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This includes the cases 2 and 3 as described
earlier and other wild-born adults, captive-born
adults and adolescents, and colony-born infants,
juveniles and adolescents. Among the chimpan-
zee cases with anti-PGL-I positive serum, there
were four with IgG and five with IgM antibod-
ies. Samples from cases 2 and 3 were the only
cases that were sera positive for both IgG and
IgM anti-PGL-1. On the other hand, among
the anti-LAM positive serum samples there were
three with IgG and three with IgM antibodies,
but only the serum from case 2 was positive for

both IgG and IgM antibodies.

A case of leprosy in a chimpanzee
thopcn

Haruna is a female chimpanzee who was
imported to Japan from West Africa for use in
medical research in March 1980 when she was
approximately 2 years old (3], and was used
for HBV and HCV research. In March 2002,
at 21 years she was healthy and was retired to
live in a primate sanctuary. In January 2009
at 30 years, her caretaker noticed swelling and
nodes on her face. In April, swelling of her eye-
lids and lips were observed, but no decrease
in appetite or other symptoms were observed.
Lesions on her face were notable and leontia-
sis developed. Whole body examination, blood
tests, skim smears and biopsies were conducted
under anesthesia. The tuberculin reaction was
negative, but staining of a nasal swab and a skin
smear from a nodule on the left forearm demon-
strated acid-fast bacilli. Numerous foamy histio-
cytes were found in tissue sections of skin biop-
sies, and diagnosis of lepromatous leprosy was
made. PCR analysis for M. leprae Hsp-70 DNA
using skin tissue was positive, but M. tuberculosis
DNA was not detected. 16S RNA sequencing
revealed a 100% march with M. leprae gener-
ics. Therefore, it was concluded that the patho-
genic bacteria was the same M. lepme that causes
human leprosy.

On June 1 2009, the MDT for MB regimen
was administered as suggested by the WHO
by mixing the drug with fruit or juice. After
2 months of MDT, her skin hives disappeared,
and after 5 months nasal swab staining for acid-
fast bacillus became negative. The trearment
was continued for 1 year, as recommended by
the WHO [34]. Anti-PGL-I antibody in the
preserved sera was negative between 2001 and
2004. In 2008 a false positive was recorded,
and the sera rurned positive after the onset of
symptoms in 2009. After the treatment, the
sera again turned negative and it has remained

negative for anti-PGL-I antibodies since then.
In general, the specificity of anti-PGL-I anti-
body was uncertain, since the antibody has been
detected in some household contacts and even
in some healthy individuals in addition to MB
patients [15]. However, in Haruna’s case, the anti-
body response against M. leprae correlated with
acid-fast bacteria detected in her body. Since skin
lesions were first noticed in January 2009, the
false-positive result of anti-PGL-I in 2008 sug-
gests that M. leprae started to grow well before
clinical manifestations were evident.

In order to determine the possible origin of
the M. leprae found in Haruna, SNPs for three
reported loci in the M. leprae genome were stud-
ied [9.10). PCR amplification followed by direct
sequencing identified the SNP type 4 M. leprae
genotype. This genotype was identified to have
originated in West Africa and been introduced
to. parts of the Caribbean islands and South
America (most probably by the slave trade), but
has not been found in any other areas. Therefore,
infection of Haruna is highly unlikely to have
taken place in Japan, particularly given the strict
biosafety standards of primate housing facilities
in experimental laboratories and the very low
prevalence of leprosy in Japan. Evidence strongly
suggests that Haruna was infected with M. lep-
rae when she was in West Africa by the age
of 2 years, and she developed leprosy after an
incubation period of at least 30 years [35].

All of the other 13 chimpanzees imported into
Japan at the same time lived together in the same
cage as Haruna. They have all tested negative for
anti-PGL-I antibody. Also, nasal swab staining
for acid-fast bacilli and PCR detection of M. lep-
rae DNA for 32 other chimpanzees in Japan have
all been negative. A survey was conducted at zoos
and other faciliries which have chimpanzees in
Japan, but no other chimpanzees were reported
to have had skin symproms like Haruna. At the
sanctuary, no human caretakers have reported
skin hives with decreased consciousness [35].

{Routes of M. leprae infection

tin chimpanzees

There is a possibility that M. leprae might be
transmitted among chimpanzees in Africa (30].
Another possibility is that contact with a human
patient with M. leprae occurred during the
2-3 month period the chimpanzees were housed
in outdoor cages while awaiting shipment after
capture [27}. In addition, possible transmission
from the environment cannot be excluded.
There have been some reports of African wild
chimpanzees with nasal discharge thought to
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be caused by infectious diseases, including lep-
rosy [12}. However, it is difficult to make a diag-
nosis of leprosy by just observing and without
performing a close examination of wild animals.
If peripheral neuritis or ulcerations of extremities
exist, survival in the wild must be quite difficult.
M. leprae infection is thought to occur when a
subject is exposed to a certain number of bacilli
either directly or indirectly 12.13]. Although the
disease develops after a long incubation period,
this progression of disease has never been proven
since it is not possible to identify the infection
period in human subjects. The life expectancy of
chimpanzees is 40-50 years, and the four chim-
panzees with leprosy in the present report are
considered to be elderly. Although it is not clear
" whar triggered the initiation of active growth of
M. leprae after the long incubation period, it was
speculated in that Haruna’s case a recent change
in her social group might have resulted in stress
that may have transiently impaired her immune
system (35].

iConcluslon & future perspective

A total of four leprosy cases have been reported
in chimpanzees imported from Africa for the
purpose of medical experiments. With the most
recent case in Japan, the existence of M. leprae
was proven with DNA analysis. Furthermore, by
identification of M. /gprae SNPs, it was shown
that the chimpanzee was infected by the age of
2 years in West Africa, and that the symptoms
appeared after an incubation period of at least
30 years. In this case, anti-PGL-I antibody lev-
els were negative before the onset of the disease,
turned positive after the onset, and returned
again to negative along with the improvement
of the symptoms.

These cases also suggest that isolated clinical
leprosy in the wild may exist (17.36.37], yet have
escaped detection due to reduced fitness and
shorter lifespans in the wild. Since the habitat
of chimpanzees and other apes is becoming
increasingly restricted, contact with humans
may become more frequent, increasing the risks
of many zoonoses (20.23.36]. Although humans
appear to be the major reservoir of M. leprae
infection, naturally occurring infection has been

reported in wild animals, including the nine-

banded armadillo and several species of primates
(17.19,20,28,29,31-33,35-37]. A recent study found
that the same genotypic strain of M. leprae was
detected at high incidence in wild armadillos and
leprosy patients in the southern USA, suggesting
that leprosy may be a zoonotic in regions in which
armadillos serve as a reservoir [38]. Thus, leprosy

is clearly a common disease among humans and
other animals. Even after worldwide efforts to
reduce the disease burden of leprosy were suc-
cessfully completed, isolated leprosy cases in
wild animals may still exist, which may serve as
potential sources of human infection. It will be
imperative, therefore, to reconsider the relation-
ship between humans and nonhuman primates
in the wild. Careful attention needs to be paid,
as both have the possibility to transmit infectious
diseases to each other.

Since infection of the four chimpanzees is
unlikely to have taken place in the USA or in
Japan, they seem to be infected in Africa and
disease manifested 5-30 years after infection.
However, risk of infection and the clinical mani-
festations of leprosy depend on multiple factors,
but are not restricted to infection during infancy
via the nasopharynx. Large numbers of prospec-
tive cohort studies of human leprosy patients and
their contacts suggest that the risk of leprosy is
associated with consanguinity, BCG vaccina-
tion and the clinical form of the transmitting
cases [39-41]. It was long thought that leprosy
might have a strong host genetic component.
Genome-wide association studies and searches
for susceptibility loci have provided a list of genes
associated with host immune response in human
leprosylesions [42-45}. Since emergence from dor-
mancy, as well as leprae reaction, appear to be
related to stress and changes of immunological
status in humans [46], this is possibly also the
case with chimpanzees. Research on the role of
various stressors in the onset of leprosy and leprae
reactions is needed.

Chimpanzees are the closest genetic relatives to
humans thar have been used for medical research,
including infectious diseases research [21-26].
Although chimpanzees and humans have very
similar immune systems, fewer genes on the
chimpanzee Y chromosome are responsible for
immune function {47]. The innate immune sys-
tems could also differ, as the living environments
of chimpanzees and humans are quite differ-
ent. Whether these immune system differences
affect the occurrence of mycobacterial diseases in
chimpanzees is not clear.

The parents of these four chimpanzees must
have been killed in order to capture them dur-
ing their infancy before they were brought to
the USA or Japan. Since 1980, approximately
150 chimpanzees have been imported to Japan.
They have been used to test the safety of HBV
vaccines. During this time, the development of
vaccines from human virus carrier plasma was
innovative and untested, and the vaccines were
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tested on chimpanzees in order to eliminate the
possibility of the vaccines containing the active
virus. The chimpanzees introduced in this
article have contributed not only to the medi-
cal experiments for which they were originally
intended, but have also unexpectedly contrib-
uted to leprosy research. The fourth case dis-
cussed in this report, Haruna, fortunately does
not have any notable peripheral neuropathy or
leprae reactions. She is living her life in the sanc-
tuary peacefully. We truly wish her peace for the
rest of her life there,
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Leprosy

Chimpanzees

humans’ closest genetic relatives.

unexpectedly contributed to leprosy research.

