Table 3. Levels of tdh" V. parahaemolyticus in Thai shellfish samples (log MPN/g).

(8744

1S! culture” S? culture”

Shellfish sample LAMP PCR LAMP PCR
Bloody clam 1.4 1.6 2.0 2.0
Bloody clam 24 24 24 24
Bloody clam 2.0 0.6 2.0 2.0
Bloody clam 2.0 0.6 2.9 2.0

Hard clam 1.5 1.5 24 24
Hard clam 4.0 4.0 4.0 4.0
Hard clam 24 24 2.6 2.6
Green mussel 4.0 2.9 24 29
Undulated surf clam 3.2 32 32 32

“ Culture taken after the first IMS-SPB enrichment step of the IMS-incorporated two-step enrichment (A-IS') procedure.

b Culture taken after the second SPB enrichment step of the conventional three-step enrichment (A-S'-S?) procedure.
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Figure 1
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Figure 2

A-IS! procedure (IMS-incorporated two-step enrichment procedure)
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Efficient Activation of Human T Cells of Both CD4 and CD8 Subsets
by Urease-Deficient Recombinant Mycobacterium bovis BCG That
Produced a Heat Shock Protein 70-M. tuberculosis-Derived Major
Membrane Protein II Fusion Protein

Tetsy Mukal, Yumiko Tsukamoto, Yumi Masda, Toshiki Tamura, Masahiko Makine

Fnstituze of Irde

Departmant of Mycobacterioiogy, Leprosy Research Centar, Ma fonss Diseases, Tokys, lapen

For the purpose of obtaindug Mycobacterium bovis bacilus Calmette-Guérin (BCG) capable of autivating buman nabve T cells,
vrease-deficient BOG expressing a fusion protein composed of Mycobacterium fuberculosis-derived major membrane protein [
(MMP-11) and heat shock protein 70 (HSP70) of BCG (BCG-DIYTM) was produced. BCG-DHTM secreted the HSPVO-MMP-II
fusion protein and effectively sctivated human monocyte-derived dendritic cells (DCs) by induchng phenotypic chunges and en-
hanced cytokine production. BCG-DETM-infected DCe activaled natve T cells of both CD4 and natve CD8 subsets, in an antigen
{Agi-dependent manner, The T cell activation induced by BOG-DHTM was inbibited by the prefreatment of DCs with chdore-
quine. The naive T8 T cell activation was mediated by the transporter associated with antigen presentation (TAP) and the
protecseme-dependent cytosolic cross-priming pathway, Memeory CD8" T cells and perforin-producing effector CD8% T cells
were efficiently produced from the naive T coll population by BCG-DHTM stimulation. Single primary infection with BCG-
DHTM in C57BL/G mice efficiently produced T cells responsive tu in vitro secondary sthmulation with HISP70, MMP-1L, and M.
tuberculosis-derived cytosolic protein and inhibited the multiplication of subsequently acroscl-challenged M. tiberculosis more
efficienily than did vector control BUG. These resulis indicate that the introduction of MMP-11 and H3F79 into urease-deficient
BCG may be useful for improving BCG for contepl of tuberculosis,

cobacterizng tuberculosis is a cansative bacterivam of tuber-
wlosis, Cine-thivd of the global population is tatently in-
fected with M. tubercudosis, which is responsible for 1.4 million
deaths worldwide ach vear (1-4}, Recently, multidrug-resistant
straing of M. suberculosis have conerged and spread wonldwide (3,
which mandates the development of reliable priventive measures
anct therapeutic tools. The manifestation of sdult lung teberculo-
sis cannot be prevented by currently used Mycobacterinm bovis
BCG (6); therstore, the development of more-effective single~-in-
jection vaccines is strougly desired,

Host defenses against M. tubercnlosis ave conducted Targely by
type 1T cells of both CD4 and CD8 subsets (791, As one of the
most important effector slements, gamms foterferon {TEN-y) is
well known (168), IFN-y can be produced chiefly by CD4% T cells
and CDS™ T cells, CD8™ T cells are also required to differentiate
into cytotoxic T lymphocytes capable of killing M. mbercudosis-
infected macrophages and dendritic cells (Cs) (11,12). The kill-
ing process is via a granule~dependent mechaunism involving per-
forin, which is produced in activated T cells (13, 14}, Therefirre,
both CD4™ T cells and G387 T cells, specifically of the memory
phenotype capable of responding mmediately to M. tuberculpsis-
infected cells, are key elements in host defenses against M. miber
cutosts, and vaccinating agents are required to have the ability 1o
activate T cells to produce memory subpopulations. BCG actd-
vates naive CEM™ T cells substantially but not convincingly and
activates nafve CD8T T cells poorly (15, 18). The reasons why
BCG cannot prevent the development of tuberculosis have not
been elucidated fully, but one of the major reasons is its poor
immunostimulatory activities, based on the Jack of ability o In-
duce phagosomal stwration (1719}, Therefore, BCG-derived
antigens {Ags) cannot be fully processed in the Ag-presenting cells

fapuary 3314 Volume 31 Number 3
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{APCs) and camnot be efficiently presented to U4 7 T cells and
CI87 T cells. These observations indicate that improvement of
BCG in terms of activation ability s necessary.

Various molecules, including early secretory antigenic target 6
{BSATS), the AgRS funtly proteins, and polyprotein Mib72F, have
been idemiified as good candidates for component vawines
agatost tubereulosis (9, 20-24). However, the development of a
fully reliable vaccing using these component molecules has not
besr successful, Purthermore, the strategy that is necessary 10 im-
prove BCG is sill not fully determined, although some candidate
recombinant BCG rBUG) s already available (17-39) Previ
ously, Grode et al. produced urease-deficient tBOG that produced
avidic phagosomes due to lack of amuoninm production and
effectively translocated into lysosomes (18), However, the urease
depletion alone potentiated the immunostimmlatory activity of
BCG but did not effectively inhibit the mudtiplication of M, suber-
crelosis in fung. This requires secretion of another foreign Ag, list-
eriolysin, We independently produced uresse-deficient BCG
{(BCG-AUT-11-3) by depleting the wre(C gene, which envodes ure-
ase, from parent BCG {19, BOG-AUT-11-3 strongly activated
naive human CD4™ T cells to produce IFN-v but failed to stimu-
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lateraive human CD8™ T cells, which indicates that another mod-
ification of BCG is necessary.

Similarly, a new reliable vaccine s needed for prevention of
leprosy, which is caused by Infection with Mycobacterimn leprae.
We are currently developing a new rBCG capable of inhibiting the
multiplication of M. leprae in vivo. First, we identified major
membrane protein I {MMP-11) (gene name, bfr4 or ML2038) as
one of the immunodominant Ags of M. leprae (353}, MMP-1I can
tigate Toll-like receptor 2 '{E R"“ and consequently activates the
NF-kB pathway of APCs (25}, and MMP-II-pulsed DCs activate
both naive CD4™" T cells and maive CII&Y T cells (25, 26). Second,
we tried to roprove BCG by overexpressing MMP-11, When we
introduced the MMP-II gene into BOG extrachromosomally, the
rBCG showed enhanced activity to stinulate naive T cells of both
CI and CD8 subsets (27). The second rBCG that we produced
was BCG-70M, having a BOG-derived heat shock protein 76
{FISP70)-MMPE-IT fusion gene, and suboutaneous single BCG-
70M vaccination inhibited the multiplication of M. leprae in
C57BLSG mice (28). Therefore, the secretion of the HSP7G-
MMP-II fusion protein was useful for enhancing the T cell-stim-
ulating activity of BCG.

