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Southern blot were prepared by using a Roche DIG
labelling kit (Roche) according to the instructions.

2.3. Counstruction of suicide vector containing fap$-
disrupted sequences

To generate the non-polar mutation in the gene en-
coding FAP of M. smegmatis (named as fupS), suicide
vector containing DNA fragment flanking the fapS gene
and kanamycin resistance cassette was constructed. A
3.0 kb fragments both upstream and downstream to
fapS gene was amplified from M. smegmatis mc®155
genomic DNA using the following two pairs of primers,
for upstream; US! (including Hind III site) and UA1
(including Xba 1 site); for downstream DS1 (including
Xbal site) and DAl (including Kpn'I site). The PCR
products were digested with restriction enzymes and
cloned itito Hind II-Xba I and Xba I-Kpn I site of
pUC19 to give pUDFAP. The kanamycin resistance
cassette, a selective marker of integration, was excised
from pMV261 with Hind III and Spe I and cloned into
corresponding sites of pBluescript II SK (+). The re-
sulting plasmid was digested with Kpn I'and Xba I, and
derived fragment was cloned into the corresponding
sites of pUC19. The 1.1 kb Hind UI fragment harboring
kanamycin resistance cassette was then cloned into
pUDFAP to create the plasmid, pUDFAPKm, carrying
the disrupted sequences.

2.4. Generation of the fapS-disrupted strain

The two-step recombination was conducted to dis-
rupt the fapS gene located on the M. smegmatis chro-
mosome. The suicide vector pUDFAPKm was
introduced into the M. smegmatis mc?155 by electro-
poration, and single crossover strains (plasmid-inte-
grated transformants) were selected on the 7H10 plate
containing 25 ug/m! kanamycin. A kanamycin-resistant
colony was subjected to repeated cultivation in the 7HS
" medium without kanamycin to excise the pUC19 region
and kanamycin resistant cassette through the second
crossover event. After several subcultures, the kanamy-
cin-sensitive clones were selected and their genomic
DNA was subjected to Southern blot and PCR analysis
using the primers U? and D1 to confirm the disruption
of the fapS gene.

2.5. Construction of the FAP expression vectors for
complementation

The fapS (FAP-S) gene and its homologous gene of
FAP-B (M. bovis BCG), FAP-L (M. leprae) and FAP-A
(M. avium) were used to construct the expression vector
for complementation of fapS-mutant. Four genes were
amplified from each genomic DNA with following
primers; S1 (including Hind III site and start codon) and

52 (including Cla I site and stop codon) for fapS, Bl
(including BamH 1 site and start codon) and B2 (in-
cluding EcoR 1 site and stop codon) for FAP-B, LI (in-
cluding Bam¥ 1 site and start codon) and L2 (including
Pst 1 site and stop codon) for FAP-L, and Al (inctuding
EcoR 1 site and start codon) and A2 (including Cla I site
and stop codon) for FAP-A. The PCR products were
digested with each restriction enzyme and cloned into the
corresponding sites of pMV261. The expression cassette,
consisting of Asp60 promoter, the FAP gene and tran-
scriptional terminator, were excised with Xba I and Nhe 1
and inserted into X&al site of pMV306kan (kindly gifted
from Dr. W.R. Jacobs, Jr.), a site-specific integrating
mycobacterial vector, to give complementation vector
pFAPS, pFAPB, pFAPL and pFAPA, respectively.
These vectors were introduced into the fapS mutant by
electroporation. Transformants were selected on the
7H10 plate containing 25 pg/ml kanamycin.

2.6. Morphological observation

The wild type, mutant strain and its complemented
strains were cultured for two days in 2 ml of Middle-
brook 7H9 broth. Aliquots of cultured. broth were
stained by Ziehl-Neelsen method and the bacteria was
morphologically examined under light microscopy
BX60 (Olympus). The images were acquired using a
microscope digital camera DP50 (Olympus) and View-
finder Lite software

2.7. Assessment of cell surface hydrophobicity

The hydrophobicity of the bacteria was assessed by
measuring the adherence of bacteria to hydrocarbons, »-
hexadecane and xylene, as previously described with
some modification [11,18]: Briefly, the 0.5 ml of n-hex-
adecane or xylene was added to the test tube containing
2.0 ml of phosphate buffered saline (PBS)-washed bac-
terial suspension, of which ODgs titer was adjusted .at

~ 1.0, and vigorously mixed using vortex for 1 min. After

standing at room temperature for 20 min, the absor-
bance (ODgsp) of the lower aqueous phase was mea-
sured. The hydrophobicity of bacteria was evaluated by
calculating the reduction of absorbance values. The
hydrophobic bacteria are assumed to remain in upper
phase because of adhesion to hydrocarbons.

Congo red binding assay was also conducted to mea-
sure the bacterial hydrophobicity [11,19]. The bacteria
was cultured for two days in 5 ml of Middlebrook 7H9
broth supplemented with the Congo red (100 ug/ml). The
cells recovered from cultured broth were washed with
PBS to-eliminate unbound Congo red completely, and
then resuspended in 0.2 ml of acetone. After gently
shaking for 2 h, cells were pelleted by centrifugation and
the concentration of Congo red released from bacteria
into supernatant was measured spectrophotometrically

_'56_
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at 488 nm. The relative binding index was defined as the
ODygz of acetone extract divided by ODgsp of the or1gmai
broth after certain period of cultivation.

2.8. Isolation and analysis of lipids

Total lipids were extracted from 50 ml of bacterial
cell with CHCl3/CH3OH (2:1, v/v) for several hours at

room temperature. The lipid extracts from the organic_

phase were separated from the aqueous phase and
evaporated to dryness. For analysis of GPLs, the lipids
extracts were subjected to mild alkaline hydrolysis as
previously described [20]. Total lipids and GPLs were
analyzed by thin layer chromatography (TLC) on silica
gel 60 plates (Merck) using CHCly/CH;0H/H2O
(30:8:1, v/viv) and CHCIl3/CH3;OH (9:1, v/v) as solvent
respectively and visnalized by spraying with a solution
of 10% H;S04 and subsequent charing. :

2.9. Statistical analysis

Students’ ¢ test was applied to demonstrate statisti-
cally significant differences.

3. Results
3.1. Sequence analysis of fapS gene

The gene data base analysis of FAP-L (ME20355) and
FAP-B (AF013569) indicated that the putative ORF of

FAP-S
FAP-A
FAP-B
FAP-L

FAP-8
FAP-A
FAP-B
FAP-L

FAP-8
FAP-A
FAP-B
FAP-L

FAP-S
FALP-A
FAP-B
FAP-L

FAP-S
FAP-A
FAP-B
FAP-L

FAP-8
FAD-A -
FAP-B
FAP-L ---

FAP, designated as fapsS, was located between 1,810,474
and 1,811,535 bases of contig 3310 of the unfinished M.
smegmatis genome database of in the Institute for Ge-
nomic Research (http://www.tigr.org). As shown in
Fig. 1, the BLAST search analysis of the amino acids
sequences of various FAP indicated that the homology
of FAP-S with FAP-B (AF013569), FAP-A. (U53585)
and FAP-L (ML2055) was 51%, 48% and 47%, respec-
tively. The homology was confirmed by FASTA pro-
gram. We deduced the fibronectin-binding region of
M. smegmatis FAP by homology analysis to that of
M. avium and M. bovis BCG which were previously
described [21].

3.2. Disruption of fapS gene

For the functional analysis of the FAP in M.

| smegmatis, the fapS gene was disrupted by the homol-

ogous recombination using the suicide vector. From the
kanamycin-resistant isolates, MF96 was isolated as the
putative mutant (Fig. 2). Southern blot analysis was
performed on EcoR I-digested chromosomal DNA from
wild type M. smegmatis and mutant strain MF96 to
reveal the target gene disruption. Two different probes
corresponding to ‘the sequences in upstream (P1) and
downstream (P2} of the fapS region were constructed

(Fig. 2(a)). The probes P1 and P2 hybridized to the

predicted 2.4 kb and 2.8 kb EcoRI fragments of the wild
type strain, respectively, while both probes hybridized to
sole 4.2 kb fragment in the strain MF96. The fapS gene
disruption was further confirmed by using PCR analysis,

Fig. 1. Alignment of deduced amino acid sequences of fapS gene product (FAP-8) with FAP-A (M. quvium), FAP-B (M. bovis BCG) and FAP-L (M.
leprae). The amino acids identical to those of FAP-S are indicated by black boxes. The putative sequences of fibronectin-binding region are shown in

gray background.
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Fig. 2. Disruption of fap$ gene. (a) Schematic diagram of the faps

region on the chromosome of wild type M. smegmatis (mc?155) and.

the mutant strain MF96. The position of the two hybridization probes,
P1 and P2, are also shown. The arrows indicate the primers (U1, D1)
used for PCR analysis. (b) Southern blot analysis of wild type (lane 1)
and strain MF96 (lane 2). Chromosomal DNA was digested with
EeoR T and hybridized with probe P1 and P2. C, PCR analysis of wild
type (lane 1) and the strain MF96 (lane 2) using the primers indicated
above,

in which the primers (U1 and D1) were constructed
outside the fapS gene. As expected, while 1.4 kb frag-
ment was amplified from wild type, 0.4 kb fragment was
revealed by strain MF96. The size difference between the
strains (1.0 kb) indicated that most of fapS gene was
deleted.