Spontaneous leprosy cases in chimpanzees
= Four spontaneous leprosy cases were reported in chimpanzees.
» These chimpanzees have contributed.not only to the medical experiments for which they were originally intended, but have also

= Leprosy is a chronic infectious disorder, caused by Mycobacterium feprae, that primarily affects the skin and peripheral nerves.
= Leprosy is suspected to develop after a long period of latency following infection with M. leprae, but definitive proof is lacking.
= There is no definitive method that can be used to prove the existence of subclinical infection in humans,

» Chimpanzees, as well as great apes including gorillas and orangutans, are members of the Hominoidea superfamily of primates and are

= They are considered the best models for a handful of human diseases, but their status as members of an endangered species and
ethical considerations for these highly sentient animals have justifiably limited their use in research.
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The etiology, clinical manifestations, and treatment of 19 sporadic cases of Buruli ulcer (BU) in Japan are
described. The cases originated in different regions of Honshu Island, with no evidence of patient contact with
an aquatic environment. The majority (73.7%) of cases occurred in females, with an average age of 39.1 years
for females and 56.8 years for males. All patients developed ulcers on exposed areas of the skin (e.g., face,
extremities). Most ulcers were <5 cm in diameter (category I), except in one severe progressive case (category
II). Pain was absent in 10 of the 19 cases. Fourteen ulcers were surgically excised, and nine patients needed skin
grafting. All cases were treated with various antibiotic regimens, with no reported recurrences as of March
2011. Mycobacterium ulcerans-specific 1S2404 was detected in all cases. Ten isolates had identical 16S rRNA
gene sequences, which were similar to those of M. ulcerans. However, the rpoB gene showed a closer resemblance
to Mycobacterium marinum or Mycobacterium pseudoshottsii. PCR identified pMUMO001 in all isolates but failed
to detect one marker. DNA-DNA hybridization misidentified all isolates as M. marinum. The drug susceptibility
profile of the isolates also differed from that of M. ulcerans. Sequence analysis revealed “Mycobacterium ulcerans
subsp. shinshuense” as the etiologic agent of BU in Japan. Clinical manifestations were comparable to those of
M. ulcerans but differed as follows: (i) cases were not concentrated in a particular area; (ii) there was no
suspected connection to an aquatic environment; (iii) drug susceptibility was different; and (iv) bacteriological

features were different.

Buruli ulcer (BU) was first reported in 1935 as a series of
unusual painless ulcers in a patient from southeast Australia

(2). Thirteen years after the first report, the etiological agent of .

the ulcer was determined to be Mycobacterium ulcerans, a
previously unknown mycobacterium (5, 14). During the 1960s,
many M. ulcerans infections were reported in Uganda, espe-
cially in Buruli County, for which this disease was eventually
named (3, 32). It is a necrotizing disease of the skin that mostly
affects children, producing massive ulcers and permanent, dis-
abling scars. At present, the disease is found primarily in West
and Central Africa and in humid tropical areas: BU has been
reported in 32 countries, and M. ulcerans infection is the third
most common mycobacterial infection, after tuberculosis and
leprosy. Treatment of progressive cases is difficult and gener-
ally requires surgery, usually accompanied by skin grafting and
prolonged courses of antibiotics (21, 34).

The first reported case of BU in Japan occurred in 1980 in
a 19-year-old woman who had never been abroad (15). The
causative agent was isolated and classified as “Mycobacterium
ulcerans subsp. shinshuense” because it was closely related to
M. ulcerans (31). The disease was not seen again until a 37-
year-old woman was affected in 2003 (10). The number of cases
increased gradually, until 19 cases had been detected by
December 2010 (K. Nakanaga, Y. Hoshino, and N. Ishii, pre-
sented at the WHO Annual Meeting on Buruli Ulcer, Geneva,

* Corresponding author. Mailing address: Department of Mycobac-
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Switzerland, 22 to 24 March 2010). We conducted a compre-
hensive study using these 19 clinical samples and/or isolated
bacteria. Etiology, differential diagnosis, clinical manifesta-
tions, and treatments are discussed in this report.

(The preliminary results of this study were presented by
K.N. and R. R. Y. in the WHO Annual Meeting on Buruli
Ulcer, Geneva, Switzerland, 28 to 30 March 2011.)

MATERIALS AND METHODS

Patients. The research protocol was approved by the institutional review board
of the National Institute of Infectious Diseases, Japan. The BU diagnostic cri-
teria were established prior to this study. The primary characteristic was the
presence of a clinical lesion, which usually started as a painless subcutaneous
nodule, and which secondarily ulcerated with characteristic undermined edges.
Other preulcerative forms consisted of papules affecting only the skin, plaques
(large, firm, painless, and raised lesions), and edema (a severe form of the
disease). Apart from the clinical lesions, at least one of the following criteria
must be included for a diagnosis of BU: (i) detection of acid-fast bacilli in a
smear from a swab or a biopsy specimen after Ziehl-Neelsen staining, (ii) growth
on 7H11 or Ogawa medium, (iii) histopathological confirmation, or (iv) PCR
amplification of 182404, an M. ulcerans-specific repetitive element. This article is
a summary of all BU cases diagnosed to date in Japan. Some have already been
published elsewhere as case reports in Japanese and/or English (6, 7, 10, 12, 16,
28, 35).

PCR, sequencing, and phylogenetic analyses. All PCRs targeting 1S2404 (18)
were performed on extracted DNA from one or more of the following: fresh skin
biopsy specimens, a thin section of formalin-fixed, paraffin-embedded skin, and
bacteria isolated from a skin lesion. Briefly, the PCR product, amplified using
forward primer PU4F and reverse primer PU7Rbio (Table 1), was electropho-
resed on a 2% agarose gel and was stained with ethidium bromide.

The sequences of the internal transcribed spacer between the 16S and 23S
rRNA genes (ITS region) and of the 16S rRNA, rpoB, and hsp65 genes were
analyzed with the primers listed in Table 1. Amplified PCR products (sizes shown
in Table 1) were directly sequenced using the ABI Prism 310 PCR genetic
analyzer (Applied Biosystems, Foster City, CA) (16). Sequences were obtained
for 1,475- or 1,478-bp (16S rRNA gene), 272-bp (ITS region), 315-bp (rpoB), and
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TABLE 1. Primer sequences

Primer Sequence (5'-3") PCR target (fragment size [bp]) Reference
PU4F GCGCAGATCAACTTCGCGGT 182404 (154) 18
PU7Rbio GCCCGATTGGTGCTCGGTCA
8F16S AGAGTTTGATCCTGGCTCAG 168 rRNA gene (1,515 or 1,518) 24
1047R16S TGCACACAGGCCACAAGGGA
830F16S GTGTGGGTTTCCTTCCTTGG
1542R16S AAGGAGGTGATCCAGCCGCA
ITSF TTGTACACACCGCCCGTC 16S-23S ITS region (ca. 340) 23
ITSR TCTCGATGCCAAGGCATCCACC
MF CGACCACTTCGGCAACCG poB (341) 11
MR TCGATCGGGCACATCCGG
TB11 ACCAACGATGGTGTGTCCAT hsp65 (441) 30
TB12 CTTGTCGAACCGCATACCCT
RepAF CTACGAGCTGGTCAGCAATG repA in pMUMO01 (413) 26
RepAR ATCGACGCTCGCTACTTCTG
ParAF GCAAGCTGGGCAATGTTTAT parA in pMUMO001 (501) 26
ParAR GTCCGGTCCTTGATAGGTCA
MUP1IF ACCACCCAAGAGTGGAACTG Serine/threonine protein kinase in pMUMO01 (479) 26
MUP1IR TGTCGTGTCGAGGTATGTGG
MLSloadF GGGCAATCGTCCTCACTG mls load in pMUMO01 (560) 26
MLSloadR CAAGGGCAGTCTTGATTAGG
MLSAT(I)F AACGTTGAATCCCGTTTTTG misAT(IT) in pMUMO01 (504) 26
MLSAT(II)R GCACCACAAAGGAACGTCTAA
TEIF ATTCAAACGGATGCGAACTG Type 1I thioesterase in pMUMO001 (500) 26
TEIIR ACATTGCTGGACAAACGACA
MUPO45F CAGCAAGTAACGGTGGAACA Type HI ketosynthase in pMUMO01 (496) 26
MUPO045R ACGTGGCCCATTTGTCTITAG
P450F CCCACCTCGTCGTTAGTCAT P450 in pMUMO001 (500) 26
P450R GTGCTCGGTGATCCAGAAGT

. ¢
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FIG. 1. Distribution of BU patients in Japan. Most of the patients lived in a typical temperate region, and all lived on the island of Honshu.

The two plus signs on the map indicate 38°N, 140°E, and 31°N, 130°60'E, placing most of the island in the temperate zone.
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FIG. 2. Ages and genders of BU patients in Japan.

401-bp (hsp65) fragments. Ten clinical isolates were compared to six reference
strains: M. ulcerans T'TM 98-912, M. ulcerans ATCC 19423, M. ulcerans Agy99
(25), Mycobacterium marinum ATCC 9277, M. marinum clinical isolate LRC
112509, and Mycobacterium pseudoshottsii JCM 15466%. A similarity search was
also performed with other mycobacterial reference strains and the 10 clinical
strains using the DNA Data Bank of Japan (DDBJ) (8). Phylogenetic analyses
were performed using the MEGA software package, version 4.0.2 (build 4028)
(29). A tree was constructed using the neighbor-joining method with Kimura’s
two-parameter distance correction model with 1,000 bootstrap replications.

Finally, primers for eight pMUMO001 sequences that encode toxic lipid myco-
lactone-producing enzymes (26) were used to compare the PCR products of the
10 clinical isolates, M. ulcerans ITM 98-912, M. ulcerans ATCC 194237, M.
ulcerans Agy99, and M. pseudoshottsii JCM 154667,

DNA-DNA hybridization assay. A commercially available DNA-DNA hybrid-
ization method (DDH Mycobacteria kit; Kyokuto Pharmaceutical Industrial,
Tokyo, Japan) was used to identify mycobacterial species isolated from patients
(13). The 18 strains in the Mycobacterium reference panel included M. marinum
but not M. ulcerans, M. ulcerans subsp. shinshuense, or M. pseudoshottsii.

Growth characteristics and biochemical assay. Culture growth characteristics
were determined, and identification was performed, as described previously (16)
for 10 of the 11 mycobacterial isolates recovered from patients.