Crverall, these results suggest that the combination of urease
depletion and intraphagosormal secretion of antigenic protein i
useful for construction of a new rBCG. We found that M. tuber-
culosis has an MMP-I{ gene {gene name, Rv1878}) that is 100%
homologous to the MMP-11 gene of BCG and 90% homnlogous to
that of M. leprae at the amino scid level. Previously, we purified
the recombinant MMP-IT GMBMP-I1) proteic of M. ruberculosis
using Mycobacterison smegimaris and evaluated its invmunostimu-
latory activities {22}, Similar to M. Iprge-derived MMEP-IL M
tuberculosis-derived MMP-I1 ligates TLR2 and activates DG 5, and
the MMP-I-pulsed DCs activate both subsets of nadve T ¢ 23]
Furthermore, both human DOs and macrophages infected with
M. wuberculosis strains such as H37Ry and H37Rs expressed
MMP-I derivatives on their surfaces (29). These results indicate
that the MMP-II of M. eberculosis is highly komunogenic and
might be a good carslidate for vaccine development. Therefore, in
this study, we produced a new rBCG, termed BCG-DHTM, in
which urease-deficient BCG-AUT-11-3 was introduced with a fu-
slon gene composed of the M. nuebercudosis-derived MMP-I gene
and the HSP70 gene of M. fuberculosds (RvD350}, and we evaluated
its immunostimafatory activities

RATERIALS AND METHODS

Preparation of cells and Ags. Peripheral blood samples were obtained
from healthy purified protein derivative (PFD)-positive individuals, with
informed consent. In Japas, BCG vaccination is compulsory for children
{0 to 1 vear of age). Peripheral blood moncmuclear cells (PRMUs) were
isolated using Fleoll- ~Paque Plus {GE Healthcare, Uppsala, Sweden} and
«»rw)pm%n ed in Hquid niirogen until use, as dosaribed prwwmiy {34)
For the preparation of ;nm_pbm& monocyies, CD3™ T cells were rcmsb*’td
frown either freshiy isolated heparinized blowd or ervopreserved PBMUs
by using nmunomagoetic beads coated with anti-C2D3 monoclonal au-
tibody (MAD) (Dynabeads 450; Dynal Biotech, Oslo, Morway). The 0037
PBMC fraction was plated on tssue culture plates, and adherent cells were
used a8 monosytes (31} DCs were ditferentiated as described previously
Briefly, monocytes were culturad {n the presence of 50 ng of
recombinart grarslocyie-macrophage colony-stimulating botor (HGM-
C8F} {Pepro Tech BC Lud., London, lee}md: and 1 ngof rm}mhzmm
interlewkin-4 ( {rf1-4} (Pepro Tech) parml (325 On day 4 of colture, B
mature DCY were infected with oBCG ot the ndicated mudtplicity of in-
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fection {MOT) and, on day 6 of culture, DCs were used for further analyses
of surface Ag and for mined lymphocyte assays. Macrophages were differ
entiated as sdescribed previously (33, 341 In brief, mono were cul-
yured i the presence of 10 ng of recommbingnt macrophage colony-stim-
ulating factor IM-CSFY (RED Systems, Ine, Minneapolis, MN) per mb
0 day 5 of cultire, mesrephages were infected with rBCG at the indi-
cated MOIsand, oo day 7 of vdtore, they were used for further analyses of
surface Ag and for mived M}zphac;ﬁ\ asaays. The rMMP-II protein was
produced as described previously {25, 351 The yHEPT0 protein was puo-
chased (Hy Test Lad., Turkn, I‘m?ami}, anid HB7Ry-derived cytosolic pro-
tein was produced as deseribed previcusly (35},

Vector construction and preparation of rBi”Gv The genomic DNAs
were obtained from BOG substrain Tokyo and from M. suberculosis sirain
v, The oligonucientide ¢ I;}“it;’:i’k“k wied for amplification of the
5&»3‘»}8 gene wers F-Mb70Bal (3w THGCCAIggoegisiayicgge-3 ) and
B-Mb70Eoo {5 -aaaGAATT Cg.&ggcctccﬁcggccg»s’}. The MMP-II se-
quence from AL frberoudosis genomic DINA was smplified with primers
B-MMPTBEco {5 -aa1:G. &ATTi'laigcaaggzg&tccc atgt-31 and R-MMPT-
BSal {5 -aantGTCGACcaggicpsiggpogaga-3), In all primer sequen
capital letters indicare resiviction sites. The amplified products were di
gested with eappropriate restriction engymes and cloned Into the parenta
pMV 281 plasmid. For replacement of the kanamycin resistance gene with
the hygromycn resistance casaette, the Xbal-Nhel fragment from
(35} was cloned into the Spel-Nhbel fragment of the plasmid
11 which the ureC gene was disrupted (BCG-AUT-11 was
prodused as described previously {19). The hygromycin cassette In BOG-
AUT-11 was removed by using pYUBSTD sncoding ~vS-resolvase {vA-
mpR) (36} The uvnmarked BCG was nawed BOG-AUT-11-3 The
HSPPO-MMP 1 fusion profefn-expressing vector was intraduced into
BCG-AUT-11-3 by electroporation, BCG-AUT-11-3 vontaining pMV-
HEP70-MMP-IE a5 an extrachromosomal plasmid Is referred to as BIG-
DHTM, and BCG-Tokyo containing pMV-261-hyeromyeln & referred to
326 1H {BCG veotor controll. Recombinant BCGs and M, fubercy-
s strain FIB7Re were grown 1o log phase and stored at ~80°C,
CFUml. Before infection of DCs and macrophisges, BCG leve
counted by the colony assay method. There was no significant ¢
in dn vigro culture growth between BOG-261H and BUG-DFTM.

Analysis of cell surface Ags. The expression of celf surface Ageon DCs
and lymphocoytes was analyzed using a FACSCalibur system {BD Biosci-
ences, San fose, CA) Diead cells were climinated from the analvsis by
staining with propidivm iodide (Sigma-aldrich, St Lowds, MO, and T X
10% five cells were analyred. Por the analysis of cell surface Ags. the ollonw-
g MAbs were psed: fhuorescein isoth ;u,a;mm{m 1T mi mam MAbs
against HEA-ABC {G46-2.6; BD Biosciences), HEA-DER (1243 BD Bio-
sclences), CDIBG (FUM-1; BD Blosclences), CIB3 (HB1Sa; i;ﬁ ;mmmmh,
Warseille, Prance}, CD62L {Dreg 56; BD Biosclences), COR? (clone
150503 R&D Systerns), and CD27 {(M-T271; B Blosciences) and phyco-
ervihrin-conjugated MAbs 1o CID162 (TBS; Bxbio, Pague, Trech Repub-
tich, CDE (RPA-TE; BD Blosciences), and CD4 {EPA-T4; BD Biosciences .