3.3. Morphology of fap8 mutant

The fapS mutant, cultured in liquid medium, showed
a morphological change. Observation by the light mi-
croscopy revealed that the strain MF96 bacteria
clumped together (Fig. 3A(b)), whereas most of wild
type cells grew as a single cell and distributed equally in
the field (Fig. 3A(a)). The strain MF96 cells quickly
settled down to the bottom of the tube, whereas wild
type remained dispersed in the broth (Fig. 3B). How-
ever, aggregation of strain MF96 was not attributable to
the growth rate, moreover no differences were observed
between MF96 and wild type strain in the colony mor-
phology (data not shown), In order to confirm that the
enhanced aggregation of strain MF96 was induced by
the disruption of fapS gene, fupS gene was comple-
mentarily introduced into the fapS mutant (Fig, 4). The
strain MF96 was transformed with the vectors
containing each expression cassette of the FAP from

A (a) . (b)

Fig. 3. Morphological observation of wild type (a) and mutant strain
MF96 (b). (A} Light microscopic observation of cultured broth diluted
1:100 in PBS containing 0.2% skim milk followed by Ziehl-Neelsen
staining. Magnification, 1000x. (B) Cultured broths left for 1 h
without shaking.

(a) B () {e)

{d) (e) N

Fig. 4. Complementation experiment. Observation of wild type (a) and
mutant strain MF96 transformed with pFAPS (b), pMV306kan (c),
pFAPL (d), pFAPB (¢} and pFAPA (). All cultured broths were left
for 1 h without shaking. :

M. smegmatis, M. leprae, M. bovis BCG and M. avium,
and their expressions in the complemented MF96 strains
were confirmed by Western blot analysis of cell wall
fractions obtained by disrupting the cell wall using
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Mini-BeadBeater. The level of FAP expression was
similar among the complemented strains (data not
shown). The monoclonal Ab used in the Western blot
solely reacted with cell wall fraction. The strain MF96
lost the property to aggregate each other by transfor-
mation with parent M. smegmatis-derived FAP gene
{(pFAPS). However, the strains transformed with other
mycobacterial FAP expression vectors did not reverse
the aggregation property, and they were similar to the
strain MF96 which were transformed with a control
vector (pMV306kan). Therefore, the FAP from other
mycobacteria could not supplement the aggregation-in-
hibiting function of M. smegmatis-derived FAP, in spite
of FAP genes being complementarily introduced. These
results demonstrated that the bacterial aggregation in-
duced in the strain MF96 was caused by the disruption
of fapS.

P<0.005 P<0.005
101 - i [] wild type

— B Mo

ODaso

{a) 0 n-hexadecane

xylene
P <0.005
|
0.15 1
o.12}
b
QD
2 009f
o=
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T 008
m
0.03 [
0
{b) Wild MF9

Fig. 5. (a) The cell surface hydrophobicity based on the degree of
adherence to two hydrocarbons (n-hexadecane and xylene), assessed by
the reduction in absorbance of aqueous phase separated from hydro-
carbon mixture including cells of wild type (open square) and mutant
strain MF96 (filled square). (b) Congo red binding of wild type (open
square) and mutant strain MF96 (filled square). The binding index is
derived from ODags of acetone extract divided by ODys of cultured
broth. Representative of more than three separated experiments are
shown. Assays were done in triplicate, and the results are expressed as
means £ 8D.

3.4. Cell surface properties of fapS mutant

It might be reasonable to speculate that fapS gene
disruption induces the change of bacterial surface
properties. Therefore, hydrophobicity and Congo red
binding ability of strain MF96 were assessed. The hy-
drophobicity assay was basically assessed by measuring
the degree of adherence of bacteria to hydrophobic
molecules, such as n-hexadecane and xylene (Fig. 5(a)).
The ODgsp of agqueous phase in the strain MF96 was
significantly lower than that in wild type M. smegmatis.
Similar resuits were obtained in both assays wusing |
n-hexadecane and xylene (Fig. 5(a)). These results
suggested that strain MF96 adhered more easily to hy-
drophobic molecule and remained in the upper hydro-
phobic phase. Furthermore, the hydrophobicity of
strain MF96 was assessed using Congo red binding as-
say (Fig. 5(b)). The concentration of Congo red bound
to bacterial surface and subsequently solubilized was
significantly higher in strain MF96 than that in the wild
type (Fig. 5(b)).

Next, the role of FAP in the bacterial attachment to
host cells (J774 cells) was examined by Zieh! Neelsen
staining method. There was no significant difference in
the number of attached or intracellular bacteria between.

A B c

GPLs

@ ® @

Fig. 6. Comparison of the lipid composition of wild type (a) and
mutant strain MF96 (b). (A) Total lipids developed with CHCl/
CH;OH (9:1, viv). (B) Total lipids developed with CHCl/CH;OH/
H,O (30:8:1, wiviv). {(C) Total lipids subjected to mild alkaline
hydrolysis and developed with CHCL/CH;0H (%:1, v/v). GPLs,
glycopeptidolipids. :
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the fibronectin-opsonized wild and MF96 mutant strains
(data not shown). '

3.5. Lipid analysis

In order to find out whether the fap gene disruption
induces the aiteration of cell wall lipid composition of
M. smegmaris and causes aggregation of the mutant
strain, TLC analysis using different solvent systems on
total lipids from wild type and mutant strain was carried
out. The TLC profiles of both strains were very similar
to each other, and no detectable alterations were ob-
served in the total lipid content as well as GPLs (Fig. 6).

4. Discussion

The FAP is involved in the attachment and inter-
nalization of mycobacteria to host cefls. However, little
is known about physiological role of FAP, such as how
FAP is involved in bacterial interaction with the host
cells. In this study, we undertook a gene disruption
approach to construct the gene mutant of M. smegmatis
to characterize the function of FAP

The FAP disruptant showed increased hydrophobic
properties and a change in morphology which caused an
enhanced bacterial aggregation. Previously, it has been
reported that the absence or poor content of some gly-
colipids was induced by the reduction of biosynthetic
enzyme activities and this caused an aggregation of
bacteria along with the changes in the cell surface
propertied [10,11,22]. Also, the other family of fibro-
nectin-binding protein, such. as antigen 85 complex in
M. tuberculosis, possess mycolyltransferase activity re-
quired for maintaining the integrity of the mycobacterial
cell envelope [23-25] However, comparative TLC
analysis on total lipids extracts in different solvent $ys-
tem revealed no significant differences in the lipid profile
between wild type and the FAP mutant (Fig. 6). Al-
though the mycobacterial proteins, PE_PGRS and
HBHA, are known to promote aggregation of cells
[26,27], there is no report indicating that the absence of
such a protein component would directly lead to the
more aggregated phenctype. Thus, the FAP seems not
to have influence on the biosynthesis of cell wall lipid,
but show an enhanced aggregation of the M. smegmatis.

Analysis of the amino acid sequences of FAP showed
that the hydrophobic amino acids, alanine and proline,
are relatively rich compared to the other mycobacterial
proteins [21,28), and these amino acids are notably
present in the N-terminal region of FAP (Fig. 1). These
facts may indicate that FAP is an amphiphilic molécule
consisting of both hydrophobic and hydrophilic part
similar to glycolipid. Alanine and proline rich region of
FAP may correspond to acyl chains of glycolipid such as
polyacyltrehalose and GPLs which are inserted into the

hydrophobic core composing mycolic acid chain [10,11].
FAP mutant, generated by gene disruption, showed in-
creased surface hydrophobicity as observed by enhanced
adherence to hydrocarbons (Fig. 5). The increased hy-
drophobicity may be due to the exposure of hydropho-
bic lipid molecules which are otherwise located inside
the cell wall in the wild type strain and FAP may have
functioned as the amphiphilic layer with the hydrophilic
proteins on the surface. Therefore, the increased hy-
drophobicity of the mutant could lead to the aggrega-
tion of bacteria.

