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Abstract

We have developed two novel tuberculosis (TB) vaccines: a DNA vaccine combination expressing mycobacterial heat shock protein 65
(Hsp65) and interleukin-12 (IL-12) by using the hemagglutinating virus of Japan (HVI)-liposome (HSP6S + IL-12/HVIJ) and a recombinant
BCG harboring the 72f fusion gene (72f rBCG). These vaccines provide remarkable protective efficacy in mouse and guinea pig models, as
compared to the current by available BCG vaccine. In the present study, we extended our studies to a cynomolgus monkey model, which
is currently the best animal model of human tuberculosis, to evaluate the HSP65 + IL-12/HV] and 72f rBCG vaccines. Vaccination with
HSP65 +IL-12/HV]J as well as 72f rBCG vaccines provided better protective efficacy as assessed by the Erythrocyte Sedimentation Rate,
chest X-ray findings and immune responses than BCG. Most importantly, HSP65 +IL-12/HVJ resulted in an increased survival for over a
year. This is the first report of successful DNA vaccination and recombinant BCG vaccination against M. tuberculosis in the monkey model.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: HSP65 DNA +IL-12 DNA vaccine; Tuberculosis; Monkey

1. Introduction

Tuberculosis (TB) is a major global threat to human health,
with more than 3 million people dying each year from M.
tuberculosis (TB) infections. The only tuberculosis vaccine
currently available is an attenuated strain of M. bovis BCG

* Corresponding author. Tel.: +81 72 252 3021; fax: +81 72 21 2153.
E-mail address: okm@kinchu.hosp.go.jp (M. Okada).

0264-410X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.vaccine.2005.01.057

(BCG), although its efficacy against adult TB disease remains
controversial. Therefore, we have recently developed two
novel TB vaccines: a DNA vaccine combination expressing
mycobacterial heat shock protein 65 (Hsp65) and interleukin-
12 (IL-12) by using the hemagglutinating virus of Japan
(HVI)-liposome (HSP65+1L-12/HV]) and a recombinant
BCG harboring the 72f fusion gene (r72f BCG). The former
vaccine was 100-fold more efficient than BCG in the elimina-
tion of M. tuberculosis in mice by the induction of CTL [9].
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Researchers have recognized that a nonhuman primate
model of TB will be able to provide critical information for
vaccine development. However, several TB vaccine candi-
dates who appear to protect better than BCG against vir-
ulent M. tuberculosis in mice, have rarely been tested in
the nonhuman primate model because of cost and limited
facilities.

In the present study, we evaluated the protective efficacy of
HSP65 + IL-12/HV]J and r72f BCG in the cynomolgus mon-
key model, which is an excellent model of human tuberculosis
[1]. These vaccines provided a strong prophylactic effect in
monkeys challenged with M. ruberculosis as we have seen
previously in mice.

2. Materials and methods

DNA vaccines encoding M. tuberculosis HSP65, mouse
[L-12 and guinea pig IL-12 were encapsulated with HVJ-
liposomes [2]. Groups of animals (mice and guinea pigs) were
vaccinated intramuscularly with HVJ-liposome DNA vac-
cines. CTL activity was assessed by 3! Cr-release and IFN-vy
activity [3,4]. A total of 16 cynomolgus monkeys were housed
in a BL. 3 animal facility of the Leonard Wood Memorial.
Groups of animals were vaccinated three times with either the
HVI-liposome combination with HSP65 DNA plus human
IL-12 DNA (HSP65 + hIL-12/HVJ: 400 pg i.m.), r72f BCG
(1 x 10° CFU i.d.), BCG Tokyo (1 x 10° CFU i.d.) or saline.
One month after the third vaccination, monkeys were chal-
lenged with the M. tuberculosis Erdman strain (5 x 102) by
intratracheally instillation, Erythrocyte Sedimentation Rate
(ESR), body weight, chest X-ray, immune responses, DTH
reaction against PPD and survival periods were examined
during 14 months [1].

3. Results

Mice vaccinated with HSP65 + mIL-12/HVJ had signif-
icantly reduced numbers of CFU [5] in the lungs, liver and
spleen as compared with mice vaccinated with BCG [9]. CTL
activity correlated with the protective efficacy of vaccina-
tion. The fusion protein Mtb72f (Mtb39 + Mtb32) vaccine
was developed by Skeiky et al. [6]. To improve its vaccine
efficacy, a recombinant BCG harboring the 72f fusion gene

(r72f BCG) was generated [7]. The ELISPOT assay showed

that r72f BCG induced a greater number of IFN-y produc-
ing T-cells than BCG in the mouse model. In the guinea pig
model, r72f BCG as well as HSP65 + gplIL-12/HV] provided
better protection against the pulmonary pathology caused by
pulmonary challenge with TB than BCG vaccination (data
not shown).

The purpose of this study was to evaluate two TB vac-
cines we have developed in a nonhuman primate model of
M. tuberculosis infection. To this end, a total of 16 mon-
keys were vaccinated either with HSP65 + hlL-12/HV], r72f

Table 1
Survival of cynomolgus monkeys immunized with HVJ-liposome/HSP65
DNA +1IL-12 DNA vaccine and recombinant 72f BCG vaccine

Vaccination Total Survival Dead % Survival
monkeys
HVI-liposome/HSP65 4 2 2 50
DNA +IL-12 DNA
Recombinant 72f BCG 4 3 1 75
BCG Tokyo 4 2 2 50
Saline 4 0 4 0

Cynomolgus monkey (4 monkeys/group) were immunized three times (ev-
ery 3 weeks) with (1) HVJ-liposome/ HSP65 DNA +IL-12 DNA vaccine,
(2) r72f BCG vaccine, (3) BCG Tokyo and (4) saline as control group as
described in Section 2. One month after last immunization, M.TB (Erdman
strain 5 x 10%) was challenged by intratracheally instillation. Survival was
studied more than 14 months.

BCG, BCG or saline, followed by TB challenge by intratra-
cheally instillation. Table 1 shows survival periods of vac-
cinated monkeys after TB challenge. All four monkeys in
the control (saline) group died of TB infection within 8
months. In contrast, three and two monkeys from the 72f
rBCG and HSP65 +hIL-12/HVJ groups, respectively, were
alive more than 14 months post-infection (the termination
period of the experiment). Survival periods of the remain-
ing monkeys in the both groups were much longer than
those of saline control group. In addition, both HSP65 +hiIL-
12/HV]J and r72f BCG significantly improved ESR and chest
X-ray findings (Table 2). Body weights of the HSP65 +hIL-

Table 2

Improvement of Erythrocyte Sedimentation Rate (ESR) in the cynomolgus
monkeys immunized with HVJ-liposome/HSP65 DNA +IL-12 DNA 'vac-
cine and recombinant 72f vaccine

Vaccination ESR Mean+£ S.D.  Statistical significance
(nm/h) P-value compared to
saline group (Student
r-test)

35+ 19 <001

HVI-liposome/HSP65 2
DNA +1IL-12 DNA

Recombinant 72f 6.75 £ 89

BCG

Not significant

BCG Tokyo 22 11.25 & 11.3  Not significant

Saline 50
14
15
40

Cynomolgus monkey (4 monkeys/group) were immunized and challenged
as described in Table 1. Elevation of Erythrocyte Sedimentation Ratio (ESR)
of all monkeys was evaluated every month and maximum values of ESR in
each monkey were shown.

