Available online at www.sciencedirect.com

SOIENCE@DIRECT” Re‘s‘earch i'h'
Microbiology

Research in Microbiology 156 (2005) 393-402

www.elsevier.com/locate/resmic

Disruption of the gene encoding for secretion antigen SA5K affects
growth of Mycobacterium bovibacillus Calmette-Guérin in human
macrophages and in mice

Daria Botta, Semih Esir}, Giovanna Batorii*, Manuela Pardirii', Giuseppantonio Maisetta
Valentina Donat?, Flavia Favilli, Walter Floric?, Mario Camp&

@ Dipartimento di Patologia Sperimentale, Biotecnologie Mediche, Infettivologia ed Epidemiologia, University of Pisa, Italy
b Dipartimento di Chirurgia, Divisione di Anatomia Patologica, University of Pisa, Italy

Received 14 September 2004; accepted 18 November 2004

Available online 21 December 2004

Abstract

An 8.3-kDa secretory antigen dflycobacterium bovibacillus Calmette-Guérin (BCG), called SA5K, was previously identified and
characterized in our laboratory. Sequence analysis of the BfBRgene, including the corresponding promoter region, showed that it is
identical to the homologous geneMycobacterium tuberculos{®v1174c). No significant homology with other proteins was found and the
physiologic role of SA5K for mycobacteria remains unknown. In the present study, a BCG mutantB€&sg5kaph) was constructed
by allelic exchange involving the replacement of #abkgene with a kanamycin-inactivated copy. Mutant and parental strains showed
similar growth rates in liquid medium, suggesting that the loss oktfkgene does not affect the in vitro growth of BCG. Nevertheless,
BCGsa5kaphshowed a reduced ability to grow in human macrophages compared with the wild-type BCG, suggesting that SA5K is involved
in intracellular survival/multiplication mechanisms. The mutant strain was also attenuated in vivo in a mouse infection model, showing
impaired growth/survival in spleen and liver and fewer and smaller granulomatous lesions compared to the parental strain. Complementation
of the mutation restored the parental phenotype. Taken together, results presented in this study suggest a role for SA5K in the growth capacity
of BCG both in an intracellular milieu and in infected mice.
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1. Introduction nisms of these cells. Pathogenic mycobacteria are also able
to multiply extracellularly in the open lung cavities which
Tuberculosis (TB) continues to represent a major threat form during the late stages of the disease, or to spread and
to humans and is responsible for more deaths than any othemultiply in a wide variety of tissues and organs, as can be ob-
single infectious disease [26]. One of the main features of served in miliary TB. Finally, pathogenic mycobacteria are
the etiological agents of TBylycobacterium tuberculosis  able to remain quiescent for long periods of time inside the
M. bovisand M. africanumis their ability to survive and  granuloma and to reactivate many years after the primary in-
multiply inside the phagocytic cells of the host, implement- fection. This ability to adapt to different environments and
ing efficient escape systems from the bactericidal mecha-growth conditions is believed to necessitate differential sets
of proteins that sustain survival and multiplication in the
- ) different habitats encountered by the microorganism. In re-
Corresponding author. . . e .
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velopment of methods for mycobacterial gene transfer and fection. Data obtained demonstrated that, wisdé&kgene
disruption [9,34,41]. Several mycobacterial mutant strains disruption did not affect the growth of the mutant strain in
carrying an inactivated copy of specific genes have beenliquid culture, it correlated with a reduced growth ability
constructed and analyzed for their phenotypic characteristicsof BCG both inside human macrophages and in the mouse
under different experimental conditions, thus enabling the model of infection.
identification of many genes, and corresponding proteins,
involved in invasion [36,43], survival [6,14,35,37,38,47] or
persistence [20,32] of pathogenic mycobacteria. 2. Materials and methods

