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Mycobacterium tuberculosis is an intracellnlar pathogen that readily survives and replicates in human
macrophages (M®). Host cells have developed different mycn‘hnctcriddal mechanisms, including the produc-
the M® response, in terms of cytokine

tion of inflammatory cytokines. The aim of this study was to compare

gene expression, t0 infection with the M. tuberculosis laboratory strain H37RV and the clinical M. tuberculosis

isolate CMTY7. Bath strains indoce the pmdn.ctiou of interleukin-u (1L-12) and TL-16 at oompsrable levels.
However, the dinical isolate induces 2 significantly higher and more prolonged M® activation, a8 shown by .

reverse u-ansa'ipuon-PCR analysis of L1, IL-6, IL-10, transforming growth factor beta, tumor necrosis
terestingly, when IFN-Y {ranscription s high, the

factor alpha, and gamma interferon (IFN-Y) transcripts. In
number of M. tuberculosis genes expressed decreases and vice versa, whereas no mycabadtricidal effect was
observed in terms of bacterial grevwih. Expression of 11 genes was also stndied in the fwo M. tuberculosis strains
by infecting resting or activated M® and compared 10 bacterial intracellolar survival. Inboth cases, 3 peculiar
inverse correlation between expression of these genes and multiplication was observed. The number and type
of genes expressed by the two strains differed significantly.
______,__————_______——____________,_____.—-—________—-—
Ha7Rv-derived LAM is considerably less potent in stimulating

single pathogen infection (12). The World Health Organiza- NE-xB (4). This may contribute to the establishment of a
tion (WHO) reports that every year Mycobacterium {uberculosis protective immune response during infection with the nonviru-
infects and causcs discase in up to 10 million people and the lentstrain of M. tuberculosis, which does not cause progressive

death of 3 million people worldwide (39). The success of my-  discase in animals (40). Despite its weak activation of NF-«B,
cobacteria as pathogens resides in their ability to replicate OF

the virulent H3TRv strain stimulates the Mds to produce sev-
persist in 2 dormant state within macrophages (Mds) for long eral cytokines which may negatively or positiv

ely control the

periods of time. . growth of phagocyiosed microorganisms. So far, 2 few studies

Mds have an impressive pumber of antimicrobial defense have focused on the differences between laboratory and clini-

mechanisms. This has placed a strong evolutionary pressure on cal M. tuberculosis strain infections (20, 28, 29); however, none
M. tuberculosis 10 develop intra-M® survival capacity (18)- For  of them compared M. tuberculosis an

d Md gene expression
instance, M. (uberculosis adopts 2 differential gene expression during infection.

strategy in the course of intra- versus extracellular replication This study elucidated whether M. tuberculosis and human
(21). Mds reciprocally influence their gene expression in the carly

Of note, it has recently been shown that enteropathogens hase of infection. This was achicved by analyzing transcrip-
that cause acute inflammatory colitis activate the nuclear fac-  tion of eight M® cytokine genes and 11 M. (uberculosis genes
tor kB (NF-xB) pathway, while nonpathogcnic' microorgan-  OR the same CDNA gample in the course of the first week ©

rant differences were found between the

isms (such as nonvirulent Salmonella strains) are able to inhibit infection. 1mpo
H37Rv and CMT97 (22) strains in terms of gene expression

this pathway by 2 mechanism of intestinal immune tolerance

(26). and survival in activated and resting Mds. These findings
Nonvirulent (H37Ra) and virulent (H3TRvY) M. tuberculo- showed the plasticity of M. tuberculosis in sensing the environ-
sis strain-derived lipoanbinmnnnans (LAM) stimulate the ment and in adopting different survival strategics (10).

NF-xB pathway in the opposite fashion: the H37Ra-derived
LAM is capable of rapid activatica of NF-xB, whereas the
: MATERIALS AND METRODS

Tuberculosis (TB) i the main cause of mortality due tc 2
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medium supplcmented with gentamicin and 10% fotal calf scrum (PCS). These
cultures were incubaicd at 37°Cin a 5% 00 95% air atmosphere.

Afier 1 h of adherence, the mpcmauntwdhwdod.vtﬂc the cclls were
washcd twice and detached with cold PBS through gentle scraping. Isolation of
the human M&s was performed by magnetic depletion of ponmonocylcs (mono-
cyic isolation kit; Miltcayi Biotee, Bergisch Gladbach, Germany) using a cocktail
of CD3, CD7, CD19, CD45RA, CD56, and anti-immunoglobulin E (anti-13E)
antibodics. The peree ntage of differcntiatcd M®s was chocked at the FAGscan
with monoclonal antibodics spedific for CD14. These showed a degree of purity
not below 99%.

