CD4" Tcell activation by urease-deficient recombinant BCG

Animal studies

For inoculation into mice, BCG-Tokyo and BCG-AUT were
cultured in Middlebrook 7H9 to log phase and stored at
10°CFUmL™ at —80°C. Before aliquots were used for
inoculation, the concentration of viable bacilli was deter-
mined by plating cells on the Middlebrook 7H10 agar plate.
Three 5-week-old C57BL/6] mice per group were inoculated
intradermally with 0.1 mL phosphate-buffered saline (PBS)
containing 1 x 10% or 1x 10° BCG-Tokyo or BCG-AUT.
The animals were kept under specific pathogen-free condi-
tions and were supplied with sterilized food and water.
Four weeks after injection, the spleens were removed, and
the splenocytes were suspended at a concentration of 2 x
10°cellsmL™ in culture medium, and stimulated with the
indicated concentration of BCC or MLM in triplicate in
96-well round-bottomed microplates. The individual cul-
ture supernatants were collected 3 days after stimulation,
and IFN-y and IL-2 were measured using an OptEIA mouse
ELISA set.

Statistical analysis

The Student’s r-test was applied to determine statistical
differences.

Results

Induction of the fusion of BCG-AUT-infected
phagosomes with lysosomes

The efficacy with which BCG-AUT-infected phagosomes
fused with lysosomes in macrophages was examined using
confocal microscopy. Lysosomes were stained with anti-
LAMP1 mAb after treatment of THP-1 cells with FITC-
labeled BCG-Tokyo or BCG-AUT for 24h. The parental
BCG colocalized with lysosomes less efficiently than BCG-
AUT (data not shown). Therefore, BCG-AUT may at least
partially enhance the ability to induce phagosomal matura-
tion.

T-cell-stimulating activity of BCG-AUT

The activity of BCG-AUT to stimulate [FN-y-producing
CD4" T cells, when infected to macrophages, was assessed
(Fig. 2). BCG-AUT-infected macrophages activated unsepa-
rated CD4"* T cells to release IFN-y substantially more
efficiently than parent BCG-infected macrophages.
Although BCG-AUT-infected macrophages also induced
production of IL-2 from CD4™ T cells (data not shown),
the extent of IFN-y (< 50pgmL ") and IL-2 production was
not as high as expected. Furthermore, BCG-AUT did not
induce the activation of naive CD4" T cells (data not
shown). As the activation of T cells is largely influenced by
the cytokine milieu, in which T cells and their stimulators
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Fig. 2, Production of IFN-y by CD4™ T cells. Macrophages, differentiated
by S days of culture with rM-CSF from monocytes, were infected with
BCG-Tokyo (parental BCG) or BCG-AUT at the indicated MO, and
cuftured for another 2 days in the presence of rM-CSF. These macro-
phages were used as a stimulator of autclogous CD4™ T cells
1 x 10° cells well ") at the indicated T-celVmacrophage ratio in a 4-day
culture. A ple of three 0 s s
shown. Assays were performed in triplicate and the results are expressed
as the means = 5D. Titers were statistically compared using Student’s
ttest.

(TAD=5)

are present, we determined the level of cytokines produced
from macrophages on stimulation with BCG-AUT. BCG-
AUT produced significantly more cytokines, such as IL-10,
GM-CSF, TNFa and IL-1p, than the parental BCG (data not
shown). It has been reported that IL-10 inhibits the APC-
mediated activation of T cells (Granelli-Piperno er al., 2004)
and GM-CSF regulates the function of macrophages (Maki-
no et al, 2007). To examine the role of IL-10 on T-cell
activation, macrophages were infected with BCGs in the
presence of a neutralizing mAb to IL-10 (Fig. 3a). The IFN-y
production by stimulated CD4™ T cells was not influenced
by the treatment of macrophages with control IgG; however,
a significantly higher level of IFN-y was produced on
treatment with the neutralizing mAb to IL-10. The up-
regulation by IL-10 mAb treatment was observed in both
BCG-Tokyo and BCG-AUT in a similar fashion. Further-
more, the pretreatment of macrophages with exogenous
GM-CSF also significantly upregulated the antigen-present-
ing function of macrophages, although the effect of GM-
CSF was more pronounced in BCG-AUT-infected macro-
phages (Fig. 3b).

Next, we phenotypically assessed the effect of BCG-AUT
on macrophages (Fig. 4a). BCG-AUT induced enhanced
expression of both CD14 and CD40 on macrophages
compared with BCG-Tokyo. Based on these results, we
treated BCG-infected macrophages with CD40L to examine
its role as a costimulator of macrophages (Fig. 4b). The
CD40L treatment upregulated the T-cell activation by BCG-
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Fig. 3. Effect of IL-10 and GM-CSF on IFN-y production. (a) Macrophages differentiated from monocytes by using r-CSF were infected with either
BCG-Tokyo or BCG-AUT at an MOI of 0.25 on day 5 of culture and cultured for another 2 days in the presence of rM-CSF. The BCG-infected
matrophages were treated with neutralizing mAb to IL-10 or isotype-matched control IgG (10 ug mL™"), and used as a stimulator of CD4* Tcells, ata
T-cellimacrophage ratio of 10: 1, and cuitured for another 4 days. The optimal concentration of mAb was determined in advance. (b) Macrophages
obtained by 4 days of culture with rM-CSF were treated with the indicated dose of rGM-CSF. The macrophages pretreated with rGM-CSF were infected
with BCG-Tokyo or BCG-AUT at an MOI of 0.25, cultured for another 2 days in the presence of rM-CSF used as a stimulator of CD4” Tcells on day 8, at
a T-celimacrophage ratio of 101 (4 days of L A ie of three sep experiments is shown. Assays were performed
in triplicate and the results are expressed as the means = 50. Titers were statistically compared using Student’s t-test.
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Fig. 4. (a) Expression of CD14 and CD40 molecules on macrophages. Macrophages produced by using iM-CSF were infected with BCGs at an MOI of
0.25, and cultured for another 2 days in the presence of rM-CSF. The macrophages on day 7 of culture were gated and analyzed. Dotted fines, isotype-
matched control IgG; solid lines, the indicated test mAb, The number in the top right-hand corner of each pane| represents the difference in mean
fluorescence intensity between the control IgG and the test mAb. Representative results of three separate experiments are shown, (b) IFN-y production
by €D4* Teells stimulated with BCG-infected macrophages. Macrophages differentiated from monocytes using riv-CSF were infected with BCGs at an
MO of 0.25 on day 5 of culture, further treated with CD40L (1 pgmL™") on day 6, and used as a stimulator of CD4* T cells (T-cellmacrophage ratio of
10: 1, 4 days of stimulation), A rep of three experiments is shown. Assays were performed in triplicate and the results are expressed
as the means = SD. Titers were statistically compared using Student’s t-test
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Fig. 5. (a) Effect of exogenous IFN-y on CD4* T-cell activation. Macrophages produced by 5 days of culture with M-CSF from monocytes were infected
with BCGs at an MO of 0.25 and simultaneously treated with the indicated dose of exogenous IFN-y. The macrophages were used as a stmulator of
CD4" Tcells (T-celVmacrophage ratio of 10 1, 4 days of I A of three D 1ts is shown. Assays were performed
in triplicate and the results are expressed as the means + 5D. Titers were statistically compared using Student’s t-test. (o) involvement of IFN-y receptor in
T-cell activation. Macrophages produced as in (a) were infected with BCG-AUT (MOI of 0.25), stimulated with exogenous IFN-y (100UmL™") in the
presence of mAD to IFN-y receptor a-chain (CD119) or isotype matched control IgG (10ugmL "), and cultured for another 2 days in the presence of
M-CSE The macrophages were used as a stimulator of CD4" T celis (Fcelimacrophage ratio of 10: 1, 4 days of stimulation). A representative of
three separate experiments & shown. Adsays were performed in triplicate and the results are expressed as the means £ 50. Titers were statistically
compared using Student’s t-test. (c) Surface expression of various molecules on BCG-AUT-infected, IFN-y-treated macrophages. Macrophages produced
as in (a) were infected with BCG-AUT (MOI of 0.25), stimulated with exogenous IFN-y (100U mL~") and cultured for another 2 days in the presence
of rM-CSF. The macrophages on day 7 of culture were gated and analyzed. Dotted lines, isotype-matched control IgG; solid lines, the indicated test
mAb. The number in the top right-hand corner of each panel represents the difference in mean fluorescence intensity between the control IgG and
the test mAb. Representative results of three separate experiments are shown. (d) involvement of surface antigens of BCG-AUT-infected, FN-y-
stimulated macrophages in T-cell activation. Macrophages produced as in (a) were infected with BCG-AUT (MOI of 0.25), treated with exogenous
JFN-y (1001 mL"") and cultured for another 2 days in the presence of rM-CSF. These macrophages were cocultured with autologous CD4™ Teells at a
T-cel'macrophage ratio of 10: 1 in a 4-day culture in the presence of the indicated mAb (10 pgmL "). A representative of three separate experiments
is shown. Assays were performed in triphicate and the results are expressed as the means + SD. Titers were statistically compared using Student’s r-test

ore

infected macrophages, but it more efficiently affected BCG-  activity of rBCG-infected macrophages. The IFN-y

