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Fig. 4. AIM2-dependent inflammasome activation in M. tuberculosis
infection. (A) M. tuberculosis-infected peritoneal macrophage culture
supernatants were immuno-precipitated and the cell pellets were ly-
sed. Caspase-1 specific bands were detected by western blotting
and B-actin was used as a control for the cell lysate. One representa-
tive of three independent experiments is shown. (B) Thioglycollate-
induced peritoneal macrophages were infected with M. tuberculosis
(MO of 3). The levels of the indicated cytokines in the culture su-
pernatants were measured by ELISA. Data are presented as means
+ SD of triplicate determinants and are one representative of three
independent experiments. *, P < 0.01. N.S., not significant; N.D., not
detected.

M. tuberculosis (Mtb DNA) activates caspase-1. Mtb DNA
was transfected into the cytoplasm of peritoneal macrophag-
es primed with LPS and analyzed for caspase-1 activation
(Fig. 5A). The cleaved p10 form of caspase-1 was detect-
ed in LPS/Mtb DNA-stimulated wild-type macrophages. In
contrast, the active form of caspase-1 was not induced in
Aim2- macrophages stimulated with LPS/Mtb DNA. We also
analyzed the secretion of IL-18 and IL-18 (Fig. 5B). Wild-type
peritoneal macrophages stimulated with LPS/Mtb DNA se-
creted substantial amounts of IL-18 and IL-18. In contrast,
the production of IL-1B and IL.-18 was profoundly reduced in
Aim2'-macrophages. These findings indicate that AIM2 me-
diates Mtb DNA-dependent induction of caspase-1 activation
and subsequent IL-1B/IL-18 secretion.
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Fig. 5. AIM2 inflammasome is activated by M. tuberculosis genomic
DNA. (A) Peritoneal macrophages were stimulated with LPS and
transfected with Mtb DNA using Lipofectamine 2000. The culture
supernatants were immuno-precipitated and the cells were lysed.
Caspase-1 specific bands were detected by western blotting. B-actin
was used as a control for the cell lysate. One representative of three
independent experiments is shown. (B) Thioglycollate-elicited peri-
toneal macrophages were stimulated with LPS and transfected with
Mtb DNA using Lipofectamine 2000. The production of IL-1B and IL-
18 in the culture supernatants was measured by ELISA. Data are
presented as means + SD of triplicate determinants and are one
representative of three independent experiments. N.D., not detected.

Mycobacterium tuberculosis genomic DNA is co-localized
with cytosolic AIM2

We next determined the cellular compartment where Mtb DNA
is recognized by AIM2. Recent studies demonstrated that
virulent M. tuberculosis escapes from phagosomes into the
cytosol (43). Mycobacterium tuberculosis was incubated with
Hoechst 33342 to label genomic DNA and then infected into
RAW264.7 macrophages. Some Mib DNA was not co-localized
with Rab7, which is recruited to the phagosomal membrane
(Fig. 6A). Although LAMP1 is enriched in the phagolysosomal
compartment, some Mtb DNA was not co-localized with it (Fig.
6B, upper panels). In contrast, genomic DNA from non-virulent
M. bovis bacillus Calmette-Guerin (BCG) was fully merged
with phagosome markers, Rab7 and LAMP1 (Supplementary
Figure 4 is available at International Immunology Online). These
findings indicate that Mtb DNA is present in the cytosol. We
further visualized cytosolic AIM2 (Fig. 6B, lower panels). Mtb
DNA, which was not present within the phagosome, co-local-
ized with AIM2. We also analyzed co-localization of AIM2 and
Mtb DNA in peritoneal macrophages (Supplementary Figure
5 is available at International Immunology Online). As was the
case in RAW264.7 macrophages, Mtb DNA was merged with
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Fig. 6. Co-localization of cytosolic M. tuberculosis genomic DNA with AIM2. (A) RAW264.7 macrophages were infected with Hoechst-labeled
M. tuberculosis (red) and stained with antibody to Rab7 (green). Scale bar represents 20 um. Arrow heads indicate localization of the red signal
alone. Arrow indicates co-localization of the red and green signals. Fluorescence intensities of the red and green signals were quantified along
selected lines 1 or 2 (no. 1, upper panel; no. 2, lower panel). (B) RAW264.7 macrophages were infected with Hoechst-labeled M. tuberculosis
(red) and stained with antibody to LAMP1 (blue, uppet panels) or AIM2 (green, lower panels). Scale bar represents 20 um. Arrow heads indicate
localization of the red signal alone. Arrow indicates co-localization of the red and green signals. Fluorescence intensities of the blue, red and

green signals were guantified along a selected line.

AIM2, but not with LAMP1. These findings demonstrate that the
recognition of Mtb DNA by AIM2 occurs within the cytosolic
compartment.

Discussion

In this study, we analyzed the role of AIM2 in the host de-
fense against M. tuberculosis using AlM2-deficient mice.
Aim2+ mice were highly susceptible to mycobacterial infec-
tion compared with wild-type mice and showed severely re-
duced production of IL-1p and IL-18. IL-1B plays an important
role in anti-mycobacterial host defense responses (22-26),
and 1L-18 is responsible for resistance to M. tuberculosis

infection via induction of IFN-y-mediated T, 1 responses (27—
29). Therefore, defective production of IL-1 family cytokines,
such as IL-1B and IL-18, might cause a high sensitivity to M.
tuberculosis infection in Aim27- mice.

Mycobacterium tuberculosis has been shown to activate
the inflammasome via NLRP3 (15-18). However, several
studies showed that mice deficient in NLRP3 are not highly
sensitive to M. tuberculosis infection (26, 30-32). This
study clearly shows that Aim27 mice are highly sensitive
to infection with M. tuberculosis with defective activation
of caspase-1, identifying AIM2 as the important molecule
for activation of the inflammasome in M. tuberculosis
infection. However, mice deficient in ASC or caspase-1,
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critical components of the inflammasome, do not show
dramatically severe phenotypes as compared with those of
IL-1B-deficient mice in M. tuberculosis infection (25, 26). In
this regard, AIM2 might also activate a signaling pathway,
leading to inflammasome-independent production of the
IL-1 family of cytokines. Mycobacterium tuberculosis-
infected Aim2+ macrophages expressed high amounts
of IFN-B, confirming a previous study that showed that
poly(dA:dT) induces increased amounts of IFN-B in
Aim2' splenocytes and macrophages (37). Thus, AlM2
might be involved in the signaling pathway responsible for
suppression of IFN-B. IFN-B is induced by M. tuberculosis
infection and then suppresses the production of IL-1B in
macrophages and dendritic cells (44,48). Indeed, the type
I IFNs have been shown to contribute to impaired host
resistance to M. tuberculosis in mice (26, 46-48). Thus,
it is possible that AIM2 activates two signaling pathways,
one mediating the inflammasome-dependent processing
of the IL-1 family of cytokines and a second that mediates
activation of unknown pathways that sustain the production
of IL-1B by suppressing type | IFNs.