Infection of Mds was performed on the day 7 st a muhiplicity of infection
MOy of 10:1, kceping M. tuberculois and M®s in 1 ml of medium for 2 h. Aficr
incubation, the cxtraccllular bactcria were washed out with warm PBS. The
infected Mds were grown for another 7 days in 24-well plates without added
growth factors and with replacement of the culture medium cvery 3 1o 4 days.
Noninfocted Ms, uscd as nogative controls, werc kopt in a separalc plate and
in a dificrent incubator o avoid any acrosol M. tuberculoss contamination. To
study the rolc of the activation of M®s in cytokinc genc expression, they were
incubated with 100 U of gamma interfcran (IFN-v) and 1 pg of lipopotysaccha-
ride (LPS) perml 1 b prior to infection.

Mycobacteria. The laboratory H37TRy and clinical CMTY7 badilli (the sccond
was isolated at the Monaldi Hoepital, Naples, ltaly, from a TB paticnt’s sputum
72) were transferred cvery 2 months in Sauton medium, allowing them to grow
as a layer on the medium surfacc. In order to infect M, mycobacterial layers
werc harvested cvery 2 months, spun down, and resuspended in sterile PBS. To
gcl a homogeneous resuspension, the M. wiberculasis Organisms were sonicated
in a water bath sonicator (UST; 50 W, 20 kHz), regulatcd at a maximum power
of 50 W, in sterile glass tubcs. The samples werc aliquoted and stored at —80rC.
Before infoction, onc M. aberculosis aliquot was grown on TH10 plaics to titer
the bacteria afier {reczing.

The same frazen masicr batch was used for cach infection cxperiment.

Mycobacterial enumersation by CFU determination. M. niberculosiss grown for
7 days in 10° human M&s (at an MOI of 1(x:1) were washed twice with sterilc PBS
and incubated for 3 min in 0.5 ml of lysis buflicr (0.1% saponin-PBS) at rc.
The dilutions 1072, 107,107, 1074, 1073, 107, and 107" of cach lysatc (in
1.01% Twcen 80-PBS) were plaicd as 50-ul droplcts on TH10 Middlcbrook
(Becton Dickinson, Pranklin Lakes, NJ.) medium. The CFU werc checked afier
21 days of culture in 2 5% OO, incubator.

immuaofluorescence. The purificd Mds were-kept in a chamber slide (Becton
Dickinson Labwarce Europe, Mcylan Cedex, France) for 5 days at a ccll density
of 0.25 * 10°fwell in 10% FCS and ;lummhxc-cnﬁchad RPMI (Labtcc) medium
containing gentamicin and infeacd as alrcady described. Afier 2 days, they were
washed twice in PBS and fixed in 2% paraformaldchyde for 15 min at room
temperature, The Mds were incubated first with the antibody against CD14
diluted 1:100 (Exalpha, Boston. Mass.). Afict threc washcs in PBS, thcy were
permeabilized with 0.25% Triton X-100 for 5 min at room Lempcraturc. Aficr
washcs in PBS, the M®s were blocked for 30 min in PBS enriched with 1(1%
human scrum at 4°C.

Staining with the antibody against IFN-y (Endogen, Wobum, Mass.) was
performed using the antibody at a final concentration of 1 pg/I0F cells. Afier
threc washes, the sccondary antiody, an anti-mousc total (heavy and light chain)
1gG-indocarbocyaning (Cy3) cosjugatc (Jackson 1mmunoRcscarch, West Grove,
Pa.) was added All incubations with the antibodics werce carricd out for 45 min
at room tcmperature in the dark. The double-staincd Ms were obscrved under
a fluorcacenee microscope (Zcis). Both stains were performed in parallcl with
an irrelevant isotype-matching antibody to exclude any nonspedfic staining duc
to the isotypc cmployed (mousc 1gG1 kappa and mousc 1gG-2b kappa; Cymbus,
Hampshire, United Kingdom).