29.75 £ 18.1
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Fig. 1. (A) Increase in body weight: the prophylactic effect of novel vaccines (HSP65 DNA +IL-12 DNA, recombinant 72f BCG) on M. tuberculosis infection
of cynomolgus monkeys. Percent of increase or decrease in body weight of monkeys immunized with (1) HSP65 DNA +[L.-12 DNA (&), (2) recombinant 72f
BCG (&), (3) BCG Tokyo vaccines (&) and (4) saline (control) () and challenged with M. ruberculosis, compared to the weight of pre-immunized monkeys. (B)
Lymphocyte proliferation activity (LPA) against recombinant HSP65 protein in the peripheral blood (whole blood) from the cynomolgus monkeys immunized
with novel vaccines and challenged with M. tuberculosis. Peripheral blood lymphocytes (whole blood) 4 weeks after TB challenge were cultured with 10 pg/ml
of recombinant HSP65 antigen in a 96-microwell plate for 5 days at 37 °C and then pulsed with | wCi of [3H] thymidine per well for the final 16-(8h of
incubation. Results are expressed as a stimulation index (S.1.) and compared to the pre-immune LPA from the same monkey.

12/HVI group also increased significantly, as compared to
saline control group (Fig. 1A). IL-2 and IFN-y produc-
tion were augmented in the two groups vaccinated with
HSP65 + hIL-12/HVI and r72f BCG (data not shown). Fur-
thermore, proliferation of PBL was strongly enhanced in
the group vaccinated with HSP65 + hIL-12/HVI in response
to HSP65 protein 4 weeks after TB challenge (Fig. IB).
Taken together, these results clearly demonstrate that both
HSP65 +hIL-12/HVJ and r72f BCG could provide protective
efficacy against M. tuberculosis in the cynomolgus monkey
model.

4. Discussion

HSP65 +hIL-12/HV] vaccine as well as r72f BCG vac-
cine exerted the significant prophylactic effect against TB, as
indicated by: (1) prolongation of survival for over a year, (2)
improvement of ESR and chest X-ray findings, (3) increase in
the body weight and (4) augmentation of immune responses,
in a cynomolgus monkey model which closely mimics human
TB disease. It is very important to evaluate the long survival
period in a monkey model, as human TB is a chronic infection

disease. Furthermore, the decrease in the body weight of TB
patients with TB is usually accompanied by progress of TB
disease. Suppression of IFN-y production, CTL activity and
T-cell proliferation has also been observed in patients with
TB [8].

Our results with the HSP65 + hIL-12/HVJ vaccine in the
cynomolgus monkey model should provided a significant ra-
tional for moving this vaccine into clinical trials. In fact, the
72f fusion protein vaccine entered Phase I testing after its
evaluation in cynomolgus monkeys in Leonard Wood Memo-
rial [4] by Reed and Skeiky. Thus, we are taking advantage
of the availability of multiple animal models (mouse, guinea
pig, and monkey) to accumulate essential data on the HVJ-
liposome DNA vaccine in anticipation of a Phase I clinical
trial.

Acknowledgements

This study was supported by a Health and Labour Science
Research Grant from MHLW (H11-shinko-2, H14-shinko-
1) and international collaborative study grants from Human
Science foundation.

— 123 —




Y. Kita et al. / Vaccine 23 (2005) 2132-2135 2135

References

[1] Walsh GP, Tan EV, dela Cruz EC, et al. The Philippine cynomolgus
monkey provides a new nonhuman primate model of tuberculosis that
resembles human disease. Nat Med 1996;2(4):430-6.

[2] Saeki Y, Matsumoto N, Nakano Y, et al. Development and charac-
terization of cationic liposomes conjugated with HVJ (Sendai virus):
reciprocal effect of cationic lipid for in vitro and in vivo gene transfer.
Hum Gene Ther 1997;8(17 (November)):2133-41.

[3] Okada M, Yoshimura N, Kaieda T, et al. Establishment and characteri-
zation of human T hybrid cells secreting immunoregulatory molecules.
Proc Natl Acad Sci USA 1981;78(12):7717-21.

[4] Okada M, Tanaka T, Inoue Y, et al. New (DNA-rBCG-and Subunit-)
vaccination against tuberculosis. In: Thirty-Sixth (US-JAPAN) Tuber-
culosis and Leprosy Research Conference, 2001. p. 127-32.

[5] Miki K, Nagata T, Tanaka T, et al. Induction of protective cellu-
lar immunity against M. tuberculosis by attenuated self-destructing

Listeria monocytogenes strains harboring eukaryotic expression plas-
mids for antigen 85 complex and MPB/MPTS51. Infect Immun
2004:;72(4):2014-21.

[6] Skeiky YA, Alderson MR, Ovendale PJ, et al. Differential im-
mune responses and protective efficacy induced by components
of a tuberculosis polyprotein vaccine, Mtb72F, delivered as naked
DNA or recombinant protein. J Immunol 2004;172(12 (June)):
7618-28.

[7] Ohara N, Yamada T. Recombinant BCG vaccines. Vaccine 2001;

19(30):4089-98.

Flynn JL, Chan J. Immunology of tuberculosis. Annu Rev Immunol

2001;19:93-129.

Yoshida S, Tanaka T, Kita Y, et al. DNA vaccine using hemagglu-

tinating virus of Japan-liposome encapsulating combination encod-

ing mycobacterial heat shock protein 65 and interleukin-12 confers
protection against Mycobacterium tuberculosis by T cell activation.

Submitted for publication.

=%
=

9

P

— 124 —



80

O R T O BRI L F R b e,
ERAD LHOEE S &0, HENORT, BHOET
B X UGB OB £ Y, SRR
ISR @5 L E. HFEFMEITC L0 EEL

R 8% H25 200692 A

Fro EEBEEIEOWTWARR T, Sl ERE
EBRABERHERFOMIEZADT, ZhaEi#L/ AR
BE CBENOBREHIENENLETHLZ L EKZEE
TEE L,

%’ﬂiﬁ1ﬁ$§E§¢>ﬁ£§%%

[ 37 9 e A g I R B v 4 —

U &I

b EOEEEEL, 1‘2$ W7o TEDITEAED
[BEEARRGEE WA TIThhTE, L L, W
FEASHRIZ B oD — AR M & HECHF I e BRI SRS S
TWahlFTid i, ZBREEWIEDO OB
5% 8 R 7oA S D 120 b T GEFED T & T
Hbo BHREDNDEWIRKBETH ), BTUHEEE
LTS BEENRB L B2 % o7 T
OE BBV OB O BT Z10T 5 (R
CERFHTHE, QMEHBEIERBETHLDOTEHED
3BV, EWIAERE LAT#EN S oo bEEZILR
Bo Tihbb, BRZUHEHMERFHESEEOI KR
e ZITAH Z tii?%@ﬁ W EHEI Tz
THbo

LA LiEES %a%wﬁ* IO EEORRYEHER
FEEIZEE¢ A 2 XA BEE 2 D, WIHEREREIC X
BIZE/RPRIDEL S t%ﬁ%éﬂgw
X, bbb A e L /- 2RI R ;éﬁ
BEEZONB2E/HUIOVWTHHL, 5HOH
WHEDH Y FIZDOVTEZTHAIZ G,

(4 o

>x+ f?% (v
¥
T A B &

rn

z & 1

FEFUISH R ORNERBRLEFATH L.
HEBRE ATSCEOBIET, FRI2EI ARECNEZ
IS BETH 5. RIEFOTHEREHOER KT
4 % % T isoniazid (INH), rifampicin (RFP) & & & % %
IZEEICHE 2 AR L TH Y, EE RIS TRk E 1T
XNALREBHEFHEL TV ERL4F A ICHE
ELEDITTNOIDBIRERE 5.