A live attenuated strain dfl. bovis the bacillus Calmette-
Guérin (BCG), is the currently available vaccine against TB. 2.1. Bacterial strains and growth conditions
The protective efficacy of this vaccine shows a great deal of
geographic variability [15,40]. Despite being administered  Escherichia colistrain JM109, used for cloning proce-
to more than one billion people worldwide, BCG is known dures, was grown on liquid or solid Luria—Bertani medium
to cause severe infections in immunocompromised individu- (Sigma) supplemented with ampicillin (50 ugm) (Sigma)
als [1,2,13,46,48], indicating that it is endowed with residual or gentamicin (20 pg mit) (Sigma).
virulence properties. Indeed, BCG is able to replicate inside  BCG, strain Pasteur, was supplied by Pasteur Merieux.
macrophages in vivo and to survive for prolonged periods in Mutant (BCGa5k:aph), parental and complemented (BCG/
immunocompetent individuals, which is thought to be con- 34) BCG strains were grown in Sauton’s modified medium
nected with its protective ability [7]. In mice, BCG does not or in Middlebrook 7H9 medium (Difco) as previously de-
cause a progressive infection, but is able to grow in target or- scribed [3]. CFU numbers were determined by plating
gans such as spleen, liver and lung and to persist in tissueslO-fold dilutions on Middlebrook 7H11 agar enriched with
long enough to allow evaluation of the effect of specific gene oleic acid, dextrose, albumin and catalase (OADC, Bec-
disruption on in vivo growth. ton Dickinson). Kanamycin (20 pugmt) and hygromycin

An 8.3-kDa protein (SA5K), secreted in culture filtrates (50 ug mt1) (Invitrogen) were added to the medium when
(CFs) by BCG, MTB and a few other mycobacterial species required.

(M. microti, M. marinumandM. kansasi), was previously Analysis of in vitro growth of mutant, parental and com-
identified and purified in our laboratory [17,18]. Sequenc- plemented strains was performed using the BACTEC radio-
ing of the BCGsa5kgene demonstrated that it is identical metric method [28]. Middlebrook 7H12 BACTEC vials were
in BCG and MTB (gene Rv1174c in the TubercuList gene inoculated with approximately 2@CFU of each BCG strain.
bank), for both the open reading frame and the promoter re- When the growth index (Gl) value reached 300, each sample
gion [5]. No significant homology with any other gene prod- was diluted 100-fold and 500 pl of the bacterial suspen-
uct in the database was found and the protein was includedsion was re-inoculated into a new BACTEC vial. Bacterial
in the group of MTB proteins with “unknown” functions  growth was monitored by daily measurement of the Gl of
[4,10]. Previous studies from our laboratory demonstrated each culture.

that Rv1174c expression iNMycobacterium smegmatis

fast growing non-pathogenic mycobacterium that does not 2.2. PCR

contain the gene for the protein, was associated with a higher

level of intracellular growth of recombinam. smegma- Amplification reactions for cloning, sequencing and
tis compared to the control strain, suggesting that SA5K preparation of specific probes were carried out as previously
could be involved in intracellular survival mechanisms of described [8]. Primer sequences and the corresponding an-
mycobacteria [4]. Analysis cda5kgene expression by RT-  nealing temperatures are reported in Table 1.

PCR revealed that the protein is expressed by BCG during

growth inside human macrophages, and by MTB in the lungs 2.3. Disruption of thesaSkgene in BCG

of TB patients [8].

Recently, it has been reported that peptides derived from A 1505- and a 1120-bp fragment encompassing respec-
the gene Rv1174c were able to stimulate the growth of tively the 8- and 3-sa5kgene termini and the corresponding
MTB from a 1-year-old culture which had failed to form any flanking regions were amplified by PCR on BCG genomic
colony on solid medium, suggesting that the protein may be DNA. The amplicons were digested b¢hd/BanH| and
involved in the reactivation of dormant mycobacteria [49]. BanHI/Xbd, respectively, and the resulting fragments were

