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Bivalent recombinant strains of Mycobacterium bovis BCG (rBCG) expressing the early regulatory nef and the
structural gag(p26) genes from the simian immunodeficiency virus (SIV) SIVmac251 were engineered so that
both genes were cotranscribed from a synthetic operon. The expression cassette was cloned into a multicopy-
replicating vector, and the expression levels of both nef and gag in the bivalent rBCG(nef-gag) strain were found
to be comparable to those of monovalent rBCG (ref) or rBCG(gag) strains. However, extrachromosomal cloning
of the nef-gag operon into a replicative plasmid resulted in strains of low genetic stability that rapidly lost the
plasmid in vivo. Thus, the nef-gag operon was inserted site specifically into the BCG chromosome by means of
mycobacteriophage Ms6-derived vectors. The resulting integrative rBCG (nef-gag) strains showed very high
genetic stability both in vitro and in vivo. The in vivo expression of the heterologous genes was much longer
lived when the expression cassette was inserted into the BCG chromosome. In one of the strains obtained,
integrative cloning did not reduce the expression levels of the genes even though a single copy was present.
Accordingly, this strain induced cellular immune responses of the same magnitude as that of the replicative

rBCG strain containing several copies of the genes.

Mpycobacterium bovis BCG, an attenuated mycobacterial
strain administered to protect against tuberculosis and leprosy,
is a particularly attractive vector for the delivery of heterolo-
gous antigens. This live and persistent vaccine, which can be
administered at birth, has been given to over three billion
people with remarkably low levels of major side effects in
immunocompetent individuals. Its excellent immunomodulat-
ing properties and the fact that it can be administered by
mucosal routes make BCG one of the most attractive live
vectors for the development of vaccines against other diseases.
The development of expression vectors for mycobacteria al-
lowed the construction of recombinant BCG (rBCG) vaccines
expressing a variety of parasitic or bacterial genes that, in some
instances, induce protective immune responses in the mouse
model (1, 9, 25, 27, 30). rBCG strains expressing genes from
immunodeficiency viruses have also been shown to induce spe-
cific immune responses both in mouse and primate models (23,
36, 39). Most of these studies were performed with monovalent
rBCG strains expressing a single heterologous gene. However,
an important challenge for modern vaccinology is the devel-
opment of multivalent, single-dose vaccines that can protect
against several pathogens. In the field of AIDS vaccinology, no
consensus is presently available regarding which antigen
should be targeted and it is widely accepted that valuable
candidate vaccines should contain several human immunode-
ficiency virus antigens (22). An attractive possibility is thus to
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engineer rBCG multivalent vaccines to express several anti-
gens from one or various pathogens.

Genetic systems for the manipulation and expression of het-
erologous genes in rBCG have mostly been developed from
PALS5000, a Mycobacterium fortuitum cryptic plasmid (18). As
five copies are present per transformed cell (28, 29), the ex-
pression levels of heterologous genes are high in these rBCG
strains and they generally induce good levels of immune re-
sponses against heterologous antigens. However, some genes
might be less stably maintained in rBCG, especially in the
hostile macrophage environment. This could be detrimental to
the obtainment of long-term immune memory. Integrative vec-
tors, derived from temperate mycobacteriophages, such as L5
(reviewed in reference 15) or Ms6 (12), have also been devel-
oped. These integration-proficient vectors encode integrase
functions that allow a recombination event between the phage
attP and the bacterial homologous a#fB sites. Such vectors
integrate site specifically into the bacterial chromosome, and
when no excision functions are present, the vector can be stably
maintained (21). Integrative rBCG strains have been obtained
thanks to such vectors and have induced immune responses in
mice (31). However, the disadvantage of such strains is the
reduced expression level of heterologous genes compared to
that of multicopy plasmids, which can be counterbalanced by
the persistent synthesis of the foreign antigen in vivo. To date,
no study has directly compared the immune responses induced
by the same antigen expressed either from a replicative or an
integrative vector. In particular, the influence of long-lasting
production of the heterologous gene in vivo on the efficacy of
induction of specific immunity is unknown.

In this report, we describe the construction of rBCG strains
coexpressing the early regulatory nef and structural gag(p26)
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TABLE 1. Bacterial strains and plasmids

Strain, plasmid, or primer

Characteristics or sequence (5" to 3")