ELISA. Human M&s were a5 desaribed above and infected for 3 hat
diffcrent MOTs (51, 10:1, and 1:1) with the two mrycobacierial strains. Aficr 1
and 3 days of infection, the culterc supcTRatants worc collecied, while the TFN-y
protcin was measurcd by a standard
HM)WLMM.Sﬂu]dﬂdm“Mmmti-
E_-Wub-dﬁn:-dwbybbdnthdmﬁbody
qﬂh!hnﬂwmmﬂhmlmpldmmﬁn-
.nnﬂpﬂlﬂ.ﬂd-u-ﬂdueﬁ-ﬂ_furaomhu room
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anins of 179y wes caloulatod from s [PN-y standard curve.

A sutvaution. The wseal mm&mlmm"mmwwim
& 4 M praailfinkem BotSincysnstc (GTC) single-sacp mcthod (6). The solutions
“ml-.-;l stilicd water, while the ex-
ﬂ-#--wmhmhhnq-m room. In order o
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gct the maximum yicld of good-quality M. tuberculosis 1ol RNA without using
a CsC cushion, French press, or silica beads 10 lysc the mycobacicria, we slightly
modiﬁcdtthTCpmlocoLﬂwin!::mdM@s.tywdwith4MGTC.wm
sonicated three times for 10 min cach in a watcr bath somicator{UST; 50 W, 20
kHz). Total RNA was then extracted with warm-watcr-cquilibrated phenol, put
at 65°C for 5 min, then spun down and recxtracted with chloroform-isoamyl
aloohol (24:1) for 10 min at 65*C. Finally, thc supcrnatant was precipitated with
2.5 yolumes of cthanol at —B0FC overmight.

DNase | digestion and RT-PCR techaique. In order 1o get rid of any possiblc
residuc of genomic DNA, the 1otal RNA (0.5 10 1 pg) was digested with 2 U of
DNasc I (Gibeo-BRL Lifc Techaologics, S. Giulinno Milancsc, Milan, lialy) for
30 min at 37°C. The cnzymc was insctivatcd at 75°C for 5 min without further
phenol cxraction to avoid any loss of RNA. In the same tubo, thc samplcs werc
reverse transcribed to cDNA with 200 U of Moloncy murinc leukemia virus
roverse transcriptase (RT) (Gibco-BRL Lile Technologics), using 5 pg of
p(dN6) random primcTs (Amcrsham Pharmadia Biotech, Freiburg, Germany)
per pl. The reaction continucd for 1hat 45°Cina total volume of 20 ul. The RT
was inactivated a1 95°C for 5 min. For cach sample, onc aliquot of DNasc
I-digested RNA, without RT, was uscd as a ncgative control for PCR amplifi-
cation to ascertain that we werc actually dealing with M. tuberculosis mRNA
analysis. For cach PCR, 1 pl of cDNA was uscd. Intcrnal control of cDNA was
achicved through PCR amplification using a pair of primers for a housckecping
gene, p2-microglobulin, for M®s, and MT10Sa for M. tuberculosis. All cDNA
samplcs with 3 good PCR product were subjected to further analysis with specific
primers for human cyrokinc and M. suberculasis gencs.

PCR protocol. PCR amplification was performed in a thermal cycler Gene-
Amp 2400 (Applicd Biosystcms) in 0.2-ml tubcs in a total volume of 20 ul.
Primers were uscd at a 0.5 pM concentration. We uscd 2 mM MgCl,, 0.8 mM.
deoxynuclcoside triphosphates, and 1 U of Tag polymcrasc (Amecrsham Phar-
macia) in cach tube. Samples were kept at 952C for 5 min before adding 1 pl of
¢DNA_ Then 35 cyeles of amplification followed: (i) 45 5 a1 95°C, 455 at 58°C, and
1 min at 72°C for cukaryotic cDNA: (i) 45 s at 95°C, 45 5 at 68°C, and 1 min at
72°C for prokaryotic <DNA. An clongation cyck of 10 min at 72°C followed,
while the tcmperature was sct up 10 hold 4°C. For cach RT-PCR, 10 pl was
checked by agarosc gel clectrophorcsis. Almost cvery time, we had to transfer 10
ul of RT-PCR producistoa nylon membranc for Southem hybridization because
of the low quantity of M. uberculosis transcripts detcaable only by cthidium
bromide.

All primers designed for M® gencs were RNA specific and nonrcactive with
DNA (30). The primer scqucnces are reported in Table 1.