AUT-infected macrophages. Similarly, there was a signifi-
cant difference between parent BCG and BCG-AUT in
sensitivity to IFN-y (Fig. 5a). However, other cytokines such
as TNFa and TL-1f did not enhance the T-cell-stimulating
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treatment was effective against both BCG-Tokyo- and
BCG-AUT-infected macrophages; however, more than a
10-fold increase in the production of IFN-y from T cells
was achieved only when BCG-AUT-infected macrophages
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were stimulated with exogenous IFN-y. The optimal stimu-
lation of T cells induced the production of more than
500 pgmL ' IEN-y. The exogenous IFN-y seems to contri-
bute directly to the enhancement of APC function, as the
IFN-y-mediated enhancement was cancelled out by the
pretreatment of BCG-AUT-infected macrophages with
mAb to IFN-y receptor a-chain (Fig. 5b). Furthermore,
IFN-y significantly enhanced the expression of HLA-DR
and CDB6 on BCG-AUT-infected macrophages (Fig. 5c),
while the phenotypic alteration of BCG-Tokyo-infected
macrophages by IFN-y was minimum (data not shown).
When BCG-AUT-infected, IFN-y-treated macrophages
were treated with mAb to either HLA-DR or CDB86 in
advance of being cocultured with CD4™ T cells, IFN-y
production by the T cells was significantly inhibited, while
normal murine IgG treatment did not have any effect
(Fig. 5d).

€D4" T-cell activation by BCG-AUT-infected DCs

As BCG-AUT significantly but less efficiently activated
CD4" T cells through macrophages in the absence of
costimulation, the potency of BCG-AUT-infected DCs as a
T-cell activator was evaluated. Expression of surface mole-
cules on DCs infected with either BCG-Tokyo or BCG-AUT
was examined (Fig. 6a). Expression of HLA-ABC, HLA-DR,
CD86 and CD83 was more significantly upregulated by the
infection with BCG-AUT than with BCG-Tokyo. Higher
levels of TL-12p70 and IL-1p were produced by BCG-AUT
stimulation (Fig. 6b). Furthermore, we assessed whether
BCG-AUT activated naive and memory CD4™ T cells
through DCs by using various MOI titers and multiple
T/DC ratios (Fig. 6¢). [FN-y levels were significantly higher
following stimulation with BCG-AUT than with parent
BCG in both naive and memory CD4 " T cells. Also, a higher
level of CD40L was expressed on CD4" T cells after
stimulation with BCG-AUT-infected DCs (data not shown).
These results indicate that the infection of DCs with
BCG-AUT alone was sufficient, as compared with macro-
phages which required costimulators to drive a strong T-cell
response.

Memory T-cell production by BCG-AUT

Another important aspect of using BCG as a vaccine is the
production of memory T cells in vivo. We examined the
response of splenic T cells obtained from BCG-infected
C57BL/6 mice to mycobacterial recall antigen (Fig. 7).
We used BCC as a recall antigen. At 4 weeks following
infection, splenic T cells from BCG-AUT-infected mice
produced more IFN-y than those from mice infected
with BCG-Tokyo by responding to BCC. The lymphocyte
population producing IFN-y was found to be CD4" T cells
by intracellular staining (data not shown). Furthermore,
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upon stimulation with MLM, which contains immunodo-
minant antigens of M. leprae, CD4 " T cells from BCG-AUT-
infected mice produced significantly higher levels of IFN-y
than those from uninfected or BCG-Tokyo-infected
mice (Fig. 7).

Discussion

To date, BCG is the only suitable vaccine against leprosy;
however, its efficacy is quite limited. Overall efficacy in one
meta-analysis was reported to be only 26% (Setia er al,
2006). Several reasons might explain why BCG cannot block
multiplication of M. leprae or inhibit the development of
leprosy. The most important defect of BCG is that it is
retained in phagosomes of macrophages, avoiding phagoso-
mal acidification and hence interfering in the efficient fusion
of BCG-containing phagosomes with lysosomes (Clements
et al., 1995; Reyrat et al., 1995; Grode et al., 2005). The lack
of phagosome=lysosome fusion inhibits the trafficking of
BCG-derived antigens through the major histocompatibility
class (MHC) I pathway, which is enrolled for preferential
stimulation of CD4" T cells, the most important cells
involved in inhibition of M. leprae growth (Sendide et al.,
2004). Further, macrophages produce abundant amounts of
IL-10 on infection with BCG, which, in turn, inhibits the
activation of CD4 " T cells (Mochida-Nishimura et al., 2001;
Granelli-Piperno et al., 2004).

In the present study, we constructed a recombinant BCG
(BCG-AUT) that lacks a urease gene through allelic ex-
change of chromosomal DNA. As urease is involved in the
maintenance of intraphagosomal pH at neutral (Grode
et al., 2005) or slightly alkaline values (Sendide et al., 2004),
lack of this enzyme may contribute to the induction
of phagosomal acidification (Sendide ef al., 2004), thereby
promoting the fusion of BCG-containing phagosomes with
lysosomes. The efficient colocalization of BCG-AUT -
with lysosome was observed, leading us to expect an
efficient enhancement of T-cell activation by BCG-AUT-
infected macrophages. Previously, rBCG deficient in
urease C was produced by a similar system and found
to be superior to parental BCG in producing acidic condi-
tions (pH 4.5-5.5) in BCG-infected phagosomes in murine
macrophages (Reyrat et al, 1995; Grode et al, 2005).
However, it was not demonstrated whether the rBCG
deficient in urease C promoted the MHC class I trafficking
pathway and actually activated human CD4* T cells
through APCs. The newly constructed BCG-AUT lacked
urease activity and in vitro studies confirmed that it could
not degrade urea to ammonia. When BCG-AUT was in-
fected to macrophages, it activated human CD4" T cells
more efficiently than the parental BCG. However, the
amount of [FN-y released from the T cells was not as high
as expected (< 50pgmL™'). These results suggest that
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(a}

BCG-Tokyo

Fig. 6. (a) Expression of various molecules on BCG-
infected DCs. Monocyte-derived immature DCs
were infected with either BC G-Tokyo or BCG-AUT
at an MOI of D.25 and cultured for another 2 days
in the presence of rGM-CSF and riL-4. The DCs
from day 5 were gated and analyzed. Dotted lines,
isotype-matched control igG; sold lines, the indi-
cated test mAb. The number in the top nght-hand
corner of each panel represents the difference in
mean fluorescence intensity between the control
IgG and the test mAD, Representative results of
three separate experiments are shown. (b) Cytokine
production from DCs stimulated by BCG. Mono-
cyte-derived DCs from 4 days of culture in the
presence of rGM-CSF and ril-4 were stimulated
with the indicated dose of either BCG-Tokyo or
BCG-AUT for 24 h. The concentration of the ind-
cated cytokine was determined by the ELISA meth-
od. A representative of three separate expenments
is shown. Assays were performed in triplicate and
the results are expressed as the means + SD. Titers
were statistically compared using Student’s r-test
(€) IFN-y production by naive CD4 " T cells and
memory CD4 Tcefls. DCs obtained from mono-
cytes infected with ether BCG-Tokyo or BCG-AUT
were used as a stimulator of naive and memory
CD4&* Teells in a 4-day culture. A representative of
thee separate experiments is shown. Assays were
performed in triplicate and the results are expressed
as the means + S0. Titers were statistically com-
pared using Student’s I-test
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improvement of intraphagosomal pH milieu for efficient
phagosome-lysosome fusion was not sufficient for the
induction of full T-cell activation as far as macrophages
were concerned. Thus, we further searched for factors which
might be helpful in inducing full activation of T cells. First,
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we examined the influence of endogenously produced IL-10,
as abundant IL-10 was pr fuced from mac "— B by
infection with BCG-AUT (data not shown). The neutraliza-
tion of IL-10 from macrophages drastically enhanced T-cell
activation (Fig. 3a), Furthermore, pretreatment of
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Fig. 7. IFN-y production by splenic T cells ob-
1ained from CS78L/6 mice infected with BCG-
Tokyo or BCG-AUT. Five-weeik-old C57BL/6 mice
were infected with the indicated dose of BCG
intradermally. Four weeks after the inoculation,
splenocytes (2 x 10° cells well ') were stimulated
with the indicated dose of either BCG-derived
cytosol protein or Mycobacterium leprae-derived
membrane protein for 4 days. Assays were per-
formed in triplicate for each mouse, and the
results for three mice per group are given, ex-
pressed as the means = 5D. Representative results