The analysis of the deduced amino acid sequences of

‘fapS gene product indicated that its homology with the

FAP of other mycobacteria was around 50%, although
the deduced fibronectin-binding region of the FAP was
conserved in various mycobacteria including M. avium,
M. bovis BCG and M. leprae (Fig. 1) [21,28). The
morphology of the bacteria was not recovered when the
genes encoding FAP of M. bovis BCG, M . leprae and
M. avium were introduced into the mutant strain, while
the complementation with M. smegmatis-derived fapS
reverse the aggregation property (Fig. 4). The possible
explanation for non-recovery of the morphology of the
bacteria is due to (1) low homology except the fibro-
nectin-binding domain which is- highly conserved be-
tween the FAP homologues, (2) interaction of FAP with
other specific components in the cell wall of M.
smegmatis. It has been reported that FAP locates in the
cell wall fraction of mycobacteria [2]. However, its pre-
cise location in the cell wall is different in each myco-
bacteria [1,3,5]. In fact, in contrast to M. bovis BCG, the
FAP of M. smegmatis does not appear on the bacterial
surface as far as examined by fluorescence-activated cell
sorting (FACS) using FAP monoclonal antibody which
can detect the M. smegmatis-derived FAP by Western
blot analysis (data not shown). This fact might be an-
other reason why FAPs from other mycobacteria failed
to reverse the aggregation property of MF96 mutant
strain. Furthermore, it may be able to explain why there
is no significant difference of host cell attachment ac-
tivity between wild type and MF96 mutant strains.
Taken together, our study indicates that the FAP
possesses novel function which are indispensable to
prevent the bacterial aggregation that might contribute
to the understanding of the mycobacterial biogenesis.
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Abstract

Mactophages are one of the most abundant host cells to come in contact with
mycobacteria. However, the infected macrophages less efficiently stimulace
autologous T cells in vitro. We investigated the effect of the induction of
phenotypic change of macrophages on the host cell acrivities by using Mycobac-
terium leprae as a pathogen. The treatment of macrophages wich interferon-y
(IEN-y), GM-CSF and interleukin-¢ deprived macrophages of CD14 antigen
expression but instead provided them with CD1a, CD83 and enhanced CD86
antigen expression. These phenotypic features resembled those of monocyte-
derived dendritic cells (DC). These macrophage-derived DC-like celis
(MACDC) stimulated autologous CD4" and CD8™ T cells when infected
with M. leprae. Further enhancement of the antigen-presenting function and
CD1a expression of macrophages was observed when treated with IFN-y. The
M. leprac-infected and -treated macrophages expressed bacterial cell membrane-
derived antigens on the surface and were efficiently cytolysed by the cell
membrane antigen-specific CD87 cytotoxic T Iymphocytes (CTL). These
results suggest that the induction of phenotypic changes in macrophages can

lead to the upregulation of host defence activity against M. leprae.

Introduction

The extent of mycobacterial spread is closely dssociated
with the disease severity and is controlled by bacterial
antigen-specific cell-mediated immunity. The activation
of CD4* and CD8™ T-cell subsets is induced by cell—
cell contact with antigen-presenting cells (APC), which is
therefore the most critical host defence component against
mycobacterial infection [1-3]. The mycobacteria reside in
phagosomes of macrophages but restrice the capacity of the
phagosomes to fuse with late endosomesflysosomes [4] and
avoid getring being processed. These observations suggest
that mycobacteria-infected macrophage less efficiendy
express the bacterial antigens on their surface. Further-
more, macrophages generally lack the activity to load pep-
tide derived from exogenous protein or bacterial protein to
major histocompatibility complex (MHC) class I mol-
ecules. Therefore, it is assumed that macrophages are
resiscant ©0 MHC-restricted-killing activities of cells such
as CTL allowing mycobacteria to reside and hide in
macrophages. :

Here, we tried to upregulate the APC function of
macrophages in order to enhance the host defence activity.

278

Leprosy, caused by Mjycobacterium leprae infection,
provides a useful model to evaluate immunoregulatory
mechanism against an intracellular pathogen, because the
disease extent is closely associated with the potential of

" host defence activity. M. lprae preferentially infects

macrophages and Schwann cells {5-7] and induces clinical
manifestation mainly in skin and peripheral nerves. How-
ever, the disease shows broad spectrum with the various
skin manifestations from single lesion {tubercuioid
leprosy) to almost entirely disseminated one (lepromatous
leprosy). The mechanism that produces this broad spectrum
involves the extent of celi-mediated immune response to
M. leprae. We previously reported that macrophages
phagocytosed M. feprae, but their antigens are not fully
expressed on the surface of macrophages, which results in
reduction or avoidance of their contact with T cells [8]. In
addition to macrophages, monocyte-derived dendritic cells
(DC) are well-characterized subset of professional APC,
capable of stimulating both naive and memory type auto-
logous CD4™ and CD8™ T cells [9-11]. We also demon-

strated that, in contrast to macrophages, the DC expressed

M. leprae-derived antigens on the surface and stimulated
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both T-cell subsets to produce interferon-y (IFN-y) which is
a representative type 1 cytokine and is considered to be
agsociared with the killing of intracellular mycobacteria
[2, 12]. Thus, DC can evoke the activation of type-1 T cells
and. control the multiplication of M. Jeprze [8, 13-15].

Macrophages are the most abundant ptimary cell type
to come in contact with M. leprae and are frequently scen
in inflamed tissues. These macrophages are thought to play
a role in initial antimycobacterial immune responses for
the better control of bacterial spread. Therefore, we tried
to induce phenotypic changes in M. leprae-infected
macrophages to DC-like cells and examined their antigen-
presenting activities such as stimulation and differentiation
of T cells into type-1 cells. Purthermore, we examined
their susceptibility to killing activities of M. leprae-derived
antigen-specific CTL.

Materials and methods

Preparation of cells and bacteria. Peripheral blood was

obtained under informed consent from healthy, but -

PPD-positive, individuals. Peripheral blood mononuclear
cells (PBMC) were isolated using Ficoll-Paque Plus
(Pharmacia, Uppsala, Sweden) and cryopreserved in liquid
nitrogen until use, as previously described [16]. Macro-
phages were differentiated by culturing plastic adherent
CD14" monocytes with RPMI 1640 medium containing
M-CSF (R&D Systems, Minneapolis, MN, USA) [17].
For preparation of the monocytes, CD3™ T cells were
removed from either freshly isolated heparinized blood
or cryopreserved PBMC using immunomagnetic beads
coated with anti-CD3 monoclonal antibody (Dynabeads
450, Dynal, Oslo, Norway), and the plastic adherent cells
were used as monocytes [16). Monocyte-derived DC were
differentiated from the monocytes [16, 18], Briefly, the
monocytes were cultured for 5 days in the presence of
50 ng of recombinant GM-CSF (Pepro Tech EC LTD,
London, UK) and 10ng of rIL-4 (Pepro Tech) per ml
tGM-CSF and rIL-4 were supplied every 2 days.
Macrophage-derived DC (MACDC) were differentiated
from macrophages as follows. Macrophages were treated
with 300 U/ml of YIFN-y during last 24 h of 3-day culture.
On day 3, macrophages were washed, and the media were
replaced with media containing rtGM-CSF and rIL-4. The
production of MACDC was conducted by using the same
protocol to that of DC. In some cases, M. leprae-infected
or -uninfected macrophages, MACDC and DC were
further treated with indicated doses of maturation and
activation factors for DC including CD40 ligand (L)
(Pepro Tech) or lipopolysaccharide (LPS) (Escherichia coli
0111: B4, Difco Laboratories, Detroit, MI, USA).

M. leprae (Thai-53) was obuined from footpads of
BALB/c-nufnt mice. The isolated bacteria were counted
by Shepard’s methed [19] and were frozen at —80 °C until
use. The viability of M. leprae was assessed by using
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fluorescent diacetatefethidium bromide test [20]. The
macrophages and DC were infected with M. Jeprae by
coculturing at indicated mukiplicity of infection (MOJ).
The MOI was determined upon an assumption thar all
macrophages and DC were susceptible to infection with
M. leprae. The macrophages and DC were previously
shown to be similarly susceptible to the bacterial infection
in vitro [8].

Analysis of cell-surface and intracellular antigens. The
expression of cell-surface antigens on macrophages,
MACDC and DC was analysed using FACScalibur (Becton
Dickinson Immunocytometry System, San Jose, CA,
USA). About 1x10 live cells were analysed. For analysis
of cell-surface antigens, the following monoclonal anti-
bodies were used: FITC-conjugated monoclonal anti-
bodies against HLA-ABC (G46-2.6, BD Biosciences, San
Jose, CA; USA), HLA-DR (L243), CD14 (Leu-M3,
Becton Dickinson) and CD86 (FUN-1, BD Biosciences)
and phycoerythirin-labelled monoclonal antibodies against -
CD83 (HB15a, Immunotech, Marseille, France). Murine-
unlzbelled monoclonal antibody 0 CDIla (NA1/34,
Serotec, Oxford, UK) was also used and was visualized
by FITC-labelled goat F(ab'), antimouse immunoglobulin
G (IgG3) (Tago-immunologicals, Camarillo, CA, USA).
Purified rabbit polyclonal antibedies (pAbs) to cell-wall
proteins, cell membrane fractions and cytosol fractions of
M. leprae each depleted of lipoarabinomannan (provided
by Drs J. Spencer and P. J. Brennan, Colorado State
University) wete used. The details of the preparation are
available at htrp://www.cvmbs.colostate.edu/mip/leprosy.
Among the M. leprae-derived fractions, membrane fraction
was the most antigenic in terms of activation of adaptive
immunity [21]. We also used pooled sera from 10
untreated lepromatous leprosy patients who were classified
according to clinical criteria (WHO) based on skin smears
(given by Dr H. Minagawa, Leprosy Research Center,
Tokyo, Japan) [8]. FITC-conjugated murine antihuman
Ig (Tago-immunologicals) was used as secondary antibody
for detection. The optimal concentrations of monoclonal
antibodies, pAbs and patient’s pooled sera were deter-
mined in advance.