Southern hybridization. Aficr sCparation On A0 AZArOES gel, the PCR products
were transferred to a mylon filler (Zeta Probe; Bio-Rad, Herculkes, Calif.) by
means of Southcrn blotting with 0.4 N NaOH. The filicr was dricd at room
tcmperature in 3 MM chromatographic paper (Whatmas, Maidstone, England).
prehybridized for 2 h, and hybridized overnight with cach genc-specific PCR
fragment labeled with horscradish peraxidase (ECLS Amcrsham Pharmacia) &
42°C in a 10-ml final volumc, The probe was removed, while the membrancs were
rinsed twice for 20 min in primary wash buffcr, 0.4% sodum dodecyl sulfalc
(SDS)-05x 8SC (1% SSC is 015 M NaCl plus 0.015 M sodium dtratc)-6 M
urca, at 42°C and twice for 5 min in sccondary wash buffer (2X SSC) at 20°C.
Signal dctection was performed in thc dark. .

.

RESULTS ’

Cytokine expression in macrophages infected with two dif-
ferent M. tuberculosis strains. The mRNA levels of eight cyto-
kines were analyzed (Fig. 1)- After 1 day of infection, IFN-y
and TL-12 expression was only affected by M. tuberculosis.
IFN-vy expression was low in control M&s and upregulated in
infected M®s. Interestingly, IFN-y RNA was the only one
upregulated by the CMT97 M. fuberculosis strain at days 3 and
7. As this strain stimulates M® activation and casily reaches sa
equilibrium within the host cell, such a prolonged IFN-y tran-
scription may contribute to its peculiaritics. i

On the contrary, 11-12 was expressed in the in-
fected Ms. It became undetectable at days 3 s0d 7.TLAS
expression did not show great differences betweea vainforted
and infected M®s. This cytokine was 00 jonger expressed ia
(he H3TRv-infected M®s at day 7 of infection. After 3 days of
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1L-6
n-10 U16720
L2 pH0 AF180563
16 UR2972
TNF-a 715026
TGF-8 738449
TFN-y 100219
ahpC . U1B264
35-kDa antigen M6&9187
MT10Sa X60301
Ag85B X62398
AgB5C X57129
ESATO X79652
poB V12205
invB AFO06054
sigF U41061
umaA?2 U27357
eis” AF144099

= Each primer scquencc is indicated in its 5° .3 dircstion.
» pModificd from wei et al. (37

infection, the 1L jevels were much higher in the infected
M®s than in the controls, while the CMT97 M. tuberculosis
strain showed 8 higher ability to induce TL-6 RNA compared
with the H3TRv M. tuberculosis strain. After 7 days, 1L-6 re-
mained slightly detectable only in the CMTY7 M. tuberculosis-
infected M®s. The 1L-16 mRNA, like IL-6
tectable after 3 days only in infected M®s. :
The CMT97 M. tuberculosis strain was more efficient than
the H3TRv M. uberculosis strain in 1L-16 induction. Expres-
sion of 1L-10 and transforming growth factor beta (TGF-B)
was downmodulatcd with time. After 3 days, 1L-10 mRNA was
detectable in the CMT9TM. :ubcmufosi.t-infcctcd Mdds. At day
1, it disappeared. TGE-p expression had already decreased on
the first day in CMTY7 M. mberrufosis-infcctnd Mdds. It be-
came undetectable on the seventh day in the H3TRv M. tuber-
culosis-infected Mds.
. A significant difference betweenl the M®s infected with the
two M puberculosis strains was observed in the expression of
&-RNM for tumor necrosis factor alpha

~y. While the CMTYT M. mbera:fosis-irﬁcctod MPs

CTATGIGT CTGGGT-203
GATG-1289

3 435~CCAGCAGGTGAMOGT

5' 1683-ATGCCT GACCT CAACT

3+ 2030-CT CCT GATGACMTCGTGAC-‘ZDI 1
5t 5’78-TGAGCACT GMAGCATGATC—SQ‘} .
3 TSﬁ—CCGCACCT CGACTCTCT ATT-3739

5 mllGACAGGTTGGTAGCA(X]C-Blﬁ

3y 394~GGACA(I:AACT ATTGCTTCAG-414

3* 470-AGA GACGAT G 4
5'14 l—GGTCGAGTACX:T GCAGG-157
3’ 631-CGT GCGAGG-(\IS

N S—CAACGGACG GCACCTCC!
5 11411-GTCI'1CAATGACT GGtACCGCGG—l 1437
¥ 1193G-MGCTGAACC1' AACDCGGG-HQO‘}
5 -GGATCCGTCAGACCCACCGAGCAT—
3t -OGGATCCCCATCCATGGCXBTGT—