0.5 ug mL™"
L for two are shown. Titers
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macrophages with GM-CSF, which is normally produced
from activated CD4" T cells, monocytes and macrophages
(data not shown), and inhibits IL-10 production (Makino
et al., 2007), was also quite efficient in enhancing the BCG-
AUT-mediated T-cell activity. Therefore, the unexpectedly
weak activation of CD4 " T cells by BCG-AUT seemed to be
at least partly due to the immunosuppressive effect of IL-10.
Secondly, we focused on the costimulating factors capable
of actively up-regulating the T-cell-stimulating function of
macrophages, and found that both CD40L and IFN-y were
quite efficient. It was previously reported that both CD40L
and IFN-y were needed to costimulate macrophages in-
fected with M. leprae (Makino et al., 2007); however, in the
present study, the sole treatment of BCG-AUT-infected
macrophages with either CD40L or [FN-y was enough to
confer a sufficient effect (Figs 4 and 5). The high sensitivity
of BCG-AUT-infected macrophages to CD40L may be due
to the ability of rBCG to induce greater expression of CD40
(Fig. 4a). The exogenous IFN-y may contribute to increased
production of IFN-y from T cells by activating macro-
phages, as it enhanced the surface expression of HLA-DR
and CD86 on BCG-AUT-infected macrophages, which
facilitated antigen-specific T-cell activation. As reported,
M. leprae is less sensitive to IFN-y (Makino et al., 2007),
and also parental BCG was found to be clearly less sensitive
to TFN-y than BCG-AUT. These results indicate that each
mycobacterium may have differential smnn\nty w lI-’N -¥
(Verreck et al., 2004). Although the molecular n

M. leprag-membrane protein

were statistically compared using Student’s 1-test

enhanced trafficking of mycobacterial antigens to the surface
by the MHC class I pathway can be induced by IFN-y
treatment. The urease gene of padmgemc mycobacteria may
be a good target for combi i herapy/che-
motherapy as urease depletion dwml:gulatu the growth of
mycobacteria (data not shown) and upregulates the immu-
noactivity of intracellular digestion of bacteria in
host cells.

In contrast to macrophages, DCs were highly activated by
the sole infection with BCG-AUT in terms of phenotype and
cytokine production, and BCG-AUT-infected DCs effi-
ciently activated both naive and memory CD4" T cells in
the absence of additional costimulation. The activated
T cells produced abundant amounts of both IFN-y (Fig. 5¢)
and GM-CSF, and induced CD40L expression (data not
shown). Therefore, DCs can inherently provide the critical
factors needed by BCG-AUT-infected macrophages. As BCG
infects both macrophages and DCs in vivo, we evaluated
the efficacy of BCG-AUT as a T-cell activator by using
C57BL/6 mice. BCG-AUT was superior to BCG-Tokyo in
the production of murine memory CD4™ T cells, which can
respond to BCG-derived recall antigen and also proteins
derived from pathogenic M. leprae. Just 100 BCG-AUT
bacilli were sufficient to produce such memory T cells.
These findings indicate that BCG-AUT convincingly stimu-
lated CD4" T cells in vivo. As the C57BL/6 strain is a
T helper (Th)1 response-prone mouse, further study using
Th2 resp prone mice would provide further insight

responsible for the difference in sensitivity remains unex-
plained, it is well known that IFN-y facilitates the digestion
of intracellular mycobacteria in macrophages, and thus the
following speculation may be possible: in the present system,
the alteration of the pH milieu of BCG-containing phago-
somes caused by the depletion of urease activity may help to
establish circumstances where cell activation as well as
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into how memory T cells are generated by inoculation with
BCG-AUT.

Taking our data together, BCG-AUT is more potent than
the parental BCG in the activation of macrophages, DCs and
CD4" T cells. The depletion of urease from BCG may be
useful in upregulating the potency of BCG as an immuno-
stimulator.
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Mycob ium avium-Mycob i i liulare compl IMaC}hlhz-mummlmﬂmnhp
culous mycobacteria and causes pul v and pul MAC jes can be grouped into 31
ypes by the epitopic olig harid lmnﬂhemmwdlw (GPL) antigen. The
GPL ists of & ype fatty acyl peptide core with 3,4-di-0-methyl-rhamnose at the terminal

alaninol and a 6-deoxy-talose at the allo-threonine and serotype-specific oligosaccharides extending from the
6-deoxy-talose. Although the complete structures of 15 serotype-specific GPLs have been defined, the serotype
16-specific GPL structure has not yet been elucidated. In this study, the chemical structure of the serofype 16
GPL derh-ul from M. Mm&hnm&mhdwwuehmm nuupectmn ntl mlu.r

Iy mmll di that the ha-
ride is 8 novel N-acyl-did & Bokags iyl mwmmu
mlﬁﬁﬂ.mdﬁuﬂuﬂmh}lw ~hydroxy-4"-methoxy- f-amido-3
(1—=+3)-4-0-methyl-cc-1-rh {1—3)-a-L-rh ‘l—-J)dl-ln‘L ‘l—bl)-bm—l.-tllnu. Next, the
22.9-kb serotype l16-specific gene cluster involved in the glycosylati of oligosaccharide was isolated and

sequenced. The cluster contained 17 apenmdllgfnnu (ORFs) Based on the d-lhﬁr_yoftlndsdnuﬂ
mmmmum-mmnmonhuﬂmimm ding three gl

i Mm.mmmuumm:mhmm
ﬁlmﬂchemlﬂmnﬂggj!ﬁdﬂh@hml&:ﬂt&tnmm@
serotype 16 GPL. Together, the ORFs of this serotype I6-specific gene cluster are responsible for the biosyn-
thesis of serotype 16 GPL.

Mycobacterial discases, such as tuberculosis and infection The cell envelope of mycobacteria is a complex and 1
due to nontuberculous mycobacteria (NTM), are still among  structure. The key feature of this structure is an extraordinarily
the most serious infectious discases in the world, The incidence  high lipid concentration (6, 10). To better understand the
is increasing because of the spread of drug-resistant mycobac-  pathogenesis of MAC infection, it is necessary to elucidate the
teria and the human immunodeficiency virus (HIV) infection/ molecular structure and biochemical features of the lipid com-
AIDS epidemic (16, 17, 30). Mycobacterium avium-Mycobacte-  ponents. Among MAC lipids, the glycopeptidolipid (GPL) s of
rium intracellulare complex (MAC) is the most common among  particular importance, because it shows not only serotype-
isolates of NTM and is distributed ubiquitously in the environ-  specific antigenicity but also immunomodulatory activities in
ment. MAC causes pulmonary and extrapulmonary diseases in - the host immune responses (2, 9, 23). Structurally, GPLs are

both i d and i wompetent hosts, Tt composed of two parts, a tetrapeptide-amino alcohol core and
affects primarily pm:nu with advanced HIV mlcmon MAC " mahk ohgmanchandc (O&E) Cuy-Cy fatty acyl-o-phenyl-
includes at least two mycobacterial species, M. avium and M. D D inc-L-alaninol (p-Phe-n-allo-Thr-
intracellulare, that cannot be differentiated on the basis of tra- n-Ala-- a.ll!uml) is further linked with 6-deoxy talose (6-d-Tal)
ditional physical and biochemical tests (1, 41). and 3,4-di-O-methyl thamnose (3,4-di-O-Me-Rha) at p-allo-

Thr and the terminal L-alaninol, respectively. This type of core

* Corresponding author. Mailing address: Department of Host De- GPL is found in all subspecies of MAC, shows a common
fense, Osaka City University Graduate School of Medicine, 1-4-3  antigenicity, and is further glycosylated at f-d-Tal to form a
Asahi-machi, Abeno-ku, Osaka $45-8585, Japan. Phone: Bl 6 6645 serotype-specific OSE.