Assay for susceptibility to antimycobacterial drugs. The susceptibilities of the
clinical isolates to antibiotics in vitro were determined by microdilution (33) using
the BrothMIC NTM kit (Kyokuto Pharmaceutical Industrial Co. Ltd., Tokyo,
Japan), with modification of the incubation temperature (32°C) and period (2 to
3 weeks). MIC testing was performed in triplicate on different days, with two of
three matching MICs used as the criterion for MIC determination.

Nucleotide seq ac bers. The DNA sequences of the 16S
rRNA (1,475-bp), hsp65 (401 bp), rpoB (315-bp), and ITS (272-bp) fragments
from the reference strains (M. wlcerans ITM 98-912, M. ulcerans ATCC 194237,
M. ulcerans Agy99, M. marinum ATCC 927, M. marinum clinical isolate LRC
112509, and M. pseudoshottsii JCM 154667) and 10 clinical isolates have been
deposited in the International Nucleotide Sequence Database (INSD) through
the DDBJ under accession numbers AB548711 to AB548734 and AB624260 to
AB624295.
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FIG. 4. Localization, pain, and surgical treatment of ulcer lesions
by age and gender.

RESULTS

Epidemiology. Nineteen BU cases from Japan have been
reported to the WHO BU committee as of December 2010.
Many of the M. ulcerans-related reports of BU have originated
in tropical wetlands. However, Japan is located in eastern Asia,
and the majority of the country is covered by mountainous
terrain. The 19 cases were distributed between latitudes 34°N
and 38°N, in a typical temperate region of Japan.

There was no geographic focal point in the distribution of
the BU cases. However, all of the patients lived on Honshu, the
largest island of Japan. Seven cases were found in the Chugoku
region (western Honshu), 6 in the Chubu region (central Hon-
shu), 4 in the Kinki region (between Chugoku and Chubu), 1
in the Tohoku region (northern Honshu), and 1 in the Kanto
region (eastern Honshu) (Fig. 1).

Fourteen (73.7%) subjects were female, and 5 (26.3%) were
male. The average age was 39.1 years (range, 8 to 70 years) for
the females and 56.8 years (range, 11 to 81 years) for the males
(Fig. 2). Despite careful and precise patient interviews, none of
the cases could be linked to an aquatic environment.

The affected areas were on exposed sites, such as arms (8

FIG. 3. (A) Buruli ulcer case 8: a category I ulcer on the right forearm. (B) Buruli ulcer case 3: a category II ulcer on the right elbow extensor

surface.
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TABLE 2. 1S2404 detection in 19 cases of BU in Japan

Sample type
Case Yr of Origin Isolation
no.  diagnosis (region) Tissue  Paraffin [ period®
sample®  section®
1 1980 Chubu NT NT P 4 wk
2 2004 Chubu NT NT P N
3 2006 Chugoku P P P 11 wk
4 2005 Kinki NT NT P 6 wk
5 2007 Chubu P P P 8 wk
6 2007 Chubu NT NT P S
7 2007 Kinki NT NT P S
8 2008 Chubu P NT P 11 mo
9 2008 Chugoku P NT NT NT
10 2009 Chugoku P NT NT NT
11 2009 Chugoku P P NT NT
12 2009 Chugoku P P NT NT
13 2009 Chugoku NT P P 12 wk
14 2009 Tohoku P NT NT NT
15 2010 Kinki P NT NT 6 wk
16 2010 Kanto P P NT NT
17 2010 Chubu P P P 5 wk
18 2010 Kinki P P NT NT
19 2010 Chugoku P P NT NT

? Frozen or fresh skin biopsy sample. NT, not tested; P, positive.
® Sliced from a formalin-fixed, paraffin-embedded skin biopsy sample.
€S, isolation was successful, but the incubation period was uncertain.

cases), legs (8 cases), the right auricle of the ear (1 case), the
right cheek (1 case), and both arms and legs (1 case). While
skin ulcer lesions were present in all cases, most were smaller
than 5 cm in diameter and were classified as category I (Fig.
3A) (36). In one severe case, the patient presented with a
progressive ulcer larger than 10 cm in diameter on the extensor
surface of the right elbow, which fell into category II (Fig. 3B).

J. CLIN. MICROBIOL.

Nine patients (47%) experienced pain, although in many re-
ported cases, BU is painless or only slightly painful (Fig. 4).

Genotypic analysis. PCR screening to detect IS2404 gave a
positive result for at least one of three sample types in all 19
cases. We should note that fresh tissue samples were the
source of the template for 13 cases, while formalin-fixed, par-
affin-embedded specimens were also used for 9 cases, and all
were positive (Table 2). Mycobacteria were successfully iso-
lated in 11 of the 19 cases; however, further bacteriological
tests, including genotypic analysis, were performed on 10 avail-
able isolates.

The 168 rRNA gene sequences (1,475 bp) of these isolates
were identical to each other but partially different from those
of M. ulcerans, M. marinum, and M. pseudoshottsii (Table 3).
The hsp65 (401-bp), rpoB (315-bp), and internal transcribed
spacer (ITS) (272-bp) sequences were also identical among
isolates. Sequence analysis identified M. ulcerans subsp. shin-
shuense as the bacterium in the clinical samples. Phylogenetic
trees based on 16S rRNA and Asp65 gene sequences showed a
close relationship between M. ulcerans subsp. shinshuense and
M. ulcerans (Fig. SA and B). A phylogenetic analysis of the
16S-23S intergenic spacer region showed no differences be-
tween M. ulcerans subsp. shinshuense, M. marinum, and M.
ulcerans and found that M. pseudoshottsii is a close relative
(Fig. 5C). In contrast, the tree based on the rpoB gene showed
a closer relationship of M. ulcerans subsp. shinshuense to M.
marinum and M. pseudoshottsii than to M. ulcerans, supporting
the premise that M. ulcerans subsp. shinshuense is distinct from
M. ulcerans (Fig. 5D).

Next, amplification of eight pMUMO001-associated genes was
used to determine whether these isolates had genes that en-
code toxic lipid mycolactone-producing enzymes. All isolates

TABLE 3. Comparison of 16S rRNA gene sequences of 10 M. ulcerans subsp. shinshuense isolates and related mycobacterial strains

Nucleotide(s) at the following Escherichia coli 16S rRNA gene sequence position(s):

Strain Country
95 487-488 492 969 1007 1215 1247 1288 1449-1451°
M. ulcerans subsp.
shinshuense

ATCC 33728 Japan T GG G A G T G G ACCC---TTTG

JATA753 Japan T GG G A G T G G ACCC=---TTTG

0401 Japan T GG G A G T G G ACCC---TTTG

0501 Japan T GG G A G T G G ACCC---TTTG

0701 J apan T GG G A G T G G ACCC-~--TTTG

0702 Japan T GG G A G T G G ACCC---TTTG

0703 Japan T GG G A G T G G ACCC-~--TTTG

0801 Japan T GG G A G T G G ACCC---TTTG

0901 Japan T GG G A G T G G ACCC---TTTG

1001 Japan T GG G A G T G G ACCC---TTTG
M. ulcerans

ITM 98-912 China T GG G A G T G G ACCC-——-TTTG

ATCC 194237 Australia T GG A A G T G c ACCC=—-TTTG

Agy99 Ghana T GG A G T G c ACCCTTTTTTG
M. marinum

ATCC 927 United States T GG A A G T A A ACCC---TTTG

112509 Japan T GG A A G T a A ACCC---TTTG
M. pseudoshottsii United States C GA A G T C A A ACCC-~--TTTG

JCM 154667

¢ Hyphens indicate gaps.
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FIG. 5. Phylogenetic analyses of M. ulcerans subsp. shinshuense based on the 16S rRNA gene (A), the Asp65 gene (B), the 165-23S intergenic

spacer region (C), and the rpoB gene (D).

showed positive results, but as previously reported, the band
representing the serine/threonine protein kinase (STPK) gene
was absent in M. ulcerans subsp. shinshuense strains (16). How-
ever, this phenomenon was also observed with one strain of M.
ulcerans, ITM 98-912, that was isolated in China (4). All eight
bands were detected in the M. ulcerans strains isolated from
Australia and Ghana. M. pseudoshottsii lacked the band rep-
resenting P450, but the other seven bands were successfully
amplified (Table 4).

A commercially available DNA-DNA hybridization assay
was used to verify species identity. The kit contained a refer-
ence panel of 18 mycobacterial strains that included M. mari-
num but not M. ulcerans, M. ulcerans subsp. shinshuense, or M.
pseudoshottsii. All 10 isolates showed clear positive signals for
M. marinum (Table 5, rightmost column).

Biochemical characteristics. The 10 isolates exhibited the
same characteristics: rough colonies and yellow pigmentation,
even when grown in the dark. The slowly growing mycobacte-

rium formed visible colonies at 25°C and 32°C on a 2% Ogawa
egg slant, but not at 37°C or 42°C. No growth was seen on a
medium supplemented with 500 pg/ml p-nitrobenzoic acid or
5% NaCl. The isolates were negative for niacin, nitrate reduc-
tion, arylsulfatase (3 days), Tween 80 hydrolysis, pyrazinami-
dase, and iron uptake but were positive for semiquantitative
catalase and 68°C catalase and urease. Comparisons between
M. ulcerans subsp. shinshuense, M. ulcerans, and M. marinum
are summarized in Table 5. These results were in accordance
with those of a previous report (22) except for the positive
result of M. ulcerans subsp. shinshuense on the urease test.
Drug susceptibility assays. Table 6 shows the results of
testing of the susceptibilities of M. ulcerans subsp. shinshuense
ATCC 33728 and M. ulcerans subsp. shinshuense clinical isolate
0501 to antimicrobial agents. These isolates exhibited high
susceptibilities to streptomycin, kanamycin, levofloxacin, and
clarithromycin. Notably, M. ulcerans subsp. shinshuense was
more susceptible to streptomycin, kanamycin, and clarithromy-
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TABLE 4. PCR detection of eight pMUMO001-associated genes in 10 M. ulcerans subsp. shinshuense isolates and related mycobacterial strains

Presence or absence of the following pMUMO01 marker gene:

Strain Country
repA pard STPK mis (load) misAT(IT) TEI KSII P450
M. ulcerans subsp. shinshuense
ATCC 33728 Japan + + - + + + + +
JATA753 Japan + + - + + + + +
0401 Japan + + - + + + + +
0501 Japan + + - + + + + +
0701 Japan + + - + + + + +
0702 Japan + + - + + + + +
0703 Japan + + - + + + + +
0801 Japan + + - + + + + +
0901 Japan + + - + + + + +
1001 Japan + + - + + + + +
M. ulcerans
ITM 98-912 China + + - + + + + +
ATCC 194237 Australia + + + + + + + +
Agy99 Ghana + + + + + + +
M. pseudoshottsii JCM 154667 United States + + + + + + + _

¢ +, present; —, absent. STPK, serine/threonine protein kinase; TEII, type II thioesterase; KSIII, type III ketosynthase.

cin than the M. ulcerans reference strains. Like the M. ulcerans
reference strains, M. ulcerans subsp. shinshuense was suscepti-
ble to amikacin but resistant to ethambutol, isoniazid, and
ethionamide. .