The cleaved p10 form of caspase-1 was not detected,
and production of IL-18 and IL-18 was almost completely
abrogated in Mtb DNA-stimulated Aim2" macrophages. In
contrast, IL-1p and IL-18 were moderately produced and
the cleaved form of caspase-1 was also slightly detected in
M. tuberculosis-infected Aim2+ peritoneal macrophages.
This might be due to NLRP3-dependent recognition of M.
tuberculosis (15-18). An AlIM2-independent and inflam-
masome-independent mechanism for IL-1B release might
also be operating in mycobacterial infection. Matrix met-
alloproteinase-2 (MMP-9, also known as gelatinase B) is
robustly induced in mycobacteria-infected macrophages,
causing inactive IL-1pB to be processed into a biologically
active form (49, 50). Thus, MMP-9 might be involved in the
inflammasome-independent processing of the IL-1 family of
cytokines during M. tuberculosis infection.

We showed that Mtb DNA co-localized with AIM2 in the
cytosol, but the localization of mycobacteria within mac-
rophages is still under debate (51). Virulent M. tuberculo-
sis resides within phagosomes by inhibiting their matura-
tion into phagolysosomes (52-54). But there are several
reports supporting cytosolic escape of virulent mycobac-
teria (43, 51, 55-57). Mycobacterium marinum can es-
cape from phagosomes into the cytosol by actin-based
motility (55), an activity which depends on the region of
difference 1 [RD1 (57)]. Mycobacterium tuberculosis and
Mycobacterium leprae can translocate from phagosomes
to the cytosol of myeloid cells in an RD1-dependent man-
ner and following cell death (43). This might be compatible
with our results for M. tuberculosis-induced activation of the
AIM2 inflammasome, which also requires induction of py-
roptosis, a form of cell death (33-39). Our data suggest that
M. bovis BCG, lacking the RD1 locus, fails to escape from
phagosomes into the cytosol. In addition, M. bovis BCG
does not induce 1L-1B secretion from macrophages (32).
Thus, AIM2 recognizes M. tuberculosis upon translocation
into the cytosol. It will be interesting to determine how Mtb
DNA becomes exposed and is recognized by AIM2 in the
cytosol.

Role of AIMZ2 in mycobacterial infection 643

We have identified a novel recognition mechanism in myco-
bacterial infection through the cytosolic DNA sensor AlM2.
Several pattern recognition receptors, such as TLRs and
C-type lectin receptors mediate gene expression in myco-
bacterial infection. AIM2 is co-operatively involved in the im-
mune response to mycobacterial infection with these innate
immune mycobacterial sensors.

Supplementary data

Supplementary data are available at International Immunology
Online.
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of cutaneous non-tuberculous mycobacterial infections
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ABSTRACT

There is evidence that the incidence of cutaneous non-tuberculous mycobacterial (NTM) infection is increasing
worldwide. Novel cuiture methods and new analytical procedures have led to significant advancements in under-
standing the origin and progression of NTM infections. Differential identification of NTM isolates is important
because culture characteristics and/or sensitivity to anti-mycobacterium drugs vary between different mycobacte-
rial species. In this manuscript, we describe the latest diagnostic techniques for cutaneous NTM infection and
show how these methodologies can be used for the diagnosis of Buruli ulcer in Japan.

Key words:
polymerase chain reaction, species identification.

INTRODUCTION

The basis for the increase in the number of cases of cutaneous
non-tuberculous mycobacterial (NTM) infection is unknown. it
has been attributed to an increase in the total number of these
patients or to better detection and/or reporting methods.'
Insight into the origin and progression of NTM infections has
been significantly advanced due to the employment of novel
methods for the culture and analysis of NTM. However, the
diagnosis of a cutaneous NTM infection in less experienced
hospitals is occasionally delayed, or not made at all, because
the causative agent can be difficult to isolate due to its variety
of growth characteristics. To date, most cutaneous NTM infec-
tions have been caused by Mycobacterium marinum®’ or by
groups of rapidly growing mycobacterial (RGM) species, but
sometimes a rare mycobacterium can cause the disease.?'°
Different strains of mycobacteria generally exhibit different
characteristics in culture and/or sensitivity to anti-mycobacte-
rial drugs. Therefore, accurate identification of the causative
agent is important for the treatment of NTM infections. In this
manuscript, we describe the latest molecular diagnostic tech-
niques for cutaneous NTM infection and present a case study
that used these methodologies for BU diagnosis.

NTM IN DERMATOLOGY

Causative agents of dermatological infections
Approximately 30 mycobacterial species have been identified
as causative agents of cutaneous infection (Table 1). These

16S rRNA gene, Buruli ulcer, cutaneous infection, non-tuberculous mycobacterial infection,

species of mycobacteria, with the exception of the Mycobacte-
rium tuberculosis complex and Mycobacterium leprae, are
classified as NTM. They are categorized into four groups
based on their growth rate (slow growing mycobacterial [SGM]
and RGM species) and photochromogenicity. The identification
of mycobacterial species is now rapid and relatively simple.
Some of the pathogens identified as causative agents are used
as a designation of the disease (e.g. cutaneous Mycobacterium
massiliense infection).

Clinical symptoms of cutaneous NTM infection

A number of cutaneous diseases, such as erythema, nodules,
erosion and ulcers, have been attributed to NTM infection.
The point of entry is thought to be via minute cutaneous
wounds in which bacteria are attached. Although a visceral
NTM infection may cause cutaneous infection in immunocom-
promised patients, it is not yet clear how many bacteria are
required for pathogenicity. There is usually only one cutaneous
lesion; however, multiple skin lesions have been observed
when pathogenic microbes spread through the lymph fluid.
Most infected skin lesions are on exposed areas such as the
hands, feet or face, supporting the premise that small external
wounds are the penetration pathway. For example, in cutane-
ous M. marinurn infection, also known as fish tank granuloma,
approximately 80% of the patients have eruption(s) in finger,
hand and/or wrist joints. Patients do not experience the pain
or itching usually associated with eruptions, but inflammation
does sometimes lead to tenderness and/or spontaneous
pain.“'m
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Table 1. Causative agents of cutaneous mycobacterial infections

Growth rate Traditional Runyon classification Species (Mycobacterium) Disease
Slow growers M. tuberculosis complex M. tuberculosis Cutaneous tuberculosis
M. bovis
Group | M. kansasii Non-tuberculous mycobacterial infection
Photochromogens M. marinum
M. simiae
Group |l M. gordonae
Scotochromogens M. scrofulaceum
M. szulgai ‘
M. ulcerans subsp. shinshuense®
M. ulcerans®
Group i M. avium
Non-photochromogens M. haemophilum
M. intracellulare
M. xenopi®
Rapid growers Group IV M. abscessus
Rapid growers M. chelonae
M. fortuitum
M. peregrinum
M. vaccae
Unculturable in artificial medium M. leprae Hansen’s disease (LLeprosy)

aYellow pigmentation is sometimes lost after several passages. "Non-pigmented colonies during early growth. However, most colonies become yellow

with age.