Assessment of APC functions of macrophages, MACDC and
DC. The ability of macrophages, MACDC and DC
infected with M. /eprae to stimulate autologous T cells
was assessed using an autologous stimulator T-cell-mixed
reaction as previously described [8, 18]. The stimulators
such as macrophages, MACDC and DC were treated with
50 pg/ml of mitomycin C, washed extensively to remove
extracellular bacreria and were used as a stimulator. CD4*
and CD8" T cells purified using immunomagnetic beads
coated with monoclonal antibodies to CD8 and CD4,
respectively, were used as a responder population.
Responder cells (1x10°/well) were plated in 96-well,
round-bottom tissue culture plates, and stimulators were
added to give an indicated stimulator responder T-cell
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ratio. The T-cell proliferation during the last 10h of a
4-day culture in the presence of 4% heat-inactivated
- human serum was quantified by incubating the cells with
1 pCitwell of [*H]-thymidine. :

Assessment of cytokine production. Levels of the following
cytokines were measured: IFN-y and IL-10 produced by
CD4" and CD8% T cells stimulated for 4 days with
macrophages, MACDC or DC and IL-12 p70 produced
by M. lepraeintected or -uninfected macrophages and
MACDC upon a stimulation with soluble form CD40L
for 24 h. The concentrations of IFN-y, IL-12 p70 and IL-
10 were quantified using OptEIA ELISA Set available
from BD Biosciences, -

Assessment of cytotoxic activity of CD8T T cells. The
susceptibility of M. lepraeinfected macrophages and
MACDC to the cytokilling activity of CD8" T cells was
evaluated. Ten thousand macrophages and MACDC,
either uninfected or infected with M. lgprae at MOI S,
were used as a target cell. As an effector population, CD8*
CTL activated by stimulation with autologous DC, which
were pulsed with 15 ng/ml of M. Jeprae-derived cell mem-
brane fractions, were used. The targeT cells were cocul-
tured for 5h with the effector cells ar various effecror/

Cell
. (M. leprae, MOI)

target cell ratios. The supernatant was collected for factate
dehydrogenase (LDH) release assay. The concentration of -
LDH released by targer cell death was measured according
to the instructions of the assay kit (Cyto Tox 96% Non-
Radioactive Cytotoxicity Assay, Promega, Madison, WI,
USA). The percent specific killing was calculated as follows:

LDH (rest sample) — LDH (spontancous effector cell level) —
LDH (spontaneous target cell level) I
LDH {total target cell lysis level) —

LDH (spontaneous targer cell level)

Statistical analysis. Student’s rtest was applied w
demonstrate statistically significant differences.

Results

Upregulation of APC function of M. Jeprae-infected
macrophages

Phenotypic characterization of MACDC was carried out
by analyzing the surface expression of various molecules on
macrophages and MACDC (Fig. 1). There were no
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Figure 1 Expression of various molecules on macrophages and macrophage-detived dendritic cell-like cells (MACDC) either uninfecred or infected with
Mycobacserium leprae [muldiplicity of infection (MOI) 20]. Both macrophages and MACDC were infecred with A, leprae for 5 days. The pumber
tepresents the difference in mean fluorescence intensity berween dotted and solid lines. A representative of three independent experiments is shown.

Dotted line, control monoclenal antibody; solid line, monoclonal antibody.
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apparent difference in the expression of HLA-ABC and
HILA-DR antigens between uninfected macrophages and
MACDC. Also, no significant upregulation of expression
of these molecules was induced by M. leprae infection.
While macrophages expressed CD14 antigen, the surface
CD14 expression on MACDC was completely lost. On
the contrary, the expression of CD86 antigen on MACDC
was higher than that on macrophages. The expression of
CD1a and CD83 antigens which is DC-specific marker
was induced on MACDC, both of which level was further
upregulated by M, /eprae infection. These results indicated
that MACDC showed phenotypic characteristics similar to
monocyte-detived DC, and MACDC were at least
partially activated by M. lepree infection. Further
characterization of MACDC was conducted by comparing
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the APC function of MACDC with that of monocyte-
derived DC (Table 1). Both DC and MACDC induced
proliferation of autologous CD4 and CD8" T cells in a
bacterial dose-dependent manner, but a higher T-cell
proliferation was induced by MACDC rather than DC,
More than 75% of the MACDC-induced T-cell prolifer-
ation was ‘supptressed by monoclonal antibody to MHC
or CD86 antigens (data not shown). Previously, we showed
that monocyte-derived DC were resistant to exogenous
factors such as LPS and CD40L in terms of APC function
[8], but using MACDC, both factors upregulated the
T-cell-stimulating function of M. Jeprae-infected, but not
uninfected, MACDC (Table2). The proliferation of both
CD4" and CD8¥ T-cell subsets were upregulated in a
manner dependent on the dose of M. leprae.

Table 1 Proliferative response of autologous T cells to Mycobacserium lgpras-infected macrophage-derived dendritic cell (DC)-like cells (MACDC)*

CD4 CD8
M. leprae (MOD) Stimulator T/DC 20 40t 10 . 20
0 DC 1.9+0.6 1.6£0.5 1.8+ 0.4 15+03
MACDC 21406 1705 1704 1.3£0.2
5 DC 3.8+05% 2.740.9¢ 3.7+1.2¢ 2.6 0.7
MACDC 14.6+2.3¢ 8.0+2.0¢ 13.9%3.31 10.6 = 2.8
20 DG 6.9+1.2% 7.6+ 1.3} 10.1£2.1§ 8.0 £2.0¢
MACDC 22.3+52 17.9 5.0 2162416 18.2 £ 4.3}

*The resporder CD4™ and CD8™F T cells (1 x 10%/well) were stimulaced for 4 days with an indicated dose of autologous monacyte-derived DC (DC) ar
MACDC. MACDC were differentiated from macrophages, either uninfected or infected for 5 days with an indicmed dose of M. leprae by using IFN-y,
tGM-CSF and IL-4. The proliferation of responder cells was quantified by an incorporation of ["’H]—thyrmdme Representative of three separme

experiments is shown. Assays were done in triplicate, and results are expressed as mean = SD.

t[°H]-thymidine uprake {(x10* cpm).
$P<0.05.
' $P<0.01.

Table2 Effect of exogenous facors on the antigen-presenting cell function of macrophage-derived dendritic cell (DC)-like cells (MACDC)*

D4 CD8

M. Leprae (MOT) Tested factor T/DC 20 4ot 10 20

0 None 1.0£0.0 0.8+ 0.0 1.3::02 0.9+£0.1
LPS 15403 12402 17403 12402
CD40L 2.8402 19402 23+04 19403

5 None 57+0.8% 451078 49049 3940315
LPS B 16.5+2.0% 11.7 £2.0* 13.8 £0.79 109091
CD40L 11.2+0.3f 8.3 % 0.4 10.4+0.79 7.6+ 0.8%

20 None 934123 6.9+ 0.8§ 7.7 20619 64064
LPS 2334245 15.7+2.1§ 21.7+2.0% 163+1.19
CD40L 16.540.5% 12.34£0.5% 15.0£0.89¢ 11.9+1.0%

*The responder CD4™ and CD8™ T cells (1x10°/well) were stimulated for 4 days with aurologous MACDC. MACDC were differentated from
macrophages, either uninfecred or infected, for 5 days with an indicated dose of Mycobacterium leprag, by using IFN-y, IGM-CSF and rIL4 and were
further reated with exogenous factors including LPS (30 ag/ml} and soluble form of CD40L (1 pg/ml). The proliferation of responder cells was measured
by an incorporation of [°H]-thymidine. Representative of three separate experiments is shown. Assays were done in triplicate, and resulrs are expressed z
mean £ SD.

1'[5H]-thymid.ine upeake (x10® cpm).

+P< 0.005.

§P<0.01.

P <0.001.

*P<0.05.

© 2004 Blackwell Publishing Ltd, Scandinavian Journal of Immunology 60, 278-286
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Next, the role of exogenous IFN-y on macrophages and
its effect on MACDC production was determined (Fig. 2).
While no apparent alterations were induced by 24 h IFN-y
treatment in the expression of HLA-ABC and HLA-DR
antigens (data not shown), the expression of CDIa was
significantly upregulated by IFN-y treatment or by M.
leprae infection. The highest CD1a expression on macro-
phages was achieved when both M. lgprae infection and
IFN-y treatment were conducted. Similar upregulation
was observed in the expression of CD86 antigen. More-
over, when the IFN-y treatment was assessed from the
functional aspect, it upregulated APC function of M.
leprae-infected MACDC (Table 3). The IEN-y treatment
on macrophages significantly upregulated activities of
MACDC to stimulate both CD4 and CD8" T-cell sub-
sets, and 300U/ml of IFN-y provided the optimal
upregulation. However, a sole IFN-y treatment was not
sufficient and both GM-CSF ‘and IL-4 were required for
upregulating the APC function of macrophages (data not
shown).