Source or reference

Bacterial strains

M. bovis BCG Pasteur strain; 1173P2 isolate 13
E. coli XL1 Blue F':Tnl0proA "B laclgA(lacZ)M15/recAlendAIgyrA96(NalR)thihsdR17(rk—mk+)supE44relAllac 7
Plasmids
pTG627 E. coli vector containing full-length SIVmac251 gag(p55) and pol genes Transgene
pSN24 E. coli/mycobacterial shuttle vector containing full-length STVmac251 nef gene 36
pIN30 E. coli/mycobacterial replicative shuttle vector; contains the lacZ gene from E. coli under control 33
of up-regulated pBlaF* promoter from M. fortuitum and the transcription terminator of
bacteriophage T4; contains kanR gene from Tn903
PAV6950 E. coli replicative/mycobacterial integrative shuttle vector; contains the attachment site and the 12
gene coding for integrase of mycobacteriophage Ms6; contains kanR gene from Tn5
pOIP23 PAV6950 derivative; contains two transcription terminators of bacteriophage T4 around the This study
unique EcoRI cloning site
pJL17 pJN30 derivative; contains entire nef gene of SIVmac251 under the control of pBlaF* (pBlaF+- This study
nef cassette)
pJL24 pJN30 derivative; contains entire gag(p26) gene of SIVmac251 under the control of pBlaF+ This study
(pBlaF+-gag cassette)
pJLN29 pJN30 derivative; contains entire nef and gag(p26) genes of SIVmac251 organized as an operon This study
under the control of pBlaF+* (pBlaFx-nef-gag cassette)
pOIP4 PAV6950 derivative; contains pBlaF*-nef-gag cassette; sense orientation This study
pOIP12 PAV6950 derivative; contains pBlaF*-nef-gag cassette; antisense orientation This study
pOIP33 pOIP23 derivative; contains pBlaF+-nef-gag cassette isolated by two transcription terminators This study
Primers
Km" gene Tn5
K1 AGGTCTGCCTCGT GAAGAAGG
K2 CGTTGTGTCTCAAAATCTCTGA
Km" gene Tn903
K3 GGGCGAAGAACTCCAGCATG
K4 CAAGAGACAGGATGAGGATCG
SIVmac251 nef gene
N1 CGGTCCAAGCCGGCTGGA
N2 AATCCCTTCCAGT CCCCCC
N3 CCAAGTGGGATGACCCTTGGEG
JYL6 TAGAATTCGGTACCT TAGCCAGAAGGAGAAGTACCGATGGGT GGAGCTATTTCCATG
JYL7 CCCAAGCTTGATATCGCTAGCTTAGCCTTCTTCTAACCTCTT
SIVmac251 gag gene
Gl CCGAGAACATTAAATGCCTGG
G2 TGATCCTGACGGCTCCCT
G3 GGCACTACTTCTGCTCCAAATTT
JYLS TAGAATTCGCTAGCTAAGGT ACCAGAAGGAGAAGT ACCGAT GGAAACTATGCCAAAAACAAG
JYL10 CCCAAGCTTGATATCTTATCTAGCCTTCTGTCCTGG

genes from SIVmac251, the simian immunodeficiency virus
(SIV) homologue to human immunodeficiency virus type 2. nef
and gag genes were organized as a synthetic operon and either
cloned into pAL5000-derived replicative vectors or into Ms6-
derived integrative vectors. The expression levels of the heter-
ologous genes carried by the replicative or integrative rBCG
strains were evaluated both in vitro and in vivo in the mouse
model. We observed that the genetic stability, both in vitro and
in vivo, of integrative tBCG strains was much higher than that
of replicative strains. Moreover, the integrative vectors de-
scribed here allowed the high and long-lived expression of
heterologous genes.

MATERIALS AND METHODS

Animals and immunizations. Female 6- to 8-week old BALB/c mice, pur-
chased from the Centre d’Elevage Janvier, Le Genet-St.-Isle, France, were used
to evaluate the in vivo stability and induction of the cellular and humoral immune
responses by rBCG strains. For the stability study, mice were inoculated intra-
venously (i.v.) into the tail vein with 107 CFU of BCG. For the evaluation of the
humoral immune responses, mice were immunized twice intraperitoneally (i.p.)
with 10° CFU and were boosted by the same route once with 5 g of recombinant

Gag(p26). For the assessment of the cellular immune responses, mice were
immunized i.v. with 5 X 10° CFU and boosted by the same route with 5 pg of
recombinant Gag(p26).

Bacterial strains and growth conditions. All cloning steps were performed in
XL1 Blue Escherichia coli (7) grown in Luria-Bertani medium supplemented
with ampicillin (100 wg ml~") or kanamycin (20 pg ml~'). rBCG strains were
derived from the BCG1173P2 Pasteur strain (13). Mycobacterial strains were
electroporated as described previously (37). Recombinant BCG clones were first
cultivated on Lowenstein-Jensen medium supplemented with 10 pg of kanamy-
cin ml~! and were then transferred into Sauton medium containing 10 g of
kanamycin ml~'. Vaccines were prepared and used to immunize the animals as
described previously (14). The number of CFU and the expression of nef and gag
genes were assayed in all vaccine preparations by Western blotting. All strains
are described in Table 1.

Construction of ref-gag(p26) expression vectors. All restriction enzymes
were purchased from Roche-Boehringer (Mannheim, Germany). The nef gene
from SIVmac251 was PCR amplified with pfie polymerase (New England Biolabs,
Hetfordshire, United Kingdom) using JYL6 and JYL7 primers and pSN24 as a
template (36). The PCR product was digested with Asp718 and EcoRV and
ligated to pJN30 (33) cut with the same enzymes. This gave rise to pJL17
containing the pBlaF*-nef expression cassette. The gag gene was PCR amplified
from template pTG627 (kindly provided by Transgene, Strasbourg, France), a
plasmid containing the gag and pol genes from SIVmac251, with primers JYLS8
and JYL10. The PCR product was digested with Asp718 and EcoRV and ligated
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to pJN30 cut with the same enzymes. This gave rise to pJL24 containing the
pBlaF*-gag expression cassette. Both JYL6 and JYL8 (forward primers) con-
tained the MegaSD sequence AGAAGGAGAAG. To construct pJLN29
(pBlaF*-nef-gag expression cassette), the gag PCR product obtained from
pTG627 with JYLS and JYL10 was cut with Nhel and EcoRV and was inserted
into pJL17 digested with the same enzymes.