Treatment. The 19 patients were treated with various anti-
biotic regimens. Clarithromycin was effective for many of the
Japanese patients (12 cases). Rifampin was successful in the
first case and was used thereafter in 9 cases. Attempts at
treatment with other medications, alone and in combinations,
were also made (Table 7). In 2 cases, the initial choice of
antibiotics was ineffective, and they were changed. In 2 other
cases, the antibiotic treatment was discontinued due to adverse
effects. In addition to antibiotic treatment, 13 patients under-

went surgical excision, and 9 needed skin grafting (Fig. 4). No
relapses had been reported as of March 2011.

DISCUSSION

This is the first report that comprehensively analyzes both
the genotypic and the biochemical profiles of a causative agent
of Buruli ulcer in Japan. It is noteworthy that BU in Japan was
induced by Mycobacterium ulcerans subsp. shinshuense, not by
M. ulcerans. We compared certain characteristics of M. ulcer-
ans and M. ulcerans subsp. shinshuense by several analyses.
They are relatively similar; detection of IS2404 by PCR was the
most important test for early diagnosis and differential diag-

TABLE 5. Bacteriological characteristics of 10 M. ulcerans subsp. shinshuense isolates and closely related mycobacterial strains

Biochemical characteristic

Identification of

Strain Country Growth Colony Pigment in  Urease Tween 80  PZase” MPB64 M. marinum®
rowth rate morphology dark activity  hydrolysis  activity  production
M. ulcerans subsp.
shinshuense
ATCC 33728 Japan Low Rough Yellow + - - - +
JATA753 Japan Low Rough Yellow + - - - +
0401 Japan Low Rough Yellow + - - - +
0501 Japan Low Rough Yellow + - - - +
0701 Japan Low Rough Yellow + - - - +
0702 Japan Low Rough Yellow + - - - +
0703 Japan Low Rough Yellow + - - - +
0801 Japan Low Rough Yellow + - - - +
0901 Japan Low Rough Yellow + - - - +
1001 Japan Low Rough Yellow + - - - +
M. ulcerans
ITM 98-912 China Low Rough Yellow + - - - +
ATCC 194237 Australia Low Rough None - - - - +
Agy99 Ghana Low Rough Yellow - - - - +
M. marinum ATCC 9277  United States Medium Smooth None + + + - +

“ PZase, pyrazinamidase.

& By use of the DDH Mycobacteria kit (Kyokuto Pharmaceutical Industrial, Tokyo, Japan).
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TABLE 6. Drug susceptibility test results

MIC (pg/mi) for:

Antimycobacterial M. ulcerans subsp.

drug’ shinshuense M. ulcerans

ATCC 33728 0501 ATCC 194237 Agy99
SM 0.125 0.25 1 4
EB 16 8 16 128
KM 0.25 0.25 1 1
INH 8 8 >32 >32
RFP 0.06 0.06 0.06 0.06
LVFX 0.25 0.5 0.5 8
CAM 0.03 0.06 0.25 0.125
TH 16 8 16 16
AMK 0.5 0.5 0.5 0.5

“ SM, streptomycin; EB, ethambutol; KM, kanamycin; INH, isoniazid; RFP,
rifampin; LVFX, levofloxacin; CAM, clarithromycin; TH, ethionamide; AMK,
amikacin.

nosis for distinguishing both M. ulcerans subsp. shinshuense
and M. ulcerans infections from M. marinum infection. Al-
though the DDH Mycobacteria kit could not distinguish M.
ulcerans and M. ulcerans subsp. shinshuense from M. marinum
(Table 5), simultaneous detection of 1S2404 would prevent
misidentification. IS2404 was well amplified from clinical sam-
ples and/or isolates in all 19 cases (Table 2). The 16S rRNA
gene sequences of M. wulcerans subsp. shinshuense and M.
ulcerans are similar, but conserved sites that were different in
M. ulcerans subsp. shinshuense versus M. ulcerans were seen
(Table 3); these matched perfectly with the sequences reported
by Portaels et al. (20) and subsequently found to be useful in
discrimination (6, 16). PCR targeting of pMUMOO01 revealed
that all M. ulcerans subsp. shinshuense isolates lack the band
representing the STPK gene, suggesting a small but conserva-
tive mutation(s) in M. wlcerans subsp. shinshuense versus M.
ulcerans sequences. This PCR test was also applied for detec-
tion of a virulent plasmid and for differential diagnosis of M.
ulcerans versus M. ulcerans subsp. shinshuense (16). The DNA
sequence of the ITS region and the 16S rRNA and Asp65 genes
showed similarity between the M. ulcerans subsp. shinshuense
isolates and M. ulcerans. However, the rpoB gene showed more
similarity to M. marinum and M. pseudoshottsii than to M.
ulcerans (Fig. 5). These data were suggestive of the evolution-
ary paths of these related mycobacterial species (9).

It is noteworthy that M. ulcerans subsp. shinshuense was
identified in all of the isolates from Japanese patients diag-
nosed with BU. M. ulcerans subsp. shinshuense, not M. ulcerans,
could be the primary etiological agent of BU in eastern Asia.
It has been reported that the STPK gene was not amplified
from the isolate of a BU patient in China (26). While there
might be a taxonomical reason, this isolate was finally classified
as M. ulcerans (4). A more precise genotypic examination
might have revealed this to be a case of M. ulcerans subsp.
shinshuense infection. If so, this finding would suggest that M.
ulcerans subsp. shinshuense is distributed not only in Japan, but
also in other areas of eastern Asia. Thorough field work and
increased vigilance on the part of dermatologists and physi-
cians are needed to determine the predominant cause of BU in
eastern Asia. Because disease severity and susceptibility to
antibacterial drugs are significantly different for M. ulcerans

SUMMARY OF 19 CASES DIAGNOSED AS BURULI ULCER IN JAPAN 3835

TABLE 7. Antibiotic treatment regimens for BU cases

Regimen® No. of cases

Single drug

Three drugs
CAM, LVFX, RFP ..ot
CAM, CFPN-PI, NFLX..
CFPN-PI, LVFX, MINO
CAM, MINO, NFLX ......
GRNX, LVEX, MINO. ..ot

Four drugs (EB, LVFX, RFP, SM) ..o 1
Six drugs
AZM, CAM, CPFX, LVFX, MINO, RFP......cccemrrcrrrrennnes 1
CAM, EB, GFLX, INH, RFP, SM ............ ol

CAM, CPFX, LVFX, MINO, PZFX, RFP....ccccevvervrereririnnnnad 1

* AZM, azithromycin; CAM, clarithromycin; CFPN-PI, cefcapene-pivoxil;
CPFX, ciprofloxacin; EB, ethambutol; GFLX, gatifloxacin; GRNX, garenoxacin;
INH, isoniazid; ITZ, itraconazole; LVFX, levofloxacin; MINO, minocycline;
NFLX, norfloxacin; RFP, rifampin; SM, streptomycin; PZFX, pazufloxacin.

versus M. ulcerans subsp. shinshuense, they must be identified
and distinguished in clinical settings.

The Japanese M. ulcerans subsp. shinshuense isolates and the
Chinese strain of M. ulcerans presumably belong to the same
cluster, based on genetic analyses such as microarray-based
comparative genomic hybridization (9) and comparative se-
quence analysis of polymorphic variable-number tandem re-
peats (VNTR) (27). Their genomes were distinctly different
from those of M. ulcerans strains that originated in other geo-
graphic regions. However, one of the VNTR loci can be used
to distinguish between the Chinese and Japanese strains (1).
Pidot et al. described the clear difference between the two
strains by analyzing virulent plasmid genes and the resulting
mycolactone production, noting that the Japanese strain pro-
duces mycolactone A/B, while the Chinese strain produces a
unique mycolactone D (19). Further study is needed to eluci-
date the evolution and distribution of M. ulcerans, and its
relation to M. ulcerans subsp. shinshuense, in Asia.

It is notable that most of the biochemical characteristics
(Table 5) and drug susceptibilities (Table 6) of the isolates
were the same as those found in a previous report (22), with
the exception of the urease test. Interestingly, the Japanese M.
ulcerans subsp. shinshuense isolates, the Chinese strain of M.
ulcerans, and the related species M. marinum were all urease
positive, though other strains of M. ulcerans originating from
Ghana and Australia were urease negative. The urease test is
a simple method with clear results that would be useful in
distinguishing between M. ulcerans and M. ulcerans subsp. shin-
shuense.