Then, we examined whether MACDC activated type-1
T cells by measuring IFN-vy production by T cells (Table 4).
While both the bacteria-infected and -uninfected macro-
phages, even after being stimulated with an exogenous
IFN-y, did not stimulate autologous CD4" and CD8™
T cells, MACDC derived from M. lepracinfected macro-
phages did stimulate both subsets of T cells to produce
IEN-y. However, neither IL-4 nor IL-10 was produced by
T celis (data not shown). The IFN-y production by T cells
stimulared with MACDC exhibited a bell-shape phenom-
enon. When up to MOI 20 of M. legprae was infected
to precursor macrophages, T cells were activated in a
bacterial dose-dependent manner, but when more than
MOI 20 of the bacteria was infected, the APC function
of MACDC decreased. Similar T-cell activation pattern
was also observed with heat-killed A Jeprae (dara not
shown). Furthermore, MACDC attained an ability to

H. Kimura et al,
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Figure2 Expression of CDla and CD86 amtigens on macrophages.
Macrophages were uninfected or infected with Mycobacterium leprae
[multiplicity of infection (MOI 20}] on day 2 of culturs and were
subsequently teeated with IFIN-y (300 U/ml) for 24 h on day 3 of culture.
The number represents the difference in mean fluorescence intensity
between dotted and solid lines. A representative of three independent
experiments is shown. Dotted line, control monoclonal antibody; solid
line, monoclonal antibody.

Table3 Effect of exogenous IFN-y on the T-cell-stimulating activity of macrophage-derived dendritic cell (DC)-like cells (MACDC)*

CD4 CD8
M. leprae (MOI]) IEN-y (U/mi) T/DC 20 40t 16t 20
0 0 47412 3.2+1.1 49420 36+1.8
20 0 1554301 11_.5:!;2.1§ 14.94 1.916 1144 1.6
20 100 25.7 £ 2.8 18.9+2.7¢ 23.242.2% 18.4+£2.4%
20 300 33.6+2.91 26.1%3.08 32.7+3.0§ 26.3+3.0§
20 1000 111245 09406 119416 8.8407

*The responder CD4* and CD8* T cells (1> 10%/well) were stimulated for 4 days with an indicated dose of autologous MACDC. MACDC were
produced from macrophages, cither uninfected or infected with Mycobacterium leprae for 5 days at multtphaty of infection (MOI) 20 and treated with an
indicared dose of IFN-y. The proliferation of responder cells was measured by an incorporation of [*H]-thymidine. Representatlvc of three separate
experiments is shown, Assays were done in triplicate, and results are expressed as mean = SD.

1F°Hj-thymidine uptake (<10° cpm).
1P< 0.001.
§P< 0.005.
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Table4 Production of IEN-y by stimulated T cells and 11.-12 p70 by Myeobagterium leprae-infected macrophage-derived dendritic cell (DC)-like cells
(MACDC)*

CD4 " CD8
Stimularor M. leprae (MOI) T/DC 20 40t 10t 20 IL-12} (pg/ml)
M@ 0 0.0+0.0 0.0+0.0 0.1£0.1 0.1£0.0 46%£09
5 02400 0.1£0.0 0.240.0 03400 3.0+1.0
20 0.14:0.0 0.1+0.1 0301 0.1:0.1 0.2+0.0
MACDC 0 6.24+0.8§ - 3.1£0.789 5.4+ 1.0§ 2.940.8§ 11.4+9.19*
5 ’ 73.012.38 22.6+0.89 34.31+2.1§ 11.1£1.08 43,6 £ 7.4
20 173.5+£6.9% 8234+ 2.1$ 84.9+3.1§ 31.1 &£ 1.9 56.1+ 8.8
80 192414 95410 15609 7.7%0.9 Not detected

*The responder CD4 and CD8V T cells (1x10°/well) were stimulared for 4 days with an indicated dose of autologous macrophages or MACDC.
MACDC were differentiated from macrophages, eicher uninfected or infected for 3 days with an indicaved dose of M. leprae, by using IFN-y, rGM-CSF
and rIL-4. The concenttation of IFN-y produced by stimulated T cells was measured by ELISA. ‘

+Macrophages and MACDC (2x 10°/well) were stimulated in the presence of CD40L for 24h and the concentration of IL-12 p70 was measured.
Represenative of three separate experiments (IFN-y and IL-12 production) is shown. Assays were done in triplicate, and results are expressed as
mean + 5D,

{IEN-y (pg/ml).

§P<0.0005.

2 <0.0001.

*P<0.001.

. produce IL-12 p70 by stimulaton with CD40L. The
infection of MACDC with M. leprae further upregulated
the cytokine production. However, macrophages did not
produce the cyrokine by any stimuli such as CD40L or
M. Ieprae infection, ' .

Susceptibility of MACDC to CTL-killing activity

We examined the expression of M. leprae-derived anti-
‘gens on the MACDC by using leprosy patient sera and
pAbs to subcellular components of the bacteria, as it has
been reported that leprosy sera detected M. Jeprae-derived
antigens on the bacteria-infected  DC [8]. M. leprae-
infecred MACDC expressed molecules which reacted
with sera obtained from leprosy patients (Fig. 3). Further-
more, these mycobacteria-infected MACDC were also
positively stained with pAb to cell membrane fraction
of M. leprae bur did not react to pAbs against cell wall
or cytosol fractions. These results may suggest that
MACDC expressed cell membrane components on the
surface. In order to clarify the significance of expression
of membrane components, we assessed whether M.
leprae-infected MACDC could be more efficiently killed
by M. leprae cell membrane-specific CTL than the
bacteria-infected macrophages (Fig.4). In a previous
report, we showed that CD8% T cells, stimulated i
vitro with M. leprae-derived cell membrane fraction-
pulsed DC, produced intracellular perforin [21]. In this
cxperiment, we used these perforin-producing CD8™
T cells as an effector population. While CD8" T cells
stimulated with DC unpulsed with any specific antigens
did not kill either macrophages or MACDC regardless of

the bacterial infection (data not shown), CD8 T cells
stimulated with ccll membrane-pulsed DC did kill
M. leprae-infected, but not uninfected, rtarger cells.
More than 50% of M. leprae-infected MACDC were killed

M. feprae
(MO1) - )

(]

MLC pAb

Leprosy sera MLM pAb

MLW pAb

Figure3 Expression of Mpycobacterium leprae-derived molecules on
macrophage-derived dendritic cell-like cells (MACDC). MACDC were
differentiated from macrophages either uninfecred or infecred wich an
indicated dose of M. leprae for 5 days and were stained with lepromarous
leprosy patients’ sera and polyclonal antbody (pAb) to M. leprac
subcellular fractions, The number represents the difference in mean
fluorescence intensity berween dotted and solid lines. A representative of
three independent experiments is shown, MLC, M. Jeprae cytosol fraction;
MLM, M. lepras cell membrane fraction; MLW, M. leprae cell-wall
fraction. Dotted line, normal rabbit immunoglobulin G; selid line, pAb.
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Figure4 Susceptibility of Mjycobacterium lepraeinfected macrophage-
derived dendritic cell-like cells (MACDC) to M. leprae-detived membrane

antigen-specific CTL. M. [gprae-derived membrane antigen-specific -

.CD8™ CTL were differentiated from CD8* T cells by stimnulation
with the antigen-pulsed autologous marure DC as described previously
[21] and were used as effecror cells. Macrophages and MACDC either
uninfected or infected with M. leprae (MOI 5) for 5 days were cocultured
with effector cells for 5 h at the indicated E/T ratio, lactate dehydrogenase
released by cells were measured. The mean & SD of uiplicate assay and a
represgneative of three independent experiments is shown.

at the E/T rato of 30, and these MACDC were more
efficiently killed than the bacteria-infected macrophages.