The pBlaf*-nef-gag cassette was then cut from pJLN29 with Scal and EcoRV
and inserted into the unique EcoRI site of pAV6950 (12), which had been blunt
ended with T4 DNA polymerase (Roche-Boehringer) and dephosphorylated
with Calf Intestinal Alkaline Phosphatase (Roche-Boehringer). The resulting
integration-proficient vectors were called pOIP4 and pOIP12 according to the
orientation of the pBlaF*-nef-gag expression cassette in comparison with the Ms6
int gene. Vector pOIP23 was obtained by cloning two transcription terminators
from coliphage T4 (33) into the HindIII and Sacl sites of pAV6950. The pBlaF*-
nef-gag cassette from pJLN29 was cloned into the unique EcoRI site of pOIP23
to give rise to pOIP33. All vectors and primers described in this section are
summarized in Table 1.

Preparation of bone marrow-derived macrophages (BMMP) and dendritic-
cell cultures. To obtain bone marrow-derived dendritic cells (BMDC), bone
marrow was flushed from the femurs and tibias of 6-week-old BALB/c mice.
White blood cells were plated in bacterial-grade 100- by 15-mm petri dishes
(Falcon; Becton Dickinson, Paramus, N.J.) at 2 X 10° cells ml~! in 10 ml of total
volume in Iscove’s modified Dulbecco’s medium (IMDM) medium (Biowhit-
taker, Verviers, Belgium) supplemented with 10% fetal calf serum (FCS) (Gibco
BRL, Life Technologies, Paisley, United Kingdom), 1% supernatant from the
J558 cell line (41) producing murine granulocyte-macrophage colony-stimulating
factor, antibiotics (100 U of penicillin ml~" and 100 pg of streptomycin ml~")
and 5 X 107 M 2-mercaptoethanol. On day 3, 10 ml of complete IMDM
medium (supplemented as described above) was added. On days 6 and 10,
loosely adherent cells were collected and replated in fresh medium. Alterna-
tively, cells obtained on day 10 were frozen in liquid nitrogen. BMDC were
thawed 4 days before the proliferative test and replated at 2 X 10° cells ml™! in
complete IMDM medium without antibiotics. Cells were phenotyped by fluores-
cence-activated cell sorter (Becton Dickinson) and were routinely 90 to 95%
CD1lc", CD11b*, I-A¢ int to hi B7 1le B7.2° and CD40". This profile was
characteristic of immature dendritic cells. Eighteen hours before the prolifera-
tive tests, either Gag-purified protein (10 pg ml™') or BCG culture filtrate
antigen (CFA) (10 pg ml™") was added to the cells. Cells were then harvested,
treated with 4 ug of mitomycin C (Sigma, St. Louis, Mo.) ml~! for 30 min, and
washed twice with fresh medium before being mixed with CD4™ T lymphocytes.

BMMP were prepared as previously described (16). Briefly, cells obtained
from the bone marrow of 7- to 8-week-old BALB/c mice were cultured for 5 to
6 days in Dulbecco’s modified Eagle’s medium (Seromed, Berlin, Germany)
supplemented with 10% FCS (Dominique Dutscher, Brumath, France), 10%
L-cell-conditioned medium, 100 U of penicillin ml~!, and 100 pg of streptomycin
ml~ ! at a concentration of 5 X 10° cells ml~!. Eighteen hours prior to infection,
cells were washed with Dulbecco’s modified Eagle’s medium without antibiotics
and were incubated in medium with 10% FCS and 5% L-cell-conditioned me-
dium.

RT-PCR analysis of BMMP. Infection assays were performed with 107 BMMP
infected with either rBCG(pJLN29), a mixture of rBCG(pJL17) plus rBCG-
(pJL24), or BCG1173P2 at a multiplicity of infection of 10 bacteria per cell. After
18 h of infection, cells were washed with fresh Dulbecco’s modified Eagle’s
medium and were incubated for 48 h at 37°C in a 5% CO, atmosphere. Cells
were harvested, lysed with cell culture lysis reagent (Promega, Madison, Wis.),
and washed twice with diethyl pyrocarbonate-treated water (Ambion, Austin,
Tex.). Pellets were resuspended in 1 ml of Trizol reagent (Gibco BRL) and
shaken with 0.1-mm-diameter glass beads in a bead-beater (Biospec Products) to
disrupt the bacteria. Total RNA was extracted by phenol chloroform (5:1 [vol:
vol]) and was stored at —80°C until use. DNA was digested at 37°C by 10 U of
DNase I (Amersham, Uppsala, Sweden) for 2 h. DNase I was discarded by
chloroform extraction prior to the reverse transcription-PCR (RT-PCR). Re-
verse primers derived from nef (N2) or gag (G2) (Table 1) were used to synthe-
size cDNA from RNA. RT-PCRs were performed with 50 U of Expand RTase
(Roche-Boehringer) in a 20-pl volume reaction according to the manufacturer’s
recommendations. Reactions were performed on 1 pg of RNA with 50 pmol of
either N2 or G2, 100 mM dithiothreitol, 10 mM deoxynucleoside triphosphate,
and 20 U of RNase inhibitor. Mixtures were incubated for 50 min at 42°C.

PCRs were performed using the AmpliTaq Gold kit (Perkin-Elmer, Norwalk,
Conn.) in a final volume of 50 pl containing 2 wl of RT reaction, 25 mM MgCl,,
2.5 mM deoxynucleoside triphosphate, 25 pmol of each primer, and 2 U of
polymerase. A 10-min cycle at 95°C was performed and followed by 30 cycles of
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1 min at 95°C, 1 min at 58°C, and 1 min 30 s at 72°C. PCR products were analyzed
on 1.5% agarose gels.