3746. Fax: 81 6 6645 3747, E-mail: fujiwara@med osaka-cu ac jp. At 31 distinct s .fic GPLs have been
1S | material for th icle be found - P L rotype-specific e

.um.:;p,lemm e il N0 identified serologically and chromatographically (9). Although
" Published ahead of print on 7 March 2008 the standard technique for differ ion of MAC subspecics

3613

== JU1=



3614 FUJTWARA ET AL

has been serotyping based on the OSE residue of its GPL., the
complete structures of only 15 GPLs have been defined. In
addition to the chemical structures of various GPLs, genes
encoding the glycosylation pathways in the biosynthesis of GPL
have been identified and characterized (12, 21, 31). Epidemi-
ological studies havt shown that MAC serotypes 4 and B are
the most frequently isolated from p and MAC serotype
16 is one of the next mast comman. groups (32, 40). It has been
suggested that the serotypes of MAC isolates participate in
lhelr virulence (29), and thus, understanding of the siructure-

icity relati p of GPLs is necessary. In the present
lludy we demonstrate the complete OSE structure of the GPL
derived from serotype 16 MAC (M. intracellulare ), which has a
unique terminal-acylated-amido sugar, and we characterized
the serotype 16 GPL-specific gene cluster involved in the gly-

1 iy
ales.

cosylation of « ¥

MATERIALS AND METHODS

Bacterial strains snd prep af GFL. M Hulare serotype 16 strain
ATCC 139507 (NF 115) was purchased from the American Type Culture Col-
lection (Manassas, VA). Three clinical isolates of M. imtracellulare serotype 16
(NF 116 and 117) and M. mm&muwm}wnwmmwm
Rescarch Institute of Tub ! Jmn Anti-T
preparation of GPL was perf p ,{l&z‘!ﬁjm
m:rmdeMnmmlemmmmwm
(Difco Laborstories, Detroit, MI] with 0.5% glycerol and 10% Middlebrook
oleic acd-albumin-d <atalase (Difeo) st 3T°C for 210 3 weeks.
The heat-killed bacteria were sonicated, and crude fipids were extracted with
chioroform-methanol (21, volival). The extracted lipids were dried and hydro-
Iyzed with 0.2 N sodium hydroxide in methanol at 37°C for 2 h. After neutral-

ization with 6 N hyd. ic acid, alkal bie lipids were partitioned by a
layer system of hanol (2:1. volvol) and water. The ocganic
phase was d I and precip wilh acelone 10 remove any
acetone-i ini and glycolipids. The
was by ifugation, dricd, and then treated with &

Sep-Pak silica cartridge (Waters Corporation, Milford, MA) with washing (chlo-
roform-methanol, 95:5, volivol) and elution {ehloroform-methanol, 1:1, volival}
for panial purification. GPL was completely purified by prep thin-layer
chromatography (TLC) of Silica Gel G (20 by 20 cm, 250 m; Uniplate; Anal-
tech, Inc, Newark, DE). The TLC plate was repeatedly developed with chioro-
form-methanol-water (65:25:4 and 60:16:2, volvolivol) until a single spot was
obtained. After exposure of the TLC plate 10 iodine vapor, the GPL band was
marked. and then, the silica gels were scraped off and the GPL was eluted with
chioroform-methanol (2:1, velivol).

of OSE moiety. B climination of GPL was performed with alkaline
borohydride, and the OSE elongsed from p-allo-Thr was released as described
previously (18, 24). Briefly, the GPL was dissolved in ethanol, and an equal
volume of 10 mg/ml sodium borohydride or borodeuteride in 0.5 N sodium
ydroxide was added and then stirred a1 60°C for 16 h. The reaction mixture was
decationized with Dowex SOW-XE beads (Dow Chemical Company, Midland,
MI), collected, and evap d under nitrogen to remove boric acid The
dried residue was parntitioned in two layers of chloroform-methanol (2:1,
volivol) and water. The upper phase was d and |
In these processes. the serotype 16-specific OSE was purified as an oligogly-
cosyl alditol,

MALDI-TOF snd MALDI-TOFTOF MS analyses. The molecular species of
the intsct GPL was detected by matrix-assivted laser desorption lonization-time
ﬁMmmn[mmF m:-nhmmmunt:m.m
Daltonics, Billerica, MA). The GPL was dissolved in (1,
volivol) at a concentration of | mg/ml, |M|u1wnpplledd.lnqh,wlhemph
plate, and then 1 wl of 10 mg/ml 25-dihyd ic acid in
methanol (1:1, volivol) was added as a matrix. The intact GPL was analyzed in
the reflectron mode with an accelerating voliage operating in & positive mode of
20 kV (). Then the fragment pattern of the OSE was analyzed with MALDI-
TOF/TOF MS. The OSE was dissolved in ethanol-water (3:7. volvol), and the
matrix was 10 mg/ml 2.5-dihydroxybenzoic acid in ethanol-water (3.7, volivol)
The OSE and the matrix were applied 10 the sample plate according to the
method for intact GPL and analyzed in the lift-lift mode.

J. BACTERIOL.

GO and GC-MS snalyses of carbobydrates sod N-scvisted short-chuin tacry
acid To d the ghycosyl position and linkage position. gas chroma-
|ﬂ|ﬂp|lr(0f.‘ludl:icu5m|}mod'mm methylated alditol scetate de-
rivatives were peri was d by the modifh

d 'll' d p Iy (18, 20). Briefly, the dried OSE
tudmwhammm:nf" iyl sulfoxide and sodium hydroxide, and
deuteromethyl iodide was added. The reaction muoiure wis stired at foom
twpmluuwlsmlnmmnmuuudchmnhmmm The chio-

vl OSEh;mm i ‘wuhedmh
water two times, and then letely evap Partially d
alditol acetates were prep from perd ﬂﬁEhr""
with 2 N triflunroacetic acid ot 120‘C for 2 h, reduction with 10 mg/mi sodium
barodeuteride a1 25°C for 2 h, and acetylation with acetic anhydride ar 100°C for
I b (& 18, 25) To identify amino-linked farry acids, acidic methanolysis of
scrotype 16 GPL was performed with 125 M hydrogen chloride in methanol
(Sigma-Aldrich, St. Louis, MO) at 100°C for 90 min, and the farty ncid methyl
esters were exiracied with n-hexane under the cooled iwe. GC was performed
wsing a 3890 series |l gas chromatograph (Hewlen Packard, Avondale, PA}
equipped with a fuscd SPB-1 capillary column (30 m, 0.25-mm inner dameser;
Supelco Inc., Belhl‘om:,FM Helium was used for electron impact (E1)-MS and
for jon (CI1MS as & carrier gas. A JMS SX102A
double-focusing mass spectrometer (JEOL, Tokyo, Japan) was connected 10 the
gas chromatograph a5 & mass detector, The molecular separator and the jon
source energy were 70 eV for E1 and 30 eV for C1, and the accelerating volage
was B kV. The p and i configurations of Rha residues were determined by
comparative GC-MS analysis of trimethylsilylated (5)- («]u: butyl gi,unmn
and (R)-{=)sec-butyl glycosid d from an auth dard 1-Rha
(19).

NMR analysis of GPL. The GPL was dissolved in chloroform-d (CDOL,)-
methanal-d, (CD,0D) (21, volivol). To define the anomeric configurations of
each glycosyl residue, 'H and 'C nuclear magnetic resonance (NMR) was

4. Both h cl p y (COSY) and 'H-de-
tected ['H, C] b clear multiple (HMOQC) were
recorded with & Bruker Avance-600 (Bruker BioSpin Corp.. Billerica, MA), as
described previousty (9, 18, 24, 34).

Construction of M. intracellulare serotype 16 cosmid library, A cosmid library
of M. intraceliulare serotype 16 strain ATCC 139507 was constructed as described
previously (1) celly were di d ically, and genomic DNA
was § with phenol-chlorof and then p with ethanol.
Genomic DNA randomly sheared into 30- 1o S0-kb fragments in the extraction
process was fractionated and electroeluted from agarose gels using a Takara
Recochip (Takara, Kyoto, Japan). 'nu: DNA tnwnu were rendered blunt
ended using T4 DNA p P and then
were ll'lloéloupnuphuylmd -m-nlpﬂmmrxh: EmIVMEwRVA
Xbal), which were the kind gifts of William R Jacobs. Jr. (Depaniment of
Microbiology and Immunalogy, Albert Eimstein College of Medicine, Bromx,
NY). The cosmid vector pYUBS12 is uEthnnﬁumi’-Mmhrm shuitle
wvector with the inranP veg for on into & b | chromo-
some, oriE for replication in £ coli, -meudm
ampicillin resistance gene. After in vitro packaging wsing Gigapack 111 Gold
extracts (Stratagene, La Jolla, CA), recombinant cosmids were introduced (nto
E coli STBL2 [F~ merd A(merBC-hudRMS-mrr) recAl endAl lon gyeA9G thi
supEdd relAl | Allac-proAR)) and stored at ~80°C in 50% glycerol.