In the present study, a BCG mutant strain, lacking a func- cloned into the vector p-BLUESCRIPT to obtain pBLU5K.
tional copy of thesabkgene, was constructed. The effect The aph cassette, conferring resistance to kanamycin, was
of sa5k gene disruption was evaluated by comparing the excised byBanHI digestion from pUC4K (Amersham Phar-
growth characteristics of the mutant strain (B&2Gk:aph) macia Biotech) and cloned into the unigBarnHI site lo-
with those of the parental strain under different experimen- cated within thesa5kgene in pBLU5K, to obtain pBLU5K-
tal conditions: (i) in vitro, in liquid medium; (ii) ex vivo, in  aph. A 3825-bpXbd restriction fragment, containing the
human macrophages; (iii) in vivo, in the mouse model of in- sa5k:aph construct, was excised from pBLU5K-aph and
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Table 1
PCR primers and probes used in this study
Gene  Employment Nucleotidic sequence-®) Annealing temp.qC)
sask Amplification of sa5kand corresponding Slanking region for GTTATTCTAGAGATTCTGGCCGAAACCCAGG 60
k.0. construction CGTTGAACTGTGCGGCAG
Amplification of saSkand corresponding dlanking region for GTTATGGATCCTCCTATTTGCGCAATTTC 60
k.o. construction GTTATTCTCGAGTCTAGATGACGCCGACGCCTACT
CGCT
Screening of BCG transformants CAATGTCGTTGACCGTCG 60
ACTCGACAAGGCCGATGTAC
Construction oka5kprobe ATTAACACCACCTGC 50
GAAATTGCGCAATA
Amplification of sa5kand corresponding Slanking region for GTTATTCTAGAGATTCTGGCCGAAACCCAGG 62
sequencing CCGACGGTCAACGACATTG
Amplification ofsa5kand corresponding dlanking region for GTTATGGATCCTCCTATTTGCGCAATTTC 62
sequencing AACATCTGCTACACCGGTTGC
Sequencing ofa5Skand corresponding Slanking region GTTATTCTAGAGATTCTGGCCGAAACCCAGG 60
CCGACGGTCAACGACATTG
ATGCTGAGCGACCCGGACTG
GAGATCTGGAGAGTGAACTGCG
Sequencing ofaSkand corresponding dlanking region TCCTATTTGCGCAATTTCCTC 60
AACATCTGCTACACCGGTTGC
GGCCGGTTCCGAAGACG
aph Construction ofphprobe GGAAAACAGCATTCCAGGTATTAG 60

GTCCCGTCAAGTCAGCGTAATGC

cloned intoXba site of pPR27 [34], kindly provided by 2.5. DNA sequencing

Brigitte Gicquel, Institut Pasteur, Paris. The resulting plas-

mid, pPR27-5Kaph, was introduced by electroporation into  DNA sequencing of 5 and 3-sa5kflanking regions in
BCG [34]. Transformants were plated onto 7H11 Middle- mutant and wild-type BCG strains was carried out in both
brook agar supplemented with kanamycin (20 pginland directions using the Thermo Sequend4eCy5 Dye Ter-
incubated at 32C. Several kanamycin-resistant clones were minator Sequencing kit (Amersham Pharmacia Biotech),
grown for 3 weeks in 7H9 Middlebrook broth supplemented following the manufacturer's instruction. The sequence re-
with kanamycin (20 pgmil) and then plated onto 7H11  actions were run on an ALFexpress automatic sequencer
Middlebrook agar containing kanamycin (20 pgmi and (Amersham Rharmacia_ Biotech) and sequence analysis was
sucrose (2%, wiv). Plates were incubated atGSor at least ~ Performed using ALFwin Sequence Analyser 2.00 program
3 weeks to select the kanamycin-resistant clones that werglAmersham Pharmacia Biotech).

no longer sensitive to sucrose. Such clones were screened b
PCR using a set of primers specific to the flanking regions
of theaphinsertion site in thesa5kgene (Table 1).