showed a strong TNF-a signal at the third day, in the H3TRvV
M. fuberculosis-infccted Mds the mRNA for this cytokine Was
undetectable. At the seventh day TNF-x was detectable only in
control cells. Similar to TNF-a mRNA, TFN-y mRNA expres-
i M. mbm:zdosis-infectcd Mbs
only. Unexpectedly, it increased at {he seventh day. As TNF«
and 1FN-y aré important cytokines, playing 2 major role in the
induction of the anumycabactcria'l protoctivc jmmune re-
i Mds infected with the
two M. tuberculosis strains supgested the existence of 2 novel
mechanism through which M. tuberculosis m2Y directly influ-
ence the activation of infected M®s. _
IFN-Y production by M. mbarcadoﬁ-'-inreded human mAcTo-
4 finding that a strong IFN-y signal was

cluded by the absence of TLA4 signal using RT-PCR

bridization with 8 probe specific for the amplified



]

L
-k

-~

h day

+ CMT97
No MTB
+ H3TRY

+ CMT97

NoMTB
+H37Ry
+H3TRv
+CMT97

IL-1B8

IL-6

IL-10

IL-12

IL-16

TGF-B

TNF-0

IFN-y

o pod B0d
FIG. 1. Southera blotting of RT-PCR procucis relative to the cy-
tokines produced by resting uninfected human macrophages and by
resting macrophages infected with two strains of M. mberculosis
(MTB), H37Rv and the CMT97 clinical isolate. Three time points
were anatyzed for cach sample: 1, 3, and 7 days of culture for the
controls, and 1, 3 and 7 days after infection for the infected cells. In
cach of the three groups, the first lanc represents uninfected macro-
phages, the second represents H37Rv-infected macrophages, and the
third represents CMT97-infected macrophages. As it comes out from
the kinetics of RT-PCR products, the majority of cytokines decrcasc as
a function of time, while the clinical strain induces a stronger and more
prolonged production of TNF-a and IFN-y compared with the labo-
ratory strain H37Rv. ’

. L]

(data not shown). Most of the infected M®s were stained with
monocional anti-IFN-y antibodies and also with a monoclonal
antibddy specific for the CD14 molecule (Fig- 2A). When the
Mos lnfocted with the two M. muberculosis strains were stained
with anti.TFN-y monocional antibody, no relevant differences
were observed (Fig. 2B).

Md IFN-y MODULATES M. TUBERCULOSIS INFECTION 7265

To quantify the amount of IFN-y released by M®s infected
with the two M. tuberculasis strains, IFN-y was measured in the
supernatant by ELISA. The M®s were infected for 3 h at
different MOIs (50:1, 10:1, and 1:1) with the two M. tubercu-
losis strains. After 1 and 3 days of infection, the culture super-
natants were collected, and the TFN-y protein was measured.
The two M. tuberculosis strains displayed a different ability to
induce IFN-y (Fig. 2C). After 1 day, the CMT97 M. tubercu-
losis strain induced much higher IFN-y release than H37Rv (in
an MOI-dependent fashion). After 3 days of infection, the
CMT97 M. tuberculosis strain still induced a two- to threefold-
higher level of IFN-y than H37Rv. In this case, the 10:1 MOI
induced the highest level of cytokine release.

H37Rv and CMT97 M. tuberculosis intracellular gene ex-
pression analysis. The two paticrns of M. tuberculosis strain-
specific gene expression proved to be rather different. They
were inversely correlated with bacterial growth. Table 2 shows
that the quantity of H37Rv M. tuberculosis ,transcripts de-
creased as a function of M@ activation, in agreement with 2
recent study (21). The M. tuberculosiscomplex-specific genes
whose expression was analyzed were MT10Sa, a structural
gene (36), 35 kDa (27), ahpC (31), Ag85SB and Ag85C (14),
ESAT6 (35), rpoB (24) invB (19), sigF (15,7), umaA2 (11), and
eis (37). Of these 11 mycobacterial genes in resti M® cDNA,
9 were expressed by strain H37Rv M. is. The two
negative signals concerned ESATS6, a well-known carly secre-
tory antigen of 6 kDa (2), and eis, encoding an enhanced
intracellular survival-conferring gene. On the other hand, only
two genes produced a positive signal in activated M®s:
MT10Sa, encoding a small stable RNA, and the 35-kDa anti-
gen.