The expression of MMP-J1 on yBCG-infected DCs was determined
uaing the MAD against MMP-11 of AL fepray (M270-13, Ted, kappa),
which may detecy MMP-TLassociated with major Mstoonmpatilslity com-
ples (MHC) molecsdes {26, followed by FITC-conjugated anti-mouse
romunogliobulin (g} Mab {(Tage lmmunologicals, Camarillo, CA). For
inhibition of the atracelludar processing of phagocyiosed hacteria, DCs

@

TERCE

wnfected with rBCG, and subiected 1o anal
siog, The intracelludar produstion of perforin was asses

naivz CU87 T cells were stimulated wi U r-infected {7{
gt

wxih ;Thx» coeryib mﬁ’*
:mi)m;uumy; the cells :
{BD Biosciences} and were at,xmw m:}s iii( s:oas ted MAE} 10 pex&%
pin (SGY B Blosdeness) or FITC-Jabeled botype control,
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APC functions of BCs. The ability of BCG-nfected DUs and macro-
phages to stimulate T colls was assessed using an antologous APC-T celi
coculture, as provicusly described (32, 37). Purification of CD4™ and
CDS™ T cells was conducted by using negotive-tsotation kits (Dynabeads
450; Dynal Bictech) { Naive CD4" and CE8™ T cells were produced
by further treatizent of these T cells with MAD to CIMSRO, followed by
beads coated with  goat anti~-mouse [eG MAD (Dynal Blotech), More than
98% of CDMSRA™ T cells were positive for the expression of CCRY mol-
ecules, Memory-type T cells were similarly produced by the treatment of
cells with MAD to CIVMSRA Ag. The purified responder cells {1 X 10° cells
per well} were plated in 96-well round-bottom tissue colture plates, and
DCs or macraophages infected with yBCG were added to give the indicated
AFC/T cell vatio, Supernatants of APC-T cell coculiures were collectad on
day 4, and cytokine levels were determined. In some cases, sBCG-infected
DCs and macrophages were treated with MAb to HLA-ABC {W6/32,
mouse IgGZa, kappal, HEA-DR (1242, mwouse 1gliZs, keppal, or DR
(1122, mouse IgG3h, kappa: BD Bosciences) or normal mouse 1gG. The
optimal concentrations of the MADbs were determined in advance. Also.in
same cases, Immature DCs and mwacrophages were treated with the indi-
zated doses of chloroquine, brefeldin A {Sigma-Aldrich), or lactacystin
{Sigma-Aldrich) and subsequently infected with BUOG-DHTM. The opti-
mal doses of these veagents were determyined in advance.

Measuremnent of cytoekine production, Levels of the following cyto-
kines were measured: FN-y produced by CP4™ and CDR™ 7 cells and
interdenkin 12p70 (1L-12p70), tumor » factor alpha (TNF-o}, 1L~
18, and GM-CSF produced by Dils v mscrophages stbombated for 24 or
48 bywith rBOUGs. The concentrations of these cytokines were quantified
using enzyme assay kits {Opt 1A human enzyme-fnked immunosorbent
assay [ELISAT set; BD Bioscienes).

Animal studdies, For inoculation into mice, eBCG and M. tubercsdosis
strain HA7Ry wers cuttursd in Middlebrook 7HE medium to Jog phase
and stored at —86°C, at 10° CFUAmL Before the albguots were wed for
inoculation, the concentrations of visble bacilli were determined by plat-
ing on Middicbrook PHID agar plates, Three S-weel-old C37BL/ST mice
{Clea Japan Inc., Tokyo, Japan} per group were inogulated subcutane-
ously with 4.1 md of phosphate-buffered soline (PBS} or PES coninining
12 30% or 1 10% rBCG. The animals were kept nnder specific p wthoss,w
free conditions and were supplied with stertlized food and water. Four or
12 weeks after noculation, the spleens were removed and splenocytes
were szx&;penéed in crdture medium af a concentration of 2 X 10% cells per
mil, The splenccytes were stimulated with the indicated concentrativns of
eMMP-IL sHSP76 {HyTest), or H37Ry-derived cytosolic proteln, in trip-
ficate, in 96-well round-bottom micr {\pmﬁx {19, 27} The individoal cul-
fure supernatants were coltected 3 o 4 days after stimnlation. Far obser-
vation of the effect of BCG vaccination on M. fisberodosts infection, fve
CS7BL/6 mice per group were vaccinated with either BOG-261H or BUG-
DHTM, at 1 ¥ 10" CFUMmouse, for 6 weeks and were challenged with
H27Rv at 104 CFUAung by serosol nfection using an amumdiﬁd irshala-
Hon exposure apparatus {maodel 099C A4212; Glas-Col Corpl). Sis
later, bacterial burdens in the lung and spleen wers assessed by mechanical
disvuption in PRS with 0.5% (volfval} Tween 80 and mmmmmi by cal-
ony assay. Antmad studies were reviewed and approved by the Asriral
Research Committes of Bxperimental Animads of the Natiord Institute of
Infectious Diseases angd were conducted according to thelr guidelines,

Statistical analysis. Student’s # test was applied to defermine statistical
differences. Throughout the in vitre experbmenis, we ncladed 1 o1 2 tech-
nical replivates in cack hndividual experiment and used at loast 3 separate
PRMUC donars.

RESULTS

Activation of Ag-presenting cells by BCG-DHTM. The purpose
of rBCG production s to activate nalve T cells effectively and,
consequently, to produce memnory-type T cells efficiently. In order
o stimulate responder T cells, APUs susceptible to BCG infection
should be sdequately activated by infection with tBCG. We as-
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sessed the ability of newly produced rBCG (BCG-DHTM) to ac-
tivate APCs with respect to phenotypic changes and evtokine pro-
duction {Fig. 1}, To assess phenotypic changes, we examined the
expression of MHC, CT86, am’é D83 molecules on DG {Fig 1a)
Bath vector contred BCG (BCG-261H) and BCG-DHTM upregu-
Iated the expression of iiwse xxmzem}@&, but BUG-DHTM infec-
tion induced upregnlation more efficiently than did infectionwith
BUG-261H, We measured the production of cytokines, including
IL-12p70, TNFew, and IL-15, from DUs with sttmulation with
rBCGs (Fig 1h). Significamtly higher levels of all of these cytokines
were produced bv BOG-DHTM stimulation. Further, whea M-
{C5F-dependent mucrophages were stimulated with either BCG-
261H or BCG HT’% }3€ SG-DETTM stimuldation induced pro-
duction of signi ter fevels of TNT-gcand GM-CSFE (Fig.
i¢h Inallof thesc £X gw mtenh, we used varions doses of rBCGs fm
the assessments, and similar changes were observed {data not
shown). These results indicated that BCG-DHTM activated s
and macrophages more efficiently than did BCG-281H.