Isolation of cosmid clones carrying biosynthesis gene cluster of serotype 16
GPL and sequence analysis, lsolation of DNA from £ coli transductants was
performed as described by Supply et al, with modifications (39). The colonies
were picked, transferred 10 8 1.5-mi tube containing 50 wl of water, and then
heated at 98°C for § min. After centrifugation at 14,000 rpm for § min, the
supernatant was used as the PCR template. PCR was used to solate coamid
clones carrying the rhamnosyitransferase (mf4) gene with primers rtfA-F (5T
TTTGGAGCGACGAGTTCATC-3') and iifA-R ($-GTGTAGTTOACCACG
CCGAC-3'), mfA encodes an enzyme responsible for the tranafer of Rha 1o
&-d-Tal in OSE (14, 31). The insert of cosmid clone no. 253 was sequenced using
a BigDye Terminator, version 3.1, cycle seq g kit (Applied Biosy
Foster City, CA) and an ABI Prism 310 gene analyzer (Applied Biosystems). The
putative function of each open reading frame (ORF) was identified by similarity
searches between the deduced amino acid sequences and known proteins using
BLAST (httpwww.ncbi.alm.aih.gov/BLAST/) and FramePlot (http:/weww,nih
£0.jp/~jun/cgi-binframeplot.pl) with the DNASIS computer program (Hitachi

. Y Japan).

of M. avium 1 strain with cosmid clone no. 253, An
M. aviwm serotype | strain (NF113) was transformed with pYLU/B412-cosmid
clone no. 253 by P and hyge i istani colonies were so-
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FIG. 1. TLC patterns and MALDI-TOF MS spectra of scrotype 16 GPL. (A) § pe 16 GPL purified from M. ATCC 139507

(NF 115) and the alkaline-stable lipids derived from ATCC 13950" and two clinical isolates (NF 116 and 117) from left 1o right were developed
on TLC plates with solvent systems of chloroform-methanol-water (65:25:4 and 60:16:2, volvolivol). (B) The MALDI-TOF MS spectra were

fml 2.5-dibyd -

ic acid in chl

I (1:1, volivol) as a matrix, and the molecularly related ions were

acquired using 10

detected as [M+Na]”® in positive mode. [ntens, intensity; &.u.. absorbance units.

and GFLs were imed

lated. Alkaline stable lipids were prep
by TLC and MALIDI-TOF MS analyses.

Nucleotide sequence accession number. The nucleotide sequence repored
here has been deposited in the NCBI GenBank datshuse under accession no
ABISSIM

RESULTS

Purification and molecular weight of intact GFL. Scrotype
16 GPL from M. inracellulare ATCC 13950" (NF 115) was
detected as a spot by TLC, and the R, values were 0.35 and 056
when developed with chloroform-methanol-water (60:16:2 and
65:25:4, volivolivol, respectively). Two clinical isolates of M.
intracellulare, NF 116 and 117, had serotype 16 GPLs that
showed the same R, values as the serotype 16 GPL derived
from strain ATCC 139507, The serotype 16 GPL of M. intra-
cellulare strain ATCC 13950" was purified repeatedly by TLC
and was shown as a single spot by TLC (Fig. 1A). The MALDI-
TOF MS spectra of each serotype 16 GPL showed m/z 1969 for

tion time and GC mass spectra (Fig. 2) with the alditol acetate
derivatives of the ype 16 GPL sh d the p of
34-di-0-Me-Rha, 4-0-Me-Rha, Rha, 6-d-Tal, and an un-
known sugar residue (X1) in a ratio of approximately 1:1:2:1:1.
The alditol acetate of X1 was eluted at a retention time of 29.3
min, greater than that of glucitol acetate on the SPB-1 column.
The CI-MS spectrum of X1 was [M+H]™ at miz 520 as a
parent ion and miz 460 as a loss of 60 (acetate), The fragment
jons of X1 sugar showed characteristic patterns in EI-MS. miz
360 indicated the cleavage of C-3 and C-4, and m/z 300, 240,
and 180 were fragmented with a loss of 60 (acetate). Similarly,
miz 374 indicated the cleavage of C-2 and C-3, and m/z 314 and
254 were fragmented with a loss of 60 (Fig. 3A and B). These
results indicated that X1 was 3,6-dideoxy hexose (Hex). The
odd molecular weight of X1, 519, and m/z 187, 127, and 59
implied the presence of one amido group esterified with a
short-chain fatty acid, possibly. After methanolysis of yp
16 GPL, the resultant fatty acid methyl esters were extracted
fully and analyzed by GC-MS. The EI-MS spectrum of a

[M-+Na]* as the main molecularly related ion in p
mode, with the homologous ions differing by 14 mass units at
1,955 and 1,983 (Fig. 1B). As a result, the main molecular
weight of serotype 16 GPL was 1,946, which implied that it has
a novel carbohydrate chain elongated from p-allo-Thr.
Carbohydrate compasition of serotype 16 OSE. To deter-
mine the glycosyl positions of ype 16 OSE, alditol
acetate derivatives of the serotype 16 GPL were analyzed by
GC and GC-MS. The structurally defined serotype 4 GPL was
used as a reference dard (9, 35).C of the reten-

p

short-chain fatty acid methyl ester showed mass ions at m/z 176
([M]°). 145 ([M-31]"), 117 ([M-59]"), 99, B8, 85, and 59 (Fig.
3C) (33, 37). Taking the results together, X1 was structurally
determined 1o be 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido-3,6-dideoxy-Hex.

Glycosyl linkage and sequence of serotype 16 OSE. To de-
termine the glycosyl linkage and sequence of the OSE, GC-MS
of perd hylated alditol and MALDI-TOF/
TOF MS of the oligoglycosyl alditol from serotype 16 OSE
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(A) Serotype 4
el d 8.3 ,4-di-O-Me-Rha
= bile b. 4-O-Me-Rha
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FIG. 2. Gas chromatograms of the alditol acetate derivatives from
serotype 4 (A) and serotype 16 (B) GPLs. Total ion chromatograms
(TIC) are shown. GC was performed on an SPB-1-fused silica column
with a temperature program of 160°C for 2 min, followed by an in-
crease of 4°C/min 10 220°C, and holding at 220°C for 15 min. Com-
panson to the GC spectrum of serotype 4 GPL shows that serotype 16
GPL is composed of 3,4-di-0-Me-Rha, 40-Me-Rha, Rha, 6-d-Tal,
and an unknown X1 sugar residue.

were performed. As shown in Fig. 4, the GC-MS specira of
perdeuteromethylated alditol acelates were assigned four ma-
jor peaks, 1.34.5-terra-O-deuteromethyl-2-O-acetyl-6-deoxy-
talitol (m/z 109, 132, 154, 167, and 214); 2,4-di-O-deutero-
methyl-13,5-tri-O-acetyl-rhamnitol (m/z 121, 134, 205, 240, and
253); 2-0-d hyl-4-0-methyl-1,3 5-tri-O-acetyl-rham-
nitol (m/z 121, 131, 202, I.I1d 237); and 2,4-di-O-deuteromethyl-
1,5-di-0- acl:l)ri 3-2' mclhyl -3"-0-deuteromethyl-4 'methoxy-
lo-3,6-dideoxy 1 (miz 121,
134 and 34!) These rcsulu revealed that the 6-d-Tal residue
was linked at C-2; Rha and 4-0O-Me-Rha were linked at
C-1 and C-3; and the tlunrcducing terminus, 3-2'-methyl-3'-
hydroxy-4" h yl-amido-3,6-dideoxy-Hex, was
C-1 linked. The MALDI -TOF/TOF MS spectrum of the oli-
goglycosyl alditol from serotype 16 OSE afforded the expected
molecular ions [M+Na]™ at m/z 931, together with the char-
acterstic mass incremenls in the senies of glycosyloxonum ions
formed on fragmentation at m/z 312, 472, 618, and 764 from
the terminal sugar N-acyl-Hex to 6-d-Tal and at m/z 336, 482,
and 642 from 6-d-Tal 10 N-acyl-Hex (Fig. 5). Rha resid
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100 127
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E ™
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FIG. 3. EI-MS and CI-MS spectra of the alditol acetate derivative
from X1 (A and B) and N- .cyialed -short-chain fatty acid nmhyl ester
(C). The pattern of p ions is ll d. The CG
column and condition were described in the legend for Fig. 2.