LIEEEIE T TOH 2 EMICBU 5 EBE ADEME»
SBIZs BOZEIMMEREEEFREEL. S HOTHE
HIZRFLPGITICE WV BEAOHMKEIE-THHLEL
5177, A b 3G EBEREO L VWEELETH -
t_ﬁ@’%@GW%Wﬁbﬁﬁ%ﬁT%U AR A

FLTH R, EREFE LW 2B L b ERIRE

— 125 —

B -, F
I éﬂ,ﬁﬁ JEH

HEHSE, AR i

4

MEREICTARMELZ ST TCBY, ARFIZOAES
Ak&%ﬁﬁ%otoz%téﬁ%ﬁmﬁxé XA
FIMP AR 2 BIE L T bo T TR IEREMAT %
LA EEHMEOTRE T ST EIZObNDL. 4

2 %&b R UM HRBFO SR RE S ﬂa%%
4, RELP AT X e o oo KEFOBEIZ6LE
BHIVEMETH - 720

-E- \é}“?

z 4 2

ABEGUT YR TREER L - SAMESEEIC L 5 B
BHEFHTHD, BEXIFICEEEATF SR8
MENT, FRIBE1RI)EAERSHEERICTYE
ABLLSEEL T 7o ARPO—H, SHIAHEN
EHICBRLTWIREBEYERETH o7, HERICHE
WML GRREL, {LFEBRERICTHRBICE 28, £
D, FRIGEAIIFERL, 0L Z0RUEADOE
ﬁmiﬁﬁﬁfumHIWPmmmMmmm,mwm
mycin (SM) 2 &L L FICH L THEZRL T/
Rnyﬁﬁ%ﬁott*é TSR 0 B T 1 A B R
BOMBE LIS — VR 2->TEBY, BEYOH

HEERI =Y — 2 Thol, Thbhb, BRTHEERE
FER I SHIT RSB OFREEZ A LT, BRIZEAITE
BRI ERYELLEELON. BB, BEX

L HIVEEETH 272
ZETHIEREEED T o X 5 — iR

2001 A5 2004 5 T TIZ SR THEEL 2 BRI IEH
WHEE LIS 25T 512, RELPEE, spoligotyping 12 & )
FEHT % 1T o 72, RFLPIE T 484k (429%) 23108 D 7 5
Ay —%TH LT SHULEPSRBRER TR
y—M3BLY, I AT —all2fR). 7T A ¥ —b (11
By, 279 AF—c (7R EL B I oOKkIZsr TR
y—c, Bl 2RIZr T AT —
typingiE T2 7 A% —a, 7 7 A Y bid Beijing strain
LHEXNSA, ¥ T A Y — cld Beijing strain Tld & 2

alZB L TW7z, spoligo-

27




Mini-Symposium/Exogenous Re-Infection in TB

LA RIS, —IRIZIZF DL AT R8I
;émﬁwwﬁﬁﬁﬁa%x%nfwé@f,ﬁvx
F—IERFRIIELL A EFREENL, LrL, 4H
DWFATIE L TR —EBEERSTH 72 F o,
‘ KERLTISAY—-REETLI T A% —a, b, c Dk
13, ELEETLIHEFRTHDL I EIRBINT,

BREFICSZHMMEERU BEZICHT S

BREEOEE

LIEIZBNT, Vot AR TLEREERITWIEE
Lt%,4&<témﬁ EMEHIMI A 6 W HLL B3R L 72

WA BIE L 2BICD &, BB OBEKESA
%f%tsﬁm_ﬂLmeynﬁ%ﬁoto8%@6
BHIBT R OB RO RELP /S Y — Y ) —H LARBEFER T
HoHLEZONID, FBY 261 (BEH 2% &) 3/5%
— VR )EBRERERTHLEEL SN, 2024
OBERBOMURIZZI S A —a (FEhI2) Ly T A5 —
BT ALK 525 —FHEKTH-7,

% =

ERFLPZII LD & T H0TEZNTHEOEKRIZL
DRBOFEEREFIIOOTREVREF 2 S Tw
Bo VUL HIVEEETOREIMRE, FRERR
DEEHOEREAT L L CHIVEREIER S5
D% HIVE E%%abfﬁ&&ﬁﬁTT@ﬁm%ﬂ
RFEBIDRE SN0 FRIIINT TOREDSHTIC
D, 2O TEZ LN Tz EFH RS %ﬁi#&%@f
3%, BEAOET, HUMORFB L OBREREICL
DEBITREDEBELZ L eigiEL T B,

SEOEF 1 T, 2 EMICEBERL LR VEE
THWIANEFL, £/, 2 AOPESERHEREE
ZTERL TS, T, Fhl2 TIIERESEL L7
TVHIVIESEER S ERET ZITTREL TV b,
PELD ZD2FFORIIHMER CTH o2 459 had
bbb, WITNIKEL IR —%BHTHIETH-
CZEBEDEMTL RS,

POTEWERTH Y 5 —-LiFMt 4+ K INHIEE
DEFENEZME I NTELIEIRENI-ZEn
5, ERMTHAMEHIIEINEICHTHEIITH
CERLELONTE, LAL, SHEbhbhiiiges
L72&9 s, SHRMEEREE VA YL BRERRET
SEITHREMOECELFET 5. ZNTHE, HER
ERET L 0T THA D 5 ? Niemann % Narvskaya
b HIVEETE S 12513 5 £ #4544 1 BOR S B & s
LTED > W4 B3 Beijing strain TH - 770 FE
Tid, RHBRCHBRERFROBERE #omBEGE LT
Beijing strain B 5 L T B & D#EL L, LA L,

81

HAEERHFETIE D &b &3P 12 Beijing strain TH
59 —75, BB DOHE IS Beijing strain Tid % 7> 5 72,
#& )@, Beijing strain TH LI L L LT LB IHDFL I
55, HRATHORERZRETHOIERETH L &
EDLEbEHRV. HITERLWE, 73R8 —BIFTK
RV IAS— 2R THAAVRER CTHLEE R D)
b Lz,

ZRIMMEASE OB YL, BEOBRESHE A& 2 E
Br525, SHRMHREEICL 2ERENES ) HE,
L2 EOEDPERELEL»TFHT L2 EARTREL
BE, #XToOFEGEREFHZEE RS EE
ERBICAETRE TRV, 8610, HEREEZO
ML ZEZ L L, BEURUOBRGHAZES LS
BREEMBEEREFEE Ly CDC ORI AR Y B 1k
HARIAYTRIDRTERIZAN, FEHEZM

g —HE—ThsEHUHE LA RLERENITPNT
VOB EICRYBEFRLEZRAZICLTCInELTY
59, LAEOHIRTE, ThEFE0E34 7500
PHLIRXMNOELSLEbLOTHETH S, LaL,
MEBEBEOWY, FROBKOEHEIZL ) ERHEOR
BESTHE T LHT, Bnio i Eoiris s Z58
TOLEDNDLOTIER L) b SHITEEZIT
ZOEBIZ0HN D EEN - BEN IR F OB RS, &6
12, BENBEEPE UL EOMEL A 87 POKE

SREREFBIIAND L, FOBEHILIIBREOTEN
ELONLERETH D,
X i1y

1) FEHE  HIVEREE IZBY 28O R R Y%
J7. #EHE. 2005 ; 80 : 365-379

2) Niemann S, Richter E, Riisch-Gerdes S, et al.: Double
infection with a resistant and multidrug resistant strain of
Mycobacterium tuberculosis. Emerg Infect Dis. 2000 ; 6 :
548-551.

3) Narvskaya O, Otten T, Limeschenko E, et al.: Nosocomial
outbreak of multidrug resistant tuberculosis caused by a
strain of Mycobacterium tuberculosis W-Beijing family in
St. Petersburg, Russia. Eur J Clin Microbiolo Infect Dis.
2002 ; 21 : 596-602.