Activation of memory-type and naive CDA*Y T cells by BCG-
DHIM. ?re\fmmi}} we reported that the enhanced activation of
both CD4™Y T cells and CD8 " T cells fnduced by tBCG that was
introduced with the M leprae-derived MMP-IL-HSPYO fusion
gene was dependent on secretion of the HEP70-MMP-II fusion
protein. Since we also confirmed that newly produced BOG-
DHTM secreted the fusion protein composed of M. tubercudosis-
derived MMP-II and HAP70 {data not shown), we ed the
CD4™ T cell-stimulating ability of BCG-DHTM (Fig. 2). When
either BCG-261H or BOG-DHTM was used to infect DCs and was
nsed as a stimulator, sutologous memory-type CD47 T rells pro-
duced significantdy higher m"ﬁ‘; of IF \Ew\i %} stimuation of ;
U}iihiqafm&d DCs than BCG-261H-infected DCs
arcund 300 pg/imd of (FN-y was secreted by stimulation with very
small numbers of {BCG-rofected DCs (MOL, 0,063 and with very
small numabers of DCs (T cell/I0 ratio, 8:1). A different T
el DC ratios, BOG-DHTM sxhibited higher activity {data not
shownd, In addition to IPM -y, TNFew and 1L-2 were efficiently
produced with BCG-DHTM stimulation (data not shown). Then,
we assessed rBCG- d macrophages as stiravlators, Com-
pared to DCs, macrophages needed to be infected with higher
doses of rBCGs to stimulate memory-type TD4™ T cellss however,
mere than 100 pg/ml of TFN-y could be produced by respoander
DA™ T cells when BCG-DITTM was used af an MO of 0.5 10
infect macrophages. Forther, a lavger quantity of macrophages (T
cellfmacrophage rativ, 10:1) was needed 1o activate CD4¥ T cells
convincingly (Fig. 2b) It should be noted that the BCG vector
control could nut induce the apparent activation of CD47 T cells.
BOG-DHTM did not induce TEN-vy production from either DCs
or macrophiages {data not shown}. Then, we asse ‘s:‘ci t}w; a<" 'i\ri't::;f
of BCG-DHTM 1o stimulate naive CD47 T cells (F ¥
DHTM induced the production of significantly htgi}gr ;:Vx,ib 3§
TFN-y than did BCG-261H at MOIs of 0.063 1o 80.25 (T «el¥DC
ratio, 20011, Increasing IFN-v levels could be produced, depend-
ing on the dose of BCG-DHTM used to infect DCs Also, at dif-
ferent T cell/ DC ratios, BOG-DHTM showed greater activity
not shown), However, BOG-DETM wfegteé macrophages mﬁ ted
v induce the production of significant levels of [FINwy from naive
DAY T eells or COE™Y T cells (data not shown),

Activation of memory-type and naive CD8Y T cells by BOG-
DHTM. The effects of BCG-DHTM Sndected DUs on CDE™ T oell
activation were examined {Fig, 31 While BCG-261H did not ac-
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FIG 1 (o) Upregularion of APC-assockated molecules and activation markers on DCs by infection with BCG-DHTM. Mo
infected with either BOG-261H or BOG-DHTM atan MOY of 6.063 and were volivred for another 2 dave in the presence of sGh
day & of culture ware gated and analyzed. Dashed Hanes, isotype-matched control {gGi solid iam
experhments are shown. The nwmbers in the top vight corners of the pémels represent the
between the control 1gG and the test MADL in three independent e\pﬁ:immts. M

pmdm&d asing 15.«:M— CSF and rlL-4 were %tumﬂzm.ei with either BCG-2611

tivate mernory CD8™ T cells efficiently, BCG-DHTM activated the
T cells and induced the pmdﬂcﬁ@n of more than 100 pgll of

IFN-y (Fig. 3a). Compared 10 the dose of rBCG required for acti-
vation of memory-type CD4™ T cells, a higher dose of yBCG was
needed, which may be based on the fact that parent BCG did not
activate naive CD8™ T cells and did not produce BCG-spexific
memory-type CD8” T cells efficiently. When autologous naive
CDE™Y T cells were stimulated by rBCG as a responder population,
only BCG-DHTM efficiently activated naive CD8™ cells to pro-
duce IFN-v (Fig 3b). Efficient concentrations of IFN-v could be
produced from ‘naive CD&® T cells by stimulation with s in-
fected with BCG-DHTM, As observed previously (18, 32), BCG-
261H did not activate naive CD8" T cells, These phenomena were
observed consistently under various conditions, including differ-
ent MOIs and T cell/DC ratios. In order to confirm the activation
of naive CD8™ T cells by BCG-DHTM, the expression of activa-
tion markers on naive CIB 7 T cells was examined (Fig. %), When
antologous naive CD8™ T cells were stirmulated with DCs infected
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with either BCG-261H or BUG-DHTM in the presence of naive
CD4AT T celts, more-efficient downregulation of CDEIL expres-
sion on CD8™ T cells was induced by BCG-DHTM stimulation.
These phenomena were observed at different MOls and, even at
fower MOIs such as 0.031, efficient downregulation was observed
0 BOG-DETM-stinnlated CD8™ T cells.
Characteristics of BOCG-DHTM. Previcusly, we reported that
BOG-70M induced expression of MMP-I on the surface of DCs

infected with BCG-70 M (28], Thus, we analyzed the DUs infected
with BOG-DHTM in termus of MMP-II expression 43},

Whereas both uninfected DCs and DCs infected with BCG-261H
did not express MMP-11 derivatives on the surface, BCG-DHTM
induced expression of MMP-II derivatives {6.8-fold increase in
MMP-Texpression in BOG-
expressian were observed when higher MOs of #BUG were used
{data not shown). Further, MMP-II expression was inhibited by
the teestment of immature DCs with chloroquing, an inhibitor of
phagosomal acidification, prioy to nfection with BOG-DHTM.
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FIG 2 (a) IFN-y production from memory-type CD4™ T cells by stimulation with BCG-DHTM-infected DCs. Monocjte-derived DCs were infected with either
BCG-261H or BCG-DHTM at the indicated MOIs and were used as stimulators of memory-type CD4™ T cells in a 4-day culture; 10° responder T cells were
stimulated with the rBCG-infected DCs at a T cell/DC ratio of 80:1. (b) IFN-y production from memory-type CD4™ T cells by stimulation with BCG-DHTM-
infected macrophages. Macrophages produced by using M-CSF were infected with either BCG-261H or BCG-DHTM at the indicated MOIs and were used as
stimulators of responder CD4™ T cells in a 4-day culture; 10° responder T cells were stimulated with the rBCG-infected macrophages ata T cell/macrophage ratio
of 10:1. (c) IFN-y production from naive CD4™ T cells by stimulation with BCG-DHTM-infected DCs. Monocyte-derived DCs were infected with either
BCG-261H or BCG-DHTM at the indicated MOIs and were used as stimulators; 10° responder naive CD4™" T cells were stimulated with the rBCG-infected DCs
ata T cell/DC ratio of 20:1. A representative of three separate experiments is shown. Assays were performed in triplicate, and the results are expressed as

mean % SD. Titers were statistically compared using Student’s 7 test.