CONVENTIONAL IDENTIFICATION OF
CUTANEOUS NTM

Specimens

Pus or skin exudate, skin scrapings and skin biopsies are the
major source of samples used to perform both conventional
and molecular mycobacterial assays (Table 2).">'* isolates,
formalin-fixed and/or formalin-fixed paraffin-embedded sec-
tions are also used for analysis. Animal coats, aquatic animals,
seawater, tap water and swimming pool water are also used in
the search for sources of infection. To date, we have received
90 clinical specimens (swabs and tissues) for NTM detection
and identification, 225 cultured colonies for identification, 31
paraffin-embedded specimens for detection and 278 NTM cul-
tured colonies for drug susceptibility assay from April 2009 to
March 2011. As we discuss later, we have been using this
pipeline since 2006, and these samples were analyzed at least
in part to reach the correct identification.

Smear test and pathological test

Swabs containing pus or skin exudate spread on a slide glass
is used for the smear tests. Smears are stained (Ziehl-Neelsen
[Z-N] or Auramine O staining) and examined by light micros-
copy or fluorescent microscopy (Fig. 1). Pathology specimens
are also stained with Z-N staining (Fig 2).

Culture test

Liquid or solid medium is used to culture samples obtained
from swabs containing pus or exudate, skin brushes and skin
biopsies. The major liquid medium has a Middlebrook 7H9

2

Broth base combined with a growth indicator system (Myco-
bacteria Growth Indicator Tube, MB/BacT).'®'® Three repre-
sentative solid media are the egg-based Léwenstein—Jensen,

Table 2. Laboratory procedures to detect and identify cuta-
neous NTM

Pus or scrapings
PCR
Smear test (Z-N stain)
Culture at room temperature: L-J or Ogawa medium
Culture at 37°C: liquid medium (e.g. MGIT)
Frozen in —20°C
Biopsy samples
PCR
Pathological test (Z-N stain)
Culture at room temperature: L-J or Ogawa medium
Culture at 37°C: liquid medium (e.g. MGIT)
Frozen in —20°C
PCR
Culture
Cultured samples
PCR
DDH
Biochemical assays
Drug susceptibility assays
Paraffin- embedded materials
PCR

DDH, DNA-DNA hybridization; L-J medium, Lowenstein-Jensen
medium; MGIT, Mycobacteria Growth Indicator Tube;' NTM,
non-tuberculous mycobacterial; PCR, polymerase chain reaction; Z-N
stain, Ziehl-Neelsen stain.

© 2012 Japanese Dermatological Association
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Figure 1. Smear Ziehl-Neelsen staining (original magnification
x 1000).

Figure 2. Pathological Ziehl-Neelsen staining (original magnifi-
cation x400).

Figure 3. Qgawa medium (culiure positive).

© 2012 Japanese Dermatological Association
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Ogawa medium (Fig. 3), or Middlebrook 7H10/7H11 agar
medium.'” Before culturing, pretreatment with Nalc-NaOH is
necessary to avoid contamination by other bacteria or fungi.
Optimal culturing temperature varies depending on species:
40°C, 37°C, 33°C, 30°C, 28°C and room temperature are
frequently used. If multiple incubators are not available for
simultaneous use, incubation at 37°C is recommended with
simultaneous culturing at room temperature. The isolation per-
iod of the causative agents may be shortened when liquid
media is used. However, the shortened growth period may not
allow sufficient time to observe colony characteristics. Because
liquid medium is not suitable for identification when samples
contain multiple pathogens, it is recommended that both liquid
and solid cultures be grown at the same time.

Biochemical analysis

Biochemical analyses such as the niacin and catalase tests
and other enzymatic reaction assays have been the most fre-
quently performed procedures for mycobacterial species iden-
tification. These biochemical tests have certain limitations that
lead some laboratories to avoid them. For example, testing
can only be performed after successful isolation. In addition,
running the tests requires complicated quality control and tech-
nical expertise.'314

MOLECULAR IDENTIFICATION OF
CUTANEOUS NTM

Differential diagnosis by DNA-DNA hybridization
(DDH) assays

Differential diagnosis using a commercial kit for mycobacterial
DDH can be performed when bacterial isolates are available.'®
The kit contains a panel of 18 major mycobacteria (Table 3).
However, it is impossible to diagnose a rare species and
subspecies that is not included in the panel, and there have

Table 3. Mycobacterial species identifiable in a commercially
available DNA-DNA hybridization test

TB complex (M. africanum, M. bovis, M. microti, M. tuberculosis)
M. abscessus

M. avium

M. chelonae

M. fortuitum

M. gastri

M. gordonae

M. intracellulare

M. kansasii

M. marinum

M. nonchromogenicum
M. peregrinum

M. scrofulaceumn

M. simiae

M. szulgai

M. terrae

M. triviale

M. xenopi
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been several cases of false positives. Attempts to differentiate
Mycobacterium ulcerans subsp. shinshuense (the causative
agent of Buruli ulcer [BU] in Japan)® from M. ulcerans using
this kit yield an identification of M. marinum (Fig. 4)."°
Mycobacterium massiliense and Mycobacterium bolletii are
misidentified as Mycobacterium abscessus,?® while Mycobacte-
rium heckeshornense is classified as Mycobacterium xenopi.
Additional laboratory procedures are required to discriminate
these species. Polymerase chain reaction (PCR) detection of
insertion sequence (IS)2404 can be used to differentiate
M. ulcerans and/or M. ulcerans subsp. shinshuense from
M. marinum.>'® However, combination sequence analysis
using the hsp65 and rpoB genes is required to separate
M. abscessus, M. massiliense and M. bolletii.?°

Gene amplification assays

Diagnostic genotyping kits for the detection of pathogenic
mycobacterial genomes such as M. tuberculosis, Mycobacte-
rium avium, Mycobacterium intracellulare and Mycobacterium
kansasii are commercially available.?’® The correct results

. Control 17, 0.

chelonne
. T8 complex g}, .
B85S
. M. koensasii avscessus
8.0
. A0 marinum peregrinum
. M. sitiae
scrofulaceum
M. gordonoe
. M. sxulgoi

Figure 4. Commercially available DNA-DNA hybridization
assay using an Mycobacterium ulcerans subsp. shinshuense
clinical isolate. Blue color change was observed in a well of
M. marinum.

target: p-globin  target:1S2404
NCPC 1 2 M NCPC 1 2

g <154 bp

Figure 5. Gel electrophoresis of polymerase chain reaction
products amplified using template DNA exiracted from forma-
lin-fixed and paraffin-embedded sections. 1, sample 1; 2, sam-
ple 2; NC, negative control; PC, positive control.

4

can be rapidly obtained if certain mycobacteria are present in
the specimen material. However, when the results are negative,
the smear test and/or culture assays should be performed for
the other NTM.