%.6. Complementation of B&a5k::aph

An 870-bp fragment containing ttea5kgene, including
the promoter region [18], was amplified by PCR and cloned
2.4. Southern blot analysis into the EcoRV site of the plasmid pYUB413 [30], kindly

provided by Riccardo Manganelli, University of Padova. The
] ) i construct obtained, named pYUB5K, was introduced into

One microgram of genomic DNA from wild-type and  gcGsask:aphby electroporation following standard proce-
mutant BCG strains was digested wilvul, electropho-  qyres [25]. Transformants were selected on 7H11 Middle-
resed in a 0.8% agarose gel and transferred by capillarity pyook agar supplemented with hygromycin (50 pg fland
onto a nylon membrane following standard procedures [39]. hygromycin-resistant clones were analyzed for SA5K pro-

A 114-bpsaSkfragment or a 400-bpphfragment were ob-  duction in culture supernatants by immunoblotting.
tained by PCR on BCG genomic DNA or pUC4K plasmid,

and were used as specific probesdabkandaphgenes, re- 2.7, Preparation of bacterial culture filtrates

spectively. Hybridization of the probes and signal detection

were performed using the ECL System (Amersham Pharma-  Cultures of mutant, wild-type or complemented BCG
cia Biotech) according to the manufacturer’s instructions.  strains were grown until mid-log growth phase in Sau-
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ton’s modified medium and were harvested by centrifuga-  For histological analysis, spleens and livers were recov-
tion. Culture supernatants were concentrated by ultrafiltra- ered from animals killed at day 21 post-infection, fixed in
tion through an Amicon YM3 membrane (Amicon), dia- 10% formalin and embedded in paraffin. Four micrometer
lyzed with PBS and further concentrated by low speed cen- sections were cut, stained with hematoxylin—eosin and ex-
trifugation under vacuum to obtain the corresponding culture amined under a light microscope with 1020x and 40«
filtrates (CFs) [16]. Protein concentration was determined by magnification objective. Two pathologists, blinded to the

the method of Lowry [29]. strain being examined, separately evaluated the number and
the size of the granuloma on each slide; a collection of more

2.8. SDS—PAGE and western blot than 10 mononuclear cells was considered to be a granu-
loma [33].

SDS—-PAGE was performed using gels at 15% acrylamide—
bisacrylamide under reducing conditions. The immunoblot 2 11 Statistical analysis
was carried out using the monoclonal antibody (mAb) L8D8,

specific for SASK, as previously described [17]. Student'st-test was used to evaluate the results statisti-

_ cally. A P value <0.05 was considered significant.
2.9. Infection of human macrophages

and evaluation of intracellular growth

Mononuclear cells were isolated from peripheral blood 3. Results
of healthy donors by centrifugation on standard density gra- ) i
dient (Lympholyte H, Euroclone). Cells were resuspended -1 Construction of the BC&Sk::aptstrain
in RPMI 1640 supplemented with 2 mMglutamine and
seeded in 48-well plates at a density & & 10P cells cni 2. A mutant BCG strain, carrying a disrupted copy of the
After 1 h incubation at 37C, non-adherent cells were re- SaSkgene, was constructed using ts-sacB technology [34].
moved by repetitive washes with prewarmed RPMI. Adher- ThesaSkgene was interrupted with a kanamycin-resistance
ent cells were cultured for 5 days at3Z in RPMI medium  selectable marker and cloned into the plasmid pPR27 [34].
supplemented with 10% (v/v) autologous serum, 20% (v/v) The construct obtained, named pPR5K, was introduced into
FCS (Euroclone) and 2 mi-glutamine (Invitrogen) (com- ~ BCG and transformants were selected for kanamycin and
plete medium). For infection, wild-type, mutant and com- sucrose resistance at 39. To identify BCG clones with
plemented BCG strains from broth cultures in logarithmic SaSk:aphgene disruption, kanamycin and sucrose-resistant
growth phase were resuspended in complete medium andransformants were screened by PCR with one set of primers
added to the monolayers. Pilot experiments were carried outspecific for - and 3-flanking regions of theaph cassette
in order to determine the bacteria:cell ratio able to ensure theinsertion site in thesaSkgene. This set of primers would
integrity of the monolayers for all the duration of the incuba- generate a 1458-bp PCR product, in the case of homol-
tion period. A 1:10 multiplicity of infection (bacteria:cells) 0gous recombination by double cross-over, or 1458- and
was considered optimal. Phagocytosis was allowed to occur258-bp PCR products in the case of non-homologous re-
for 3 h at 37C. Infected monolayers were washed repeat- combination. PCR screening of 30 transformants revealed
edly with PBS to remove uningested mycobacteria and incu- five mutants exhibiting the correct PCR pattern for an al-
bated in complete medium for 6 days. Infected macrophageslelic exchange mutant. One of the mutant strains obtained
were lyzed by osmotic shock after 3 h of phagocytosis and 2, (Fig. 1A) was chosen for further study and was referred to
4 and 6 days post-infection as previously described [4]. Cell as BCGa5k:aph
lysates from multiple wells were pooled, serially diluted and ~ Sa5kgene disruption in the mutant strain was verified