Discussion

We tried to induce phenotypic change in mycobacteria-
 infected macrophages and examined its effect on the host
defence activity such as antigen-presenting capacity and
the sensitivity to CD8* CTL. It is known that M. leprae-
infected macrophages produce IL-10 and stimulate T cell
less efficiently [22], and in. our hands too, the infected
macrophages did not stimulate T cells vigorously, even
after being treated with exogenous IEN-y (Table4). We
have previously demonstrated that monocyte-derived DC
also exhibited similar iz vitro susceptibility 1o M. leprae
infection, but in contrast to macrophages, the DC stimu-
lated autologous T cells [8]. However, when the DC were
infected with a low number of bacteria, they did not
vigorously stimulate T cells, and additional stimulation
by bacrerial subcellular components was necessary for
induction of significant T-cell activation [21]. The exact
reason for the less efficient T-cell-activating ability of
M. leprae is not fully uncovered but mighe be due to scarcity
of antigens on the surface of M. leprae as a consequence of
large number of pseudogenes in their genome {23]. On the
other hand, from the aspect of host defence, these observa-
tions indicate the necessity to recruit professional APC,

H. Kimura et aI

which can initiate T-cell responses by responding to a
small number of the bacteria,

In animal models, M. zzberculosis induces disease smnlar ‘
to human tuberculosis [24-27], in which the bacteria
infect both macrophages and DC [1, 14, 25, 28].
Although these APC are found in the lesion microenvir-
onment, macrophages and DC seem to respond differently
following infection. Macrophages produce IL-10 upon an
infection with the mycobacterium, and the secreted IL-10
lead naive T cells to unresponsiveness against the bacterial
antigens, although they promote the formation of tuber-

. culous granuloma by residing in close opposition with

activated T cells [29). However, they produce no detect-
able level of IL-12. In contrast to macrophages, DC initi-
ate both type-1 CD4™ and CD8" T-cell activation and
further act as a primary producer of IL-12 p70 following
mycobacterial infection. The DC-mediated IL-12 triggers
rapid differentiation of both T-cell subsets into type-1
T cells which cognately interact with DC. These T cells
produce IFN-y, which in turn, contributes to induce
mycobacteriocidal action w0 APC such as macrophages
f14, 29, 30]. Considering these facts, we tried to induce
phenotypic changes in mycobacteria-infected macro-
phages, so that T cells could be stimulated. On treatment
with IFN-y, *GM-CSF and tIL-4, M. leprac-infected
macrophages were phenotypically transformed to DC-like
cells (MACDC). These cells expressed CD1a and CD83
antigens but lacked the expression of CD14 and produced
IL-12 and induced responses, such as proliferation and
IFN-v production, of both CD4™ and CD8" T-cell sub-
sets. These results are partly supported by previous report
that Thl-polarizing potential was observed when macro-
phages, not infected with any bacteria, were treated with
GM-CSF and IL-4 [31). Although, monocyve-derived DC
required higher dose of bacterial infection for T-cell act-
vation, MACDC showed a distinctive feature, in that they
initiated T-cell proliferation more efficiently than the DC
with rather small number of M. leprae (Table 1). There-
fore, it may be reasoned out that MACDC and DC
contribute distinctively to the host defence; the former
might be more important in the microenvironment
where a small number of M. leprae exist. This hypothesis
might be associated with the previous finding that CD1a™
and CD83" cells were enrolled in mberculoid leprosy
lesion [22], although it was not clatified whether they
originated from macrophages or monocytes.

IEN-y contributed to the efficient development of
MACDC by upregulating the expression of CDla and
CD86 molecules on macrophages (Fig. 2). In mutine sys-
tem, IFN-v is known to be associated with production of
the reactive nitrogen intermediates which can directly kill
intracellular mycobactetia [32]. Although there is no
definite evidence suggesting the association of such inter-
mediate products with mycobacterial killing in human,
IEN-y can activate macrophages and kill the intracellular

© 2004 Blackwell Publishing Led. Scandinavian journal of fmmunalegy 60, 278-286
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bacteria. In this study, we showed that IFN-y did nor
directly endow macrophages with T-cell-stimulating
activity but contribute to efficient differentiation of
macrophages to. MACDC by upregulating the expression
of CD86 and CD1a molecules (Fig. 2). Furthermore, the
IFN-y obviously upregulated T-cell-activating ability of
MACDC (Table 3).

Another peculiar feature of M. leprae-infected MACDC
is thar they showed an enhanced suscepribility to killing
activity of M. Jeprae cell membrane antigen-specific CD8™
CTL, although the idenrification of immunodominant
antigenic determinants remains unknown. When com-
pared to M. leprae-infected macrophages, the M. leprae-
infected MACDC were more efficiendy killed by CTL.
It is interesting to note that M. leprae-infecred MACDC
expressed antigens reactive to pAb to cell membrane com-

. ponents, but not antigens recognized by pAb to cell wall or
cytosol components. In addition, our previous data

showed that cell membrane was the most efficient antigen

among M. leprae subcellular components for the activation
of CD8" CTL [21]. When we compared M. leprae-
infected MACDC and the macrophages, there were no
difference in the expression of MHC class T and class II
andgens, but only the former expressed M. leprae-derived
antigens on the surface. Therefore, the expression of cell
membrane antigens on MACDC might be closely asso-
ciated with the enhanced susceptibility to killing activity.
Taken together, an induction of phenOtypic change on
M. lepraeinfected macrophages resulted in enhanced
type-1 T-cell-stimulating ability and an upregulated suscept-
ibility to CTL activity. These observations may be further
useful for developing immunotherapeutic tools against
intracellular pathogens which threaten humans worldwide.
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Abstract

Mycobacterium leprae lipoprotein, LpK, induced IL-12 production from human monocytes. To determine the components essen-
tial for cytokine production and the relative role of lipidation in the activation process, we produced lipidated and non-lipidated
truncated forms of LpK. While 0.5nM of lipidated LpK-a having N-terminal 60 amino acids of LpK produced more than 700 pg/ml
IL-12 p40, the non-lipidated LpK-b having the same amino acids as that of LpK-a required more than 20nM of the protsin to pro-
duce an equivalent dose of cytokine. Truncated protein having the C-terminal 192 amino acids of LpK did not induce any cytokine
production. Fifty nanomeolar of the synthetic lipopeptide of LpK produced only about 200 pg/ml IL-12. Among the truncated LpK,’
only LpK-a and lipopeptide stimulated NF-kB-dependent reporter activity in TLR-2 transfectant. However, when monocytes were
stimulated with lipopeptide in the presence of non-lipidated protein, they produced IL-12 synergistically. Therefore, both peptide

regions of LpK and lipid residues are necessary for efficient IL-12 production.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Lipoprotein; IL-12; Mycobacteria; TLR-2

1. Introduction

Bacterial lipoproteins, containing N-acyldigiyceride-
cysteine residues at their amino termini, have been well
studied in gram-positive and gram-negative bacteria
[1,2]. Acylation of the amino group of cysteine in the
consensus lipid-binding sequence takes place by attach-
ment of the diacylglycerol moiety in a thioether linkage
and subsequent cleavage of the proprotein by a specific
signal peptidase. One of the functional characteristics of
such acylated proteins is the production of interleukin-
12 (IL-12)! from host antigen (Ag)-presenting cells
(APCs). Lipoproteins stimulated APCs and these APCs
in turn activated both type 1 CD4* and CD8* T cells, to

* Corresponding autﬁor. Fax: +81-42-391-8212.
E-mail address: mmaki@nih.go.jp (M. Makino).

produce interferon-y (IFN-y), which endows bacterio-
cidal activities to APCs mainly macrophages. Therefore,
lipoproteins play a central role as an inducer of host
defense activities to control the growth of intracellular
parasitic bacteria such as mycobacteria. Such lipopro-
teins were isolated from Mycobacterium tuberculosis, of
which the 19- and 38-kDa proteins have been reported
to be capable of activating both innate and adaptive

immunity [3-5]. There are only a few reports of lipopro- .

tein from other mycobacterial species, but recently we
have identified a novel 33kDa lipoprotein, LpK, from

- Mycobacterium leprae [6].

Mycobacterium leprae induce a chronic infectious dis-
ease, termed leprosy which has been characterized by

U dbbreviations used: IL-12, interleukin-12; M., Mycobacterium; Ag, antigen; APC, antigen-presenting cell; IFN, interferon; PVDF, polyvinyl
difiuoride; PBMC, peripheral blood mononuclear cell; LPS, lipopolysaccharide; PG, peptidoglycan; TLR, toll-like receptor; DCs, dendritic cells. .

0008-8749/3 - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.10164j.cellimm.2004.06.001
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progressive peripheral nerve injury and skin lesions [7].
One representative spectrum of the disease is a paucibac-
illary form of leprosy, in which the disease lesion is local-
ized. The localization of the lesion is a consequence of
the suppression of bacterial spread and, in this process,
IL-12 producing APCs seem to play a central role in
activating innate and type 1 cellular immunity [8-11).
Since the newly identified lipoprotein LpK was found to
be capable of inducing IL-12 preduction in human
peripheral monocytes, it can be predicted that LpK is
one of the antigens in M. leprae with the potential to
contribute to the host defense against leprosy.

Although it may be assumed that the immuno-domi-
nant region of the lipoprotein is the lipid region, the
immuno-dominant region of LpK in terms of IL-12 pro-
duction has not been studied, and it remains to be clari-
fied whether the acylated lipopeptide region alone could
represent the immuno-stimulatory domain of the lipo-
protein.

In this study, we expressed various forms of truncated
LpK, assessed its IL-12 producing activity and
attempted to clarify the role of peptide lipidation in the
context of cytokine production.