Culturing an SGM can take several weeks. Therefore, geno-
typing assays such as species-specific PCR (Fig. 5) or 16S
rRNA gene sequencing (described below) are extremely effec-
tive. Even for RGM species such as Mycobacterium chelonae,
M. abscessus or Mycobacterium fortuitum, the primary isola-
tion takes several weeks, but identification can be hastened
using genotypic assays in parallel with culture assays. Speci-
mens are sometimes processed into formalin-fixed paraffin-
embedded blocks or frozen embedded blocks, making cuiture
assays impossible. The sensitivity and specificity of PCR from
these blocks is variable, depending on the condition of the
DNA in the specimens. The order of preferred samples for
genotypic analysis (from best to worst) is: cultured colo-
nies > fresh specimens > ethanol-fixed specimens > formalin-
fixed paraffin-embedded specimens.

Identification using the 16S rRNA gene sequence

If an abundance of bacterial DNA is available, sequence anal-
ysis of the first one-third of the 16S rRNA gene (Table 4, pri-
mer set; 8F16S-1047R16S) can be wused for strain
comparisons in the Ribosomal Differentiation of Medical
Micro-organisms (RIDOM) database (www.ridom-rdna.de/).?®"
¥ RIDOM uses the sequence text to find the top 10 reference
strains with the highest homology to the query sequence. The
sequences contain approximately 500 bp, which includes
hypervariable regions A and B of the mycobacterial 165 rRNA
gene (E. coli positions 54-510). Sequence homology greater
than 99% usually leads to a call that two strains are identical.
However, this method cannot differentiate between M. ulcer-
ans subsp. shinshuense, M. marinum and M. ulcerans due to
their sequence similarity. In other cases, M. kansasii and
Mycobacterium gastri exhibit 100% homology in the first
500 bp of their 16S rRNA genes, as do members of the
M. chelonae-abscessus group.®>32 These strains require addi-
tional methods for differentiation. Sequence analysis of the
majority of the 16S rRNA gene (1500 bp) allows differentiation
of M. ulcerans subsp. shinshuense, M. marinum and M. ulcer-
ans (Table 5).'%3% The longer sequence read also distinguishes
M. chelonae from the rest of the M. chelonae-abscessus
group. Still, even this methodology cannot differentiate
between M. abscessus, M. bolletii and M. massiliense.?° There
are other databases such as the Ez Taxon identification ser-
vice (EzTaxon-e) and the basic local alignment search tool
(BLAST), but they have no quality control standards for the
submission of reference sequences.®3%

Identification using other housekeeping gene
sequences

The sequence of the 16S rRNA gene (first one-third) cannot
identify or differentiate some mycobacterium strains, but the
entire gene is relatively large, and large amounts of DNA tem-
plate are required to obtain the entire sequence. A more sensi-
tive method for the targeting of multiple housekeeping genes

© 2012 Japanese Dermatological Association
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Table 4. Primers used for NTM and M. ulcerans detection and identification

Target and/or purpose (amplified

Primer Sequence fragment size) Reference
8F16S 5'-AGAGTTTGATCCTGGCTCAG-3' (positions 8 to 27)% Mycobacterial 168 rRNA gene, PCR 24
1047R16S 5-TGCACACAGGCCACAAGGGA-3' (positions 1047 to 1028)° (1500 bp), sequencing

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

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

TB11 5'-ACCAACGATGGTGTGTCCAT-3" Mycobacterial hsp65 gene, PCR (441 bp), 25
TB12 5-CTTGTCGAACCGCATACCCT-3' sequencing

MabrpoF  5-GAGGGTCAGACCACGATGAC-3' (positions 2112-2131)° Mycobacterial rpoB gene, PCR (449 bp), 20
MabrpoR  5'-AGCCGATCAGACCGATGTT-3’ (positions 2559-2541)° sequencing

MF 5'-CGACCACTTCGGCAACCG-3' Mycobacterial rpoB gene, PCR (341 bp), 26
MR 5-TCGATCGGGCACATCCGG-3' sequencing

ITSF 5-TTGTACACACCGCCCGTC-3" Mycobacterial 16S-23S ITS region, PCR 27
ITSR 5'-TCTCGATGCCAAGGCATCCACC-3’ (340 bp), sequencing

PU4F 5'-GCGCAGATCAACTTCGCGGT-3' M. ulcerans 1S2404, PCR (154 bp) 28
PU7Rbio 5'-GCCCGATTGGTGCTCGGTCA-3'

aNucleotide positions were assigned using the coli E. coli 165 rRNA gene sequence as a reference.®Primer design and nucleotide positions were based
on the M. tuberculosis rpoB gene sequence (Genbank accession no. 1.27989). ITS, internal transcribed spacer; PCR, polymerase chain reaction.

Table 5. 16S rRNA gene sequences differentiating Mycobacterium ulcerans and related species'®

Organism Origin 4922 1247 1288 14491451

M. ulcerans subsp. shinshuense ATCC 33728 Japan GGGGA GTGCA AAGGC ACCC—TTTG
M. ulcerans subsp. shinshuense LRC 0501 Japan GGGGA GTGCA AAGGC ACCC—TTTG
M. ulcerans ITM 98-912 China GGGGA GTGCA AAGGC ACCC—TTTG
M. ulcerans Agy99 Ghana GGAGA GTGCA AACGC ACCCTTTTTITG
M. ulcerans ATCC 194237 Australia GGAGA GTGCA AACGC ACCC—TTTG
M. ulcerans 1615 Malaysia GGAGA GTGCA AACGC ACCC—TTTG
M. ulcerans 5143 Mexico GGAGA GTGCA AAAGC ACCC—TTTG
M. marinum ATCC 9277 USA GGAGA GTACA AAAGC ACCC—TTTG

2Nucleotide position(s) were based on Escherichia coli 16S rRNA gene sequence.

Underline indicated differieng residue(s).

Figure 6. Gel electrophoresis of polymerase chain reaction
products from skin biopsy specimens using a 2% agarose gel.
Lane 1, 100-bp ladder; lane 2, 16S rRNA gene (8F16S-
1047R168); lane 3, internal transcribed spacer region; lane 4,
poB gene (MF-MR); lane 5, hsp65 gene.

© 2012 Japanese Dermatological Association

for PCR and sequence analysis was required.*” In addition to
the 16S rRNA gene, we analyzed the DNA sequences of heat
shock protein 65 (hsp65), rpoB and the 16S-23S intergenic
spacer region (ITS region). Table 4 shows the sets of primers
applicable to most strains of mycobacterium. Figure 6 shows
the result of gel electrophoresis analysis after PCR using tem-
plate DNA extracted from regions of affected skin and primers
for the 16S rRNA gene (8F16S-1047R168S), the ITS region,
rpoB (MF-MR) and hsp65. This figure shows ampilified single
bands; however, extra bands or inadequate amplification are
sometimes apparent. The rpoB gene is the most polymorphic
of the regions examined and is, therefore, very useful for identi-
fication, but the acquisition of PCR products is relatively
difficult and the preparation of two different primer sets
(MabrpoF-MabrpoR and MF-MR) is required to achieve the
desired results. RIDOM database analysis using sequences of
the ITS region and the 16S rRNA gene will find strains with
higher levels of homology. In contrast, a BLAST search of rpoB