plated on solid medium for CFU counting. by Southern blot analysis on genomic DNA usimgh and
sabkspecific DNA probes, respectively. DNA from the mu-
2.10. Mouse infection tant strain showed a single hybridization band withdpé

specific probe, while no signal was detected after hybridiza-

Eight-week-old female BALB/c mice (Harlan-Nossan) tion with the saSkspecific probe, demonstrating the effec-
were infected intravenously with approximately?XDFU of tive interruption of thesa5kgene (Fig. 1B).
parental, mutant or complemented BCG strains in 0.3 ml of  In order to characterize the recombination event that
PBS. At each time point (1, 7, 14, 21, 28, 35 days after in- occurred in the mutant strain, thé-%nd 3-sa5k gene
fection), four mice per group were killed. Spleens and livers termini and the corresponding flanking regions of both
were removed aseptically and homogenized in 5 ml of PBS BCGsa5k:aph and wild-type BCG strains were subjected
containing 0.05% (v/v) tween 80 in a Stomacher homoge- to sequence analysis. The sequences obtained were identi-
nizer (Lab-Blender 80, P.B.l. International). Serial 10-fold cal in mutant and parental strains (data not shown). These
dilutions of organ homogenates were plated on solid mediumresults were consistent with a homologous recombination
for CFU counting. event by double cross-over within tea5klocus.
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Fig. 1. Genotypic characterization of mutant strain B@gk:aph (A) PCR profiles of genomic DNA from BC&b5k:aph (lane 1) and wild-type BCG
(lane 2). Primers used for amplification are indicated in Table 1. (B) Southern blot analysis of chromosomal DNA from mutant (k.0.) and parenatizig(wt) st

probed withaph or sa5kspecific probes. M: molecular weight markers.
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Fig. 2. Evaluation of SA5K production by mutant, complemented, and
parental BCG strains. Fifteen micrograms of culture filtrates (CFs) from
BCGsa5k:aph (lane 1), BCG/34 (lane 2) or wild-type BCG (lane 3) were
analyzed by SDS—PAGE and western blot using SA5K-specific monoclonal
antibody L8D8. M: molecular weight markers.

3.2. SDS-PAGE and western blot analysis
of culture filtrates from BC&a5k::aph

In order to verify whether disruption of trea5kgene re-
sulted in a lack of synthesis of the corresponding protein,

mutant strain did not exhibit any reaction with the SA5K-
specific mAb, demonstrating that taphinsertion had sup-
pressed SA5K production in the culture supernatant. Also,
no reaction with L8D8 was detected after SDS—-PAGE and
western blot analysis of total lysate of the mutant strain (data
not shown), demonstrating that tea5kinterruption did not
determine the production of an immature or truncated form
of the protein. As expected, a single recognition band of ap-
proximately 5 kDa, corresponding to SA5K, was observed in
CFs of wild-type BCG (Fig. 2, lane 3). Indeed, although the
molecular mass of mature SA5K, calculated after signal cut-
ting from the estimated amino acidic sequence, is 8.3 kDa,
following western blotting the protein is visible as a band
of 5 kDa. This seems to be due to abnormal electrophoretic
mobility of the protein in SDS—PAGE that makes it appear
lighter than it is [5].