Clinical manifestation of BU in Japan was essentially similar
to that of BU in other countries, but distinct differences in
management were observed. Ulcerated areas were usually
smaller for Japanese (Fig. 3) than for African patients; how-
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ever, the Japanese patients received both surgery and a large
array of antimycobacterial drugs (Table 7). In addition, in
Africa, most patients who had lesions with cross-sectional di-
ameters of =10 cm showed excellent healing without surgery
(17). Although the in vitro susceptibilities of the Japanese
isolates to streptomycin, kanamycin, and clarithromycin are
higher than those of the M. ulcerans strains from West Africa
(Table 6), treatment has been fairly aggressive in Japan. It is
speculated that because the majority of doctors and patients in
Japan have not experienced and cannot recognize Buruli ulcer
disease, they might fear the progression and recurrence of
disease. Especially when patients complain of pain (9 patients
in this study [47%] experienced pain [Fig. 4]), their doctors and
family members are willing to initiate aggressive treatment,
even in the absence of an immunodeficiency risk factor. Public
information campaigns about the disease are needed, as is the
establishment of guidelines for the treatment of Buruli ulcer in
Japan. Clarification of the mode of transmission is also impor-
tant. However, the occurrence of cases has been very sporadic,
and none could be linked to an aquatic environment. Thus, the
source and route of the infection remain unclear.
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The Mycobacterium avium-M. intracellulare complex (MAIC) is divided into 28 serotypes by a species-specific
glycopeptidolipid (GPL). Previously, we clarified the structures of serotype 7 GPL and two methyltransferase genes
(orf4 and orfB) in serotype 12 GPL. This study elucidated the chemical structure, biosynthesis gene, and host innate
immune response of serotype 13 GPL. The oligosaccharide (OSE) structure of serotype 13 GPL was determined
to be 4-2'-hydroxypropaneyl-amido-4,6-dideoxy-p-hexose-(1—3)-4-0-methyl-a-L-rhamnose-(1—3)-c-L-rhamnose-
(1—3)-a-L-rhamnose-(1-—2)-a-L-6-deoxy-talose by using chromatography, mass spectrometry, and nuclear mag-
netic resonance (NMR) analyses. The structure of the serotype 13 GPL was different from those of serotype 7 and
12 GPLs only in O-methylations. We found a relationship between the structure and biosynthesis gene cluster. M.
intracellulare serotypes 12 and 13 have a 1.95-kb orf4-orfB gene responsible for 3-O-methylation at the terminal
hexose, orfB, and 4-O-methylation at the rhamnese next to the terminal hexose, orf4. The serotype 13 orfB had a
nonfunctional one-base missense mutation that modifies serotype 12 GPL to serotype 13 GPL. Moreover, the native
serotype 13 GPL was multiacetylated and recognized via Toll-like receptor 2. The findings presented here imply that
serotypes 7, 12, and 13 are phylogenetically related and confirm that acetylation of the GPL is necessary for host
recognition. This study will promote better understanding of the structure-function relationships of GPLs and may

open a new avenue for the prevention of MAIC infections.

The increase of drug-resistant mycobacteria and the number
of immunocompromised hosts including the HIV epidemic are
important problems. The Mycobacterium avium-M. intracellu-
lare complex (MAIC) is distributed ubiquitously in the envi-
ronment and is the most common isolate of nontuberculous
mycobacteria, which are now one of the most important envi-
ronmental pathogen-disseminated infectious agents in both
immunocompromised and immunocompetent hosts (26, 31, 39).

The most characteristic feature of mycobacteria is richness
in lipids. These hydrophobic cell wall components contribute
to the surface properties and are considered to play important
roles in their pathogenesis through the host immune responses
(8, 17). MAIC expresses a glycopeptidolipid (GPL) as one of
the representative lipid components. Structurally, the GPL is
composed of two parts, a common tetrapeptido-amino alcohol
core and a serotype-specific oligosaccharide (OSE) elongated
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from 6-deoxy-talose (6-d-Tal). p-Phenylalanine-p-allo-threo-
nine-D-alanine-1-alaninol (p-Phe-p-aflo-Thr-p-Ala-L-alaninol),
which is modified with an amido-linked 3-hydroxy or 3-me-
thoxy C,¢-Cs, fatty acid at the N terminus of p-Phe, and p-allo-
Thr and terminal L-alaninol are further linked to a 6-d-Tal
and 3,4-di-O-methyl rhamnose (3,4-di-O-Me-Rha), respec-
tively. This portion is called the serotype-nonspecific GPL
(apolar GPL). Serotype-specific GPLs (polar GPLs) are pro-
duced by extending individual OSE residues from the 6-d-Tal.
MAIC species are divided into 28 serotypes by serological
reaction and distinctive patterns of polar GPLs on thin-layer
chromatography (TLC) (7, 38). The GPL is considered to play
crucial roles in the physiology of the bacteria and the host
responses to MAIC infection. Several biological and immuno-
logical functions of GPLs have been reported (9, 34), but the
roles of GPLs are not fully elucidated. Recently, several genes
involved in GPL biosynthesis have been characterized (10, 29).
To better understand the biological functions and significance
of GPLs, we need to clarify the structure and biosynthetic
pathways of GPLs.

The chemical structures of only 16 GPLs have been defined
(9). Recently, we determined the structures of the serotype 7
and 16 GPLs and identified the gene clusters completing the
OSE biosynthesis (13, 14). In addition, two methyltransferase
genes of serotype 7- and 12-specific GPL biosynthesis were
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characterized (30). In this process, we found that the structure
of the serotype 13 GPL is close to that of the serotype 7 and 12
GPLs. In epidemiological serotyping, Tsang et al. (37) showed
that clinical isolates of serotypes 7, 12, and 13 were found in
around 10% of non-AIDS patients. However, it was difficult to
distinguish serotypes 7, 12, and 13 by only serological and
chromatographic techniques because of their structural simi-
larity. The phylogeny of some MAIC strains based on GPL
biosynthesis genes has been reported (23). In this study, the
complete structure of the serotype 13 GPL was determined,
and the genetic relationship between the serotype 7, 12, and 13
GPL biosynthesis was clarified. Moreover, the host innate im-
mune recognition of antigenic serotype 13 GPL and the impor-
tance of structural modification were shown. We discuss the phy-
logeny of MAIC strains on the basis of these GPL biosynthesis
genes and the relationship between GPL structure and immuno-
genicity.

MATERIALS AND METHODS

Bacterial strains and preparation of GPL. M. intracellulare serotype 13
(ATCC 35769, ATCC 25122), serotype 7 (ATCC 35847), and serotype 12 (ATCC
35762) strains were purchased from the American Type Culture Collection
(Manassas, VA). The GPL preparation was performed as described previously
(14, 18). Each strain of M. intracellulare was grown on Middlebrook 7H1! agar
(Difco Laboratories, Detroit, MI) with 0.5% glycerol and 10% Middlebrook
oleic acid-albumin-dextrose-catalase (OADC) enrichment (Difco) at 37°C for 2
to 3 weeks. The heat-killed bacteria were sonicated, and crude lipids were
extracted with chloroform-methanol (2:1 [vol/vol]). The crude lipids were hydro-
lyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h, followed by
neutralization with 6 N hydrochloric acid. Alkaline-stable lipids were partitioned
by a two-layer system with chloroform-methanol (2:1 {vol/vol]) and water. The
organic phase was evaporated and precipitated with acetone to remove any
acetone-insoluble components. The supernatant was washed (chloroform-meth-
anol, 95:5 [vol/vol]) and eluted (chloroform-methanol, 1:1 [vol/vol]) with a Sep-
Pak silica cartridge (Waters Corporation, Milford, MA) for partial purification.
The GPL was completely purified by preparative TLC of Silicagel G (Uniplate;
20 by 20 cm, 250 pwm; Analtech, Inc., Newark, DE). The TLC plate was devel-
oped with chloroform-methanol-water (65:25:4 and 60:16:2 [vol/vol/vol]), until a
. single spot was obtained. The TLC plate was sprayed with 20% sulfuric acid in
ethanol and was charred at 180°C for 3 min. The GPL was detected as a
brownish-yellow spot. To recover the GPL, the TLC plate was exposed to jodine
vapor, and the GPL spot was marked. The silica gels of the GPL spot were
scraped off, and the GPL was eluted with chloroform-methanol (2:1 [volfvol]).
The native GPL was purified by the same method as the alkaline-stable GPL,
omitting the hydrolysis with 0.2 N sodium hydroxide.

Preparation of OSE moiety. 3-Elimination of the GPL was performed with
alkaline borohydride, and the OSE elongated from p-allo-Thr was released (14,
18). The GPL was stirred in a solution of equal volumes of ethanol and 10 mg/ml
sodium borodeuteride in 0.5 N sodium hydroxide at 60°C for 16 h. The reaction
mixture was decationized with Dowex 50W X8 beads (Dow Chemical Company,
Midland, MI) and evaporated under nitrogen to remove boric acid. After par-
tition into two layers of chloroform-methanol (2:1 [vol/vol]) and water, the upper
aqueous phase was recovered and evaporated, and the OSE was purified as an
oligoglycosyl alditol.

MALDI-TOF MS and MALDI-TOF MS/MS. The molecular species of the
intact GPL was determined by the matrix-assisted laser desorption ionization—
time of flight mass spectrometry (MALDI-TOF MS) with an Ultraflex II (Bruker
Daltonics, Billerica, MA). One microgram of the GPL-dissolved chloroform-
methanol (2:1 [volivol]) was applied to the target plate, and 1 ul of 10 mg/ml
2,5-dihydroxybenzoic acid in chloroform-methanol (1:1 [vol/vol]) was added as a
matrix. The intact GPL was analyzed in the Reflectron mode with an accelerating
voltage operating in positive mode at 20 kV (4). Then, the fragment pattern of
the OSE was analyzed with the MALDI-TOF MS/MS mode. The OSE and 10
mg/mi 2,5-dihydroxybenzoic acid was dissolved in ethanol-water (3:7 [vol/vol])
and applied to the target plate according to the method for intact GPL.