According to these results, we analyzed the effect of chloroquine
treatment of immature DCs on the activation of T cells by BCG-
DHTM (Fig. 4b). IFN-y production from naive CD4™ T cells and
naive CD8" T cells by stimulation with BCG-DHTM-infected
DCs and that from memory-type CD4" T cells by stimulation
with BCG-DHTM-infected macrophages were significantly in-
hibited by chloroquine treatment of these APCs. These results
suggest the possibility that the secreted fusion protein is one of the
elements responsible for the activation of both CD4™ T cells and
CD8" T cells. BCG-DHTM-infected DCs or macrophages were
treated with MAbs to HLA and CD86 molecules prior to being
used as stimulators of responder T cells (Fig. 4c). Treatment of

January 2014 Velume 21 Number 1

BCG-DHTM-infected APCs with MAbs to HLA-DR, CD86, and
MMP-II (data not shown) significantly inhibited IFN-y produc-
tion from naive CD4™ T cells and memory-type CD4" T cells.
Also, the treatment of BCG-DHTM-infected DCs with MAbs to
HLA-ABC and CD86 molecules significantly inhibited the pro-
duction of IFN-y from naive CD8™ T cells, These results suggested
that BCG-DHTM activated T cells in an Ag-specific manner, at
least partially. In general, for activation of naive CD8™ T cells by
bacteria, the activation of cross-presenting pathways in APCs is
required. We examined whether BCG-DHTM utilized the cytoso-
lic cross-presentation pathway for the activation of naive CD8™ T
cells (Fig. 4d). To this end, we treated immature DCs with either
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FIG 3 {a) IFN-v production from meswry-type CO8” T cells by sth
ar BCG-DHTM at the bvdivated MOIs and were used as stimudators; 1
IWO; ata T oelfD0 ratio of Hull (b} IFN-vy production {“xm naive ODET
BCG-DHTM a1 the indicared MCHs and were used as stimuy

oi 11, A representative of three separate experiments
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brefeldin A or lactacystin and subsequerdly infected them with
BCG-DHTM at an MOI of 0.25, These pretreatments of DCs sig-
wificantly inhibited TEN-y production from naive CDE T cells.
Production of memory and effector T cells from naive CDE™Y
T gells by BCG-DITTM. Since it is well documented that the pro-
duction of long-lasting memory CD8 ™ T cells from naive CDET T
cells requires help from CD47 T cells and since BCG-DHTM ac-
tivated both naive CI4™ T cells and naive CDEY T cells, nabwe
unseparated T cells were stimulated with DXCs infected with either
BOG-261H or BOG-DFTM and the stimudated CDR™ T cells were
gated and analyzed (Fig, 52 )y Stimulation with BUG-DHITM more
gfﬁczen‘d} g&rcduce& CO2P oy CCR®Y memory-type T cells
from naive T cells. Further, BOG-DHTM produced perforin-pro-
ducing CDE™ T cells more ¢fficiently than did BCG-281H. Bft-
cient production of these DY T cells was observed with differ-
ent doses of BCG; however, in the absence of T4 T cells,
production of mernory and effector T cells was not observed (data
not shown). Furthermore, it is necessary to produce T celle with

high migratory function. Thus, we assessed the expression of

U082 on both CD4™ T cells and CIE™ T cells stimulated with
DCs infected with BCG-DHTM (Fig. 55}, BOG-DHTM produced
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CDIG2ME CDAY T cells and CD16278* CDE™ T cells more effi-
cizntdy than did BOG-261H, Similer differences berween BCG-
261 H and RCG-DHTM were observed at different MOTs {data not
shawnl,

Production of T cells responsive to secondary stimulation by
BCG-DHTM infection fa vivo, Functional studies asing C37BL/6
miice were conducted to examdne the ability of BOG-DHTM 10
produce T cells that were highly responsive to secondary in vigro
stimulation {Fig. £). The mice were subcutancously inoculated
with 1 X 107 CFUfmouse of TBCGs 4 wesks (Fig, 82} or 12 weeks
{Fg, ob) before in vitro stimulation. As acamda; v stimulators,
mwmbma;\t M‘\/i}%li, recombinant HSE7Q protein, and H37Rv-
derived cytosolic gmtem were nsed, Some of these proteins are
highly inumunogendc and thus they induced substantial TF
;m}duz.,mm from T cells of uninfected nrice; however, splenic T
cells from mice inoculated with BCG-DHTM 4 weeks pfev;mzeiv
provduced significantly higher levels of TRN-y and 11-2 (data not
show) t?ma did T cells fromn uninoculated mice and ﬁ‘i(}‘\a from
61 H-infected mice, by responding to all of the secondary
stimdators {Fg. fa). To examine the Jong-term effects of single
inoculations of BUG-DHTM, T cells from CE7BLA mice similarly

e
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inoculated with rBUGs 12 weeks previously were examined (Fig,
&by, Again, significantly ‘azbi}ex levels of TFN~y were pmduteﬁi
from T cells obtained from mice inoculated with BOG-DHTM
with secondary stimulation, although we could not recover BCG
from spleen. In 3 separate experiment, a different dose (1 X 107
CFU mouse) of BOG was examined, and similar results were ob-
tained {data not shown).

Effect of BCG-DHTM vaccination on the multiplication of
H37Rv i vive. CS7BL/6 mice vaccinated with either BCG-261H
or BOG-DHFTM (1 X 16* CPU/mouse) for ¢ weelks were chal-
lenged with 100 CFU per Jung of H37Ry by aerosol infection. Six
weeks later, the M. tuberculodis recovered from both lungs and
spleen was epumerated {Fig. 7). Mice vaccinated with either BCG-
261H or BOG-DHTM demonstrated inhibited multiplication of
M. tuberculosis in the long, and BCG-DETM vaccination inhib-

January 2014 Yolume 31 Number 1}

ited M. suberoidosis nyeltiplication more strongly than did BCG-

261H veccingtion (Fig, 7a). Similer results were observed in the
spleen {Flg. 7y, Simdlar protective sffects of BOG-DHTM on M.
tubercnlosis recovery were observed fn mice 12 weeks after vacci-
nation (data vot shown),

DISCUSSION
Studies psing the T cell receptor-transgenic M. fuberculosis mouse
madel dearly demonstrated that the most susceptible APCs, fn-
cluding DCs and macrophages, need atleast 7 to 10 days to fnitlate
stimulation of €147 T cells and CD8™ T cells in regional lymph
nodes on aerosol infection with M, fuberendosis and the st rmxia o)
T oells need 4 1o § weeks to nitiate inhibition of t
of M. méw?cgsiasz‘: i lungs (38

8). The activation of i\ot%k (_5}' T
cells and 2087 T cells is required for tnhibivion of the replication
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FIG 5 {a) Expression of memory murkers and perforin production on naive
CO8™ T cells stivodated with DCs infected with BOG-THITM., DCs were in-
fected with either BUG-263H or BOG-DETM at an MOI of 4.083 and were
cocnitured with wseparated nabve T cells (T cell/DC vatio of 46 1
The stimulated CD8™ T cells were gated and analyzed for expression of the
indicated molecules and for pesforin production. (I} Expression of wigration,
markers on naive T cells, DCs were Infected with either BCG-261H or BCG-
DHTM at the indicated MOIs and were cocultured with naive T wells (T
cell/DC ratin of 40:1) for 5 days. Stisulated T cells of the CD4 or CD8 subset
were gated and analyred for expression of CD162 yuolecules, Dashed lnes,
se-matched control Iglh solid lines, auti-CI162 MAb, The numbers in
the mp right corners of the pme’k regresent the differences in fuorssoence
intensity {mean ¥ standard deviation} between the control IgG and the test
MAD in three mdependent e rariments. The nwubers In paventheses indicate
me percentages of the CD 162V T cell population among the indicared T cells,
A representative of three s«.}mmts experiments ts shown.