Hence, the H37Rv M. tuberculosis strain exhibited decreased
transcription of this group of genes as a function of host cell
activation. In contrast, the pattern of transcription displayed by
the CMT97 M. tuberculosis clinical isolate showed a low quan-
tity of transcripts (4 of 11 genes) in the resting M®s: MT108a,
ESATS6, 35 kDa, and rpoB, the beta subunit of the RNA poly-
merase enzyme. In the activated Mds, 10 genes proved to be
transcribed (the negative one being that for ESATS).

The bacterial choice to transcribe this group of genes ap-
peared to receive a positive stimulus by the activation of the
M®s. The expression of the eis gene, which is not detected in
resting Mds, seemed to confirm a “counteraction” response;
besides, the eis gene is known to confer increased intracellular
survival to Mycobacterium smegmatis (37). Another qualitative
difference between the two M. fuberctlosis strains was the ex-

. pression of the genes for the Ag85B and ESAT6 antigens,,
" responsible for the immune response in mouse and human

hosts (8, 17). The expression of these two genes seemed to be
mutually exclusive, since a positive RT-PCR signal for both
was never found in the same sample (Table 2). As a matter of
fact, when the expression of the gene for Ag85B was positive,
that of the gene for ESAT6 was negative, and vice versa.

It is noteworthy that ESAT6 expression was positive in sn M.
tuberculosis strain transcribing a small number of genes (Table
2) whose replication took place in infected M®s producitg
IFN-vy (Fig. 1). On the contrary, the expression of the gene foc
Ag85B proved to be positive in an M. strain trans, O
scribing a large number of genes (Table 2), and it took place in- |
M®s which do not produce the IFN-y (Fig. 1 and 3). Finally, *



T
aae e

S35

HH
rhidt

FIG. 2 (A) Immunofluorescence

rmeabilized macrophages;
the bottom panel shows anti-IFN-y staining in for both
antibodics. (B) Immunofluoresccace of H3TRv- and CMT97-infected macrop panc infocted with the
CMTY7 strain. Middic pancl, macropha infected with the H3TRv strain ' right columa shows
sati-[FN-y staiaisg. (C) ELISA titration of IFN-y released in culture supcrnatants of hum TRy anc CMT97. The

op
macrophages wert prepared a3 described in the text and infected for 3h at different MOls (50:1,10:1, and 1:1); after 1 and 3 aysdm&
Cultwre supCrRatasts were coliected, and [FN-y protein was measured. Compared with the laboratory strain H37Rv, dinical straia COMTY7 infection
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TABLE 2. G=ne

- gummary of resulls of RT-PCR on cDNAs obtain

cd {rom resting and activated h
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expression in resting and activated macrophages”

AILEH

uman macrophages infected with sirains H3TRv and CMTY7. Positive gene

cxpression (presence of a Southcm signal) indicatcs \hat cDNA samplcs from three indcpendent cxperiments were positive. nck- cDNAs did not show the expectcd

pands cxeept for the housckeeping gene MT10Sa

in resting M, while ESAT6 expression was displayed by the
clinical M. (uberculosis strait, AgB5B expression Was mani-
fested by the laboratory M. tuberculosis strain.

Mycobaderial growth in macrophages. The multiplication

displayed by the two M. tuberculosis strains in human Mds was

rather interesting, especially in relation to the differences
found in gene transcription. The CMTY7 M. (uberculosis clin-
cal isolate showed 8 CFU value in resting Mds comparable to
that of the |aboratory M. tuberculosis strain H3TRv (not
chown). A slight reduction in viable colonies was instead seen
in Mds activated with TFN-y and LPS. On the other hand, the
H3TRv M. tuberculosis, which grows similarly to the

(uberculosis in resting M®s, showed a more than 10-fold in-
crease in CFU in [FN-y-and LPS-treated Mdss. Hence, H3TRv

this study suggest that the question concemning the complex
petwork of human M responscs which are necessary t0 con-
udu..bawbﬂ'mfeaion(nissﬁﬂopcn.
DISCUSSION
The main questions we posed in this study were whether
Bacwet transcription and pathogen transcription could influence

..
-

each other and whether a particular M. tuberculosis clinical
isolate, probably inducing mtimmoral activity ina TB patient
(22), would activate human Mds in a different W2y than the M.
tuberculosis laboratory strain. The data prcscmcd here showed
that (i) the state of M® activation influences M. uberculosis
expression of a group of 11-selected genes, while M. fubercu-
Josis transcription and multiplication influence the production
of the M® cytokine transcripts and (ii) infection of the same
Mo by the two different M. tuberculosis strains induces differ-
ential cytokine gene expression and, consequently, 8 different
M® response- j