Western blot analysis of rBCG strains. The expression of nef and gag in rBCG
strains was evaluated with total protein extracts prepared as previously described
(37). Protein concentrations were assayed by the bicinchoninic acid assay at 560
nm (BCA kit; Pierce, Rockford, Ill.). Protein extracts (20 pg) were separated by
sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and were elec-
trotransferred onto a nitrocellulose membrane (Hybond; Amersham). Mem-
branes were saturated with 3% dried skim milk in phosphate-buffered saline
(PBS). The presence of Nef was detected with 1:500 diluted serum from an
SIVmac251-infected macaque (kindly provided by Roger Legrand, CEA, Fon-
tenay-aux-Roses, France). The presence of Gag(p26) was detected with 1:1,000
diluted mouse monoclonal antibody (clone 26S-A; Hybridolab, Institut Pasteur,
Paris, France). The immunoblots were revealed with anti-macaque immunoglob-
ulin G (IgG) peroxidase-conjugated serum and anti-mouse IgG peroxidase-
conjugated serum and were visualized with the enhanced-chemiluminescence kit
(Amersham).

Quantitative analysis of Gag(p26) production in rBCG strains by capture
enzyme-linked immunosorbent assay (ELISA). Ninety-six-well flat-bottomed
plates (Nunc Maxisorp, Roskilde, Denmark) were coated with 0.05 pg of mouse
monoclonal antibody per well at 4°C. After three washes with 0.1% PBS-Tween
20 (PBS-T), plates were blocked for 1 h with 3% bovine serum albumin (Sigma)
in PBS-T. Plate contents were then incubated with dilutions of protein extracts
of different rBCG strains in PBS-T-1% bovine serum albumin at 37°C for 2 h.
Plates were washed three times with PBS-T and incubated for 1 h at 37°C with
1:1,000 diluted polyclonal anti-Gag(p26) serum obtained in the laboratory by
hyperimmunization of rabbits with recombinant Gag(p26) protein. Following the
washes, plate contents were incubated with alkaline phosphatase-conjugated
anti-rabbit IgG (Bio-Rad, Hercules, Calif.) and alkaline phosphatase activity was
revealed by adding para-nitrophenylphosphate (Sigma). A standard curve was
constructed with several amounts ranging from 50 to 0.05 ng of Gag(p26) mixed
with 10 wg of BCG1173P2 total protein. Optical density was measured at 405 nm.

In vitro stability analysis of rBCG strains. Cultures of rBCG(pJLN29),
rBCG::pOIP4, and rBCG::pOIP33 were grown in 7H9 medium supplemented
with albumin-dextrose-catalase (ADC) (Becton Dickinson) without kanamycin.
Serial dilutions of two different cultures were plated onto 7H11 medium supple-
mented with ADC (Becton Dickinson) with or without kanamycin after 14, 28,
50, 80, and 100 days of growth. After 21 days at 37°C, colonies were counted and
the percentage of kanamycin-resistant colonies was calculated.

In vivo stability analysis of rBCG strains. Four groups of 25 BALB/c mice
were infected iv. with rBCG(pJLN29), rBCG:pOIP4, rBCG::pOIP33, or
BCG1173P2. On days 1, 28, 56, 70, and 100, the spleen, liver, and lungs from five
individual mice per group were homogenized, serially diluted in Sauton medium,
and plated onto 7H11 supplemented with OADC with or without kanamycin.
After 21 days at 37°C, the colonies were counted and the percentage of kana-
mycin-resistant colonies was calculated.

In vivo analysis of expression of heterologous genes by immunohistochemical
staining. Four groups of four BALB/c mice were infected iv. with rBCG-
(pJLN29), rBCG::pOIP4, rBCG::pOIP33, or BCG1173P2. Two additional mice
were kept uninfected as controls. On days 14 and 77, the mice were sacrificed and
their spleens were harvested and incubated for 3 days at 4°C in 10 ml of 0.1 M
Tris, 0.05% calcium acetate, 0.5% ZnCl, and 0.5% zinc acetate (pH 7.4). Organs
were then dried by 15-min serial washes in baths ranging from 10 to 100%
ethanol. A final wash was performed in ethanol mixed with paraffin (1:1 [vol:vol])
for 1 h at 37°C. The organs were fixed in paraffin overnight at 37°C. Sections of
5-pwm thickness were transferred onto glass slides. The paraffin was removed by
incubating the slides for 10 min in 100% ethanol. The slides were dried and
rehydrated for 15 min in PBS without calcium and magnesium. Cell membranes
were permeabilized by incubating slide contents for 8 min in 5 pg of proteinase
K (Sigma) ml~'. After three washes in PBS, nonspecific binding was blocked for
15 min with Blocking Agent (DuPont NEN, Boston, Mass.). BCG was detected
with a 1:750 diluted rabbit polyclonal anti-BCG serum (generously provided by
Gilles Marchal, Institut Pasteur, Paris, France). The Gag protein was detected
with 1:200 diluted rabbit polyclonal anti-Gag(p26) serum. The sera were diluted
in PBS and were supplemented with PBS-0.05% saponin (PBSS) (Sigma) to
allow access to the BCG antigens. Slide contents were incubated for 90 min at
20°C. After two washes in PBS and one wash in PBSS, endogenous peroxidases
were inactivated by 15 min of incubation in PBS-1% H,0,. Following the washes
in PBSS, slide contents were incubated with peroxidase-conjugated goat anti-
rabbit IgG (Envision peroxidase kit; DAKO) according to the manufacturer’s
instructions. After 30 min at 20°C and three washes in PBSS, peroxidase activity
was revealed with aminoethyl carbazol (Sigma) diluted in PBS-3% H,0,. After
color development, the reaction was stopped with distilled water. Cells were
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countercolored with hematoxylin (Shandon, Pittsburgh, Pa.). Slides were pre-
served in Aquamount (BDH, Poole Dorset, United Kingdom).