4) Glynn JR, Whiteley J, Bifani PJ, et al.: Worldwide occur-
rence of Beijing/W strains of Mycobacterium tuberculosis:
a systematic review. Emerg Infect Dis. 2002 ; 8 : 843—849.

5) QianL, Abe C, Lin TP, et al.: rpoB genotypes of Mycobac-
terium tuberculosis Beijing family isolates from East Asian
countries. J Clin Microbiol. 2002 ; 40 : 1091-1094.

6) CDC: Guidelines for preventing the transmission of Myco-
bacterium tuberculosis in Health-Care Facilities. MMWR.
1994 ; 43, RR—13.

— 126 —



90

5 1 185-194.

6 ) Braden CR, Crawford JT, Schable BA: Quality assessment
of Mycobacterium tuberculosis genotyping in a large labora-
tory network. Emerg Infect Dis. 2002 ; 8 : 1210-1215.

7) B& By, NHEAER, BHE JE, fh VNTR (Variable
Numbers of Tandem Repeats) B2 L 2 B EBER U
BRIERE OG5 FESHFT~ = 2 7). BiYEr et
FATEREE. 20035109 : 25-32.

8 ) Frothingham R, Meeker-O'Connell WA : Genetic diversity

in the Mycobacterium tuberculosis complex based on

I OE81% B2 2006F 2 A

variable numbers of tandem DNA repeats. Microbiology.
1998 ; 144 (Pt 5) : 1189-1196.

9) Supply P, Mazars E, Lesjean S, et al.: Variable human
minisatellite-like regions in the Mycobacterium tuberculosis
genome. Mol Microbiol. 2000 ; 36 : 762-771.

10) Roring S, Scott A, Brittain D, et al.: Development of variable-
number tandem repeat typing of Mycobacterium bovis:
Comparison of resulis with those obtained by using existing
exact tandem repeats and spoligotyping. Journal of Clinical
Microbiology. 2002 ; 40 : 2126-2133,

The 80th Annual Meeting Mini-Symposium ———

EXOGENOUS RE-INFECTION IN TUBERCULOSIS

Chairperson: Toshiaki TSUCHIYA

Abstract Patients infected by tuberculosis (TB) had been
thought to never experience exogenous re-infection. However,
exogenous re-infection in HIV-positive patients’ is well
known. Thanks to the introduction of histopathological exami-
nation, analysis of similarities in drug-resistance patterns and
epidemiological surveys of genetic phage typing for TB
infection, we have begun to understand that even people with
a normal immune system can experience re-infection.

Recent advances in the techniques of restriction fragment
length polymorphism (RFLP) and spoligotyping allow deter-
mination of similarities in tubercle bacilli, revealing a high
ratio of exogenous re-infection.

In this mini-symposium, Dr. Kazunari Tsuyuguchi report-
ed cases of nosocomial multidrug-resistant tuberculosis
(MDRTB) infection, as exogenous re-infection, at 3 tubercu-
losis hospitals in the Osaka area. Although the virulence of
MDRTB as a variant strain has generally been regarded as
weaker than that of drug-sensitive strains, he reported even
non-Beijing strain MDRTB, which displays strong virulence,
could possess possible infectiosity with a 42% ratio of cluster-
ing formation and 2 of 8 patients with MDRTB exhibiting
exogenous re-infection, as analyzed by RFLP.

Dr. Hideo Ogata reported the actual condition of exogenous
re-infection, having cited a large number of reports at home
and abroad. In his report he indicated that even among
hosts without serious hypoimmunity, re-infection rate is high
in high-prevalence countries. Conversely, endogenous TB
reactivation is high in low-prevalence countries. As Japan has
become a low-prevalence country, endogenous reactivation
might be seen in TB wards.

Dr. Katsuhiro Kuwabara reported on his study about exoge-
nous re-infection of Mycobacterium avium, which represented
resident flora in the environment, using 1S/245 RFLP analysis.
He demonstrated that re-infection and multiple infections were

frequently observed in M. avium infection.

Dr. Tomoshige Matsumoto finally added that about 90% of
patients with recurrence in the Osaka area exhibit endogenous
reactivation, as found using molecular epidemiologic analysis
of bacterial strains from initially treated and retreated
patients. Compared with reports from other countries, the
ratio of exogenous re-infection in Japan is lower than
elsewhere. Thanks to the public health service about TB,
sources of TB infection are not present, so patients with TB
do not experience exogenous re-infection, he concluded. He
also discussed the variable number of tandem repeats (VNTR)-
typing method that has been taking the place of the IS6110
RFLP.

In this mini-symposium referring to molecular epidemiolog-
ical analyses and reports from Japan and overseas, we showed
that depending on factors involving hosts, parasites and the
density of TB re-exposure, the possibility of universal exoge-
nous nosocomial re-infection exists. Each presenter alerted
us fo the fact that as exogenous re-infection occurs mainly in
TB inpatient wards, prevention of TB infection is crucial for
inpatients and medical staff in Japan as a low-prevalence

country.

1. Exogenous re-infection by multidrug-resistant tuberculosis:
Kazunari TSUYUGUCHI, Shiomi YOSHIDA, Katsuhiro
SUZUKI, Masaji OKADA, Mitsunori SAKATANI (NHO
Kinki-chuo Chest Medical Center)

We describe three recurrent cases of multidrug-resistant
(MDR) tuberculosis (TB) nosocomially re-infected with
MDRTB strain during treatment for drug-sensitive TB. The
first and the second patients. both of whom were middle-
aged heavy smoker men, were associated with the outbreak
caused by non-Beijing MDRTB strain. The third patient
was a immunocompetent young man and the isolated strain
was Beijing MDRTB strain. All the patients were HIV-

seronegative. We conclude that exogenous re-infection by
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MDRTB can occur on various situations. These results
underscore the importance of placing MDRTB patients
separately from drug-sensitive TB patients.

2. Reviews of the exogenous re-infection in tuberculosis:
Hideo OGATA (Fukujuji Hospital, JATA)

In Japan, they have thought that a tubercular relapse is
based on endogenous reactivation in almost all cases. However,
there are many studies which prove exogenous re-infection
using tuberculin test or drug susceptibility test. The technique
of developed strain typing contributed exogenous re-infection
to clarifying greatly in a real proof and its frequency in recent

years.

3. Multiple and repeated polyclonal infections in patients with
Mycobacterium avium lung diseases: Katsuhiro KUWABARA
(NHO Nishi-Niigata Chuo National Hospital)

The routes of transmission and environmental reservoirs
of Mycobacterium avium infections have been unclear. 1S1245
based RFLP analysis showed genetic diversity of Mycobacte-
rium avium clinical isolates and the relation between clinical
subtype and polyclonal infection. Our study demonstrates
that polyclonal infections are common in Mycobacterium
avium lung diseases, especially nodular bronchiectasis type.
In addition, not only simultaneous polyclonal infections but
also repeated polyclonal infections were observed in some

patients. The knowledge of polyclonal infection will lead to

91

better understanding of Mycobacterium avium pathogenesis
and epidemiology.

Special commentaries: Consideration of exogenous re-infection
of tuberculosis in Osaka. Japan, by using molecular epidemio-
logic tools: Tomoshige MATSUMOTO (Osaka Prefectural
Medical Center for Respiratory and Allergic Diseases)

By using IS6710 RFLP, we showed that 9.5% of TB recur-
rence was caused by re-infection in the middle-eastern area
of Osaka Prefecture, Japan. The molecular typing tools are
now being applicable not only to epidemiological but also to
clinical fields by an introduction of PCR-based method, such
as Variable Numbers of Tandem Repeats (VNTR) typing.
We showed some examples about usefulness of the clinical

application of molecular epidemiology, using VNTR.