of M. tuberculosiz or killing of M. nubercudosis (7-9, and DCs play
a central role in activating T cells {39). It has been reported that
CDa™ T cells act at the initial stage of M. tuberculosis infection and
CD&™ T cells work chiefly at the chronic stage {4). The purpose of
vaccination aimed at controlling tubercalosis manifestation is to
praduce T cefls that can imimediately respond o antigenic mole-
cules expressed on the surface of M. fubgrenlosis-infected APCs in
the regional lymph nodes, BOG is essentially capable of activating
naive CD4™ T cells, but its potency is not convincing and is not
suitable for stimulation of natve CD8Y T cells {15, 186). Further,
macraphages infected with BCG inefficiently activate CIM™ T
cills {15). Thersfore, BUG is not an excellent vaccine in terms of
producing abundant T cells capable of responding to secondary
stinvudation, and improvement of BOG is nacessary.
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Wehave previously made efforts to improve the ability
to stinulate T cells, chiefly sbming to produce belter vaccines
against leprosy. We nsed MMP-I] protein to improve the function
of BCG, as the most important element of vaccines (25), and we
found that intraphagosomal secretion of HSP70-MMP-II fusion
protein is guite useful to stimulate natve T cells of both CIM4 and
CD8 subscrs, Further, we and others showed that urease-deficient
rBCG feasibly translocated into lysosomes, where abundant en-
zymes are avaflable (18}, Although wresse-deficient BCG-AUT-

“11-3 activated naive CD4Y T celly, it failed 1o activate naive CDR™

T cells to produce TN~y (19}, Furthermore, Grode et &l showed
that depletion of urease activity in BCG s pot sufficient to inhibit
the multiplication of M. subercudosis in hung {18). Therefore, it
couild be specnlated that, i order to overcome fully the intrinsic
defect of BCG, that s, a lack of phagosome and lysosome fusion,
the combination of urease depletion and intraphagosomal secre-
ton of antigendc molecules would be useful.

Our previous study indicated that the rMMP-I protein of M.
tuberculosis s highly immunogenic and DCs pulsed with MMP-I1
proteins activated both naive CD4™ T cells and naive CDSY T
cells, but M. suberculosis-dertved MMP-I1 was superior 1o M. lep-
rae-dertved MMP-I1 in all of these functions (23}, Purthermore,
individuals who were vaccinated with BCG possessing MMP-II
100% hamologous 1o that of M. subercudosis were assumed to be
primed with MMP-TI in vivo (29}, Thus, MMP-IT of M. tubercy-
fosis was considered to have T cell-stimulating activity, and these
activated T cells, which subsequently differentiated into the mem-
ory state, may be able to respond to M. tuberculosis-infected APCs
zmmcdmdy Therefors, MMP-I1 could be a usefol candidate as s
compement of vaccines against tubercudosis,

Based on these previcus findings and speculation, we produced
a new rRCG termed BUG-DHTM, using the MMP-I1 of M. suber-
cudosis, BCG-DHTM was produced by introducing the HAP70-
MMP-T fusion gene into urease-deficient BCG-AUT-11-3. Pre~
vivusly, we reported that urease-deficient ¥BCG that secretes a
fusion proteln composed of HSP70 and MMP-IT from M. leprae
was superior 0 ursase-deficient BOG-AUT-11-3 and normal
BCG that secretes the fusion protein in the activetion of APCsand
naive T cells and the production of memory-type T cells #n mice
(4. Thevetore, we used only vector control BCG-261H as a con-
trol BCG in this study. BOG-DHTM induced enhanced activation
of naive CDM4™ T cells and convincingly sctivated naive CD87 T
cells to pméuc:e [EN-y, although the gvailability of non-BCG-
vaccinated naive PBMCs would help to confirm these observa-
tions. Naive CD8™ T cell activation was confirmed by the obser-
vation of phﬁs}f:iwzx changes such as exprmxmn of activation
markers. The activation of naive CD8™ T cells was induced by
wsing the transporier associsted with antigen presentation (T A?;
and the protensome-dependent c}ms:}hg cross-presenting path-
way, because IFN-y production from nsive CD8™ T cells was
largely inhibited by prefreatment of immature DCs with either
brefeldin A, an inhibitor of TAPR-dependent transportation, oy
factacystin, a prodeosomal protein degradation Bocker. The acti~
vation of naive T cells of the UD4 and CD8 subsets by B
DHTM was carvied out in an Ag-specific manner, since treatment
of BCG-DHTM-infected DCs with MADs to MEHC or CDE6 mol-
coules significantly inh 1 IEN-y production from natve T oefls.
Purther, BUG-DHTM could activate CDA™ T cells ever when
macrophages were used as APCs, the function of which Is impor-
want, because the parent BCG possesses the solid defect of the
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FIG 6 Production of T cells responsive to secondary in vitro stimulation in C57BL/6 mice by infection with BCG-DHTM. Three 5-week-old C57BL/6 mice per

group were each infected subcutaneously with 1 X 10° CFU of either BCG-261H

or BCG-DHTM. Four weeks (a) or 12 weeks (b) after inoculation, splenocytes

(2 X 10° cells/well) were stimulated in vitro with the indicated stimulators for 4 days, and IFN-y levels in the cell supernatants were measured. Assays were
performed in triplicate for each mouse, and the results for three mice per group are shown as mean = SD. Representative results of three separate experiments
are shown. Concentrations of IFN-y were statistically compared using Student’s ¢ test.

inability to activate CD4™" T cells via macrophages. Activation of
these naive T cells by DCs and activation of CD4™ T cells by mac-
rophages are closely associated with phagosomal maturation. This
conclusion is supported by the observation that pretreatment of
DCs and macrophages with chloroquine, an inhibitor of phago-
somal acidification, blocked the activation of responder T cells.
The HSP70-MMP-1I fusion protein secreted in phagosomes can
contribute to the activation of naive T cells but, in addition, the
fusion protein can be secreted in lysosomes owing to urease defi-
ciency. The protein secreted in lysosomes could be more effi-
ciently degraded into antigenic determinants than that secreted in

January 2014 Volume 21 Number 1

phagosomes, because lysosomes contain abundant enzymes. The
frequency of T cells specific for HSP70-MMP-II fusion protein is
low; thus, it seems difficult to inhibit the multiplication of M.
tuberculosis by the actions of only the fusion protein secreted from
normal rBCG. Thus, we need Ag-specific polyclonal T cells. In this
respect, urease depletion seems to be useful, because rBCG itself
might be processed by the enzyme present in lysosomes. There-
fore, BCG-DHTM may be able to activate not only fusion protein-
specific T cells but also other T cells polyclonally by using parent
BCG-derived Ags. These speculations seem to be supported by
animal studies, at least partially. C57BL/6 mice injected with
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FIG 7 Inhibition of M. suberauslosis multiplication by subcutaneous vaccin-
tion with BCG-DHTM. Pves old CE7BL/G mice (5 mice/group) were

subciutaneously vaccinated with either BCG-281H or BCG-DHTM ar 1 #1167
CFU/mouse and were challenged with 100 CFU/lung of H37Rv by acrnsel

imfection 6 weeks postvaccination, M. meboreulosis (TRY isolates yecovered
from the lungs (a) and spleen (b} at & weeks postchallenge were enumerated by
the colony assay smethod. Titers were statistically cczm})ased nsing Student’s
test. A representative of three separate experiments is shown.