3.3. Construction of the complemented strain

In order to restore SA5K production by BG&bk:apha
complemented strain was constructed. To this aim a wild-
type copy of thesa5k gene, including the corresponding
promoter region, was cloned into the integrative vector
pYUBA413. This plasmid carries thiat gene and theattP
site from the L5 mycobacteriophage and integrates into the
mycobacterial chromosome in a single copy by site-specific
recombination at thattB site [30]. The pYUB413 derived
plasmid, pYUB5K, carrying thesa5kgene, was introduced
in BCGsa5k:aphby electroporation and the complemented
strain obtained was referred to as BCG/34. Analysis of CFs

CFs from the mutant strain were analyzed for the presencefrom BCG/34 by SDS—PAGE and western blot with the spe-

of SA5K by SDS—PAGE and western blot with the specific
mAb L8D8 [17]. As shown in Fig. 2 (lane 1), CFs from the

cific mAb L8D8 revealed a single recognition band of ap-
proximately 5 kDa (Fig. 2, lane 2), corresponding to SA5K.
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Fig. 3. Growth curves of mutant, parental and complemented strains in lig-
uid medium. Cultures were grown in Middlebrook 7H12 B medium and the &
growth index (Gl) was measured daily by the radiometric BACTEC system. 0 ' ) '
Each point represents the meahstandard error of the means (SEM) of 0 2 4 6
values obtained in three independent experime®k.BCGsa5k:aphmu- Days post-infection

tant strain; &): wild-type BCG strain; ©) BCG/34 complemented strain.
Fig. 4. Intracellular growth of BCG strains in monocyte-derived human
Such results indicate that the integration ofslaékgene at macrophages. Macrophages were infected at a multiplicity of infection of

the attB site of the mutant strain restored the production of 110 (Pacteria:cells). After 3 h phagocytosis (time 0) and at 2, 4 and 6 days
. . post-infection monolayers were lysed and plated for mycobacterial CFU
the corresponding protein.

counts on solid medium. Intracellular growth kinetics of wild-type BCG
(A), BCGsa5k:aph(®) and BCG/34 Q). Data represent the meatisstan-
3.4. Effect ofsaSkgene disruption dard error of the means (SEM) of values obtained from five different donors
on growth of BCG in liquid medium in five independent experimentsP < 0.05; **P < 0.01; ***P < 0.001,
BCG wild-type versus BC&a5k:aphy ® P < 0.05; #® P < 0.01, BCG/34

.. versus BCGa5k:aph Student's-test for paired samples.
The growth characteristics of mutant, parental and com- P P P

plemented strains were compared using the BACTEC radio-

metric system. Each of the three strains was harvested fromtion at 37°C. After 3 h phagocytosis, similar CFU num-
exponentially growing cultures and inoculated into 7H12 bers of mutant, wild-type and complemented BCG strains
BACTEC vials as described in Section 2. Bacterial growth Were recovered from infected cells 0 x 10° +7.6 x 107,
was monitored by daily measurements of Gl of the cultures. 4-44x 10°+8.3x 107 and 34 x 10°+ 1 x 107, respectively;

As depicted in Fig. 3, the three strains exhibited very sim- P > 0.05), indicating thasaSkdisruption did not influence
ilar growth kinetics in vitro, indicating that disruption of ~the ability of BCG to invade human macrophages. In con-
the sa5kgene did not affect the growth of BCG in liquid trast, the CFU number of intracellular BG&6k:aph was
medium. Similar results were obtained when the growth of statistically lower than that of wild-type BCG at each time
mutant and parental strains in liquid medium was compared Point tested post-infection, demonstrating impaired ability of
by daily measurement of the OD of the cultures (data not the mutant strain to grow/survive inside human macrophages

shown). (Fig. 4). The intracellular growth kinetics of the comple-
mented strain was similar to that observed for wild-type

3.5. Effect ofsaSkgene disruption on growth BCG (Fig. 4), indicating that the mutant phenotype was in-

of BCG in monocyte-derived human macrophages deed dependent on the mutation in s&bkgene and was

not due to a polar effect on the expression of neighboring
In order to evaluate whether thea5k gene was in- genes.