5
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Neighbor Joining Method
Kimura distance

0.01
M. leprae (;{ 53999)
M. haemophilum™ ATCC 29548
M. malmoense™ DSM 44163
M. kansasil" DSM 44162
M. tuberculosis’ ATCC 27294

M. szulgai” ATCC 35799
T ATCC 19981

M. scr

M. intraceliutare™ ATCC 13950
M. gord 7 ATCC 14470
M. branden™ ATCC 51789
M. shimoidel” ATCC 27962
M. celatum™ ATCC 51131
M. heckesh T DSM 44428

M. xenopl™ ATCC 19250
M. nonchromogenicum® ATCC 19530
M. tarrag” ATCC 15755
M. genavense Wue 0268/96
M. tripfex” ATCC 700071

M. dium" ATCC 51848 SGM
M. tentiffavum™ ATCC 51985

M. magerhense” CIP 104973
%"M. thermoresistibile’ ATCC 19527
M. goodii” ATCC 700504

M. fortuitum™ ATCC 6841
100 M. T ATCC 35752 RGM
M. abscessus™ ATCC 19977
*N. asteroides” DSM 43757

Figure 7. Phylogenetic trees of common pathogenic myco-
bacteria. A bold letter indicates the species which have been
identified in our institute.

and hsp65 gene would be needed for further consideration.
Because quality control is not used in BLAST, care should be
taken when it is used as a comparison tool. After the analysis
of four different gene sequences, the most homologous bacte-
ria can be chosen as phylogenetic mycobacteria. Sometimes,
there is no match to the four different genes, which might be
indicative of a novel species.®® It is recommended that sam-
ples be sent to a specialized institution for accurate identifica-
tion of rare strains.

Phylogenetic trees analysis

Approximately 30 species of mycobacteria have been reported
as human pathogens in Japan, and it is assumed that these
species cause disease throughout Asia as well. Figure 7
shows a phylogenetic tree of these 30 pathogens based on
16S rRNA sequence data. M. leprae is closely related to
Mycobacterium haemophilum, while M. ulcerans subsp. shin-
shuense is a close relative of M. ulcerans, M. marinum and
even M. tuberculosis, which are all only distantly related to the
RGM species.

Drug susceptibility test

Antibiotic susceptibility profiles are key considerations in the
choice of treatment options for mycobacterial infections.
Cultured bacteria from cutaneous wounds can be used in
susceptibility testing in order to choose antibiotics. The test is
performed according to the micradilution method approved by
the Clinical Laboratory and Standards Institute (CLSH.*® In
general, microdilution is an easy and reliable technique for this

6

Table 6. Drug resistance-related mutations in Mycbacterium
tuberculosis and other mycobacteria

Drug Related gene  Gene product

DNA-dependent RNA
polymerase B subunit*®

Rifampicin (RFP) rpoB

Isoniazid (INH) katG Catalase-peroxidase®'

inhA NADH-dependent
enoylacy! carrier protein
reductase??
ahpC Alkyl hydroxyperoxidase®
Ethambutol (EB) embB, embA, Arabinosyl transferase*
embC
Pyrazinamide pncA Pyrazinamidase/
(PZA) nicotinamidase*®
Streptomycin (SM)  rpsL Ribosomal protein $1246
RNA 163 rRNAYY
Kanamaycin (KM)  rRNA 16S rRNA%E
Diaminodiphenyl folP Dihydropteroate
sulfone (DDS, synthase*®
dapsone)
Fluoroquinolones  gyrA, gyrB DNA gyrase A subunit,
B subunit®
Clarithromycin rRNA 23S rRNA®
(CAM)

purpose. The approved method was revised recently to state
that cation-adjusted Miiller—Hinton broth (CAMHB) shouid be
used as culture media for the assay. In particular, CAMHB
without OADC supplementation should be used to determine
the concentration of drugs against RGM isolates. Mutations in
certain genes have been associated with antibiotic resistance
(Table 6). Genotypic analysis of these genes can be performed,

{ Buruli Ulcer? )
)

[ Clinical samples, ]

isolates, etc.
——

= )

[ Direct smear

3

Culture

PCR

nsertion

3
‘ Histopathology

HE stain

—
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N,

Liquid culture
medium

Ziehi-Neelsen
stain

stain

{1s)2404
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between M. ulcerans
and M. ufcerans
subsp. shinshuense

[ DDH ] [ 16S rRNA gene sequencing j
Cannot differentiate from M. marinum Definnte diagnosis of
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Growth
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Ogawa slant

Figure 8. Flow chart for the differential identification of Buruli
ulcer. DDA, DNA-DNA hybridization; HE, hematoxylin—eosin;
PCR, polymerase chain reaction.
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but the process could prove to be very labor intensive in a clin-
ical setting.

CASE STUDY: IDENTIFICATION OF A
CUTANEOUS NTM INFECTION

Diagnosis of BU52-54

A PCR assay targeting 1S2404 is frequently used to diagnose
BU?® The PCR-amplified sequences of the 1S2404 target are
less than 200 bp (Table 4). At present, 1S2404 has been found
only in two strains of human pathogenic mycobacteria:
M. ulcerans and M. ulcerans subsp. shinshuense. Moreover, it
is present at more than 200 copies/genome, so the sensitivity
is extremely high and it is suitable for screening and differential
identification.®%® It is noteworthy that some groups of
mycobacterium derived from fish and amphibians also carry
1S2404,57%° therefore, caution must be exercised during
environmental studies. Figure 8 shows the flow chart for the
diagnosis of BU. 1t is principally the same as that found in
the World Health Organization manual for the diagnosis of
M. ulcerans disease.5"

Practical PCR assay using paraffin specimens

DNA should be fragmented when dealing with formalin-fixed
paraffin-embedded clinical samples. The amplification of long
DNA regions by PCR is often difficult, but assays targeting
shorter regions of less than 200 bp are more feasible. The
caveat is that detection sensitivity is very low with formalin-fixed
paraffin-embedded samples; however, the transport and stor-
age of specimens are relatively easy. In practice, the quality and
integrity of DNA from these specimens should be confirmed.
Amplification of the B-globin region of human genomic DNA
should be used as a control. In Figure 5 (to the left of the mar-
ker), lanes 1 and 2 show positive signals for the human B-globin
gene, demonstrating that the quality of DNA from the formalin-
fixed paraffin-embedded specimens was sufficient for amplifica-
tion. To the right of the marker lane are amplicons of 1S2404.
Lanes 1 and 2 show a 154-bp band, the right size of the 152404
target in M. ulcerans and M. ulcerans subsp. shinshuense. No
signal was observed in the negative control (NC) lane, while 154-
bp and 205-bp bands appeared in the positive control (PC) lane.

CONCLUSION

At present, 156 species and 13 subspecies of mycobacteria
have been registered.®2 New mycobacterial species are being
reported because liquid medium is broadly used as the isola-
tion medium, and the ease of isolation from broth culture has
increased significantly. Moreover, the progression of genotypic
analysis has contributed to this increased rate of discovery.
The increase in the number of NTM patients has highlighted
the importance of rapid diagnosis of mycobacterial agents.