In this work we observed that whet {he production of “en-
dogenous” IFN-y by the Mds is lowest, M. rculosis tran-
scription of different gencs (antigens involved in virulence and
metabolism, etc.) becomes highest (T able 2 and Fig. 3). This
cannot be justified by the expected 1FN-~y ctericida
cffect, 8ince, comparcd to the

A possible explanation for the iovgrse
M. tuberculosis expression of these 11 gencs and the Fnﬁ*-

ofrFquouldbcfoundinmcmdyalupﬂﬂtl

bacillus transcribes and in their possible influcnce o8
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FIG. 3. (A) RT-PCR Southem blotting for cytokine production in [FN-y- and LPS-activated human macrophages. The c¢DNAs of human
macrophages infected for 3 days with M. tuberculosis H3TRv and the clinical strain CMT97 were assayed with cytokine-specific primems. The
housekeeping gene was B2 microblobulin (bottom line). The cytokines induced by CMT97 in the activated cells are onty [IL-1B and TNF-a, whilke
laboratory strain H37Rv infection induces the production of all the cytokines analyzed (B) Graphic represcntation of the modulation of CFU,
bacterial gene expression, and IFN-v production relative to H37Rv- and CMT97-infected macrophages, On the y axis arc reportcyl arbitrary units, .

ranging from 1 (assigned to the minimum valuc obtained) to 10 (assigned to the maximum value), independent of the absolute values of each group,
of obscrvations. In particular, for CFU the values represent the bacterial colonics obtained from infected-cell lysates; for genc expression they
reflect the number of M. wberculosis-cxpressed genes out of the total number analyzed; for IPN-y expression wWe considered the minimum and
maximum optical density of the RT-PCR bands obtained. :

transcription itself. Let us now focus our attention on 3 of from both TB patients and healthy donors decreascs the pro-
these 11 genes, namcly, Ag85B, ESATS, and eis, since they duction of IFN-y (16, 34). This feature is in .;mﬂnﬂivdthlhe
display the most relevant differences in their expression in the present results, showing that M®s unable to produce IFN~y
two A, muberculosis strain infections. (Fig. 1) are the ones in which M. tuberculosis cxpresses AgBSB
The first gene is & member of the Ag85 complex (an impor- (Table 2), given that both the M®- and M. uberculosts-speciic
tant group of three immunodominant M. nuberculosis antigens, ~ primers were used in RT-PCR on the same cDNA sample.
AGESA, -8, and -O). Several studics demonstrated that the It is noteworthy that Ag85B expression is sssociated with 8
siemmiation of peripheral blood mononuclear cells with Ag85B high gene expression pattemn by M. ruberculosis (Table 7)., The

-
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g that H37Rv M. tuberculosis transcribes Ag85B in hu-
macrophages is in contrast with a previous study (21), in
we found that this gene was expressed exclusively in
#etic medium; instead, in the same study we found that the
RNA for the AgB5A gene in intracytoplasmic M. tuberculosis
"B detectable. In the present study, however, Ag85A expression
! f the macrophages was negligible (not shown). This difference
might be duc 10 8 different transcriptional regulation of the
three related proteins whose expression in human phagosomes
was actually detected with an antibody specific for the entire
Ag85 complex, and not for any single polypeptide (12).

It might be possible, then, that M. fuberculosis transcribes
each of the three genes at different times and/or in different
amounts. This hypothesis is also supported by the biochemical
characterization of the function of the three proteins, all being
mycolyl transferases, able to catalyze the transfer of the fatty
acid mycolate from one trehalose monomycolate to another,
thus helping to build the bacterial cell wall (1). The three
proteins belong to an antigenic complex made up of three
polypeptides whose scparation on the M. tuberculosis genome
and differential transcriptional regulation have been shown.
Therefore it is likely that their expression may be modulated by
M. tuberculosis depending on various factors and that it may
not always be the same in every macrophage. Furthermore, the
fact that they have the same biochemical function could make
the expression of all three proteins redundant to the same
extent and contemporaneously.

The second gene produces an early secretory antigen for T
cells of 6 kDa (ESATO6), able to induce TFN-y production in
human peripheral blood ‘mononuclear cells (25). This informa-
tion supported the finding that the M. tuberculosis clinical iso-
late, behaving as a Strong and stable “enhancer” of IFN-y,
EXPresses ESATS6 in the course of intracellular replication (Ta-
ble 2). The expression of ESAT6 by M. tuberculosis was 88S0-
ciated with a pattern of low gene expression.