Cellular immune responses induced by rBCG strains in spleens. On day 0,
four groups of four BALB/c mice were i.v. immunized with rBCG(pJLN29),
rBCG::pOIP4, rBCG::pOIP33, or BCG1173P2. A fifth group of four mice con-
stituted an uninfected control. On day 55, the animals (including the noninfected
control group) were injected with 5 pg of purified Gag(p26) administered by the
same route. The day before the test, thawed BMDC were loaded with Gag(p26)
or BCG CFA or were left unstimulated. Spleens were harvested from two mice
per group on days 41 and 63. After red blood cell lysis, CD4" T cells were
purified by use of mouse anti-CD4-coated magnetic beads (Miltenyi Biotech,
Bergisch Gladbrach, Germany) according to the manufacturer’s instructions.
CD4™ T cells were cultured in RPMI 1640 (Gibco BRL) supplemented with 10%
FCS (Dominique Dutscher), 5 X 107> M 2-mercaptoethanol, nonessential
amino acids, 10 mM HEPES, 1 mM sodium pyruvate, 100 U of penicillin ml ™",
and 100 pg of streptomycin ml~! together with BMDC loaded as described
above, at a ratio of 40 T cells per BMDC. After 72 h, culture supernatants were
harvested, and gamma interferon (IFN-y) production was estimated by ELISA
using 0.1 pg of capture-purified anti-mouse IFN-y (clone R4-6A2) (BD Pharm-
ingen, San Diego, Calif.) and 0.05 pg of detection-biotinylated anti-mouse IFN-y
(clone XMG1.2) (BD Pharmingen) per well according to the manufacturer’s
instructions.

Humoral immune responses induced in serum by rBCG strains. On day 0,
four groups of five mice were injected i.p. with rBCG(pJLN29), rBCG::pOIP4,
rBCG::pOIP33, or BCG1173P2. One additional group was inoculated with PBS
as a control. Mice received a second BCG immunization on day 28 and were
inoculated with 5 ug of purified Gag(p26) by the same route on day 56. All mice,
including the PBS-inoculated group, received this last dose. Blood was sampled
on days 0, 20, 34, 48, 73, 94, and 115, and total anti-Gag and anti-CFA IgGs were
measured in the serum of individual mice by ELISA (24) by using anti-mouse
alkaline phosphatase-conjugated secondary antibodies. The negative control
consisted of pooled normal sera. Titers were calculated as the dilution that gave
an absorbance as high as twice the optical density obtained with the negative
control.

RESULTS

Construction of rBCG strains coexpressing SIVmac251 nef
and gag genes organized as an operon. To coexpress the early
regulatory SIVmac251 nef and the structural gag(p26) genes in
the same rBCG strain, both genes were organized as a syn-
thetic operon and placed under the control of pBlaF*, a strong
M. fortuitum promoter, in the replicative plasmid pJN30 (34)
(Fig. 1A). Nef and Gag translation was optimized by cloning a
sequence derived from the Shine-Dalgarno consensus com-
posed of a long stretch of 6 A and 5 G bases upstream of the
ATG start codon of each protein. We previously showed that
this MegaSD sequence allows the synthesis of a wide variety of
heterologous proteins of bacterial, viral, and eukaryotic origin
in rBCG (our unpublished results). The first construct,
pJLN29, contained both nef and gag cloned extrachromosom-
ally. In parallel, two other replicative plasmids, pJL17 and
pJL24, carrying either nef or gag under the control of pBlaF*
and the MegaSD sequence, were obtained. To check whether
a bicistronic (nef-gag) mRNA could be transcribed from the
pJLN29 expression cassette, BMMP were infected either with
a mixture of rBCG(pJL17) and rBCG(pJL24) carrying one of
the two genes or with rBCG(pJLN29) carrying the operon.
After 2 days, total RNA was extracted from the infected mac-
rophages and was amplified by RT-PCR using N1-N2 primers
derived from the nef sequence, G1-G2 primers derived from
the gag sequence, or N3-G3 primers that could only amplify a
product derived from the bicistronic nef-gag mRNA. Although
nef and gag single mRNAs amplified with N1-N2 or G1-G2
could be detected in macrophages infected with the three
strains, bicistronic nef-gag mRNA could be detected only in
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macrophages infected with rBCG(pJLN29) after amplification
with N3-G3 primers (Fig. 1B). The expression levels of nef and
gag were then analyzed by Western blotting using anti-Nef
polyclonal antiserum or anti-Gag monoclonal antibody, re-
spectively. Comparable levels of production were obtained in
rBCG strains transformed with single genes or carrying the
operon (Fig. 1C). This indicated that two heterologous gene
products could be synthesized in a bivalent rBCG strain with-
out impairing in vitro growth and at expression levels compa-
rable to those for the monovalent rBCG strains.