Key words: Exogenous re-infection, Endogenous reactiva-
tion, Multidrug-resistant tuberculosis, Nosocomial infection,
Mycobacterium avium infection, Molecular epidemiology.

Department of Respiratory Center, National Hospital Orga-
nization (NHO) Nishi-Niigata Chuo National Hospital

Correspondence to: Toshiaki Tsuchiya, NHO Nishi-Niigata
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Introduction

Summary

Granulocyte-macrophage (GM-CSF)-induced
human monocyte-derived macrophage (GM-M®) or macrophage CSF (M-
CSF)-induced human monocyte-derived M@ (M-M¢) are distinct in terms of
the resistance to Mycobacterium tuberculosis. To elucidate the role of mole-
cules involved in the functional differences between these M@s, we investi-
gated the gene expression profiles using microarray. After culture of CD14*
monocytes with CSFs, Més were cultured with or without bacillus Calmette—
Guérin (BCG) (GM-M6-BCG and M-M¢-BCG). The gene expression profiles
from these cells were compared. Chemokines highly expressed in M-Mds were
selected and evaluated for anti-mycobacterial activity and superoxide produc-
tion. FN1 and FCGR2B were the most up-regulated genes in GM-M¢ and
M-M¢, respectively. After stimulation with BCG, three chemokine genes
(Osteopontin {SPP1), CXC chemokine ligand 7 (CXCL7) and CC chemokine
ligand 11 (CCL11)) were highly expressed in M-M¢-BCG when compared to
those in GM-M¢-BCG. A significantly increased resistance to M. tuberculosis
H37Ra was observed after the stimulation of GM-M¢ with SPP1 or CXCL?7.
Superoxide production levels of SPP1- or CXCL7-stimulated GM-M¢s were
higher than those of GM-M¢s without stimulation. These results indicate that
both SPP1 and CXCL7 might have a role in the resistance against mycobac-
teria, at least in part, through augmenting reactive oxygen intermediate pro-
duction in Més.

colony-stimulating  factor

Keywords: GM-CSF, M-CSF, macrophage, microarray

The immune response against mycobacteria is mounted in
a complex process. In the host, mycobacteria dwell chiefly

Tuberculosis, caused by Mycobacterium tuberculosis, is one of
the most important burdens on human health [1]. Both
environmental and genetic factors contribute to the devel-
opment of the disease, which approximates 10% of the
infected subjects [2]. Twin studies provided the evidence that
human genetic factors could influence the development of
tuberculosis [3]. The genetic basis of susceptibility to myco-
bacteria has been clarified partly by the recent identification
of defects in the molecules of the interferon (IFN)-y-medi-
ated immune pathway, such as IFN-Y receptors 1 and 2 [4,5],
interleukin (IL)-12 receptor-B1 [6], [L-12p40 [7] and STAT1
[8]. In addition, linkage and/or association studies have
demonstrated many susceptibility genes, such as HLA [9],
NRAMPI [10], IFN-G [11), TNF-A [12], IL-10 [12], IL-1RA
[13], MBL [14], VDR [15] and TLR2 [16].

within macrophages (M#s). Following activation, Mos pro-
duce a wide range of cytokines/chemokines and activate T
cells. IFN-y secreted by activated T cells and natural killer
(NK) cells is one of the principal M¢ activating factors, and
acts as the central cytokine in the control of mycobacterial
infection. Activated T cells stimulate anti-mycobacterial
machinery in Mgs, which includes reactive oxygen interme-
diates (ROI) and reactive nitrogen intermediates (RNI) [17].

M¢os that play a pivotal role in the mycobacterial infections
are heterogeneous in nature, with different phenotypes and
functions. They are derived predominantly from peripheral
blood monocytes, and differentiate to specific cells in
target tissues. Peripheral blood monocytes need colony-
stimulating factors (CSFs) such as granulocyte-macrophage
(GM)-CSF or macrophage (M)-CSF for their survival and
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differentiation in vitro. GM-CSF-induced monocyte-derived
macrophage (GM-M¢) and M-CSF-induced monocyte-
derived macrophage (M-M¢) are distinct in their morphol-
ogy, cell surface antigen expression and function. GM-M¢
and M-M¢ show susceptibility and resistance to mycobacte-
ria, respectively {18,19].

To determine nove! host resistance or susceptibility genes
in mycobacteria infection, we investigated the differences in
the gene expression profiles between GM-M¢ and M-M¢
with a high-density oligonucleotide microarray containing
approximately 30 000 human genes. The expression profiles
of each M¢ subset were analysed with and without the stim-
ulation of bacillus Calmette—Guérin (BCG) (GM- and M-
M¢-BCG). Our results enlarged the views in the immuno-
logical mechanisms against mycobacteria, especially in the
roles of several chemokines.

Materials and methods

M culture

Peripheral blood mononuclear cells (PBMC) were prepared
from blood buffy coats of eight different healthy donors
separately by density gradient centrifugation using lympho-
cyte separation medium (Cappel, Aurora, OH, USA). CD14*
monocytes were purified (> 95%) from PBMC using a mag-
netic cell separation system (MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany), with anti-CD14 monoclonal antibody
(mAb)-coated microbeads and an FcR blocking reagent
(Miltenyi Biotec). CD14* monocytes were cultured at a con-
centration of 5x 10" cells/100 pl in 96-well tissue culture
plates or at a concentration of 5 x 10° cells/2 ml in 6-well tis-
sue culture plates with RPMI-1640 (Invitrogen Japan KK,
Tokyo, Japan) supplemented with 10% fetal bovine serum
(FBS) (Gisco BRL, Gaithersburg, MD, USA), and antibiotics
{penicillin 100 IU/ml, streptomycin 100 pg/ml; Sigma-Ald-
rich, St Louis, MO, USA) in an incubator containing 5% CO,
at 37°C. Cells were stimulated with GM-CSE (100 ng/ml,
PeproTech, London, UK) (GM-M#$) or M-CSF (75 ng/ml,
PeproTech) (M-M¢). Optimal conditions were maintained
by refreshing the medium and cytokines every 3 days. After
7 days of culture, a fraction of the cells were stimulated with
BCG (10 mg/ml, BCG Tokyo 172; Japan BCG Laboratory,
Japan) for 3 h (GM- and M-M¢-BCG). During BCG stimu-
lation, a culture medium without antibiotics was used. For
the analysis of anti-mycobacterial function and superoxide
production, GM-Mgs were stimulated with or without dif-
ferent concentrations of a chemokine: osteopontin (SPP1)
(Biogenesis, Poole, UK: 0:02, 0:25 and 2-5 jig/ml), CXCL7
(Sigma-Aldrich: 0-05, 0-15 and 0-5 pg/ml) or CCL11 (Wako,
Osaka, Japan: 0-5, 5 and 50 ng/ml) for another 6 days.

Bacterial preparation and infection to Més

M. tuberculosis H37Ra was grown for 1 week in Middlebrook
7H9 liquid medium (Difco, Detroit, USA) at 37°C and

Chemokines in mycobacterial infection

aliquots were frozen at —80°C. In each experiment, an
aliquot was thawed and grown in 7H9 medium to mid-
exponential growth phase. The culture was sonicated (time:
10 s, output: 1, duty: 80%) (Branson Sonifier 250, CT, USA)
to disperse bacilli before the infection. Both types of M¢ lay-
ers were exposed to H37Ra for 3 h in a multiplicity of infec-
tion ratio of 1:1 in triplicate, washed three times and
reincubated in the culture medium (RPMI-1640 plus 10%
FBS) with antibiotics. After culture, the medium was
removed and sterile phosphate-buffered saline was added to
each well. The cells in the bottoms of the wells were scraped
with a sterile scraper (Techno Plastic Products AG, Tran-
sadingen, Switzerland) and then sonicated as mentioned
previously. Serial dilutions of the bacterial suspensions were
plated on Middlebrook 7H10 agar plates (Difco). Colonies
on the agar plates were counted 3 weeks after inoculation.

