cell basal medium (Lonza), and the culture medium was
replaced every 3 days. The highly fused multinuclear oste-
oclasts (multinuclear osteoclasts; mOCs) were induced from
mononuclear cells with 10 ng mL™" M-CSF and 20 ng mL™"
RANKL for 5 days. Intracellular Mtb infection was performed
by the co-culture of mononuclear pMCs and multinuclear
mOCs (5 x 10* cells per well, 1 mL) with 0.5 pL of Mtb
H37Rv broth (equivalent to 1.0 x 10° CFU per wells) for
24 h to minimize the influence of bacterial broth, and the
excess bacteria were rinsed off with phosphate-buffered
saline (PBS). The culture supernatants of stimulated oste-
oclasts  were harvested, irradiated with UV-C (254-nm
wavelength) for 30s, and filtered with Ultrafree-FC®
0.1-um membrane filters (Merck Millipore, Darmstadt, Ger-
many) to remove living Mib. For immunohistochemical
staining, osteoclasts were fixed with 4% paraformaldehyde,
permeabilized and stained with the indicated specific Abs or
Alexa488-labeled phalloidin (Molecular Probes). The images
were captured using an IX-81 fluorescent microscopy
(Olympus Corp, Tokyo, Japan) equipped with a confocal
microscopy DSU unit (Olympus) and analyzed by MetaMor-
ph (Universal Imaging corporation, Molecular Devices,
Downingtown, PA).

Ziehl-Neelsen staining

For acid-fast bacterial staining, the culture slides (LabTech®
chamber slide system, Nunc-Nalgene™, Thermo Fisher
Scientific, Waltham, MA) were fixed, stained with steps of
0.3% carbol-fuchsin solution, decolorization with a 3%
hydrochloric acid/95% ethanol solution, and counterstaining
with Loffrel’s methylene blue. The slides were rinsed,
allowed to dry, and examined under a binocular microscope
with oil immersion.

Electron microscopic examination of infected
osteoclasts

Osteoclasts cultured and infected with the Mitb H37Rv strain
were fixed with 2.5% glutaraldehyde in 100 mM phosphate
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buffer (PB, pH7.4) for 1 h at 4 °C, rinsed three times with
PB, and post-fixed with 1% osmium tetroxide. Then, the
samples were dehydrated with a graded ethanol series,
embedded with Spurr’s resin and polymerized at 70 °C for
16 h. Ultrathin sections were cut, stained with uranyl acetate
and lead citrate, and examined with a JEOL JEM-1230
microscope (Yamada et al., 2001).

Real-time PCR analysis

A real-time quantitative PCR analysis was performed using
an ABI 7700 sequence detector system with the purchased
probe sets (Tagman® gene expression analysis system,
Applied Biosystems, Foster City, CA). The sequences were
amplified for 40 cycles under the following two-step param-
eters: denaturation at 95 °C for 15s, annealing, and
extension at 60 °C for 60 s. The relative gene expression

. levels were normalized by the expression of GAPDH by the

275 method.

Measurement of cytokines and chemokines, and TRAP
activity

The production of chemokines was determined using
DuoSet® ELISA kits (R&D systems) for CCL17, CCL20,
CCL22, CCL24, and CCL25. The cytokines [TNF-a, IL-1B, -
IL-6, IL-8, and interferon (IFN)-y] and chemokines (CCL2,
CCL3, and CCL5) were measured using the human
27-plex multiple cytokine detection system (Bio-Rad Corp.,
Hercules, CA) according to the manufacturer’s instructions.
Tartrate-resistant acid phosphatase (TRAP) activity in the
culture supernatant was measured by the Osteolinks TRAP
assay kit (DS pharma biochemical, Osaka, Japan).

Immunohistochemistry

Paraffin-embedded tissue sections of tuberculosis patients
were deparaffinized in xylene, rehydrated in a graded series
of ethanol, and immersed in Target ‘Retrieval Solution pH
9.0 (Dako, Glostrup, Denmark) for 20 min boiling for antigen
retrieval. Then sections were incubated with 10% normal
goat serum to avoid nonspecific reaction, and stained with
primary antibodies for 2 h. After inactivating the endoge-
nous peroxidase activity of tissue sections by 3% hydrogen
peroxide, the signals were visualized using HRP-conjugated
anti-rabbit IgG secondary antibody system (EnVision™+
system, Dako) for 15 .min incubation,- followed by. DAB
substrate chromogen system (Dako) with nuclear counter-
staining using hematoxylin.

Statistical analysis

The data are presented as the means + SE and statistical
significance was determined with a one-factor factorial anova
and Tukey-Kramer's HSD test in the case of multiple
comparisons, using the kaLEDAGRAPH® 4.0 program for
winoows (Synergy Software, Reading, PA). A significant
difference (P < 0.05) is indicated with an asterisk and NS
indicates nonsignificant differences.
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Results and discussion

Living Mib were incorporated and expanded inside
multinuclear osteoclasts

It is well known that macrophages are designed to Kill
pathogens inside the phagosome. After the uptake of
pathogens into the macrophages by receptor-mediated
phagocytosis, the resulting phagosome undergoes a series
of fusion and fission events via the endocytosis pathways. It
is believed that osteoclast precursors could be infected with
Mitb intracellularly, which would be followed by activation in
the inflammatory lesions of spinal tissues, as well as
activation of a conditional immune response in macrophag-
es. Generally, the pathogenesis of spinal tuberculosis has
been reported to rely on an Mib-derived chaperonin protein
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that induces osteoclast recruitment and inhibits the prolifer-
ation of osteoblast precursor cells (Meghiji et al., 1997).
However, it remains to be elucidated whether Mib has the
ability to intracellularly infect multinucleated osteoclasts,
although osteoclasts may play an important role in the
immunopathogenesis of inflammatory -bone diseases.

To investigate whether living Mtb were incorporated and
expanded inside multinuclear osteoclasts, we cultured living
Mtb with mature multinuclear osteoclasts (mOCs) and their
precursor mononuclear pre-osteoclasts (pMCs) (Fig. 1a).
After co-culture with Mib, large numbers of bacteria were
incorporated into both mononuclear pMCs and multinuclear
mOCs at day 3; in addition, Mtb-infected pMCs have ability
to multinucleate at day 5 (Fig. 1a). The results indicated
that multinuclear osteoclasts also have ability to uptake
living Mib inside, as well as mononuclear cells. Next we

Fig. 1 Intracellular growth of Mitb in human mononuclear and multinuclear osteoclasts. (a) Human pMCs and mOCs with living Mtb (6.0 x 10° CFU
per well) for 3 or 5 days were stained red with Ziehl-Neelsen stain. Nuclei were counterstained with ‘methylene blue. Magnification x 1000 with oil
immersion. Scale bar: 40 um. (b) The CFU numbers of intracellularly infected Mtb by pMCs (open column) and mOCs (filled column) were quantified
by bacterial culture using a mycobacteria growth indicator glass tube with Ogawa media. (c,d) Electron microscopic images of multinuclear osteoclasts
infected with living Mtb. The low magnification electron micrograph shows Mtb phagocytosed by an mOC (c), and an enlarged image (d) of the area
indicated by the rectangle, where five tubercle bacilli reside in the osteoclast cytoplasm without phagosome membrane (black arrrows). Free
lysosomes are also distributed in the cytoplasm near tubercle bacilli (white arrows). N, nucleus of the osteoclast.
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