GC/MS of carbohydrates. To determine the glycosyl composition and linkage
position, gas chromatography/mass spectrometry (GC/MS) of partially methyl-
ated alditol acetate derivatives was performed. Perdeuteromethylation was con-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of serotype 7,
12, and 13 GPLs. (A and B) The alkaline-stable lipids derived from M.
intracellulare serotype 13 ATCC 35769 and ATCC 25122 (A) and the
purified serotype 7, 12, and 13 GPLs (B) were developed on TLC
plates with solvent systems of chloroform-methanol-water (60:16:2 and
65:25:4 [vol/valivol]). (C) The MALDI-TOF MS spectra of serotype 7,
12, and 13 GPLs were acquired using 10 mg/m! 2,5-dihydroxybenzoic
acid in chloroform-methanol (1:1 {vol/vol]) as a matrix, and the mo-
lecular ions were detected as [M+Na]" in positive mode. Intens.,
intensity; a.u., arbitrary units.

ducted by the modified procedure of Hakomori (14, 15). The OSE was dissolved
with a mixture of dimethyl sulfoxide and sodium hydroxide, followed by the
addition of deuteromethyl iodide. After stirring at room temperature for 15 min,
the reaction mixture was separated by a two-layer system of water and chloro-
form. The chloroform-containing perdeuteromethylated OSE layer was col-
lected, washed with water two times, and evaporated completely. Partially
deuteromethylated alditol acetate derivatives were prepared from perdeutero-
methylated OSE by hydrolysis with 2 N triflaoroacetic acid at 120°C for 2 h,
reduction with 10 mg/ml sodium borodeuteride at 25°C for 2 h, and acetylation
with acetic anhydride at 100°C for 1 h (14, 19). GC/MS was performed using a
benchtop ion trap mass spectrometer (GCMS-QP2010 Plus; Shimadzu Corp.,
Kyoto, Japan) equipped with a fused capillary column (SP-2380 and Equity-1;
30 m, 0.25-mm inner diameter [ID}; Supelco, Bellefonte, PA). Helium was used

- 168 -



5768  NAKA ET AL. 1 BACTERIOL
g seHH 0 mmmememee <
2 [ Serotype 13 OSE v g T e i H&WW 3
‘T o k] 1 H
§m' A & g Pie k] \,
S g 8 3 g (+Na*-H?)
- t i Hsc-g—c—u HO
2000} ono H
3 s (B) Serotype 7 OSE BT
P’y 4 v 123
§°°°°- 2 g
v VvV 5 3
400 v g g g
W g 8P F 8
4 > 3
I .S (1‘ ‘ 1 L h .
Z  "J(C) Serotype 12 OSE o . MNal
:W: g ~ 4
£ : v v & g
e T & z B
2000 v %
3 g 8
1000 § § §
N o
°1n"'zt'm"”3éo""a'n swommo C I

FIG. 2. MALDI-TOF MS/MS spectra of serotype 13, 7, and 12 OSEs (A, B, and C, respectively). The fragment ions by each glycosy! cleavage
were detected, and the assigned fragment patterns are illustrated. Arrowheads indicate the characteristic mass numbers of the serotype 13, 7, and
12 OSEs. The matrix was 10 mg/ml 2,5-dihydroxybenzoic acid in ethanol-water (3:7 [vol/vol}), and it was performed in the MS/MS mode. Intens.,

intensity; a.u., arbitrary units.

as the carrier gas, and the flow rate was 1 ml/min. The temperature program for
alditol acetate derivatives was started at 60°C, increased 40°C/min to 220°C, and
held for 15 min, followed by an increase of 10°C/min to 260°C and holding for 10
min. The molecular separator and ion source energies were 70 eV, and the
accelerating voltage was 8 kV.

NMR of GPL. The OSE was dissolved in deuterium oxide. To define the
anomeric configurations of each glycosyl residue, *H and '*C nuclear magnetic
resonance (NMR) was employed. Both homonuclear correlation spectrometry
(COSY) and "H-detected ['H, >C] heteronuclear multiple-quantum correlation
(HMQC) were recorded with a Bruker AVANCE-600 (Bruker BioSpin Corp.
Billerica, MA), as described previously (14, 18). Ten microliters of acetone was
added to the sample, and its chemical shift values, 2.04 ppm (proton) and 29.8
ppm (carbon), were used as internal controls.

Sequencing of orfd-orfB region of M. intracellulare serotype 13. PCR was used
to amplify the orf4-orfB region (30) of M. intracellulare serotype 13 (ATCC 35769
and ATCC 25122), using primers orfd-F (5'-GCGGATCCAGTGTGCAGACG
AGCGGAACT-3'), orfd-R (5'-GCGAATTCTTATCGAGAAAAAATAAAA
G-3"), orfB-F (5'-GCGGATCCACTGCTAGACT CCGCCACCAT-3"), and
orfB-R (5'-GCGAATTCCTACACCTTCACGGCGAGTC-3'). The amplified
fragment was sequenced using a BigDye Terminator cycle sequencing kit, version
3.1 (Applied Biosystems, Foster City, CA), and a sequence analyzer (ABI3130xl;
Applied Biosystems).

Transformation of M. intracellulare serotype 13 strain with serotype 12 orfB.
The orfB fragments from serotype 12 (serol12-orfB) and serotype 13 (serol3-orfB)
strains were amplified and cloned into pVV16, an expression plasmid vector for
mycobacteria, downstream of the hsp60 promoter. M. intracellulare serotype 13
ATCC 35769 was transformed with pVV16-serol2-orfB and pVV16-serol3-orfB
by electroporation, and hygromycin- and kanamycin-resistant colonies were iso-
lated. Alkaline-stable lipids were prepared from heat-killed bacteria, and pro-
ductive GPLs were identified by TLC, MALDI-TOF MS, MALDI-TOF MS/MS,
and GC/MS.

Host recognition of native and alkaline-treated serotype 13 GPLs. The host
recognition of GPLs was estimated by activations of HEK-blue-2 and -4 cells
(InvivoGen, San Diego, CA). HEK-blue-2 and -4 cells are HEK293 cells stably
transfected with multiple genes for recognition of Toll-like receptor 2 (TLR2)
and TLR4 (including the coreceptors MD2 and CD14). In addition, HEK-blue-2
and -4 cells stably express an optimized alkaline phosphatase gene engineered to

be secreted (sAP) and placed under the control of a promoter inducible by
several transcription factors, such as NF-kB and alkaline phosphatase-1. HEK-
blue-2 and -4 cells were seeded at a concentration of 2 X 10° cells/ml in 96-well
flat-bottom tissue culture plates and incubated with Dulbecco’s modified Eagle’s
medium (DMEM}) containing 10% fetal bovine serum (FBS) at 37°C in an
atmosphere of 5% CO, for 3 days. The adherent HEK-blue-2 and -4 cells were
stimulated by native and alkaline-treated serotype 13 GPLs. After 24 h of incu-
bation, NF-«kB activation was assayed by the levels of SAP in the supernatant.
The sAP was measured in duplicate using QUANTI-Blue (InvivoGen) according
to the manufacturer’s instructions. As positive controls, we used lipopolysaccha-
ride (LPS) from Escherichia coli 055:B5 (Sigma-Aldrich, St. Louis, MO) for
TLR4 and Pam3CSK4 (InvivoGen) for TLR2. Two independent experiments
were performed.

Nucleotide seq e accessi ber. The nucleotide sequence reported
here has been deposited in the NCBI GenBank database under accession num-
ber AB557690.

RESULTS

Purification and molecular weight of intact GPL. The sero-
type 13 GPLs from M. intracellulare ATCC 35769 and 25122
were detected as spots on TLC plates and showed the same R,
value (Fig. 1A). Because serotype 13 GPL was predicted to be
very close structurally to the serotype 7 and 12 GPLs, the R,
values were compared on TLC plates developed with two dif-
ferent chloroform-methanol-water solvent systems (65:25:4
and 60:16:2 [volivolfvol]), respectively. Interestingly, the R,
value of the serotype 13 GPL was lower than that of the
serotype 12 GPL and almost the same as that of the serotype
7 GPL in both developing systems (Fig. 1B). The intact mo-
lecular weight of each GPL was determined. The MALDI-
TOF MS spectrum of the serotype 13 GPL showed m/z 1,897
for [M+Na]* as the main molecular ion in positive mode (Fig.
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1C). This mass number is identical to that of the serotype 7
GPL ([M+Na]™: 1,897) and 14 atomic mass units lower than
that of the serotype 12 GPL ([M+Na]™: 1,911).

Glycosyl sequence of serotype 13 OSE. To determine the
glycosyl sequence of the OSE, MALDI-TOF MS/MS of the
oligoglycosyl aiditol from serotype 13 OSE was performed.
The spectrum afforded the molecular ion [M+Na] ™" at m/z 859,
together with the characteristic mass increments in the series
of glycosyloxonium ions formed on fragmentation at m/z 240,
400, 546, and 692 from the N-acylated Hex to 6-d-Tal, and at
mjz 190, 336, 482, and 642 from 6-d-Tal to N-acylated Hex
(Fig. 2A). In comparison, the fragment patterns of the cleaved
terminal N-acylated Hex of the OSEs were m/z 254 and 628 in
serotype 7 and m/z 254 and 642 in serotype 12, and those next
to the terminal Hex were m/z 400 and 482 in serotype 7 and m/z
414 and 482 in serotype 12 (Fig. 2B and C). Together with the
intact molecular weight of each GPL (Fig. 1B), these results
strongly implied that serotype 13 GPL has no O-methyl group
in the terminal N-acylated Hex but does have an O-methyl
group added to the Rha next to the terminal Hex.