RNA isolation

Mos were harvested at 7 days after culture with CSE and
after further 24 h with BCG stimulation. Total RNA was
extracted using RNA Extraction Kit, Isogen (Nippon Gene,
Osaka, Japan), according to the manufacturer’s instructions.
All experiments were performed according to the guidelines
of the ethics committee of Kyushu University.

Microarray processing

mRNA was amplified linearly using an Amino Allyl Mes-
sageAmp aRNA Kit (Ambion, Austin, TX, USA). In brief,
mRNA (1-5 pg) was reverse transcribed to synthesize com-
plementary DNA (cDNA) using an oligo(dT) primer bearing
a T7 RNA polymerase promoter. Second-strand synthesis
was carried out to make a transcription template. In vitro
transcription of the cDNA with incorporation of amino allyl
UTP was performed to produce multiple copies of amino
allyl-labelled anti-sense RNA (aRNA). After purification,
amino allyl-labelled aRNA was reacted with N-hydroxy suc-
cinimide esters of Cy3 and Cy5 (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) for the M¢ samples and a
standard control, respectively. Uncoupled dye muolecules
were removed using Micro Bio-Spin P-30 Tris chromatogra-
phy columns (Bio-rad, Hercales, CA, USA). Cy3- and Cy5-
labelled products were mixed together in the same amounts.
After the aRNA was fragmented in a buffer containing
40 mM Tris-acetate, 100 mM CH,COOK and 30 mM
(CH;C00),Mg.4H,0 at 94°C for 15 min, the hybridization
buffer (5 x SSC, 0:5% SDS, 4 x Denhardt’s solution, 100 ug/
ml salmon sperm DNA, 10% formamide) was added. The
hybridization was performed by incubating 60 pl of the
product into three Acegene Human oligo chip 30K slides
(Hitachi Software Engineering, Yokohama, Japan). Each
slide was rinsed with a solution provided by the manufac-
turer (Hitachi Software Engineering). Two microarray
experiments for each M¢ subset were conducted, using two
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RNA mixtures, each one equally combined from four inde-
pendent cell cultures.

Signal detection and data analysis

Fluorescence signals for approximately 30 000 spots in slides
were detected separately by fluorescent image analyser FLA-
8000 (Fuji Film, Tokyo, Japan) for Cy3 and Cy5. Hybridiza-
tion intensities were processed using Arrayvision software
version 6:0 (Imaging Research, Ontario, Canada). Signal and
background intensities were determined by the median pixel
values. Local background values were determined as the
average of four background spots around each gene spot. All
spots in the image (for both Cy3 and Cy5 signals) were eval-
uated for a possibility of dusts, to lower the probability of
false data in all experiments. GeneSpring version 6-2. (Sili-
con genetics, Redwood City, CA, USA) was used for data
analysis. According to the GeneSpring instruction, normal-
ization of the data was performed using the ‘Lowess method’
[20]. Spots with dust, or with signal values of which the Cy5
or Cy3 channels were less than three times of background,
were excluded.

TagMan real-time quantitative reverse transcriptase-
PCR {qRT-PCR)

The same RNA used in the microarray analysis was
employed for qRT-PCR. The ¢cDNA was synthesized from
the RNA using a First-Strand <DNA Synthesis Kit
(Amersham Biosciences, Piscataway, NJ, USA), as described
previously [21]). PCR primers and the target probe for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
purchased from ABI (Applied Biosystems, Foster City, CA,
USA) as a TagMan GAPDH control reagent kit. PCR prim-
ers and TagMan probes for FNI and FCGR2B genes were
purchased from ABI as assay reagents (Assays-on-
Demand"™, Gene Expression Products) with the following
numbers: Hs00415006_m1 for FNI and Hs00414000_m]
for FCGR2B, and used according to the instructions of the
manufacturer. The qRT-PCR was performed using an ABI
PRISM 7700 Sequence Detector (Applied Biosystems) [22].
To calculate the relative amount of gene expression, the
value of each gene expression was divided by that of the
internal control, GAPDH. The analysis was carried out in
duplicate samples.

Flow cytometry

Flow cytometric analysis was performed using an EPICS XL
(Beckman Coulter, Miami, FL, USA). Multi-colour staining
was performed by fluorescein isothiocyanate (FITC)-, phy-
coerythrin (PE)- or PE-cyanin 5-1 (PC5)-conjugated mAbs
against the following markers: HLA-DR, CD14, CD71,
CD44, CXCR2 and appropriate controls (Immunotech,
Marseille, France).

Superoxide production assay

Superoxide production by M¢s was determined as described
previously {23]. GM-Mos were cultured with or without a
chemokine for 7 days. After treatment with trypsin (Invitro-
gen), cells were harvested, washed and resuspended in
Hanks’s balance salt solution (HBSS) (Invitrogen) (5 x 10%/
0-5ml). They were stimulated with antibody-opsonized
zymosan (1 mg/ml, Sigma-Aldrich) at 37°C, and the reac-
tion was terminated by the addition of SOD (50 ug/ml,
Sigma-Aldrich). The chemiluminescence was counted for
35 min with an enhancer-containing luminol-based detec-
tion system (DIOGENES; National Diagnostics) using a
luminometer (Auto Lumat 1L.B953; EG & G Berthold).

Statistical analysis

Data in qRT-PCR, colony forming unit (CFU) counting and
superoxide production assays were assessed by Student’s t-
test using SPSS software version 11.

Online supplemental material

The microarray data have been deposited in NCBIs Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/
geo/) and are accessible through GEO Series Accession
number GSE3408.

Results

Characterization of GM- and M-M¢

After culture with GM- and M-CSF for 1 week, peripheral
blood monocytes differentiated into GM-M¢ and M-Mg¢,
respectively. These two types of Mds showed distinct features
in their phenotypes and functions. Although both Mgs
expressed HLA-DR, GM-M¢s strongly expressed CD71 and
M-M¢s were strongly positive for CD14 (Fig. 1a). M-Mos
showed a higher resistance to M. tuberculosis H37Ra and a
higher superoxide production than GM-Més (Figs 2 and
3B), as reported by Akagawa [18].

Comparison of the constitutive gene expression levels
between GM- and M-M®, by microarray and
quantitative PCR

To identify the molecules involved in the functional differ-
ences between GM- and M-M¢, we compared the constitu-
tive gene expression profiles in each M¢ using microarray
(Fig. 1b). The 10 most up-regulated genes, which are a result
of comparison between these M@, are listed in Table 1. FNI
and FCGR2B were the most up-regulated genes in GM-Mgs
and M-Mgs, respectively, both of which encode proteins that
potentially interact with M. tuberculosis. These microarray
data were confirmed by gRT-PCR. As shown in Fig. ¢, the
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expression levels of FNI and FCGR2B genes were increased
in GM-M¢s and M-Més, respectively, although the differ-
ence of FNI expression levels did not reach the statistical
significance.

Comparison of the gene expression levels between
GM- and M-M¢ with and without BCG exposure by
microarray

When we compared the gene expression profiles between
GM- and M-M¢ with and without BCG, IL-1B showed the

highest expression among BCG-stimulated genes in both’

Més (Table 2). Also, SOD2 gene was listed among highly
expressed genes in both Mgs after BCG stimulation
(Table 2). Then, we compared the gene expression profiles
between GM-M9-BCG and M-M¢-BCG (Table 3).
Osteopontin (SPP1) was the most up-regulated gene in M-
M¢-BCG compared with GM-M¢-BCG, suggesting the pro-
tective role of SPPI in M-M¢ against mycobacteria. Analysis
of genes according to the gene ontology (GeneSpring soft-
ware) revealed that four HLA-related genes were included in
the 10 most up-regulated genes in GM-M¢-BCG compared
with M-M¢-BCG, while three chemokine genes (SPP1, CXC
chemokine ligand 7 (CXCL7) and CC chemokine ligand 11
(CCL11)) were included in the 10 most up-regulated genes
in M-M¢-BCG compared with GM-M¢-BCG.