The third gene (eis) confers enhanced intracellular survival
on mycobacteria (37). 1tis expressed by the clinical isolate only
when its replication takes place in activated Mds (Table 2).
Such a bacillus, coexisting for a long time with its host, prob-
ably experienced {he best tools to survive in the hostile envi-

ronment of an activated M®. To the best of our knowledge,

this is the first evidence that the eis gene is induced by M.
(uberculosis in infected human M®s. Further studies will focus
on iis possible relation with IFN-y production by the host.

For both the M. tuberculosis strains, a high expression pat-
tern of this group of gencs corresponds to a low CFU number
and vice versa. Their modulation by the host cell activation is,
however, cxactly the opposite for H37Rv and CMT97. In fact,
the laboratory strain, going from the resting M®s to activated
ones, dramatically increases its growth (not shown), while it
decreases its genc expression (Table 2 and Fig. 3). Instead, the
M. tuberculosis CMT97 isolate reacts 10 activation of the host
Mds by slightly diminishing its growth (not shown) and in-
creasing the number of genes expressed in the M® cytoplasm.
Among these genes there is eis; responsible for enhanced in-
traceBular survival (37)- With these features, the M. tubercu-
losis clinical isolate might have successfully adapted to human
chronic infection. 2

The finding that two M. (uberculosis strains behave §0 dif-
ferently ia hurmen MP infection is actually surprising, consid-
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ering that onc is 8 laboratory strain and the other was isolated
from a human TB paticot On the other hand, we ghould
consider that for mamny pathogenic bacterial species, it now
begins to be commonly recognized that, in many respects,
bacteria taken from infected animals are significantly different
from those grown in vitro (32, 33). We should, in fact, pay more
attention to the environmental conditions affecting bacterial
growth, metabolism, and gene expression (5, 23). The question
of why exponentially growing H37Rv M. tuberculosis should
reduce expression of 11 different genes remains to be investi-
gated. One may argue that M. tuberculosis is a slowly growing
microorganism: its cycle lasts 16 h, while that of ‘Escherichia
coli lasts 20 min. Nucleic acid biosynthesis was indicated as 4
strong candidate for fimiting its growth rate (38). The time to
transcribe TRNA genes (13) was related to the generation time.
Furthermore, M. tuberculosis has a single set of rRNA genes,
while E. coli has seven rRNA operons. Probably, an actively
growing M. tuberculosis would put the replication of the ge-
nome and the transcription of genes involved in DNA biosyn-
thesis in an advantageous position, rather than slowing down
its cell cycle with a large number of expressed genes.

The M. tuberculosis CMTY7 clinical isolate induced a stron-
ger and prolonged inflammatory cytokine production in in-
fected Mds (Fig. 1). In fact, the cytokines IL-1B, IL-6, TNF-a,
and especially IFN-y are produced in higher amounts and for
a longer period of time when the M®s are infected with it. In

particular, at the third and seventh day of infection, TFN-y is

exclusively induced by the M. tuberculosis clinical strain. A
similar observation has already been reported (20)- That study
showed that the M. tuberculosis CDC1551 clinical isolate in-
duced a more vigorous host response in vitro and in vivo (the
latter was studied in the mouse model of TB). A fascinating
paradox emerged from all this: when M. tuberculosis survives
for a long time in human Ms, its infection induces 2 stronger
M® responsc (in terms of cytokine production). In other
words, when the intraceliular pathogen tried to reach a balance
between its own survival and that of the host, a dynamic equi-.
librium occurred between its replication and the host's bacte-,
ricidal process. '
In conclusion, our experiments showed that (i) of the two M.
tuberculosis straing used, the clinical isolate showed a stronger
and more prolonged capacity to induce the production of
IFN-y (endogenous IFN-y) by M®s; (i) the endogenous
IFN-v production was mainly influenced by the M. tuberculosis

P

strain used to infect the M®s rather than by the supply of -

exogenous TFN-Y; (iii) M® production of endogenous IFN-y
was able to decrease M. sis transcription of a group of
11 selected genes but not M. tuberculosis replication; and (iv)
the two M. (uberculosis strains regulate the transcription of
these genes and their replication in i

though in both of them positive gene expression was associated

with low bacterial replication and vice versa
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