volved in growth within phagocytic cells, the growth of
BCGsa5k:aphin human macrophages was compared to that 3.6. Effect ofsaSkgene disruption on growth
of wild-type and complemented strains, respectively. Human of BCG in mice
monocyte-derived macrophages were obtained from periph-
eral blood of healthy donors and infected with each of the In order to investigate the effect afa5k gene disrup-
three strains at a multiplicity of infection of 1:10 (bacte- tion on the growth of BCG in a high-dose animal infec-
ria:cells). After 3 h of phagocytosis and at days 2, 4, and tion model, BALB/c mice were infected intravenously with
6 post-infection the number of viable intracellular bacte- approximately 1& CFUs of mutant, parental and comple-
ria was evaluated by plating macrophage lysates onto solidmented strains, respectively. Mice were killed at different
medium and by counting CFUs after 3 weeks of incuba- time points and CFU numbers of each strain were deter-
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Fig. 5. Survival of BCG strains in mice. BALB/c mice were infected intravenously with approximatélﬁ:lmls of mutant @), parental &) and comple-

mented O) BCG strains and the CFU numbers of bacteria in spleen (A) and liver (B) were determined over a period of 5 weeks. Each point represents the
meanst standard error of the means (SEM) of CFU values obtained from four different mice. CFU numbers were compared by Stedeftisinde-

pendent sample&:P < 0.05; ** P < 0.01; *** P < 0.001, BCG wild-type versus BC&5k:aph ® P < 0.05; #® P < 0.01; **® P < 0.001, BCG/34 versus
BCGsa5k:aph The experiment was carried out twice on different occasions and the results obtained were similar.

mined in spleen and liver (Fig. 5), as these are the organs pre-scope. As depicted in Fig. 6 for the liver, many enlarging and

dominantly colonized after an intravenous infection. On day coalescing granulomatous lesions were observed in organs

1 post-infection, similar CFU numbers of mutant, parental of mice infected with parental strain. In contrast, smaller,

and complemented strains were recovered from each of theless abundant granulomas and reduced tissue damage were

two organs analyzed. observed in animals infected by the mutant strain. Thus, the
From day 1 to day 14 post-infection the parental BCG differential bacterial burden was reflected in the pathology

strain showed a small increase in CFUs in spleen and liver of the mice.

(0.6-log and 0.3-log, respectively), while starting from the

third week of infection it began to decrease gradually in both

organs. The mutant strain showed impaired growth ability 4. Discussion

in the spleen and no replication in the liver during the first

2 weeks of infection. At each time point tested, the bacterial At present, the construction of mutant strains is one of the

burden was statistically lower in the spleens and livers of most rational approaches to determining whether a particular

mice infected with BCGa5k:aph compared with the wild-  bacterial gene is involved or not in virulence. In order to in-

type BCG (Fig. 5). Integration of a single copysiSkgene  vestigate the role of SA5K in growth of BCG, in the present

in the mutant strain restored its growth ability in infected study, a BCG mutant strain (BG@5k:aph) was constructed

organs almost completely, and the differences in the CFU py allelic exchange involving the replacement of ga5k

number obtained from mice infected with the complemented gene with a kanamycin-inactivated copy.

strain and the mutant strain remained significant both inthe  Analysis of the growth characteristics of mutant and

spleen (at all the time point tested) and in liver (at days 14, parental BCG strains in liquid culture revealed that they ex-