An elementary, but important, precautionary statement is
that specimens should be collected before starting antibiotic
treatment. For cases in which the mycobacterium species are
rare or are difficult to diagnose, further analysis may be
required by a specialized institution.

© 2012 Japanese Dermatological Association
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- Abstract

. Mycobacterium leprae (M. leprae) lives and replicates within macrophages in a foamy, lipid-

~ laden phagosome. The lipids provide essential nutrition for the mycobacteria, and M. leprae

infection modulates expression of important host proteins related to lipid metabolism. Thus, M.

leprae infection increases the expression of adipophilin/adipose differentiation-related protein

- (ADRP) and decreases hormone-sensitive lipase (HSL), facilitating the accumulation and

i maintenance of lipid-rich environments suitable for the intracellular survival of M. leprae. HSL

_ levels are not detectable in skin smear specimens taken from leprosy patients, but re-appear

~ shortly after multidrug therapy (MDT). This study examined the effect of MDT components on

host lipid metabolism in vitro, and the outcome of rifampicin, dapsone and clofazimine

~ treatment on ADRP and HSL expression in THP-1 cells. Clofazimine attenuated the mRNA and

. protein levels of ADRP in M. leprae-infected cells, while those of HSL were increased. Rifampicin

. and dapsone did not show any significant effects on ADRP and HSL expression levels. A

- transient increase of interferon (IFN)-B and IFN-y mRNA was also observed in cells infected with

- M. leprae and treated with clofazimine. Lipid droplets accumulated by M. /leprae-infection were
significantly decreased 48 h after clofazimine treatment. Such effects were not evident in cells
without M. /eprae infection. In clinical samples, ADRP expression was decreased and HSL

- expression was increased after treatment. These results suggest that clofazimine modulates

lipid metabolism in M. leprae-infected macrophages by modulating the expression of ADRP and

~ HSL. It also induces IFN production in M. leprae-infected cells. The resultant decrease in lipid

" accumulation, increase in lipolysis, and activation of innate immunity may be some of the key

- actions of clofazimine.

- Author Summary

. Leprosy, caused by Mycobacterium leprae (M. leprae), is an ancient infectious disease that

. remains the leading infectious cause of disability. After infection, M. leprae lives inside host

. macrophages that contain a large amount of lipids, which is thought to be an essential

. microenvironment for M. leprae to survive in host cells. M. /eprae infection increases lipid

"~ accumulation in macrophages and decreases the metabolic breakdown of lipids (catabolism). In
~addition, the treatment of leprosy with multidrug therapy (MDT) reverses the effect of infection

http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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on the modulation of lipid metabolism. We therefore aimed to use cultured human macrophage
cells to determine which of the three MDT drugs (clofazimine, dapsone, or rifampicin) is
responsible for this effect. We found that only clofazimine affects lipid accumulation and

- catabolism in M, leprae-infected cells in vitro. The amounts of lipids accumulated in the cells

~ decreased when clofazimine was added to the cell culture medium. Clofazimine also activated
immune responses in M. leprae-infected cells. These results suggest that the effectiveness of
clofazimine against leprosy is due to the modulation of lipid metabolism and activation of

. immune reactions in M. leprae-infected host cells.

Citation: Degang Y, Akama T, Hara T, Tanigawa K, Ishido Y, et al. (2012) Clofazimine Modulates the Expression of Lipid
Metabolism Proteins in Mycobacterium leprae-Infected Macrophages. PLoS Negl Trop Dis 6(12): e1936.
doi:10.1371/journal.pntd.0001936 \

Editor: Joseph M. Vinetz, University of California San Diego School of Medicine, United States of America
Received: August 1, 2012; Accepted: October 20, 2012; Published: December 6, 2012

Copyright: © 2012 Degang et al. This is an open-access article distributed under the terms of the Creative Commons
. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original

author and source are credited.

Funding: This work was supported by a Grant-in-Aid for Scientific Research (C) from the Japan Society for the Research
Promotion of Science (#23803000; http://www.jsps.go.jp/j-grantsinaid/index.html). The funder had no role in study

design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing interests: The authors have declared that no competing interests exist.

* E-mail: koichis@nih.go.jp

INTRODUCTION

Leprosy is a chronic infectious disease caused by Mycobacterium leprae (M. leprae), which is a
typical intracellular pathogen that parasitizes tissue macrophages (histiocytes) and Schwann cells of
the peripheral nerves of the dermis. Although its prevalence has declined over the last several
decades due to the introduction of multi-drug therapy (MDT) by the World Health Organization
(WHQ), leprosy remains a major public health problem in many developing countries: In 2010,
228,474 new cases were registered worldwide [1]. Based on their clinical, histological and
immunological manifestations, leprosy patients are classified into five groups that comprise one
continuous spectrum: Tuberculoid (TT), Borderline Tuberculoid (BT), Borderline (BB), Borderline
Lepromatous (BL) and Lepromatous (LL) [2]. LL is characterized by widespread skin lesions
containing numerous bacilli that live in the foamy or enlarged lipid-filled phagosome within
macrophages. Schwann cells in LL nerves also have the foamy, lipid-laden appearance that favors
mycobacterial survival and persistence. In Schwann cells, M. leprae infection-induced biogenesis of
lipid droplets correlates with increased prostaglandin E2 (PGE2) and interleukin-10 (IL-10)
secretion, which is essential for leprosy pathogenesis [3], [4]. Although lipid-laden macrophages

http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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are also observed in other mycobacterial infections, including tuberculosis [5], [6], the amount of
lipid and the number of infected macrophages are most prominent in cases of LL [7], [8].

The PAT protein family is named after three of its members: perilipin, adipophilin/adipose
differentiation-related protein (ADRP), and tail-interacting protein of 47 kDa (TIP47). PAT family
members are responsible for the transportation of lipids and the formation of lipid droplets in a
variety of tissues and cultured cell lines, including adipocytes [9]-[12]. ADRP selectively increases
the uptake of long chain fatty acids and has an essential role in fatty acid transport [13], [14].
Hormone-sensitive lipase (HSL), as the first enzyme identified in the induction of lipo-catabolic
action initiated by hormones, is the predominant lipase effector of catecholamine-stimulated
lipolysis in adipocytes [15]. Therefore, ADRP and HSL have opposing functions, i.e., lipid
accumulation vs. its degradation. ADRP and HSL also play important roles in lipid accumulation in
M. leprae-infected macrophages [8], [16]. M. leprae infection increased the expression of ADRP
mRNA and protein, facilitating the accumulation and maintenance of a lipid-rich environment
suitable for intracellular survival [8]. Conversely, HSL expression was suppressed in macrophages
infected with M. leprae [16]. These results suggest that both ADRP and HSL influence the lipid-rich
environment that favors M. leprae parasitization and survival in infected host cells. In our previous
study, HSL expression was not detectable in slit-skin smear specimens from non-treated LL and Bl.
patients, but it re-appeared shortly after MDT treatment [16]. However, how treatment modulates
HSL expression is not clear. In the present study, we determine the effect of MDT components on
host lipid metabolism by investigating the influence of rifampicin, dapsone and clofazimine on the
expression of ADRP and HSL in THP-1 cells.