Site-specific integration of pBlaF*-nef-gag operon into BCG
chromosome by means of mycobacteriophage Ms6-derived
vectors. As plasmid loss may occur during in vivo multiplica-
tion of rBCG, we constructed genetically stable rBCG strains.
A shuttle Ms6-derived vector that integrates into the mycobac-
terial chromosome was used for this purpose. Ms6 is a tem-
perate mycobacteriophage able to integrate site specifically
into tRNA?? Joci in both Mycobacterium tuberculosis and My-
cobacterium smegmatis (12). pAV6950, derived from Ms6, con-
tains the gene for integrase (inf) and the attP attachment site
from Ms6 but no excision functions. The pBlaF*-nef-gag
operon from pJLN29 was cloned into pAV6950 to give pOIP4
and pOIP12, depending on the orientation of the expression
cassette in comparison with the int gene (Fig. 2A). To isolate
pBlaF* from the promoters outside the expression cassette,
another vector, pOIP33, containing pBlaF *-nef-gag surrounded
by two transcription terminators from phage T4 (33) was con-
structed. The expression of nef and gag was analyzed by West-
ern blotting in rBCG strains obtained after transformation
with the four different vectors carrying the operon (Fig. 2B).
nef and gag were expressed in all of the strains. As expected,
the expression of both genes in rBCG(pJLN29) carrying the
multicopy vector was higher than in rBCG::pOIP33, in which a
single copy of the expression cassette was integrated into the
tRNA”Y gene in BCG and isolated from readthrough by two
transcription terminators (Fig. 2B, compare lanes 3 and 6).
Surprisingly, the expression of nef and gag in rBCG::pOIP4 was
as high as in rBCG(pJLN29) (Fig. 2B, lanes 3 and 4) and was
completely abrogated in rBCG::pOIP12, where the expression
cassette was inserted head to tail in comparison to pOIP4 (Fig.
2B, lane 5). This showed that, in rBCG:: pOIP12, pBlaF* was
unable to drive expression of the nef-gag operon from the
expression cassette. Although several explanations can be en-
visaged to explain this phenomenon, the likeliest hypothesis is
that a promoter is located outside the cassette and interferes
with nef and gag transcription driven by pBlaF*. As regards the
pBlaF*-nef-gag operon, this uncharacterized promoter ori-
ented reverse to nef-gag transcription in pOIP12 would prevent
Nef and Gag production in rBCG::pOIP12. Oriented upstream
to the nef and gag genes in pOIP4, this promoter would allow
high levels of antigen production in rBCG::pOIP4. This effect
was prevented by the addition of transcription terminators
upstream and downstream from the pBlaF*-nef-gag expression
cassette in rBCG::pOIP33.

The expression of the gag gene was quantified by capture
ELISA using monoclonal anti-Gag antibodies to capture the
produced protein and polyclonal anti-Gag antibody to detect it
(data not shown). The experiment was performed three times,
and the percentage of Gag in the total protein was 1.11% =+
0.1% in rBCG(pJLN29) and fell to 0.14% = 0.05% in
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FIG. 1. (A) Construction of monovalent and bivalent rBCG strains expressing SIVmac251 nef and gag genes: nef (light dots) and gag (heavy
dots) genes from SIVmac251 were organized as an operon under the control of the M. fortuitum pBlaF* promoter (striped arrow). A sequence
derived from the Shine-Dalgarno consensus (MegaSD) indicated as a black box was inserted upstream from the ATG start codon of Nef and Gag
to facilitate translation. STOP codons were inserted downstream from each gene. The pBlaF*-nef-gag operon was cloned into a replicative vector
to give rise to pJLN29. Two other plasmids carrying a single nef (pJL17) or gag (pJL24) gene under the control of pBlaF* plus MegaSD were also
obtained. Primers used for RT-PCR of transcribed nef and gag mRNAs are indicated as black arrows. (B) RT-PCR products obtained from
rBCG-infected BMMP. Macrophages were infected either with bivalent rBCG(pJLN29) expressing nef and gag genes or with a mixture of
monovalent rBCG(pJL17) and rBCG(pJL24) strains expressing nef or gag, respectively. Total RNA was harvested from infected macrophages 48 h
later and reverse transcribed. PCR amplification was performed with N1-N2 primers amplifying a 375-bp product from nef mRNA, G1-G2 primers
amplifying a 250-bp product from gag mRNA, or N3-G3 primers that could only amplify a 350-bp product from a bicistronic nef-gag mRNA. Lane
1, rBCG(pJLN29); lane 2, rBCG(pJL17) plus rBCG(pJL24) mixture. Lanes for negative controls: 3, wild-type BCG; 4, noninfected macrophages;
5, total RNA from pJLN29-infected macrophage with no RT; T—, no RNA in the reaction. Lane for positive control: T+, pJLN29 plasmid DNA.
(C) Western blot analysis of monovalent Nef or Gag and bivalent Nef-Gag-producing rBCG strains. Total protein was extracted from rBCG strains
cultured in vitro. Western blots were performed on 20 pg of total protein with monoclonal antibody against SIVmac251 Gag(p26) (left panel) or
with a serum from an SIVmac251-infected macaque recognizing the SIVmac251 Nef protein (right panel). Lanes for Gag panel: 1, recombinant
Gag(p26) (1 pg); 2, wild-type BCG; 3, rBCG(pJL24); 4, rBCG(pJLN29). Lanes for Nef panel: 1, extract of insect cells infected with recombinant
SIVmac251 nef baculovirus; 2, wild-type BCG; 3, rBCG(pJL17); 4, iBCG(pJLN29).

rBCG::pOIP33, which correlated with the decrease in gag gene
copies in rBCG::pOIP33 compared to in rBCG(pJLN29). Even
though only one copy of the gag gene was present in
rBCG::pOIP4, this strain produced Gag at levels identical
(1.04 = 0.07%) to those for the replicative rBCG(pJLN29)
strain.