Effects of 3 chemokines on the growth of M. tuberculosis
H37Ra in GM-M¢

We selected three chemokine genes (SPPI, CXCL7 and
CCL11) as the candidate genes that potentially contribute to
the protective function of M-Més. To clarify the possible
effects of these chemokines on the resistance of M-Mos

© 2005 British Society for immunology, Clinical and Experimental Immunology, 143: 260-268

against M. tuberculosis, GM-Mgs were cultured in the pres-
ence of different concentrations of one of these chemokines
for 6 days, and their protective abilities against M. tubercu-
losis H37Ra were evaluated (Fig. 2). SPP1 or CXCL7-stimu-
lated GM-M¢s significantly inhibited the growth of H37Ra 6
days after the infection with the organism, while CCL11
stimulation had no effects on it (Fig. 2).
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Fig. 2. Inhibition of M. tuberculosis H37Ra growth in M¢s by SPP1 and
CXCL7. Mtb colony-forming unit (CFU) assay was performed on days
3 and 6 after H37Ra-M¢ exposure. M-M¢ £, GM-M¢ with granulocyte
macrophage-colony stimulating factor (GM-CSF) only O and GM-M¢
without any cytokines 8 were cultured as controls. GM-Mos were stim-

2.5 8 pg/ml; for CXCL7, 0.05 &4, 0.15 & and 0.5 8 pg/ml. Data for
CCL11 8 are shown only for the results using the highest concentration
in the experiments (see Methods for details). Mean values and standard
deviations of triplicates are shown. *Indicates that P value was <0.05 in
comparison with GM-M¢.
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Fig. 3. Increased superoxide production from GM-
Ms after the stimulation with SPP1 and CXCL7. (a)
Receptor expression for SPP1 (CD44) and CXCL7
(CXCR2) on the surface of GM-Mg¢, determined by
flow cytometry. (b) Superoxide production by the
Més measured by a change of chemiluminescence.
The Més (5.0 X 10 cells) were stimulated with anti-
body-opsonized zymosan (arrow), and the chemilu-
minescence change was monitored continuously for
40 min with proGeNEs. SOD was added to terminate
the reaction (arrowhead). (c) Superoxide production
from GM-Mos with or without chemokine stimula-
tion, Representatives of three independent experi-
ments are shown. *Indicates that P value was <0.05
in comparison with GM-M¢.
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Table 1. Gene expression profiles of GM-M¢ and M-M#¢. (a) Genes which up-regulated in GM-M¢ (top 10) compared to those in M-Mé; (b} genes
which up-regulated in M-M¢ (top 10) compared to those in GM-Mo.

Gene no. Name Access Gene description Ratio
(a)
1 FN1 ENSG00000115414 Fibronectin 1 3-81
2 Unknown ENSG00000079310 ensembl prediction 3-12
3 Unknown ENSG00000085063 ensemb! prediction 2:93
4 CCL7 NM_006273-1 Monocyte chemotactic protein 3 precursor; scya7 2-86
5 AD 158 AL136919-1 Hypothetical protein; dkfzp586j1119 2-83
6 ARPC2 AF116702-1 pro2446 2:56
7 KIAA1838 XM_035688-1 Hypothetical protein xp_035688; 1oc94580 2:53
8 Unknown AC064875-4.1-35064-1 ensembl genscan prediction 2-53
9 HBD NM_000519-1 Haemoglobin, delta 2:35
10 ABCC3 AF085692—1 Multidrug resistance-associated protein 3b; mrp3 2:17
(b)
1 FCGR2B NM_004001-1 fc fragment of igg, low affinity iib, receptor for (cd32) 4-14
2 Unknown ENSG00000024862 ensembl prediction 3-90
3. MHC Ag 1.34093-1 MHC class ii hla-dg-alpha chain 3.64
4 Unknown ENSG00000126461 ensembl prediction 301
5 Cl50rf12 AK001830-1 cDNA {1j10968 fis clone place1000863 moderately similar to putative 2:90
mitochondrial 40 s ribosomal protein yhr148w
6 Unknown AC069384-3.87217-105230-1 ensembl genscan prediction 2:85
7 Unknown AP002767-1.52387-73825-2 ensemb! genscan prediction 2-84
8 MMP9 NM_004994-1 Matrix metalloproteinase 9 preproprotein 2:-82
9 TM7SF1 NM_003272-1 Transmembrane 7 superfamily member 1 (up-regulated in kidney) 2:70
10 Unknown AC003958:1.1-127834-1 ensembl genscan prediction 2:50

Analysis was performed using GeneSpring version 6-2.

Access indicates GenBank accession number.
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Table 2. Genes (top 10) whose expression was up-regulated in GM-M¢—BCG compared to those in GM-M¢ (a), and in M-M¢-BCG compared to
those in M-M¢ (b).

Gene no. Name Access Gene description Ratio
(a)

1 IL1B NM_000576-1 Interleukin 1, beta 46-66

2 SOD2 NM_000636-1 Superoxide dismutase 2, mitochondrial 1362

3 MTIG XM_048213-1 Metallothionein 1 g 10-71

4 CLECSF9 AB024718-1 Macrophage c-type lectin mincle; mincle 628

5 CCL1 M57502-1 Secreted protein i-309; scyal 5-96

6 BCL2A1 NM_004049-1 bel2-related protein al 5-85

7 AKRIC3 143839-1 3-alpha-hydroxysteroid dehydrogenase; 3alpha-hsd 572

8 Unknown AC005027-2.1-157073-2 ensembl genscan prediction 5:62

9 GRO1 NM_001511-1 Grol oncogene (melanoma growth stimulating activity, alpha) 5-61

10 MTIH NM_005951-1 Metallothionein 1 h 5-38
(b)

1 ILIB NM_000576-1 Interleukin 1, beta 7462

2 CCL20 NM_004591-1 Small inducible cytokine subfamily a (cys-cys), member 20 59-71

3 ARHGEF1 NM_004706-1 Rho guanine nucleotide exchange factor 1 56-29

4 CCL7 NM_006273-1 Monocyte chemotactic protein 3 precursor 27-49

5 SOD2 NM_000636-1 Superoxide dismutase 2, mitochondrial 25:94

6 L8 NM_000584-1 Interleukin 8 17-98

7 Unknown AC064875-4.1-35064-1 ensembl genscan prediction 16-33

8 SERPINB2 NM_002575~1 Serine (or cysteine) proteinase inhibitor, clade b (ovalbumin), member 2 15-81

9 TNFAIP6 NM_007115-1 Tumour necrosis factor, alpha-induced protein 6 1529

10 HI1F2 NM_005319-1 h1 histone family, member 2 14:06

Analysis was performed using GeneSpring version 6-2.
Access indicates GenBank accession number.

Table 3. Genes (top 10) whose expression was up-regulated in GM-M¢—BCG compared to those in M-M¢-BCG (a) and in M-M¢-BCG compared to
those in GM-M¢-BCG (b).