Carbohydrate composition and linkage analyses. GC/MS
analysis of the perdeuteromethylated alditol acetate derivative
from serotype 13 OSE was performed to determine the glyco-
syl composition. The total ion chromatography (TIC) of the
GC/MS spectrum of serotype 13 GPL derivatives was com-
pared to those of serotype 7 and 12 GPL derivatives (Fig. 3A).
Previous reports showed that the carbohydrate compositions
of the serotype 7 GPL were 6-d-Tal, Rha, and 4-2'-hydroxy-
propanoyl-amido-3,6-dideoxy-2-O-Me-Hex, and those of the
serotype 12 GPL were 6-d-Tal, Rha, 4-O-Me-Rha, and 4-2'-
hydroxypropanoyl-amido-3,6-dideoxy-3-O-Me-Hex (5, 13).
Comparison of the retention times and mass spectra of GC/MS
determined that serotype 13 GPL was composed of 6-d-Tal,
Rha, 4-O-Me-Rha, and another terminal N-acylated Hex. As
shown in Fig. 3B, the perdeuteromethylated alditol acetate
derivative of the terminal N-acylated Hex was assigned to 2,3-
di-O-deuteromethyl-1,5-di-O-acetyl-4-2'-O-deuteromethyl-
propanoyl-deuteromethylamido-4,6-dideoxy-hexitol from the
fragment pattern (m/z 62, 108, 121, 168, 209, 222, 269, and
303). These results confirmed that the O-methyl group was
deleted from the terminal N-acylated Hex and added to the
C-4 position at Rha next to the terminal Hex. Taken together,
these results established the sequence and linkage arrangement
of  4-2'-hydroxypropanoyl-amido-4,6-dideoxy-Hex-(1—3)-4-O-
Me-Rha-(1-3)-1-Rha-(1-3)-L-Rha-(1—2)-6-d-Tal exclusively.

NMR analysis of serotype 13 OSE. The '"H NMR and 'H-'H
homonuclear COSY analyses of the OSE derived from the
serotype 13 GPL revealed four distinct anomeric protons with
corresponding H1-H2 cross-peaks in the low-field region at
34.88, 4.71, 497 (J,_, = 1 to 2 Hz, indicative of a-anomers),
and 4.52 (a doublet, J,_, = 7.9 Hz, indicative of a B-hexosyl
unit). When further analyzed by 'H-detected ['H-'*C}] two-
dimensional HMQC, the anomeric protons resonating at
34.88, 4.71, 4.97, and 4.52 had C-1s resonating at 5102.10,
93.50, 94.00, and 103.40, respectively. The J;, values for each
of these protons were calculated to be 170, 170, 171, and 161
Hz by measurement of the inverse-detection nondecoupled
two-dimensional HMQC (see Fig. S1 and Table S1 in the
supplemental material). It was concluded that two Rha and
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FIG. 3. Assignment of glycosyl composition of OSEs in serotype 13
GPL. (A) Total ion chromatogram of the alditol acetate derivatives
from serotype 13 compared to those of serotype 7 and 12 GPLs. A
fused SP-2380 capillary column was used as the GC column. The
temperature program for alditol acetate derivatives was started at
60°C, increased to 40°C/min to 220°C, and held for 15 min, followed by
an increase of 10°C/min to 260°C and holding for 10 min. (B) GC/MS
spectrum of the perdeuteromethylated alditol acetate derivative from
the terminal Hex in serotype 13 GPL. The pattern of prominent frag-
ment jons is illustrated. A fused Equity-1 capillary column was used as
the GC column. Ac, CH,CO.

4-O-Me Rha were a-anomers and that the terminal N-acylated
Hex was a B configuration.

Nucleotide sequence of orf4-orfB region of M. intracellulare
serotype 13. The present study demonstrated that the differ-
ence between the chemical structures of the serotype 13 GPL
and serotype 7 and 12 GPLs was whether the O-methyl group
in the terminal N-acylated Hex and the next Rha were present
or not. We confirmed the genetic basis of these O-methyla-
tions. Our previous study clarified three unique open reading
frames (ORFs) for methyltransferase, named orf2, derived
from M. intracellulare serotype 7, and orfA and orfB, from M.
intracellulare serotype 12 (13, 30). orf4 and orfB in M. intracel-
lulare serotype 12 are responsible for 4-O-methylation of the
Rha next to the terminal Hex and 3-O-methylation of the
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FIG. 4. Detection of orfA4-orfB regions and comparison of genetic maps of GPL biosynthetic cluster. (A) PCR was performed to amplify the
orfA-orfB regions of M. intracellulare serotype 7, 12, and 13 strains. The primers and the amplified regions are indicated. (B) M. intracellulare
serotype 7 ATCC 35847 and serotype 12 ATCC 35762 were sequenced in our previous work (13, 30). M. intracellulare serotype 13 ATCC 35769
and ATCC 25122 were sequenced in this study. The missense mutation of orf4-orfB regions is indicated.

terminal Hex, respectively. Therefore, we examined whether or
not M. intracellulare serotype 13 has these ORFs. First, com-
parison of the gifB-drrC gene cluster in M. intracellulare sero-
type 7 and 12 strains implied that orf2 in M. intracellulare
serotype 7 replaced orfd-orfB in M. intracellulare serotype 12.
We amplified the orfd-orfB in the genomic DNA from M.
intracellulare serotypes 7,12, and 13 (Fig. 4A). Interestingly, M.
intracellulare serotype 13 had the same-sized DNA fragment of
the orfA-orfB region, and the nucleotide sequences were de-
termined. The 1.95-kb orfA4-orfB regions of the two serotype 13
strains had complete identity and showed only one nucleotide
substitution from that of serotype 12: codon 105, TTC, of the
orfB in serotype 12 was replaced by codon TCC in serotype 13
(Fig. 4B). This missense mutation induced a single amino acid
substitution from Phe to Ser and implied the loss of the orfB
activity for O-methylation.

Expression of serol2-orfB and serol3-orfB in M. intracellu-
lare serotype 13. To test the functional activity of orfB in M.
intracellulare serotypes 12 and 13, the sero12-orfB and sero13-
orfB genes were introduced into the M. intracellulare serotype
13 strain. The 0.84-kb sero12-orfB and serol3-orfB were am-
plified and cloned into a pVV16 vector, and M. intracellulare
serotype 13 ATCC 35769 was transformed with the resulting
plasmids and the pVV16 vector. The alkaline-stable lipids de-
rived from the transformants were developed on TLC plates,
and the productive GPLs were compared to the spots of sero-
type 7, 12, and 13 GPLs (Fig. 5A). Both R, values of the GPLs
produced in the transformants with the pVV16 vector and
serol3-orfB were identical to that of the serotype 13 GPL.
However, the R; value of the GPL produced in the transfor-
mant with serol2-orfB was the same as that of serotype 12
GPL. By MALDI-TOF MS, the main molecular weights of the

GPLs produced in the transformants with serol2-orfB, serol3-
orfB, and the pVV16 vector were detected as m/z 1,911, 1,897,
and 1,897, respectively, for [M+Na]™ (data not shown). The
fragment ions of the related glycosyl cleavage in the OSEs were
analyzed by using MALDI-TOF MS/MS, and the glycosyl com-
positions were determined. The fragment ions of the OSEs in
the pVV16 vector and serol3-orfB showed the same pattern as
serotype 13 GPL, indicating that overexpression of sero13-orfB
in the serotype 13 strain was not affected (Fig. 2A and 5B). The
fragment ions of the OSE in serol12-orfB, i.e., m/z 254 and 414,
were different from those of the OSE in serol3-orfB, i.e.,
m/z 240 and 400, respectively (Fig. 5B). The GC/MS spec-
trum of the perdeuteromethylated alditol acetate derivative of
the terminal N-acylated Hex from serol2-orfB was assigned to
2-O-deuteromethyl-1,5-di-O-acetyl-4-2'-O-deuteromethyl-pro-
panoyl-deuteromethylamido-4,6-dideoxy-3-O-methyl-hexitol
from the fragment pattern (m/z 62, 105, 121, 165, 206, 222, 266,
and 300) (Fig. 5C), which was identical to that of the serotype
12 GPL. These results demonstrated that the serotype 13
transformant with serol2-orfB but not serol3-orfB had an
added O-methyl group at the C-3 position in the terminal Hex
and that the productive GPL was completely changed from
serotype 13 to serotype 12. In addition, we confirmed that the
plasmid-deleted C-terminal 40-base region of serol12-orfB was
completely functional and that serol2-orfB worked in the se-
rotype 7 transformant. Taken together, these results indicated
that sero13-orfB was inactivated by the missense mutation at
codon 105 and that the serotype 13 GPL lacked O-methylation
at the C-3 position of the terminal Hex.

Native conformation of serotype 13 GPL and host response.
The native serotype 13 GPL was purified without alkaline
treatment. The native serotype 13 GPLs were detected on TLC
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FIG. 5. The productive GPLs in transformants of M. intracellulare serotype 13 with serol2-orfB or serol3-orfB. (A) TLC patterns of the
alkaline-stable lipids derived from M. intracellulare serotypes 7, 12, and 13 and serotype 13 transformants (ATCC 35769) with the pVV16-vector,
serol2-orfB, and sero13-orfB from left to right, developing with a solvent system of chloroform-methanol-water (60:16:2 [vol/vol/vol}). (B) MALDI-
TOF MS/MS spectra of OSEs derived from the productive GPLs in transformants of M. intracellulare serotype 13 with sero12-orfB, sero13-orfB,
and the pVV16 vector. The replaced mass numbers are indicated by arrowheads. (C) GC/MS spectrum of the perdeuteromethylated alditol acetate
derivative of the terminal N-acylated Hex from serotype 13 transformant with sero12-orfB. The MALDI TOF MS/MS and GC/MS conditions are

described in the legends for Fig. 2 and 3. Ac, CH,CO.

plates as three major spots that expanded broadly and had R,
values different from that of the alkaline-treated serotype 13
GPL. These spots were converged into one spot by alkaline
treatment (Fig. 6A). It was reported that some positions of
OSE in GPLs are acetylated in nature (27). The molecular
weights of these three spots were checked by MALDI-TOF
MS. The mass numbers of m/z 1,983, 2,025, and 2,067 for
[M+Na]” caused the 2- to 4-unit increases of m/z 42 (addition
of acetylations) and the modification to saturated alkyl group,
compared to m/z 1,897 of the alkaline-treated serotype 13
GPL, implying that native GPLs were modified by several
O-acetylations in the OSE portion and that alkaline treatment
removed the acetylated groups (Fig. 6B). In addition, several
peaks at intervals of 14 atomic mass units were caused by an
alkyl group, indicating that the fatty acids of the core portion
were variable and that the molecular species were heteroge-
neous.