21, 28, 35). hibit similar growth kinetics, demonstrating thsa5kgene
disruption does not affect the in vitro growth of BCG.
3.7. Histological analyses of infected organs The ability of pathogenic mycobacteria to enter and grow

in phagocytic cells (or other host cell types) is consid-
Histological analyses were carried out to evaluate the le- ered a virulence factor that enables the microorganism to
sions (humber and size of granulomas) produced by mutantreach the intracellular environment where it has evolved
and parental strains in the organs following infection. Sec- efficient mechanisms to survive and replicate despite the
tions from spleens and livers of infected mice were stained microbicidal effector functions of macrophages. A num-
with hematoxylin-eosin and examined under a light micro- ber of proteins promoting invasion and/or multiplication of
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A. lysates at all the time points tested. Major differences, at-
tributable to different genetic backgrounds, have been ob-
served among human donors in the ability of macrophages
to contain the intracellular growth of MTB/BCG [21,23].
Although a variability in the CFU number of the intracel-
lular BCG parental strain among different donors was also
observed in the present study, the reduced ability of the mu-
tant strain to grow/survive inside human macrophages was
a consistent finding in all the subjects analyzed. Such re-
sults support previous data from our laboratory obtained
using the fast-growing non-pathogerit. smegmatisas a
model [4]. In that study it was demonstrated that inser-
tion of a multicopy plasmid expressingabk gene from

its own promoter inM. smegmatisresulted in enhanced
growth of the microorganism in the human monocytic cell
line THP-1 as compared to the control straih Emegmatis
recombinant for the cloning vector alone). Altogether, the
results obtained herein and previously demonstrate a role
for SA5K in intracellular growth/survival mechanisms of
BCG.

The bacterial load in the organs during an experimen-
tal/natural infection represents another important parame-
ter that is usually associated with virulence, as it reflects
the ability of different bacterial strains to survive host re-
sponses [22]. In the present study, the B@agk:aph strain
showed an attenuated phenotype also in BALB/c mice, al-
though disruption of thea5kgene did not completely abol-
ish its ability to replicate, at least, in the spleen. Attenuation
of the mutant strain was particularly evident during the first
2 weeks of infection when it exhibited impaired replication
compared to wild-type BCG in the spleen and no multipli-
cation in the liver. From day 14, the number of viable bacilli
decreased gradually in the two organs analyzed and mutant
and parental BCG strains were eliminated with similar rate
Fig. 6. Tissue sections from livers harvested on day 21 from mice infected efficiency. These re_su”s SU_QQGSt a ro_le for_SASK _durlng the
with wild-type BCG (A) or BCGabk:aph (B). The sections were stained  €arly stages of the interaction of the infectious microorgan-
with hematoxylin—eosin and observed under a light microsce28y. ism with phagocytic cells of the host.

To identify genes essential for growth of MTB in vivo,

Sassetti and Rubin recently used a library of 100000
MTB and/or BCG in host cells have been identified by us- transposon mutants in MTB H37Rv to infect mice intra-
ing mutant strains with specific gene disruption [31,38,44]. venously [41,42]. The surviving bacteria were recovered
To investigate whether SASK had a role during intracel- from the spleens (in vivo pools), and mutants that were
lular growth, the abilities of mutant, parental and comple- underrepresented, relative to an in vitro-grown pool, were
mented strains to invade and replicate in phagocytic cells identified by a microarray-based technique called “trans-
were compared after infection of macrophages derived from poson site hybridization (TraSH)”. Using this method, the
peripheral blood monocytes of healthy donors. In fact, al- Rv1174c gene was not found to be essential for growth of
though usually harder to obtain and more variable than MTB in the spleen [42]. However, highly stringent crite-
monocytic cell lines, primary macrophages are consideredria were used in the study to avoid “false-positives” (i.e.,
more representative of the actual in vivo condition [44]. genes underrepresented, but not truly involved in growth of
Mutant, parental and complemented strains showed a sim-MTB in vivo). As suggested by the authors, adoption of such
ilar ability to enter human macrophages, indicating that criteria may have excluded mutants with subtle growth de-
SAS5K is not involved in macrophage invasion mechanisms fects in vivo, as may be the case for the clone carrying a
of BCG. In contrast, BC&a5k:aph showed an impaired mutated copy of the Rv1174c gene. In fact, according to
intracellular growth ability compared to the parental and the data obtained in the present study, interruption of the
complemented strains as demonstrated by the significantlyRv1174c-homologous in BCG did not completely abolish
lower number of viable bacteria recovered by macrophage the ability of the mutant strain to replicate in vivo and in hu-
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