MATERIALS AND METHODS

Ethic statement

Human specimens were used according to the guidelines approved by the Ethical Committee of the
National Institute of Infectious Diseases (Tokyo, Japan). All samples were anonymized before use.

Drugs

Clofazimine (Sigma-Aldrich Co., St. Louis, MO), rifampicin (Wako Pure Chemical Industries Ltd.,
Osaka, Japan) and dapsone (Wako Pure Chemical Industries Ltd.) were dissolved in dimethyl
sulfoxide (DMSQO) and stored at 4°C. The final concentration used in the culture medium was 8.0
pg/ml rifampicin, 5.0 pg/mi dapsone or 2.0 ug/ml clofazimine.

M. leprae isolation and cell culture

Hypertensive nude rats (SHR/NCrj-rnu), infected with the Thai53 strain of M. leprae [17], [18] were
kindly provided by Dr. Y. Yogi of the Leprosy Research Center, National Institute of Infectious
Diseases. Japan. The protocol was approved by the Experimental Animal Committee, of the National
Institute of Infectious Diseases, Tokyo, Japan (Permit Number: 206055). Animal studies were
carried out in strict accordance with the recommendations from Japan's Animal Protection Law. M.
leprae was isolated as previously described [19], [20]. The human premonocytic cell line THP-1 was
obtained from the American Type Culture Collection (ATCC; Manassas, VA). The cells were cultured
in six-well plates in RPMI medium supplemented with 10% charcoal-treated fetal bovine serum
(FBS), 2% non-essential amino acids, 100 IU/ml penicillin and 100 yg/ml streptomycin at 37°C in

http://www.plosntds.org/article/info%3 Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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5% CO3 [7], [8]. Typically, 3x10 bacilli were added to 3x10° THP-1 cells (multiplicity of infection:
MOI = 10).

RNA preparation and reverse transcription polymerase chain reaction (RT-PCR)

Total RNA from cultured cells was prepared using RNeasy Mini Kits (Qiagen Inc., Valencia, CA) as
described previously [7], [8]. Total RNA preparation from slit-skin smear samples was performed as
described [8], [16]. Briefly, stainless steel blades (Feather Safety Razor Co., Osaka, Japan) used to
obtain slit-skin smear specimens were rinsed in 1 ml of sterile 70% ethanol. The tube was then
centrifuged at 20,000xg for 1 min at 4°C. After removing the supernatant, RNA was purified with
the same protocol that was used for cultured cells. The RNA was eluted in 20 pl of elution buffer
and treated with 0.1 U/pl DNase I (TaKaRa Bio, Kyoto, Japan) at 37°C for 60 min to degrade any
contaminating genomic DNA. All RNA samples had an OD260/280 of 1.8-2.0 and an 0D260/230
>1.8. RNA sample quality was also confirmed using denaturing agarose gel electrophoresis and the
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) (Fig. S1). Total RNA from each
sample was reverse-transcribed to cDNA using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA) with random primers [8], [16]. The following primers were
used to amplify specific cDNAs: ADRP: 5'-TGTGGAGAAGACCAAGTCTGTG-3’ (forward) and 5'-
GCTTCTGAACCAGATCAAATCC-3’ (reverse); HSL: 5'-CTCCTCATGGCTCAACTCCTTCC-3' (forward)
and 5'-AGGGGTTCTTGACTATGGGTG-3’ (reverse); interferon (IFN)-B: 5’-
TGCTCTCCTGTTGTGCTTCTCCAC-3' (forward) and 5-CAATAGTCTCATTCCAGCCAGTGC-3' (reverse);
IFN-y: 5'-GCAGAGCCAAATTGTCTCCTTTTAC-3’ (forward) and 5'-ATGCTCTTCGACCTCGAAACAGC-3’
(reverse) and actin: 5'-AGCCATGTACGTAGCCATCC-3’ (forward) and 5’ -TGTGGTGGTGAAGCTGTAGC
-3’ (reverse). Touchdown PCR was performed using a PCR Thermal Cycler DICE (TaKaRa Bio,
Tokyo, Japan) [7], [8]. Briefly, the PCR mixture was first denatured for 5 min at 94°C, followed by
20 cycles of three-temperature PCR consisting of a 30-sec denaturation at 94°C, a 30-sec annealing
that started at 65°C and decreased 0.5°C every cycle to 55°C, and a 45-sec extension at 72°C. An
additional 10 cycles were performed for ADRP and B-actin, and 14 cycles for HSL with a fixed
annealing temperature of 55°C. The products were analyzed by 2% agarose gel electrophoresis.

Protein preparation and Western blot analysis

Cellular protein was extracted and analyzed as previously described [16], [21]. Briefly, cells were
lysed in a lysis buffer containing 50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 0.1% NP40, 20%
glycerol, and protease inhibitor cocktail (Complete Mini, Roche, Indianapolis, IN) for 1 h. After
centrifugation, the supernatant was transferred and 10 ug of protein was used for analysis. Cellular
proteins were mixed with 4x LDS sample buffer and 10x reducing agent (Invitrogen, Life
Technologies, Carlsbad, CA) and incubated for 10 min at 70°C prior to electrophoresis. Proteins
were separated on NuPage 4-12% Bis Tris Gels and transferred using an iBlot Gel Transfer Device
(Invitrogen). The membrane was washed with PBST (phosphate buffered saline (PBS) with 0.1%
Tween 20), blocked in blocking buffer (PBST containing 5% skim milk) overnight, and then
incubated with either rabbit anti-ADRP antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA;
1:2,000 dilution), rabbit anti-HSL antibody (Cell Signaling Technology, Danvers, MA; 1:1,000
dilution) or goat anti-B-actin antibody (Santa Cruz; dilution 1:2,000). After washing with PBST, the
membrane was incubated for 1 h with biotinylated donkey anti-rabbit antibody for ADRP and HSL
(GE Healthcare, Fairfield, CT; 1:2,000 dilution) or bictinylated donkey anti-goat antibody for B-actin

http://www.plosntds.org/article/info%3 Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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(Millipore, Billerica, MA; dilution 1:10,000) followed by streptavidin-HRP (GE Healthcare; 1:10,000
dilution) for 1 h. The signal was developed using ECL Plus Reagent (GE Healthcare).

Lipid staining

THP-1 cells were grown on glass coverslips in 24-well plates for 24 h, before the culture medium
was exchanged with RPMI 1640 containing M. /eprae and clofazimine. Control and drug-treated THP
-1 cells were fixed in 10% formalin for 10 min. They were then washed with Dulbecco's PBS (DPBS)
and balanced with 60% isopropanol for 1 min before staining with oil-red-O (Muto Pure Chemicals,
Tokyo, Japan) for 10 min. The cells were counterstained with hematoxylin for 5 min followed by
ethanol dehydration and coverslip sealing.