2. Materials and methods
2.1. Bacterial strains, plasmids, and lipopeptides

Escherichia coli DH5q strain (Toyobo, Tokyo, Japan)
was used for all cloning and recombinant expression
experiments. The plasmids used for the expression in £
coli were pGEM-T Easy Vector (Promega, Madison,
WI), and pGFPuv (Clontech, Palo Alto, CA). Clones

were selected on Luria-Bertani medium agar plates (1%
tryptone, 0.5% yeast extract, 0.5% NaCl, and 1.5% agar)
or broth supplemented with ampicillin at 100 pg/ml. All
other chemicals were purchased from Wako Chemicals
(Richmond,VA), Sigma-Aldrich (St. Louis, MO) or
Amersham-Pharmacia (Piscataway, NJ). The LpK lipo-
peptide containing the N-terminal 12 amino acids of LpK.
was synthesized by Bachem AG (Germany). The structure
of the lipopeptide is as follows: Palmitoyl-Cys({(RS)-2,3-
di(palmitoyloxy)-propyl)-Leu-Pro-Asp-Trp-Leu-Ser-Gly-
Phe-Len-Thr-Gly-Gly-OH. The corresponding unlipidated
LpK peptide containing only the N-terminal 12 amino
acids was also synthesized.

2.2. Cloning and sequencing of the truncated forms of the
Ipk gene

To clone the [pk gene, the DNA of interest was ampli-
fied by PCR by taking the genomic DNA from M. leprae
(Thai-53 strain) as a template for PCR, and the
expressed LpK lipoprotein was purified as previously
described [6]. The primers used for the amplification of
the gene coding protein constructs in Fig. I were as fol-
lows: For LpK-a, the sense primer 5’ACATGCA
TGCCCTGGTGTTGGTCCTGTGG3' (a-s) and the
antisense primer 5'CGGAATTCTTAGTGATGGTGA
TGGTGATGGCCTGCCCGCTGCCG3' (a-as) were
used. For LpK-b amplification, primers 5’ACATGCA
TGCCCTGTTGCCTGATTGGTTGT3' (b-s) and the
antisense primer a-as were utilized. Similarly, for LpK-c,
the sense primer used was a-s and antisense 5'GGAA
TTCTTAGTGATGGTGATGGTGATGGCTAAGCT
TAGTGATCCY (c-as), for LpK-d, primers used were
b-s and c-as. LpK-e utilized the sense primer 5’ACAT

LpK-e

@ : Lipid

NH= T2 77277 70~ COOR

179 . 371

Fig. 1. Schefnatic representation of the constructs of LpK and truncated LpK. The lipidated constructs are LpK, LpK-a, and LpK-c. Nen-lipidated
" constructs include LpK-t, -b, -d, and -e. The thatched region indicates the C-terminal half of the LpK protein. Numbering shows the position of the

amino acid of LpK in the prolipoprotein form.
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GCATGCCCTTAGCGAGCGTACTGA3 and the
previously described antisense primer for LpK amplifi-
cation [6]. For LpK-t, the sense primer a-s and the same
antisense primer for LpK amplification was used. All
antisense primers contained the histidine tag coding
sequence at the C-terminus of the protein for easy pro-
tein detection. The gene was first cloned into pGEM-T
Easy Vector (Promega), and further inserted into the
expression vector. All other genetic manipulations were
done according to established cloning techniques [12].
All lipidated and non-lipidated Ipk genes were expressed
in E. coli. Restriction enzymes were purchased from
New England Biolabs (Beverly, MA), Takara Shuzo
(Shiga, Japan) or Toyobo (Osaka, Japan) and used
according to the manufacturer’s specifications. For
DNA sequencing, plasmid DNA samples were purified
using a Qiagen MiniPrep Kit (Qiagen, Valencia, CA).
DNA sequence analysis was performed on an ABI Prism
-Genetic Analyser (PE Biosysterns, Foster City, CA)
using the dideoxy dye termination PCR method.

2.3. Detection of the expressed proteins and protein
purification

Escherichia coli transformants were lysed in 6 M urea,
0.5% CHAPS, and 1 mM DTT containing 50mM Tris-
Cl and run on a 12% SDS—polyacrylamide gel [13]. The
resolved proteins were transferred to a polyvinyl difluo-
ride (PVDF)} membrane (Millipore, Bedford, MA). The
proteins were then detected using penta-His mAb
(Qiagen), and color developed with S-bromo,4-chloro,
3-indoylphosphate/nitroblue tetrazolium (BCIP/NBT).
The overexpressed protein was also gel filtrated through
a HiL.oad 26/60 Superdex 75 prep grade column (Amer-
sham-Pharmacia), using buffer containing 6 M urea,
50mM Tris-Cl (pH 8.0), and 0.1% CHAPS at a flow rate
of 2ml/min. After collecting around 30 fractions, SDS-
polyacrylamide gel electrophoresis was performed; the
proteins were stained either by Silver Stain ‘Daiich?’
(Dai-ichi Pure Chemicals, Tokyo, Japan) or Coomassie
blue brilliant stain. Western blotting was performed
using a penta-His mAb. The fraction containing the
desired protein was used for further evaluation. By SDS—
PAGE of the protein and further staining with a silver
stain, no apparent contamination of E. coli-derivatives
was observed. The concentrations of LpK and its
mutant proteins were determined using a Bio-Rad Pro-
tein Assay kit according to the manufacturer’s instruc-
tions.

2.4. Measurement of IL-12 production by human PBMC |

Human PBMCs from liealthy individuals were iso-
lated on Ficoll-Paque Plus (Amersham-Pharmacia,
Upsala, Sweden) and cultured for 1h in 10cm dishes.
The non-adherent cells were removed by washing several

times with RPMI 1640 (Sigma) containing 2% FCS. By
flow cytometric analyses, among the plastic adherent
cells, 95-98% of the cells were CD14 positive. T cells and
B cells constituted less than 1% and CDla® dendritic
cells constituted less than 0.1% of the adherent cell popu-
lation. These adherent cells were then detached and cul-
tured in triplicate in 96-well plates (10°cells/well) with
purified lipoproteins at various concentrations. Twenty
to twenty-four hours later, the culture supernatants were
collected and assayed for human IL-12 p40 production
using an OptEIA Set (Pharmingen, SanPiego, CA). The
amount of lipopolysaccharide (LPS) in the purified lipo-
protein was measured quantitatively with a Limulus
Amoebocyte Lysate assay (Whittaker Bioproducts,
Walkersville, MD) and found to be <10 pg/ug protein,
an amount that did not stimulate IL-12. Also, the contri-
bution of CD1a* dendritic cells within the plastic adher-
ent cells in the IL-12 production was examined. No
significant difference in the cytokine production was
observed by depleting the. CDla™ cells using immuno-
magnetic beads (Dynabeads 450, Dynal, Oslo, Norway).

2.5. Cell transfection and luciferase assay

Human embryonic kidney cells (HEK293) were
obtained from the American Type Cell Culture Collec-
tion (Manassas, VA). Celis were cultured in DMEM
supplemented with 10% FCS, 50mg/ml penicillin/strep-
tomycin, and non-essential amino acids (Invitrogen,
Carlsbad, CA), at 37°C in a humidified incubator of 5%
CO,. The ¢cDNA of human Toll-like receptor 2 (TLR)
was PCR-amplified using a human spleen cDNA library
(BD Biosciences, San Jose, CA) and inserted into pCI-
neo (Promega, Madison, WI). HEK293 cells (2 x 10%
were transiently transfected with a mixture of plasmids:
200ng pClneo hTLR2, 25ng p5x NF-kB-luc (Strata-
gene, La Jolla, CA), and 10ng pRL-TK-Renilla lucifer-
ase plasmid (Promega) using the FuGENE 6 reagent
{Roche molecular Biochemicals, Indianapolis, IN), as
previously described [14]. Thirty-six hours after transfec-
tion, cells were treated with or without various amounts
of LpK and its truncated forms, or peptidoglycan (PG)
as positive control (for TLR2-dependent luciferase
activity) for further 6h. The cells were lysed in 70 ul of
1x passive lysis buffer {Promega) and luciferase activity
in 10l of the cell lysate was measured using Promega
Dual-Luciferase Reporter Assay System according to
the protocol provided by the manufacturer. Data were
expressed as fold induction relative to the activity of
Reniila luciferase, which is an interrial control for trans-
fection efficiency.