Integration of expression cassette into BCG chromosome
greatly increases in vitro and in vivo genetic stability. In vitro
cultures of rBCG(pJLN29), rBCG::pOIP4, and rBCG::pOIP33
were grown with no antibiotic selection for various time peri-
ods, and the percentage of kanamycin-resistant colonies was
calculated after plating onto medium with or without antibiot-
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FIG. 2. (A) Construction of integrative rBCG(pBlaF*nef-gag)
strains by means of mycobacteriophage Ms6-derived vector pAV6950.
The pBlaF*-nef-gag operon was isolated from pJLN29 and was cloned
into the pAV6950 vector carrying the attP site and integrase gene from
the Ms6 cassette. This gave rise to pOIP4 or pOIP12, according to the
orientation of the expression cassette compared to the Msb6 int gene. In
pOIP33, the pBlaF*-nef-gag operon was flanked by two T4 transcrip-
tion terminators to prevent potential readthrough from outside pro-
moters. (B) Western blot analysis of integrative rBCG pBlaF*-nef-gag
strains. Western blotting was performed on 20 ug of total protein from
rBCG strains cultured in vitro with anti-Gag(p26) monoclonal anti-
body (left panel) or with a serum from an SIVmac251-infected ma-
caque reacting against the SIVmac251 Nef protein (right panel). On
both gels positive controls were loaded on lane 1 and were either
recombinant purified Gag(p26) (1 pg) or 10 pl of extract of insect
cells infected with recombinant SIVmac251 nef baculovirus. Lanes for
left and right panels: 2, rBCG(pJN30) (negative control); 3, rBCG-
(pJLN29); 4, rBCG::pOIP4; 5, rBCG::pOIP12; 6, rBCG::pOIP33.
Comparable levels of Gag and Nef were produced by rBCG(pJLN29)
and rBCG::pOIP4 strains. Approximately 10 times less Nef and Gag
were produced by rBCG::pOIP33 than by rBCG::pOIP4. Nef and Gag
proteins were barely detectable in rBCG::pOIP12.

ics. pJLN29 was not stably maintained in BCG, because, after
60 generations without selection pressure, only 45% of colo-
nies were still resistant to kanamycin, indicating that more than
half of the BCG progeny had lost the plasmid and genes of
interest (Fig. 3A). Conversely, very few kanamycin-sensitive
colonies were observed in rBCG::pOIP4 and rBCG::pOIP33
even after 100 generations without selection pressure.

The genetic stability of the three strains was also analyzed in
vivo. After i.v. inoculation of BALB/c mice, rBCG growth was
monitored in the spleen, lungs, and liver, which are the target
organs for BCG replication. The percentage of kanamycin-
resistant colonies was calculated at different time points after
inoculation. Within 28 days the replicative plasmid had been
lost from 40% of the colonies from rBCG(pJLN29) in the
spleen of inoculated mice (Fig. 3B). Later (i.e., 100 days after
inoculation), 75% of the recovered colonies had lost pJLN29.
Conversely, in tBCG::pOIP4- and rBCG::pOIP33-inoculated
mice, 85 and 98%, respectively, of the colonies recovered from
the spleens at this time point were still resistant to kanamycin,
indicating a very high in vivo genetic stability of these integra-
tive strains. Twenty colonies recovered from infected spleens
from each group were then randomly selected onto nonselec-
tive medium 70 days postinoculation. Their DNA content was
analyzed by PCR using primers derived from the kanamycin
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resistance gene, as well as nef and gag. The expression levels of
nef and gag were also tested by Western blotting. Of the 20
colonies tested from the rBCG(pJLN29)-inoculated mice, only
five (25%) retained nef and gag gene expression. Conversely, in
all of the colonies tested in rBCG::pOIP4 or rBCG::pOIP33
mouse groups, the gag and nef genes were expressed to com-
parable levels to those observed before inoculation. This indi-
cates that no major rearrangement or mutation had occurred
during growth in the animal (Table 2).

In vivo expression of the heterologous gene is detected at a
later stage in mice inoculated with integrative rBCG strains.
We subsequently checked whether high levels of heterologous-
gene expression detected in vitro correlated with in vivo ex-
pression. For this purpose, we inoculated BALB/c mice i.v.
with 5 X 10° CFU of wild-type BCG1173P2, rBCG(pJLN29),
rBCG::pOIP4, or rBCG::pOIP33. Mice were sacrified 14 and
77 days postinoculation, and the in vivo expression of the gag
gene was analyzed in spleens by immunohistochemistry using
an anti-Gag polyclonal antibody. The bacillary load was per-
formed on serial sections with an anti-BCG polyclonal anti-
body (data not shown). gag expression could be detected in
animals inoculated with all rBCG strains at the early time point
(14 days) (Fig. 4A to D). However, at the later time point (77
days), very few foci of Gag-positive bacilli were detected in
mice inoculated with the rBCG(pJLN29) strain (Fig. 4F),
whereas in mice inoculated with rBCG::pOIP4 (Fig. 4G) or
rBCG::pOIP33 (Fig. 4H), Gag was detected in most foci of
BCG infection, which correlated with the genetic stability of
the integrative vectors. Gag staining was stronger in
rBCG::pOIP4- than in rBCG::pOIP33-inoculated mice (com-
pare Fig. 4G and H), suggesting that the high level of gag
expression detected in vitro in rBCG::pOIP4 was maintained
in vivo. No Gag labeling was observed in the spleens of mice
inoculated with wild-type BCG1173P2 (Fig. 4A and E) or non-
immunized mice (Fig. 4I). When a polyclonal BCG antiserum
was used, comparable levels of BCG infection were detected in
all groups (data not shown). Representative anti-BCG staining
is shown in mice infected with wild-type BCG1173P2 14 and 77
days postinfection (Fig. 4 and K).