Immunohistochemistry

Archived formalin-fixed, paraffin-embedded tissue sections were subjected to immunaohistochemical
staining as described [7]. Briefly, deparaffinized sections were heated in 1 mM NaOH at 120°C for 5
min for antigen retrieval. They were then washed with PBST and blocked in blocking buffer (DAKO,
Carpinteria, CA) for 10 min, and then incubated with either anti-ADRP antibody (Santa Cruz
Biotechnology Inc.; 1:200 dilution) or anti-HSL antibody (Cell Signaling Technology; 1:100
dilution), for 1 h at room temperature. After washing the slides with PBST, peroxidase-labeled
streptavidin-biotin method was employed using the LSAB2 kit (DAKO) and 3,3-diaminobenzidine
tetrahydrochloride (DAB) for the staining of ADRP. Tyramide signal amplification (TSA)-HRP method
was utilized to amplify HSL staining signals using the TSA Biotin System (PerkinElmer, Inc.,
Waltham, MA) according to the manufacturer's protocol. Sections were then stained using carbol
fuchsin to visualize acid-fast mycobacteria and counterstained with hematoxylin.

Others

All experiments were repeated at least three times. Since the replicates produced essentially the
same outcomes, representative results from these independent experiments are shown in the
figures.

RESULTS

Clofazimine decreases ADRP and increases HSL mRNA levels in macrophages infected with
M. leprae

The effect of MDT drugs on lipid metabolism in M. /eprae-infected macrophages was examined by
infecting human premonocytic THP-1 cells with M. leprae (MOI = 10) in the presence of 8.0 pg/ml
rifampicin, 5.0 ug/ml dapsone or 2.0 pg/ml clofazimine for 24 h. Total RNA was isolated and RT-
PCR analysis was performed to evaluate possible changes in ADRP and HSL mRNA levels. In our
previous studies, M. leprae infection has been shown to increase ADRP and decrease HSL
expression, which will in turn increase the lipid accumulation that is thought to contribute to
maintaining a phagosome environment which permits M. leprae to parasitize tissue macrophages
[8], [16]. However, when M. leprae-infected THP-1 cells were treated with clofazimine, ADRP
expression levels decreased and HSL expression increased (Fig. 1). Rifampicin and dapsone did not
show significant effects on the mMRNA expression of ADRP, while they decreased HSL expression by
augmenting the effect of M. leprae infection.

http://www.plosntds.org/article/info%3 Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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M Ieprae Figure 1. Expression of ADRP and HSL is

modulated by clofazimine in THP-1 cells
| l infected with M. leprae.

0 24 h THP-1 cells were cultured in six-well plates with
culture medium containing either 8.0 ug/ml

Rifampicin
ADRP

HSL

B-actin [

rifampicin, 5.0 ug/ml dapsone or 2.0 yg/ml
clofazimine with M. /eprae infection (MOI =
10). After incubating for 24 h, total RNA was
purified and RT-PCR analysis of ADRP, HSL and
B-actin was performed. Representative results
from three independent experiments are

shown.

doi:10.1371/journal.pntd.0001936.g001
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The effect of clofazimine is specific only for M. leprae-infected cells

To further evaluate the effect of clofazimine on ADRP and HSL expression, THP-1 cells were treated
with clofazimine in the presence or absence of M. leprae infection for 6, 12, 24 and 48 h. Total RNA
and cellular protein were extracted and used for RT-PCR analysis and Western blot analysis,
respectively. Linearity of the RT-PCR amplifications of ADRP, HSL and B-actin was confirmed by
seriat dilution of RNA samples and densitometric analysis of the bands (Fig. S2). RT-PCR showed
that clofazimine alone had no effect on ADRP and HSL mRNA levels in control THP-1 cells (Fig. 2,
left panel). Consistent with previous reports, ADRP mRNA expression was increased and HSL mRNA
expression was decreased when THP-1 cells were infected with M. /eprae (Fig. 2, middle panel) [8],

http://www.plosntds.org/article/info%3Adoi%2F10.1371%2Fjournal.pn... 2012/12/07
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[16]. However, simultaneous clofazimine treatment and M. /eprae infection of THP-1 cells led to
decreased ADRP and increased HSL mRNA levels (Fig. 2, right panel). The decrease of ADRP and
increase of HSL mMRNA expression were further confirmed by quantitative real-time PCR (Fig. S3),
which also supports the linearity of our RT-PCR data. Thus, it was shown that clofazimine
modulated expression of ADRP and HSL only in M. leprae-infected cells. Similar results were
observed for ADRP and HSL protein expression levels in each experiment.

A dpren 1 M depinn ie M. hoptan i+ 3 . .
Sonciiiahd L .okt B L Figure 2. Only M. leprae-infected THP-1
24 48n § 12 24 BB D & 1R 3 4Bb

oRng DS cells are susceptible to clofazimine.

THP-1 cells were cultured in six-well plates with
or without 2.0 pg/ml clofazimine in the
presence or absence of M. leprae infection
(MOI = 10). After incubating for the indicated
" period of time, total RNA and total cellular
protein were purified and RT-PCR and Western blot analyses of ADRP, HSL and B-actin were
performed. Representative results from three independent experiments are shown.

doi:10.1371/journal.pntd.0001936.9002
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Clofazimine antagonizes the effects of M. leprae to modulate ADRP and HSL expression

In the above studies, THP-1 cells were simultaneously treated with clofazimine and infected with M.
leprae. Therefore, there was a possibility that clofazimine might have modulated the cellular
environments of THP-1 cells before engulfing M. leprae. To eliminate this possibility and to imitate
clinical situations, THP-1 cells were first infected with M. leprae for 24 h, to allow cells to engulf
enough bacilli, before they were treated with clofazimine. M. /eprae infection enhanced ADRP
expression and suppressed HSL expression for up to 72 h (Fig. 3, left panel), which is consistent
with the results shown in Fig. 2, middle panel. However, adding clofazimine 24 h after M. leprae
infection produced lower levels of ADRP expression, but increased HSL expression (Fig. 3, right
panel). Interestingly, ADRP expression fell even lower than the original level, and HSL rose higher
than original levels, following clofazimine treatment. These results suggest that the lipid catabolic
activity once suppressed by M. /leprae infection was reactivated by clofazimine treatment, which in
turn would promote lipolysis in infected macrophages and decrease cellular lipids. Also, these
results are consistent with clinical situations in which HSL mRNA levels were recovered following
successful treatment with MDT in LL and BL patients [16].

M. leprae o M. ie;}féev s Figure 3. Clofazimine counteracts M.
£ Control 'y gsiofaz;mme  leprae to modulate ADRP and HSL
mRNA G 24 48 72h 0 24 48 721 expression levels.
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HSL EEEERElial infected with M. Jeprae (MOI = 10) for 24 h.

f-actin | Clofazimine (2.0 ug/ml) was added and

Protein incubation continued another 24 and 48 h (48
ADRP and 72 h from M. /eprae infection). Total RNA
WS and total cellular protein were purified and RT-
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