"H-detected |'H, "*C] two-dimensional HMQC, the anomeric
protons resonating at 84.93,4.92, 4,92, 4,84, 4.65, and 4 51 have
C-1s resonating at 5101,57, 95.73, 101.40, 102.56, 100.97, and
103.36, respectively (for a summary, see Table S1 in the sup-
plemental material). The J,, values for each of these protons
were calculated to be 171, 170, 171, 170, 169, and 161 Hz by

of the i d ion nondecoupled two-di-

were determined to be in the L absolute configuration by com-
parative GC-MS anal of trimethylsilylated (8)-( + )-sec-bu-
1yl glycosides and (R)-(~ }-sec-butylglycosides (see Fig. 51 in
the supplemental material). Taken together, these results es-
tablished the sequence and linkage arrangement 3-2'-methyl-
3'-hydroxy-4'-methoxy-pentanoyl-amido-3,6-dideoxy-Hex-(1 -
3)-4-0-Me-Rha-(1—3)-.-Rha-(1—3)-L-Rha-{1—2)-6-d-Tal, ex-
clusively.

NMR analysis of serotype 16 OSE. The '"H NMR and '"H.'"H
COSY analyses of the serotype 16 GPL revealed six distinct
anomeric protons with corresponding H1-H2 cross peaks in
the low field region at 54.93, 492, 492, 484, 465 (J, ;= 2 10
3 Hz. indicative of a-anomers) and 4.51 (a doublet, J, ; = 7.7
Hz, indicative of a B-hexosyl unit). When further analyzed by

mensional HMQC (Fig. 6). These results established that the
terminal amido-Hex was a B configuration and the others were
a-anomers.

Cloning and sequence of serotype 16 GPL biosynthesis clus-
fer. To isolate the serotype 16 GPL biosynthesis cluster, the
genomic cosmid library of M. intracellulare serotype 16 strain
ATCC 139507 was constructed. Primers were designed 1o am-
plify the region corresponding to the rifd gene. More than 300
cosmid clones were tested using colony PCR with rtfd primers,
and the positive clones no. 51 and 253 were isolated from the
E. coli transductants. PCR analysis revealed that clone no. 253
contained a drrC gene but that clone no. 51 did not. Thus, we
used clone no. 253 for sub \ lysis for the
gtfB-drrC region. The 22.9-kb region 0[ M. intracellulare sero-




VoL 190, 2008 STRUCTURE AND BIOSYNTHESIS OF SEROTYPE 16 GPL 817
PP o in (A) 6-0-Tal HC—0CD, ‘132
w0 - Fa5
00T - H? OAc 154
00000 - _He-0CD, 1674,
oo | 184 109 HC-0CD, 214
e g L | L 's7 1m0 au 62 HC-0CDy
s l al a h | R S i !
] 100 120 ) 180 00 CHy
Atnraron 121 (B) Rha D
4 bt a5 _,_,,,_,‘.F‘E‘?;.,_
1200000 4
2, oW 240
il IALA ll o AR 2 ll it
[ a0 3 ne e 280 ™
e
oy 1t (C) 4-O-Me-Rha
: 1
0 104 I 237
k] w2
ol ie. Ah J| 1[ w R [1
® e wm w0 WO W anu o M

(D) 3-acylamido-3 6-dideoxy-Hex

%mm |

d aldito] acetate derivatives from serotype 16 OSE. The formation of prominent
10 1,3,4.5-tetra-0-deuteromethyl-2-O-acetyl-6-deoxy-talitol (A), 4-di-O-deuteromethyl-

FEGlGCMSlpu:lnnf dividual ] byl
ons is ill were

5]
I'h?—cw:
HC-OCDy a2
347 -N—-C CH CH CH=CH,
I _oco
oo HtI:—OAn
CHy

1.3.5 tn-0-acetyl- rhnmmml [B;. Z-O-deutemmcu‘;;l-d-{.l -methyl- 1.3.5 tn-0-acetyl-thamnitol (C), and 2,4-di-O-deuteromethyl-1 5-di-0-acetyl-3-

2'-methyl-3'-0-d y-p

type 16 ATCC 13950" was deposited in the NCBI GenBank
database (accession no. AB355138). The similarity to protein
sequences of each ORF is summarized in Table 1, and the
genetic map for the serotype 16 GPL biosynthetic cluster was
compared with those of serotype 2, 4, and 7 GPLs (Fig. 7). The
etfB and drrC genes of M. intracellulare serotype 16 ATCC
13950" had 99.8% and 83.7% DNA identities with those of M.
intracellulare serotype 7 ATCC 35847, respectively. In the
DNA region between gif B and drrC (20.8 kb), 17 ORFs were

do-3,f-dideoxy-hexitol (D).

possibility that the functions of ORF 3 and ORF 6 are Lo
encode methyltrans and fi respectively.
The deduced amino acid sequences of ORF 4 and ORF 5
showed significant similarities to the WxcM protein, the func-
tion of which is not clear. Interestingly, the deduced amino
acid sequences of ORF 16 and ORF 17 of serotype 16 were
homologous to ORF 9 of serotype 7. ORFs 1, 16, and 17 have
considerable homology to glycosyltransferases. Nine ORFs,
which are possibly involved in fatty acid synthesis, were de-
tected b ORF 7 and ORF 15. It is notable that ORF 13

observed. Four ORFs (ORF 1, 2, 16, and 17) were h logous
10 those found in the same region of serotype 7-specific DNA,
and the others were unique to the serotype 16 strain. No
insertion of insertion elements or transposons was detected in
this region. The nucleotide sequences of the ORF 1 and ORF
2 in serotype 16 strain ATCC 139507 were homologous to
those of ORF 1 and ORF 8 in serotype 7, respectively, sug-
gesting that these two ORFs have the same function. The
similarity of the deduced amino acid sequences suggested the

had a chimeric structure. The N-terminal half of ORF 13
showed similarity to phosphate butyryl/acetyl transferases,
but the C-terminal half showed similarity to short-chain
reductase/dehydrogenases. These results suggest that this
region of DNA is responsible for the biosynthesis of the
serotype 16-specific GPL.

Expression of cosmid clone no. 253 in M. avium serotype 1
strain, The OSE of serotype 1 GPL was composed of a-L-Rha-
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_ FIG. 5. MALDI-TOF/TOF M$ spocsrum of serotype 16 OSE. The

of a ch ions is il
The matrix was 10 mg/m| Z.S-dnhydm:ybcnm acid in ethanol-water
(3:7, volivol), and it was performed in the lift-lift mode. Intens.. inten-
sity: a.u., absorbance units.

(1=+2)-6-d-L-Tal (9). The M. avium serotype 1 strain (NF113)
was transformed with cosmid clone no. 253 containing a sero-
type 16-specific gene cluster and produced a new GPL with &
different R, value by TLC compared to serotype 1 GPL (Fig.
BA). The R, value of the new GPL was identical to that of the
serotype 16 GPL. The molecular weight of intact GPL, the
fragment pattern of its OSE, and the GC patiern of the alditol
acetate derivatives were completely equivalent to those of the
serotype 16 GPL (see Fig. 52 in the supplemental material), As
a result, the transformant of the serotype 1 strain expressed the
cosmid clone no. 253 gene cluster and produced the serotype
16 GPL.