BCG-DHTM produced T cells that responded strangly to in vitro
secondary stirnnlation with MMP-IE and FISP70, as well as M.
tuberenlosis-derived oytosolic protein.
The BCG-DHTM stimulation of naive T cells produced
CD27 and CCRY™ memory-type CDS™ T cells in vitro, and
both CDA4™ T cells and CD§™ T cells highly expressed migration
markers. These observations seem to be important because both
subsets of T cells have to migrate invnediately and alternatively
between lung and regional Iymph nodes to react with A, tubercn-
fosis-infected APCs efficiently, Production of these T cells may be
associaied with the partial inhibition of M. tubercudosis myaltipli-
cation in fungs and spleen of mice vaceinated with BCG-DIHTM.
Although BCG-DHTM showed high fromunostimulating activi-
ties, it only partially inhibited the growth of M. ndberculosis in
lungs. There might be several reasons for this unconvinding inhi-
bitign. {One reason might be the lack of pathogenic features of M,
tnbercudosis in BCG-DHTM, and the second s the relatively small
dose of BUG used for vaccination. The third reason may be zhdi we
tested bacterial burdens in longs and spleens at 6 wecks and not 4
weeks, a frequently used time point (41}, after ML tubercnlosis chal-
ienge, because 4 to 5 weeks are nocessary to veach stable levels of
pulmonary bacterial burdens even in naive mice (38}, Also, dusto
BCG strain differences, there may be differences in protective of-

fects in experbments with mice. Therefore, another effort is abso-
tutely required for the production of a more potent BCG to inhibit
M. neberciddosis. However, the present study may indicate that the
HEP70-MMP-1 fusion protetn could bea candidate vaccine com-
ponent for the control of tuberculosis.
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Background

Laprosy ix a chronic myeohacterial ifection that presents
an extraordinary range of velllar inwnune responses in
hamans. Regulation of cellmediated  inuvunity against
Fpycobacteriwm leprae twough the fine-tuning between
cells, cytokines and chemokines continues to be unraveled.
Similar to other mycobacterial infections, granulomatous
inflammation in the skin lesion defines certain forms of lep-
rosy 11,21 The bacilli enter and replicate within waero-
phages, resulting in the producton of cytokines and
chemokines, which in turn triggers an inflamroatory re-
sponse leading to the recruitment of macrophages and lym-
phocytes st the indectious site. Granulomas malnly contain
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lDepam‘rr t of
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macrophages, epitheliold cells (ECs), multinucleated glant
cells (MGCs), swerounded by a rim of T vmphocytes [3]
The organization and the vellular constituents of the de-
veloping M. lyprae granudomay vary with the status of the
host immune response. Presumptively, granolomatous le-
sions can be categorized within two polar forms (4] At
ong extreme, fuberculoid granulomas are organized as
nodular lestons with ECs and MGCs in the lesion center
surrounded by a rim of fibrous connective tissue, lymphe-
cytes along the periphery of the granuloma, and acid-fast
bacilli are ravely dersonstrable i the lesions. AL the other
extreme, the pathological feature of lepromatous leprosy
skin lesions are chavacterized by a Jack of organization of
cefls, with very bigh numbers of foamy macrophages
containing very lage numbers of bacilli, and disorganized
Iymphocyie infiltration.
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Granulomas have long been believed to benefit the host
by containing and restricting the growth of mycobacteria
in a localized area, to prevent the spread of the disease to
other parts of the tissue or organs [5]. However, some
studies in zebra fish infected with M. marinum and M. tu-
berculosis suggested that the granulomas contribute to
early bacterial growth and expanding infection [6-10].

The structure, function, and evolution of granulomas
have been studied using various animal models [11,12],
high-resolution chest computed tomography scans of
pulmonary tuberculosis patients [13], and explanted tis-
sues [5,14]. Interestingly, the in vitro models of human
mycobacterial granulomas have been studied by infec-
tion with Bacillus Calmette-Guérin (BCG) or stimulation
with antigens such as purified protein derivatives or arti-
ficial beads coated with mycobacterial components
[15,16]. These studies have identified infected macro-
phages, ECs, and several types of MGCs, which are
thought to play important roles in the formation and
maintenance of granulomas. In addition, macrophages
demonstrate considerable plasticity that allows them to
efficiently respond to environmental signals. These cells
are generally classified as M1 (classic) macrophages,
which produce proinflammatory cytokines and mediate

-resistance to pathogens and contribute to tissue destruc-
tion, or M2 (alternative) macrophages, that produce
anti-inflammatory cytokines and promote tissue repair
[17-19]. However, so far, we know little about the rela-
tionship between the polarization of macrophages within
mycobacterial granulomas.

In this study, we developed an in vitro model of M.
leprae granulomas, which mimicked the human granu-
lomatous skin lesion with progressive recruitment of
monocytes around macrophages infected by M. leprae,
and their differentiation into ECs and MGCs as well as
recruitment of activated lymphocytes. This model may
be useful for unravelling the mechanisms of disease pro-
gression, and find effective strategies to control the
spread of bacilli.

Methods

Ethics statement, cell culture and preparation of the
bacteria

Peripheral blood was obtained from healthy Japanese indi-
viduals with informed consent. The study was approved by
the ethics committee of the National Institute of Infectious
Diseases (NIID). In Japan, BCG vaccination is compulsory
for children aged 0—4 years old. Macrophages were differ-
entiated from monocytes using granulocyte-macrophage
colony-stimulating factor (GM-CSF) as described previ-
ously [20,21]. Animal experiments were carried out in strict
accordance with the recommendations of Japan’s Animal
Protection Law. The protocol was approved by the Ex-
perimental Animal Committee of NIID Tokyo (Permit
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Number: 211002). M. leprae (Thai-53 strain) was propa-
gated in athymic BALB/c-nu/nu mice {Clea Co, Tokyo)
[22]. At 8-9 months post-infection, mouse footpads were
processed to recaver M. leprae [23)]. For all experiments, M.
leprae was freshly prepared. Human cells without the bacilli
were cultured at 37°C but when infected with the bacilli,
the cells were cultured at 35°C to maintain the viability of
M. leprae in host cells,

Culture of macrophages and peripheral blood
mononuciear cells for the formation of cellular
aggregates

Macrophages, differentiated from monocytes using GM-
CSF after 4 days culture in RPMI containing 20% fetal calf
serum (FCS) were transferred into 24-well tissue culture
plates (Falcon) (1 ~ 2 x 10° cells/well). Freshly prepared M.
leprae were then added to each well. The multiplicity of
infection (MOL 50) was determined based on the assump-
tion that macrophage were equally susceptible to infection
with M. leprae [24]. After 24 hr, autologous peripheral
blood mononuclear cells (PBMCs) were cultured with M.
leprae infected macrophages at a ratio of 5:1 (PBMCs:
macrophages). In some cases, macrophages were infected
with M. leprae without PBMCs and in others, macro-
phages and PBMCs were co-cultured and macrophages
alone were used as negative controls. The cells were cul-
tured at 35°C for periods from 24 h to 10 days with
medium changes every other day. To detach the cells from
plates TrypLE Express (Gibco) was used, and then the
cells were maintained in medium containing 10%FCS for
30 min, before processing for flow cytometric analyses. In
other experiments we have also isolated T lymphocytes
and monocytes were isolated using Dynabeads Untouched
Human T cells and Dynabeads MyPure Monocyte kit 2
(Invitrogen), and used instead of PBMCs.

Phase-contrast microscopy and fluorescence microscopy
Macrophages grown on a 13-mm coverslip in a 24-well
plate, were infected with M. leprae for 24 h. Autologous
PBMCs were then co-cultured with macrophages for
additional 9 days. Macrophages were fixed in 2% parafor-
maldehyde, or methanol pre-chilled to -20°C, and then
observed under a phase-contrast microscope (Olympus
CKX41 with x 10 and x 20 objective lenses). Photographs
were taken with an Olympus DP50 system. Image acquisi-
tion and data processing were performed using DP con-
troller software. In other experiments, cells were stained
with May-Griinwald-Giemsa stain (MGG) (Sigma-Al-
drich) or by TB Carbolfuchsin ZN stain according to the
manufacturer’s instructions (BD Biosciences).