2.6. Statistical evaluation

The Student’s ¢ test was applied to reveal statistically
significant differences.
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3. Results
3.1. The role of LpK lipidation in IL-12 production

To verify the role of lipid modification of LpK in
terms of IL-12 production from human monocytes, vari-
ous forms of truncated LpK were produced in E. coli.
LpK-a is a lipidated protein, while other truncated pro-
teins (LpK-t, LpK-b, LpK-d, and LpK-¢) are non-lipi-
dated (Fig. 1). The cytokine producing ability of mature
lipidated LpK was first compared with non-lipidated
LpK-t having the whole conserved amino acid residues
of LpK. The expression vector for LpK-t was con-
structed by eliminating the nucleic acids coding for the
N-terminal hydrophobic region up to the cysteine resi-
due which is acylated in LpK. While 2.5nM LpK pro-
duced more than 1000pg/ml IL-12 p40 in human
monocytes, 2.5nM LpK-t produced IL-12 more than 9-
fold less efficiently, and it required more than 10nM to
produce an equivalent dose of the cytokine (Fig. 2). This
result indicated that the presence of the N-terminal lipid
entity significantly enhanced the IL-12 producing activ-
ity of LpK protein from monocytes. To confirm this
point, we examined the IL-12 inducing ability of another
truncated protein, LpK-a. The expression plasmid
encoding Ipk-a was constructed by taking the N-terminal
82 amino acid coding nucleic acids of ipk including the
signal peptide region. LpK-b having no lipid residue, but
only the amino acid residues of LpK-a, was also pro-
duced. The uptake of radio-labeled glycerol was used to
confirm the presence of lipid modification. E. coli
expressing LpK-a was co-cultured for 5h in the presence
of [**Clglycerol and the cells were lysed. When the pro-
tein was run on an SDS-polyacrylamide gel, autoradiog-
raphy showed a 12kDa radio-labeled band, which
corresponded to the predicted molecular mass (not
shown). The expression of the protein at the same

g

[ | LpK

LpK-t

g

1L-12 p40 ( pg/ml)
=
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Fig. 2. LpK induces significant IL-12 production from human blood
monocytes when compared to truncated LpK-t. Monocytes were iso-
lated from healthy human blood cells as described in Section 2.4. IL-12
p40 production was measured by ELISA. The results shown are
obtained from one experiment, but were consistent with three different
experiments. Mean + standard deviation of a triplicate assay is shown.
By Student’s ¢ test, the p values obtained were: p < 0.005 for values
between LpK and LpK.-tat 2.5nM and p < 0.05 at 50nM.
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Fig. 3. Among the truncated proteins, LpK-a was the most efficient in
inducing: JE-12 from monocytes. Various truncated forms of LpK
were expressed in E. coli and purified, then evaluated for their IL-12
inducing ability. Among LpK-z, -b, -d, -¢, and lipidated LpK-a was the
most efficient in inducing IL-12, but LpK-¢ did not induce cytokine
production. The results were obtained from one experiment, but were -
consistent with three different experiments. Mean =+ standard devia-
tion of a triplicate assay is shown. By Student’s ¢ test, the following p
values were obtained: p < 0.01 for values between LpK-a and LpK-b,
LpK-a and LpK-¢; p < 0.005 for values between LpK-a and LpK-d,
LpK-b, and LpK-¢; p < 0.001 for values between LpK-b and LpK-d;
and p < 0.05 for values between LpK-d and LpK-e at 5.0 nM.

position was confirmed by Western blotting. Such a
radio-labeled band was not observed in the case of LpK-
b, which indicated that LpK-a was lipidated.

Next, we determined the ability of LpK-a to produce
IL-12 in monocytes, and compared it with that of non-
lipidated LpK-b. LpK-a was significantly more efficient
at cytokine production than LpK-b (Fig. 3). While
0.5nM LpK-a produced more than 700pg/ml IL-12,
non-lipidated LpK-b required more than 20 nM of pro-
tein to produce an equivaient dose of IL-12. One possi-
ble reason for the less efficient cytokine production by
LpK-b is that it lacks some immuno-stimulatory
domain, which may be the acylated structure itself or its
contribution to the conformation of the protein. To
further analyze the effect of other truncated LpK, we
produced non-lipidated LpK -protein, LpK-d, and
LpK-e (Fig. 1}. LpK-c, a lipidated protein having the
N-terminal half of the LpK protein could not be
expressed in E. coli for unknown reasons, LpK-d covers
the N-terminal 158 amino acid residues of the LpK
protein and LpK-e has amino acid corresponding to
the C-terminal half of the LpK protein with a single
overlapping amino acid with LpK-d. However, LpK-d

-induced IL-12 less efficiently compared to that pro-

duced by LpK-a. The IL-12 producing activity of LpK-
d was comparable to that of LpK-b, but LpK-e had no
such IL-12 stimulating ability (Fig. 3). These results
may indicate that acylated N-terminal 60 amino acids
of LpK is responsible for the strong immuno-stimula-
tory activity of LpK.

3.2, Immuno-stimulatory activity of éynthetic lipopeptide

As shown in Fig, 3, the ability of LpK to induce IL-12
production in monocytes resides in the N-terminal
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region of the protein, including the acylated portion.
Therefore, we synthesized lipopeptide with N-terminal
12 amino acid residues of LpK, having the N-terminal
cysteine residue conjugated to palmitoylated triacylated
glycerol, which is presumed to be having the same lipid
composition as that of LpK. purified from E. cofi. Fig. 4
represents the IL-12 production from monocytes by syn-
thetic LpK lipopeptide and non-lipidated peptide having
the same N-terminal 12 amino acids of the lipopeptide.
It was surprising to note that, 50 nM synthetic lipopep-
tide produced less than 200 pg/ml IL-12. Further increas-
ing the concentration of lipopeptide, did not result in’
further elevation of the level of cytokine production (not
shown). The synthetic non-lipidated peptide having the
same amino acids as that of the lipopeptide almost
totally lacked the ability to induce IL-12 production in
monocytes (Fig. 4). These results suggested that lipida-
tion of the N-terminal peptide was necessary, but was
not as efficient as LpK or LpK-a, for the production of
IL-12. ‘

3.3. Association of LpK protein and TLR-2

We examined whether NF-kB-driven luciferase activ-
ity was upregulated in TLR2 transfected HEK 293 cells
by LpK and its truncated protein. PG, a well-defined
TLR-2-associated Ag, was used as a positive control.
Significantly higher luciferase activity was observed
when the TLR-2 transfected HEK 293 cells were stimu-
lated with PG or lipidated lipoprotein including LpK
and LpK-a, but not in mock transfected HEK293 cells
(Fig. 5). On the contrary, no significant or no antigen-
dose-dependent luciferase activity was induced by any of
the non-lipidated proteins such as LpK-b, LpK-d, and

LpK-e. But, significant activity was observed in cells '

when stimulated with synthetic lipopeptide LpK, despite
lacking the ability to induce IL-12 efficiently. These
results suggested that TLR-2 stimulation of LpK protein
is essential, but not adequate for efficient production of
the cytokine.

. 300
E Lipopeptide
= 200 D Peptide
g
B
2 100
2

0 .

1.0 5.0 10.0 20.0 50.0 nM

Fig. 4. The synthetic lipopeptide derived from the sequence of N-ter-
minal LpK showed ability to induce IL.-12, but to a limited extent. The
same peptide sequence as that of the lipopeptide sequence without the
acyl attachment did not induce any cytokine production. A represen-
tative of three independent experiments is shown. Each experiment
was performed in triplicate and the mean = standard deviation is
shown. By Student’s ¢ test, the p values obtained were: p < 0.05 for val-
ues between lipopeptide and peptide at 5.0nM.
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Fig. 5. Association of TLR2 and truncated LpK proteins. NF-kB-
dependent reporter gene activity of the TLR2 transfectant was mea-
sured after stimulation with LpK or its ttuncated forms as described in
Section 2.5. Peptidoglycan (P(3) was used as a positive control for
TLR2 dependent luciferase activity, Data are expressed as fold induc-
tion relative to the activity of Remilla luciferase, which is an internal
control for transfection efficiency in the Dual luciferase reporter assay.
The result shown is representative of three different experiments.
Assays were done in triplicate and the mean + standard deviation is
shown.

3.4. The role of the non-lipidated protein component of
LpK in I1-12 production

To confirm that the stimulation of monacytes with
non-lipidated components of LpK protein is required
for efficient IL-12 production, we stimulated monocytes
with lipopeptide in the presence of various concentra-
tions of non-lipidated proteins (Fig. 6). When monocytes
were co-stimulated with lipopeptide and LpK-b or LpK-d,
they produced IL-12 in a manner dependent on the con-
centration of truncated non-lipidated LpK. proteins,
although induction of TL-12 by LpK-b was a little lower
in this set of experiments due to donor variations. How-
ever, the combination of lipopeptide and LpK-¢ or syn-
thetic peptide did not induce any cytokine production.
These results suggested that lipopeptide by itself is
ineffective in producing ¥L-12, but is markedly synergis-
tic with certain immuno-dominant regions of LpK,
which apparently seem to correspond to the N-terminal
60 amino acid residues.

4, Discussion

The clinical manifestations of leprosy appear based
on the immunological spectrum according to the level of
cell-mediated immunity to M. leprae. Lepromatous lep-
rosy patients manifest disseminated infection, their T
cells respond weakly to the bacilli and their lesions
express type 2 cytokines. In contrast, tuberculoid
patients mount a strong Thl response to M. leprae.
When a Thl cell-mediated immune response is gener-
ated, clinically apparent leprosy infection is localized,
leading to the formation of a granuloma. For efficient
induction of Thl response, IL-12 is envisaged to play an