DISCUSSION

MAC species have serotype-specific GPLs that are charac-
teristic components of the outer layer of the cell wall (6, 9). In

1. BACTERIOL,

iL,.',_!.T-_....__i_J_ —,:iH.‘“

| L] I
pom 81 80 48 48 47 48 45 a4 43 427"

FIG. 6. Nondecoupled 'H-detected ['H, *C] HMQC spectrum of
serotype 16 GPL. Cross-peak labels correspond to those shown on the
structure.

serotype 17 GPL was 3-2'-methyl-3'-hydroxy-butanoyl-amido-
3,6-dideoxy-p-p-Gle-(1—3)-4-0-methyl-a-L-Rha-(1—3)-a-L-
Rha-(1-+3)-a-1-Rha-(1-+2)-6-d-L-Tal (9, 25). Based on the be-
havior of GPLs in TLC and the GC-MS analysis of alditol
acetate derivatives, serotype 16 GPL seems 1o possess a unique
carbohydrate epitope similar to that of serotype 17 GPL. We

addition to their serological differentiation, the ct | struc-
tures of 15 serotype-specific GPLs derived from the predomi-
nant clinical isolates have been analyzed: however, those of
other GPLs remain unclear. The present study demonstrates
the chemical siructure of the serotype 16 GPL derived from
M lmmuiiuhm We determined the glycosyl composition,

compared the OSE of serotype 16 GPL to that of serotype 17
GPL. The acylated amido group that was bound to the termi-
nal sugar was different, although the linkage position was iden-
tical. Except for the terminal-acylated amido sugar, the other
sugar compositions and glycosyl linkage positions were com-
pletely identical. An acylated amido group attached to the C-3

. and ic and ring fig of of Hex is very unusual. To our knowledge, 3-amido-
the glymyl ﬂ::ldues of the serotype 16 GPL, and its OSE Hex is rrregullr in nature, although 2- atmdu—Hex is knm tn
was defined as 3-2' hyl-3"-hydroxy-4"-methoxy-p wl- be glucc or galactc ine, which 1s frequently !

am idn-3.ﬁ-didwxy-p—l-le:-(l—a3 )-4-O-mell|yla-r.-nha-{ I—-S)-n-
t-Rha-(1—3}-0-L-Rha-(1-+2}-6-d-a-L-Tal (Fig. BB). The sero-
type 16 GPL should be listed as a group 2 polar GPL in the
structural classification of Chatterjee and Khoo (9).

The GPLs of serotypes 7, 12, 17, and 19 have already been
classified as group 2 GPLs, which are commonly composed of
R—+a-1-Rha-(1—+3)-a-L-Rha-(1—2)-6-d-L-Tal (R, variable re-
gion), possessing a characteristic terminal sugar such as N-acyl-
deoxy-Hex. Indeed, the presence of an amido sugar has been
reported in only five GPLs, serotypes 7, 12, 14, 17, and 25 (8,
9, 1B). It has been determined that the OSE structure of the

as a component of Iipopolysacchnndes and glycosaminoglycans
in prokaryotic and eukaryotic cells (7, 42). Further, existence
of short-chain fatty acid 2-methyl-3-hydroxy-4-methoxy-penta-
noic acid linked 1o the amido group of d-Hex is also unique.
The characteristic gene cluster is thought to regulate the pro-
duction of 3-acylated-amido-Hex. It is difficult to determine
the species of acylated amido sugars, because no reference
standard is available. The terminal sugar of the serotype 17
GPL was reviewed as a gluco-configuration, although firm ev-
idence was not shown (9, 25). The Jgyy and J, 5 values for the
anomeric proton in the terminal sugar were 161 and 7.7 Hz,
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TABLE 1. Similarity to protein sequences of ORFs in cosmid clone no. 253 derived from M. intracellulare serotype 16 strain ATCC 139507

Predicted

ORF m”:ﬁ:ll;.r} hﬂ:“ﬂﬂ Exhibits simiarity tor E value M:m':::‘ﬁﬁ::'::” AcEssion no
GuB 456 635 CGlycosyltransferase GUB 0.0 417418 BAF45360
Ord 1 452 6.10 Putative glycosylirans{erase on 416417 HAF45361
Orf 2 TS 851 Putative acyltransferase 0o 557728 BAF45388
O3 30 588 Putative methyltransierase 2e-89 382421 NP_21B(45
Orf 4 15.7 454 Comserved hypothetical protein le-39 29 HADSMO6
Od s 160 465 Conmserved hypothetical protein Se-40 75135 EAX35190
Orf 6 41.1 5 Aminotransferase/DegT_Dar)_EnCl 6c-119 218357 ABDES4U0
Orf 7 408 9.65 Conserved hypothetical protein 2c-89 178304 AASOIS4T
Ord 8 6.7 iR Conserved hypothetical protein 2e-52 116208 CAED6934
Orf 9 223 9.79 Putative N-acetyltransierase dc-14 SH/166 EAU11841
O 10 253 182 Short-chain dehydrogenase/reduciase Te-47 101233 EADO61220
Orf 11 218 605 Putative hydrolase de-24 647196 ABGRSS9
O 12 372 6.50 Ketoacyl-acyl carnier protein synthase 111 3c-55 1267331 EAXA48T1S
O 13 415 112 Short-chain dehydrogenase/reductase 2e-41 97248 ZP_ 01289005
Orf 14 654 470 Predicted enzyme involved in 6e-B5 201575 ABBT35%0

methoxymalonyl-acyl carrier protein

biosynthesis
Orf 15 s0.0 623 Acyl A synthetases 2c-128 233445 EAT27362
O 16 9.1 8.00 Putative glycosyltransferase 2e-106 1967318 NP_8S5197
o 17 377 9.46 Putative glycosyltransferase Be-160 27023 BAF45369
DrerC 286 11.47 Daunarubicin resistance protein C Be-132 2337261 BAF45370

respectively (Fig. 6; Table 51 in the supplemental material).
These results d ated ocally that the terminal
amido-Hex was B configuration and H-2 was in the axial posi-
tion. The terminal amido-Hex is considered to be derived from
glucose or galactose, not Rha.

Next, we explored the genetic mechanism of GPL biosyn-
thesis, because the elongation of carbohydrate chains in sero-
type-specific GPLs is poorly understood. The ser2 gene cluster
of the M. avium serotype 2 strain (31) and a 27.5-kb DNA
fragment of the M. avium serotype 4 strain (28) were identified
to be responsible for the biosynthesis of each OSE in GPLs.

(A) M. avium strain 724

Recently, enzymatic characterizations of glycosyltransferase
and methyltransferase of nonpolar GPLs have been reported
for Mycobacterium smegmatis (36, 38). In the serotype-specific
polar GPL biosynthesis of MAC, only the rif4 gene was func-
tionally clarified to encode the transfer of L-Rha to 6-d-Tal, but
which gene cluster transfers the sugars next 1o L-Rha elongated
from 6-d-Tal is unclear.

In this study, we cloned the biosynthetic cluster of the sero-
type 16 GPL and analyzed its e 5 ORFs were
detected in the serotype 16 slram and the sequence homology
was analyzed. The transformant of the M. avium serotype 1

(serotype 2) OTB COS ApA poPpA NG mond meed pc gED 1521 afA  onC I giycosytransferase
S h b -onmninwmdh
(B) M. avium strain AS o
& n
{serotype 4) w0 o @ A modmedge ' g mp (Y methyiransterase
774 aminctransferase
C) M. intraceliulare
“rTUSSW? FU off off oMl oM off oW o oM oW anC [ acytransferase
(serotype 7) SO AL L ﬂ]]]] otner
1 1 1 " = homologous to sach other
1 J - ="
T P "":":":f"'-"-.-.r..
- --
(D) M. intraceliulare ! : - it T

ATCC 139507
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FIG. 7. Comparison and overview of genetic maps of GPL biosynthetic cluster. The M. avium sirain '1‘24 annotated sequence oblaned

from GenBank (accession no, AF125999) (A); the M. avium strain AS
AY130970) (B); the M. intracellulare ATCC 35847 d in our p

d from GenBank ( no.

study (C Bank no. AB274811) (C): the M.

intracellulare ATCC 139507 sequenced in this study (GenBank accession no AB]SSD&} (D). The orientation of cach gene is shown by the

direction of the arrow. In pancls A and B, RFs not

h

to known p are not dep The
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9 & UF

—107—




3620 FUITWARA ET AL

(A} Cor0. 60162 (B)
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FIG. 8. TLC pattern of M. avium 1 and its

T with cosmid clone no. 253 and proposed complete structure of the serot
16 GPL. (A) The alkaline-stable lipids derived from M. avitm serotype

1 {lane 1), its transformant (lane 2), and punfied serotype 16 GPL (lane

3) were developed with the solvent system of chloroform-methanol-water (60:16:2, volvolivol). (B) Predicied biosynthesis gene cluslers are

indicated by armows.

strain carrying cosmid clone no. 253 produced serotype 16
GPL. These results strongly implied that this gifB-drrC region
is responsible for the biosynthesis of the serotype 16-specific
GPL. From the structural analysis of the serotype 16 GPL and
the sequence of cosmid clone no. 253, it is possible to predict
the relationship between the biosynthesis of serotype 16 GPL
and the function of each ORF.