To clarify the host recognitions of serotype 13 GPL via
TLRs, we stimulated HEK-blue-2 and -4 cells with native and
alkaline-treated serotype 13 GPLs. The native serotype 13
GPL significantly activated HEK-blue-2 cells in a dose-depen-
dent manner, but HEK-blue-4 cells did not respond. The al-
kaline-treated serotype 13 GPL without O-acetylation did not
activate either HEK-blue-2 or -4 cells. Reacetylated alkaline-
treated serotype 13 GPLs with O-acetyl groups substituted for
all hydroxy groups of OSE activated HEK-blue-2 cells, al-
though the level of activation was less than that of the native
form (Fig. 6C). Moreover, we confirmed that only the native

serotype 13 GPL stimulated mouse bone marrow-derived mac-
rophages via TLR2 by using C57BL/6 and TLR2 knockout
mice (see Fig. S2 in the supplemental material).

DISCUSSION

The structural heterogeneity of the GPLs in MAIC species is
reflected in their morphology, virulence, and pathogenicity (2,
3, 24) and may be meaningful in phylogenetic classification.
Actually, epidemiological studies show that the isolates of
MAIC serotypes from patients are heterogeneous and impor-
tant for assessing the prognosis of pulmonary MAIC disease
(25, 37). Chatterjee and Khoo (9) proposed grouping the three
types of GPLs by OSE structure, and the group 2 GPLs in-
cluded the serotype 12, 17, and 19 strains. The serotype 7 and
16 GPLs determined in our previous studies also belong to the
group 2 GPLs (13, 14). The group 2 GPLs have in common
6-d-Tal-Rha-Rha and serotype-individual sugars elongated
from the second Rha. In addition, except for the serotype 19
GPL, group 2 GPLs carry an unusual substituent, N-acylated
amido sugar, as the terminal Hex. Aspinall et al. (1) mentioned
that the terminal sugar residue of serotype 12 GPL is a deriv-
ative of viosamine (4-amino-4,6-dideoxyglucose). The struc-
tural difference between serotype 7 and 12 GPLs in group 2
was due to the functions of three methyltransferase genes,
orf2, orfA, and orfB (13, 30). In this study, we found that the
serotype 13 GPL was structurally very close to those of sero-
types 7 and 12, and we determined the novel structure of
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FIG. 6. TLC patterns, MALDI-TOF MS spectra, and TLR recognition of the native and alkaline-treated serotype 13 GPL. (A) The TLC plate
was developed with a solvent system of chloroform-methanol-water (60:16:2 [voljvol/vol]). Three major spots of native GPL are indicated by the
numbers from top to bottom. (B) The major spots were purified and their molecular ions were measured by MALDI-TOF MS. The condition is
described in the legend for Fig. 1. (C) HEK-blue-2 and -4 cells (2 X 10° cells/ml) were stimulated with native, alkaline-treated, and reacetylated
serotype 13 GPLs. After 24 h of incubation, NF-«B activation was assessed by measuring the levels of secreted alkaline phosphatase (sAP) in the
supernatant by using QUANTI-Blue. The data are means * standard deviations (SD) for two experiments done in duplicate.

the serotype 13 GPL to be 4-2'-hydroxypropanoyl-amido-4,6-
dideoxy-B-hexose-(1—3)-4-O-methyl-a-L-rhamnose-(1->3)-a-
L-thamnose-(1-3)-a-L-rhamnose-(1->2)-a-L-6-deoxy-talose.
This result clarified that the serotype 13 GPL is structurally
different from the serotype 7 and 12 GPLs in the O-methyla-
tions of the terminal N-acylated Hex and Rha next to the
terminal Hex. Serotype 13 GPL lacked the O-methyl group in
the terminal N-acylated Hex, although serotype 7 and 12 GPLs
had one at the C-2 and C-3 positions, respectively. The com-
position and position of the N-acyl group at the terminal Hex
were completely identical in these three GPLs. At the Rha next
to the terminal Hex, serotype 12 and 13 GPLs have an O-
methyl group at the C-4 position, and this modification is
present in all group 2 GPLs except for the serotype 7 GPL,
suggesting that this methyl group may play a role in MAIC
physiology and virulence. These results also implied that M.

intracellulare serotypes 7, 12, and 13 are very close phyloge-
netically.

We investigated the relationship between the structure and
biosynthetic pathway and tried to verify the phylogenetic clas-
sification of serotypes 7, 12, and 13 by genetic analysis of GPL
biosynthesis. We previously reported the nucleotide sequences
of the gtfB-drrC region, which completely determine each se-
rotype-specific GPL in serotypes 7 and 12 (13, 30), and found
the sequence of the serotype 13 gene cluster (unpublished
data). The genetic organizations of the gtfB-drrC regions in
serotype 7, 12, and 13 gene clusters closely resemble each
other. Seven common ORFs are conserved in gifB-drrC clus-
ters, suggesting that these three serotypes diverged from a
common ancestor. The orf4-orfB region in serotypes 12 and 13
replaced orf2 in serotype 7. Only one nucleotide substitution
was found in the 1.95-kb segment in orfA-orfB of serotypes 12
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FIG. 7. Scheme of the relationship between GPL biosynthesis ORFs encoded the methyltransferases and their structures.

and 13, and orfB in serotype 13 was inactivated. In general, it
is unusual for an ORF inactivated by a missense mutation to
remain in the genome because it is a burden for the bacterium
to transcribe and translate an inactivated ORF. Thus, the M.
intracellulare serotype 13 strain must have diverged from an M.
intracellulare serotype 12 organism recently. Serotype 13 GPL
also has 4-O-Me-Rha. orfA is responsible for this methylation.
In previous studies, we demonstrated that the orfB activity had
incapacitated the orf2 activity, which synthesizes an O-methyl
group at the C-2 position of the terminal Hex of M. intracel-
lulare serotype 7. We also showed that the orf2 activity was
independent of orf4 activity in M. intracellulare serotype 12
(30). The relation of methyltransferases, orf4, orfB, and orf2 is
summarized in Fig, 7. :

GPLs are correlated with colony morphology, sliding motil-
ity, biofilm formation, immune modulation, and virulence (2, 3,
16, 34). GPLs have several significant features. They are pro-
duced in MAIC species and absent from Mycobacterium tuber-
culosis, making it possible to distinguish MAIC from tubercu-
lous mycobacteria (11, 20). An anti-GPL antibody is produced
in the sera of patients and reflects the disease, which is useful
in diagnosis and treatment (21, 22, 25). Moreover, it was re-
ported that ethambutol-susceptible and -resistant MAIC
strains of serotype 1 had different GPL profiles. The suscepti-
ble strain expressed only the polar serotype 1 GPL, and the
resistant strain expressed several apolar GPLs. The efficacy of
antibiotics may be affected by the GPL profile through differ-
ences in cell wall permeability (19). On the other hand, the
importance of TLR-mediated responses has been studied in
tuberculous infections. Means et al. (28) reported that M.
tuberculosis activated both TLR2 and TLR4, whereas heat-
killed M. tuberculosis and M. avium activated only TLR2. It was
observed that MyD88- and TLR2-deficient mice have in-
creased susceptibility to M. avium infection compared to
TLR4-deficient and wild-type mice (12). These lines of evi-
dence suggest that TLRs are related to host recognition of the
MAIC components containing GPLs and affect MAIC infec-
tions. Brennan and Goren (6) first proposed that GPLs were
alkaline-stable lipids and made it possible to classify serospeci-
ficity by the unique, variable deacetylated OSE sequences (9).
We did not detect any biological activity of these alkaline-

treated GPLs on splenocytes and bone marrow macrophages
of mice in in vitro stimulation. Recently, Schorey and col-
leagues (35, 36) clarified that serotype 1 and 2 GPLs can
function as TLR2 agonists and promote macrophage activation
in a TLR2- and MyD88-dependent pathway. They reported
that the acetylated and methylated groups of GPLs were nec-
essary for GPL-TLR2 interaction as a molecular requirement.
In this study, we purified both native and alkaline-treated se-
rotype 13 GPLs and clarified the acetylation patterns of sero-
type 13 GPL. It was confirmed that the native acetylated form
of serotype 13 GPL was recognized via TLR2 and that the
deacetylated form by alkaline treatment was not recognized.
The serotype 13 GPL has one O-methyl group next to the
terminal N-acylated Hex that was stable regardiess of alkaline
treatment. Taken together, an acetyl rather than a methyl
group was necessary for host immune response via TLR2. The
completely acetylated derivative of alkaline-treated serotype
13 GPL partially recovered the HEK-blue-2 activation, com-
pared to the native form containing 2 to 4 acetylated groups. It
may be important for GPL-TLR2 interaction to balance the
hydrophobicity and hydrophilicity of the molecule. Recht and
Kolter (32) reported that the acetylation of GPL affects sliding
motility and biofilm formation by deleting the atf7 gene, which
is responsible for acetylation on the 6-d-Tal of GPL core in
Mycobacterium smegmatis. Rhoades et al. (33) reported that
the Mycobacterium abscessus GPLs were related to smooth and
rough colony morphology and that the GPLs in the outermost
portion of the cell wall masked underlying phosphatidyi-myo-
inositol mannosides involved in stimulating the innate immune
response via TLR2. In contrast, our results suggest that the
species-specific acetylated GPL is effective in host recognition
as a TLR2 agonist independent of phosphatidyl-myo-inositol
mannosides and that it plays important roles directly in host
innate immune responses. Regulating the acetylation of GPL
may control the MAIC pathogenicity by, for example, devel-
oping the inhibitor of ATF1.

The present study demonstrated the chemical structure and
biosynthesis gene cluster of the serotype 13 GPL of M. intra-
cellulare and host innate immune response via TLR2. Serotype
13 GPL should be included in group 2 GPLs, and the phylo-
genetic relationship of serotype 7, 12, and 13 strains was par-

-174 -