Cell imaging was performed using LSM5-Exciter laser
scanning microscope equipped with a 568 nm laser
(Carl Zeiss). Fixed cells were stained with anti-human
CD163 monoclonal antibody (mAb: BioLegend) and the
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secondary antibody used was an Alexa Fluor 568-
conjugated goat anti-mouse IgG (Invitrogen/Molecular
Probes). Nuclei were counterstained with Hoechst 33342
dye (Sigma-Aldrich). M. leprae was stained by auramine
O (BD Biosciences). Images were obtained under a fluor-
escence confocal microscope. Data were processed using
LSM software ZEN 2007.

Analysis of cell surface antigens on macrophages by flow
cytometry and microscopy

Macrophages were collected after time points of 1 and 9
days of co-culture with the PBMCs or M. leprae stimula-
tion. The expression of cell surface antigens on macro-
phages, was analyzed using a FACSCalibur flow cytometer
(BD Biosciences). Dead cells were eliminated from the
analysis by staining with 7-amino actinomycin D. For the
analysis of cell surface antigens, the following mAb were
used: FITC-conjugated mAb against CD68 (KP) was pur-
chased from Dako, FITC conjugated TLR4 (HTA125) and
CD206 (19.2), and PE conjugated mAb against CD86
(FUN-1) was all purchased from BD Biosciences and PE
conjugated mAb to CD14 (HCD14) and CD163 (RM3/1)
were from BioLegend. The numbers in the insets indicate
the mean fluorescent values of the cells stained with the
respective mAbs.

Determination of cytokine levels

The levels of the cytokines: Interferon (IFN)-y, interleu-
kin (IL)-2, tumor necrosis factor (TNF)-a, IL-12p40,
IL-1f and IL-10 in the culture supernatants were quanti-
fied using enzyme assay kits, OptEIA Human ELISA Set
{BD Biosciences) and processed according to the manu-
facturer’s instructions. IL-4 and IL-13 was purchased
from MABTECH AB. Cytokine levels were expressed as
pg of protein/ml of protein. Real-time PCR analysis of
mRNA extracted using an RNeasy Mini kit (Qiagen),
was performed using SYBR Green PCR Master Mix (Ap-
plied Biosystems) with specific primers according to the
manufacturer’s instructions. The instrument used for the
detection of the expression of mRNA was StepOnePlus
with StepOne software.

Determination of M. leprae viability

The viability of M. leprae recovered from the macrophages
of different groups was detected by radiorespirometry, that
measures the oxidation of *C palmitic acid to **CO,, as
described previously [25]. Briefly, the adherent macro-
phages and granulomas with bacilli were lysed in 300 gl of
a 0.1 N NaOH solution to release intracellular M. leprae.
After neutralization with 0.1 N HCl solution, an equal vol-
ume of 2 times concentrated Middlebrook 7H9 broth was
added. "C labeled palmitic acid was added to the lysates of
macrophages or granulomas, followed by incubation at
33°C. After 7 days, cumulative amounts of oxidized palmitic
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acid released as "*CO, by metabolically active M. leprae
were measured using a Packard 1500 TRI-CARB liquid
scintillation analyzer. The unpaired Student’s t-test was
used to determine the statistical significance of the two data
sets.

Results

Granuloma-like aggregates formed by co-culture of M,
leprae infected macrophages and autologous PBMCs
When PBMCs were incubated with M. leprae infected
macrophages in a 24-well tissue culture plate, the cells
aggregated to form a multilayered granuloma-like aggre-
gates by day 9 as shown in Figure 1A, whereas control
groups did not recruit any cells at this stage (Figure 1B,
C). We observed formation of a granular ball-like struc-
ture caused by some synapses around aggregates. These
in vitro granulomas exhibited a cellular structure similar
to that in histopathological specimens of tuberculoid
leprosy lesions showing T lymphocytes surrounding the
differentiated, ECs and MGCs that may be involved in
cytokine production for intercellular communication.
(Figure 1D). Confocal microscopic analysis of M. leprae-
induced granuloma showed a multilayered structure
(about 3—4 cell layers in transverse and straight sec-
tions), and some cells were positive for CD163 (red), a
macrophage marker (Figure 1E).

Characterization of the cell populations recruited within
in vitro granuloma-like aggregates

To identify and characterize the different cell types in
granuloma-like aggregates, the cells were plated on glass
slides and stained on day 9 of co-culture. MGG staining
showed that activated macrophages with larger cyto-
plasm, and MGCs were observed, which resembled
those in the granulomas of leprosy (Figure 2B, D).
MGCs are thought to be formed as a result of fusion of
macrophages, monocytes and ECs (Figures 2A, C). The
presence of M. leprae in MGCs was confirmed by stain-
ing with TB Carbolfuchsin ZN (arrows in Figure 2E, F).
In addition, confocal microscopy revealed the presence
of MGCs with auramine O stained M. leprae, in the
cytoplasmic region (Figure 2G, H). To characterize mac-
rophages, ECs and MGCs in the granuloma-like aggre-
gates, we performed immunofluorescence staining for
macrophage markers CD68, CD1a and CD163 (data not
shown). Both the macrophages and the MGCs could ex-
press the CD68 and CDla marker, but the expression
level of CD68 on the macrophages was higher than that
on the MGCs. With the increasing number of nuclei in
MGCs, lower levels of CD68 was observed (not shown),
although there was no significant difference in the ex-
pression levels of CDla between macrophages and
MGCs. These data indicate that MGCs belong to the
monocyte/macrophage lineage.
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Figure 1 Formation of granuloma-like cellular sggregates by
ﬁ-miwre af ?SMCS and macmphages mfef:te{i with M. feprae.
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Expression levels of cell surface antigens on macrophages
at different thme points

We investigated the expression levels of cell swface anti-
gens on macrophages from different groups at two differ-
ent time points, day 1 and day 9 On day 1, there was no
significant difference in the expression of cell surface anti-
gens on macrophages between groups. Compared with
day 1 macrophages, day 9 macrophages, which were
infected with M Jeprae and co-cultured with PBMCs 1o
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form gravsdoma-like aggregates, showed higher expression
of T4 {pattern recognition receptor), CDOR {macro-
phage muarker related to phagocytic activities), CD163
{scavenger receptor) and CD206 {manncse receptor), al-
though the exprassion of major histocomputibility com-
plex (MHC) dass-11, CD8E, and toll-like receptor (TLR}-4
did not change Figore 3), Intersstingly, in ouwr long-term
culture (9 days) of macrophages nfected with M. leprae,
the expression of CDL4, CD68, CDI63, TLRY, CD&6 and
U206 was significantly lower than that In macrophages
infected with M leprae and co-culfured with PEMUs,
CDR06 expression was the lowest In macropbages co-
cubtured with PBMCs, although CDI63 expression was
significantly high (Figave 3). CD163 and D206 are
markers of M2 macrophages, whereas CD86 expression &
assoviated with M1 macrophages. Therefore, the M1 and
M2 macrophages appeared to coexist In granulomas,