The genetic map of the serotype 16 GPL biosyntheuic cluster
was compared 1o those of serotype 2 GPL from M. avium strain
724, serotype 4 GPL from M. avium strain AS, and serotype 7
GPL from M. intracellulare strain ATCC 358477 (12, 18, 28).
Significant differences were found in the neighborhood of the
conserved region. The genetic organization of the serotype 16
GPL gene cluster was distinct from that of serotype 7, except
for some of the ORFs, and the ORFs in this region of serotype
2 and serotype 4 were completely different from ORFs 1 10 17
in serotype 16 (Fig. 7).

In addition 1o M. infracellul, pe 7 (18) and serotype
16 strains, we have analyzed similar gene clusters of M. intra-
cellulare serotype 12 and 17 strains. The sequence homology of
the regions of ORF 1 and ORF 17 was highly conserved be-
tween only M. intracellulare serotype 16 and 17 strains (unpub-
lished data). ORFs 1, 16, and 17 may lead to transfer of the two
additional molecules of L-Rha and terminal amido-Hex, ORF
2 was assigned to acyl ferase and may be responsible for
biosynthesis of the 3-2'-methyl-3'-hydroxy-4'-methoxy-pen-
tanoyl-amido group in the terminal Hex. ORF 3 is probably
responsible for the transfer of the O-methyl group at the C-4
position in the third L-Rha from 6-d-Tal. ORF 6 is homologous
to aminotransferase and possibly associated with the biosyn-
thesis of an amido group in the terminal Hex. The deduced
amino acid sequences of ORF 6 in serotype 16 and ORF 4
in serotype 7 have homologies to DegT_Dnr)_EryC1 amino-
transferases. However, these two ORFs are dissimilar to each

other, Serotype 16 and 7 GPLs have an amido group at the
terminal Hex, although the attachment position is different.
The serotype 7 GPL has an amido group at the C-4 position in
the terminal Hex, but the serotype 16 GPL has it at the C-3
position. Nine ORFs between ORF 7 and ORF 135 are possibly
involved in fatty acid synthesis of the acyl chain moiety linked
by an amido bond of the terminal Hex. Taken together, this
gene cluster may participate in the biosynthetic pathway of the
serotype 16-specific GPL, although further study is needed 10
clarify the function of each ORF.

Recent studies suggest that GPLs play an important role in
the ph and pathogenicity of MAC. The colony mor-
phology is considered to be influenced by cell wall GPL. MAC
colony phenotypes spontaneously occur from smooth to rough
type, and this is due to a mutation lacking GPL (3, 13, 22). The
deletion of genomic regions encoding GPL biosynthesis may
result in the loss of GPL. Danelishvili et al. demonsirated that
the uptake by and growth in macrophages of a MAC mutant
with the gene belonging to the GPL synthesis pathway inacti-
vated by transposon insertion were decreased (11). Bhatnagar
and Schorey have reported that macrophages infected with
MAC release exosomes containing GPLs that result in the
transfer of the GPLs to uninfected macrophages and induce a
proinflammatory response (4). These findings imply that GPL
participates in the pathogenicity of MAC. By contrast, our
previous studies have d d that anti-GPL antibodies
are detected in the sera of most immunocompelent patients
with MAC pulmonary disease and that the detection of anti-
GPL antibody is useful for the wsis of MAC di
(15, 26, 27).

To understand the role of GPLs in MAC and its hosts, it is
necessary to define the chemical structure and bmmhws puth-
ways of GPLs. Elucidation of the structure-fi
n{ GPL may open a new avenue for controlling MAC ciuease

F
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Leprosy situation in Vietnam - reduced burden of stigma
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1. Background

a. Country profile

Vietnam, officially the Socialist Republic of
Vietnam, is the easternmost nation on the Indo-
china Peninsula. It borders China to the north, Laos
to the northwest, and Cambodia to the southwest.
On the country’s east coast lies the South China
Sea. The capital of Vietnam is Hanoi and the larg-
est and most populous city is Ho Chi Minh City.
Vietnam, with its 4-level administrative system, is
divided into 59 provinces and 5 province-level cit-
ies, which are further subdivided into districts and
municipalities. Each district or municipality con-
sists of 10-20 communes. Often, the Vietnamese
government groups the various provinces into eight
regions: Northwest, Northeast, Red River Delta,
North Central Coast, South Central Coast, Central
Highland, Southeast and Mekong River Delta. Viet-
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nam extends approximately 331,688 square km in
area. With a population of over 85 million, Vietnam
is the 13th most populous country in the world.

b. Leprosy control system

Vietnam's National Leprosy Control Programme
was established in 1982. The Leprosy control
system had been intergrated into the Health care
system which follows the Administrative system
(Figure 1). The National Institute of Dermato-
Venereology (NIDV) is leading institute respon-
sible to the Ministry of Health (MOH) for skin
diseases, sexually transmitted infections (STIs)
and leprosy control in the whole country. In each
province, there is a Dermato-Venereology Clinic,
vertically under the NIDV, covering these three
fields at provincial level. Dermato-Venereological
activities including leprology work are integrated
into general health system at district level. At the
district's Social Diseases Unit in endemic zones,
several practitioners are specially trained to work
exclusively in leprosy field whereas in less endemic
district, they are in charge of some contagious
diseases such as leprosy, tuberculosis, malaria,
HIV/AIDS, etc. In each commune that includes 2-5
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villages with 1,000-3,000 people, leprosy as well
as other social diseases are managed by one or two
health workers. Because of poor infrastructure at
Communal Health Stations, their main work is to
refer suspect cases for diagnosis confirmation, to
treat and follow up confirmed cases. Antileprosy

drugs are stored at any levels, from central to local.

2. Leprosy control activities in the period
1975 - 2006

Dermato-Venereology profession network was
established in 1975, immediately after the country's

reunion and antileprosy was one of its main respon-

sibilities. A patchy strategy was initially adopted
for leprosy elimination activities due to lack of hu-
man and financial resources. A total of 21 special
projects such as Leprosy Elimination Campaigns
(LEC) and Special Action Projects for Elimina-
tion of Leprosy (SAPEL) were implemented from
1975, covering more than 2.1 million inhabitants.
The projects led to the delection of 1920 new
cases and helped clear some leprosy epidemicity
pockets, mainly in the central highland and some
southern provinces. Because leprosy activities did
not cover the whole country, no exact data (preva-
lence, incidence, etc) was recorded at national level

before 1982 but estimated prevalence rate of lep-

Administrative system Health care system Leprosy control system
Government
MOH
Provincial
People’s NIDV
Committee
Provincial
Health
District cuidkiid Dermato-
People’s venereology
Committee Clinic (including
|
District corosy)
Health
Service
Communal Social Diseases
People’s Unit (including
Committee leprosy)
Communal
Health
Station
Social Diseases
L Health Workers
(including
leprosy)

Figura 1. Leprosy control system according to health care and administrative system
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rosy was 6 - 7/10,000 population in 1975. Most of
patients moved into leprosaria and leprosy villages
despite of the fact that there was no segregation
law. MDT implementation started in 1983 result-
ing in dramatic reduction of prevalence rate with
nearly 30,000 patients had completed treatment
by the year 1995. In early 1990s, leprosy control
system was reformed and strengthened with effec-
tive supports from international bodies. Thank to
effective antileprosy activities, WHO's elimination
goal (prevalence rate < 1/10,000 population) was
achieved at national level in 1995 (Figure 2) and
Vietnam launched its own elimination target of lep-
rosy which are stricter that those were brought out
by WHO, including 4 criteria:
- Prevalence rate is less than 0.2/10,000 population
in 3 consecutive years
- Case detection rate is less than 1/100,000 popula-
tion at the time of surveillance
- Grade 2 disability proportion among new cases is
less than 15 %
- 20% of community leaders, health workers and
high school pupils are randomly chosen for an
interview; all of them have basic knowledge on

cases per 10,000
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leprosy.
In order to achieve these criteria, following solu-

tions have been carried out:

a. Strengthening the leprosy control network

from central to local levels

- extending antileprosy network to all provinces,
including provinces with low prevalence rate

- building one referral center for each province or
several nearing provinces

- building 3 leprosy and dermatology regional hos-
pitals which are responsible for confirming diffi-
cult cases, managing persistent leprosy reactions,
doing reconstructive surgery...

- holding retraining courses for leprosy control
staff including practitioners, technicians, nurses
and village volunteers

- promulgating legislative documents to encourage
people working in leprosy field

b. Improving community awareness with |[EC
(Information, Education and Communica-
tion) activities
IEC, as experiences of some countries, plays a

population
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Figure 2. Prevalence rate of leprosy (1995 - 2006)
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