Gene no. Name Access Gene description Ratio
(a)

1 HLA-DRA NM_019111-1 Major histocompatibility complex, class ii 686

2 HLA-DMA NM_006120 Major histocompatibility complex 6-79

3 D2 NM_002166~1 Inhibitor of dna binding 2, dominant negativ ehelix-loop-helix protein 6:06

4 HLA-DP 566883—1 Major histocompatibility complex class ii antigen beta chain 5-81

5 HLA-DQA 1340931 MHC class II hla-dg-alpha chain 530

6 PRGI1 NM_002727-1 Proteoglycan 1, secretory granule 4-88

7 RGC32 NM_014059-1 rgc32 protein 472

8 TNFSF13B NM_006573-1 Tumour necrosis factor (ligand) superfamily, member 13b 4:44

9 Unknown AC026785-3.13728-33112-2 ensembl genscan prediction 4-31

10 Unknown XM_016170-1 Hypothetical protein xp_016170; loc88021 4-17
(b)

1 SPP1 NM_000582-1 Secreted phosphoprotein 1 (osteopontin) 22:37

2 Unknown AC064875-4.1-35064-1 ensembl genscan prediction 19-20

3 CXCL7 NM_002704-1 Pro-platelet basic protein (NAP2, SCYB7, CTAP3, PPBP) 15-08

4 FLJ20033. NM_017629-1 Hypothetical protein 1j20033 9.43

5 1LOC64182 NM_022359-1 Similar to rat myomegalin 8-82

6 Unknown BC000845-1 Unknown (protein for image:3457769) 7-01

7 C8B NM_000066-1 Complement component 8, beta polypeptide 678

8 Unknown BC006174-1 Unknown (protein for image:4053618) 673

9 STK4 NM_006282-1 Serine/threonine kinase 4 662

10 CCL11 NM_002986-1 Small inducible cytokine subfamily a (cys-cys), member 11 (eotaxin) 6-60

Analysis was performed using GeneSpring version 6-2.
Access indicates GenBank accession number.
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Effects of SPP1 and CXCL7 on GM-Més

The expression of cell surface receptors for SPP1 (CD44) and
CXCL7 (CXCR2) on GM-M¢ were confirmed (Fig. 3a). To
investigate further the mechanism of increased resistance of
SPP1- or CXCL7-stimulated GM-M¢s against M. tuberculo-
sis, superoxide production by Mos was investigated. After the
stimulation with antibody-opsonized zymosan, M-Més pro-
duced a higher amount of superoxide than GM-M¢
(Fig. 3b). Superoxide production by GM-Mos was signifi-
cantly enhanced after the stimulation with SPP1 or CXCL7
(Fig. 3¢). The reaction was terminated by SOD, which inhib-
its cytochrome ¢ reduction (Fig. 3b). These results suggested
that increased superoxide production was one of the mech-
anisms of increased resistance of SPP1- or CXCL7-stimu-
lated Mds against M. tuberculosis.

Discussion

GM-M¢s and M-Més show distinct features, although both
Mos come from the same origin (CD14" PMNC). It has been
reported that GM-Mds show a susceptibility to M. tubercu-
losis, while M-Ms have a resistance to M. tuberculosis with a
greater FcyR-mediated phagocytic capacity and a higher
capability of ROI production [18].

In our experiment, FN1I that encode fibronectin (FN) was
expressed predominantly in GM-Més compared with M-
Mgs (Table 1a). EN is expressed constitutively in the lung
[24]. M. tuberculosis binds to the FN by FN attachment pro-
teins on the surface of M. tuberculosis. After fibronectin
opsonization, M. tuberculosis can be phagocytosed easily via
complement receptors and integrin receptors [25,26]. There-
fore, it is possible that increased FN production led to the
enhanced M. tuberculosis load into the cells. On the other
hand, FCGR2B was highly expressed in M-Mos compared
with GM-Mgés (Table 1b). It was reported that FCGR2B
expression levels were increased in peripheral blood mono-
cytes in patients with tuberculosis compared with healthy
controls by microarray analysis [27]. In contrast to FcyR1,
FcyR2a and FcyR3, FcyR2b is an inhibitory receptor that
does not contain immunoreceptor tyrosine-based activation
motifs (ITAM) [28]. Therefore, FcyR2b seems to modulate
inflammatory responses and inhibits phagocytosis of M¢s
[25]. Further analysis for the role of FcyR2b in M. tubercu-
losis infection would be necessary.

IL-1B and SOD2 expression levels were up-regulated in
both types of M¢s after the stimulation with BCG (Table 2),
which was consistent with the previous report [29]. IL-1 is
produced by activated Mos following M. tuberculosis infec-
tions, and is an important mediator of cellular anti-myco-
bacterial activities [30]. The importance of IL-1 for the
generation of protective immunity against mycobacterial
infection was clarified using IL-I-knock-out mice [31]. Cell
wall components of M. tuberculosis are known to induce IL-
1B expression in human monocytes and macrophages [32].

In addition, increased IL- 1B gene expression was observed in
bronchoalveolar lavage cells from tuberculosis patients com-
pared with those from healthy individuals [33]. M¢ stimu-
lation triggers an oxidative burst and the generation of
superoxide anions (O,) and other ROI in Mos [34]. SOD2
may play a role in protection of Mos against ROl in M. tuber-
culosis-infected M¢s. None the less, the protective function
of M-Mos against M. tuberculosis in contrast to GM-Mgs do
not seem to be obtained solely by the increased expression of
these molecules, because these molecules were also highly
expressed in GM-M¢s.

Three chemokines were included in the 10 most up-regu-
lated genes in M-M¢-BCG compared with GM-M¢-BCG
(Table 3b). In M. tuberculosis infections, chemokines con-
tribute to the recruitment of other immune cells, especially
of T cells, and the formation and maintenance of granuloma
[35]. We also found that GM-Mgs, which were stimulated
with SPP1 and CXCL7, were more bacteriostatic to M. tuber-
culosis than unstimulated GM-Mg¢s (Fig. 2). This is the first
description that these two chemokines played protective
roles against M. tuberculosis in humans. After BCG stimula-
tion, the ratio of SPPI expression was highest in M-M¢ com-
pared with GM-M¢ (Table 3b). SPP1 is a multi-functional
protein that is expressed in both alveolar and peritoneal Mos
[36]. SPPI knock-out mice were more susceptible to M.
tuberculosis with small and immature granuloma formation
in their lungs [37]. M. tuberculosis infection of primary
human alveolar macrophages causes a substantial increase in
SPPI] gene expression [38]. Many investigators recognize
SPP1 as a proinflammatory cytokine, which causes cellular
adhesion of inflammatory leucocytes. Furthermore, SPP1
promotes chemotaxis and adhesion of human peripheral
blood T cells [39] and enhances their IFN-y production [40].
It is worthy of notice that its expression can be used as a
prognostic marker in patients with M. tuberculosis infection
[41].

CXCL?7 is a cleavage product of platelet basic protein with
a length of 70 amino acids [42]. In neutrophils, CXCL7
induces an increase of cytosolic calcium concentration,
chemotaxis, exocytosis, production of ROI, degranulation
and elastase release [42,43]. Although there is a recent report
showing that CXCL7 can modulate the synthesis of IL-12
in Mgs [44], the role of CXCL7 in Mos has not been well
determined.

In addition, we demonstrated that SPP1 and CXCL7 facil-
itated the production of superoxide in GM-Mgs after the
stimulation with antibody-opsonized zymosan particles.
The high production of ROI in M¢s following M. tuberculo-
sis infections may be compatible with the high expression of
SOD2 in microarray results from BCG-stimulated Mgs,
which may play an important role in preventing M¢ dam-
ages induced by ROI. On the other hand, RNI production in
GM-Mos was not increased after the stimulation with SPP]
or CXCL7 (data not shown). Immunologically activated Més
can generate superoxide anion and other ROI [34]. Mice
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