T-cell and antibody immune responses induced against Gag
antigen by rBCG strains. The influence of the in vivo stability
of rBCG strains on the induction of T-cell responses was then
analyzed in BALB/c mice. Mice were inoculated i.v. with 5 X
10° CFU of rBCG(pJLN29), rBCG::pOIP4, or BCG::pOIP33.
Control mice were either infected with wild-type BCG1173P2
or left untreated. Fifty-six days after BCG inoculation, a pro-
tein boost of 5 g of recombinant E. coli Gag(p26) was given
by the same route. IFN-y production was monitored by ELISA
in CD4" T lymphocytes purified from the spleen and restim-
ulated in vitro in the presence of BMDC loaded with Gag or
BCG CFA as antigen-presenting cells. Forty-one days after
rBCG injection, IFN-y production could be detected only in
CD4" T cells from rBCG::pOIP4-inoculated animals (Fig. 5,
left panel). This indicates that the anti-Gag CD4" memory T
cells induced after rBCG immunization are only maintained in
mice inoculated with strains that highly and persistently ex-
pressed the heterologous gene. However, 7 days after the Gag
protein boost, IFN-y production was detected in CD4™ T cells
from both rBCG(pJLN29)- and rBCG::pOIP4-inoculated
mice. This indicated that the priming of anti-Gag T cells was
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FIG. 3. (A) In vitro stability of replicative and integrative bivalent rBCG strains containing the pBlaF*-nef-gag operon. One colony of rBCG
strains transformed either with plasmid pJLN29 or integration-proficient vectors pOIP4 and pOIP33 was inoculated into liquid medium without
antibiotic and grown for 100 days. At different time points, aliquots of each culture were sampled and serially diluted before plating onto selective
and nonselective medium. Ratios of kanamycin-resistant (rBCG) versus kanamycin-sensitive (total BCG) colonies were calculated for each of the
three strains over cell divisions. Generations equal the number of days of culture, since the generation time for BCG is approximately 24 h. The
most representative of two experiments is shown. (B) In vivo stability of replicative and integrative rBCG(pBlaF*-nef-gag) strains. On day 0 three
groups of 25 BALB/c mice were inoculated i.v. with 5 X 10° CFU of rBCG(pJLN29), rBCG::pOIP4, or rBCG::pOIP33. At different times after
initial inoculation, CFU recovered from spleen, liver, or lungs from five individual mice per group were numbered onto medium supplemented
(rBCG colonies) or not supplemented (total BCG colonies) with kanamycin. Graph represents mean ratios of rBCG colonies/total BCG colonies =
standard deviations for the three mice groups.

only efficient in rBCG strains expressing high levels of the gag
gene in the first immunization and that memory cells could be
recalled only by boosting with purified Gag protein in these
mice groups. IFN-y production was barely detectable in

rBCG::pOIP33 mice even after the Gag booster. This indicates
that the low level of gag expression in this strain was not
enough to prime anti-Gag CD4" T cells. IFN-y production by
CD4" T cells stimulated with CFA-loaded dendritic cells was

TABLE 2. PCR and Western blot analysis of rBCG clones obtained from spleens of infected mice®

rBCG strain

PCR detection of

No. of colonies expressing nef and gag
70 days after in vivo growth

Conclusion

kan™ nef gag
pJLN29 6/20 (+) 5/6 (+) 5/6 (+) 5/6 (+) Five clones kept entire plasmid
1/6 (—) 1/6 (=) 1/6 (—) One clone lost expression cassette
14/20 (-) 1/14 (+) 1/14 (+) 1/14 (+) Thirteen of 14 clones lost entire plasmid
13/14 (=) 13/14 () 13/14 (-) One clone lost kanamycin resistance gene but kept
expression cassette
pOIP4 20/20 (+) ND ND 20/20 (+) Genetically stable in vivo
pOIP33 20/20 (+) ND ND 20/20 (+) Genetically stable in vivo

¢ Seventy days after i.v. inoculation with three rBCG strains, 20 colonies recovered from spleen were randomly picked on nonselective medium. The DNA content
of each colony was analyzed by PCR using primers derived from the kanamycin resistance gene from Tn903 (K1-K2) or from Tn5 (K3-K4), as well as primers derived
from nef (N1-N2) and gag (G1-G2). Expression of nef and gag was also analyzed by Western blotting. +, PCR product or gene expression detected; —, product or
expression not detected; ND, not done.
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comparable in all mice groups immunized with rBCG or wild-
type BCG strains. This shows that all strains have the same
capacity to induce anti-BCG immune responses (Fig. 5B).

Antibody responses against Gag were monitored in groups
of five BALB/c mice inoculated i.p. with 10° CFU of rBCG
(pJLN29), rBCG::pOIP4, or rBCG::pOIP33. Control mice
were inoculated with wild-type BCG or left untreated. A
booster with the same BCG dose was administered i.p. 4 weeks
later, and 8 weeks after the initial immunization, a boost of 5
g of purified nonadjuvanted Gag protein was administered by
the same route. Anti-Gag antibody responses were monitored
by ELISA. A stronger antibody response against Gag was de-
tected in mice inoculated with integrative strains (Fig. 6). Sur-
prisingly, the anti-Gag response was stronger in rBCG::
pOIP33, despite the lower level of gag expression in this strain.
The isotypes detected were mainly IgG2a and IgG3, indicating
a Thl-oriented immune response (data not shown).

DISCUSSION

BCG is the most widely used live bacterial vaccine in hu-
mans. It is one of the six vaccines of the Expanded Program for
Immunization of the World Health Organization (11) and rep-
resents one of the most attractive live vectors for developing
recombinant vaccines. Several approaches have been used to
obtain multivalent recombinant BCG candidate vaccines. Biva-
lent rBCG strains expressing pertussis toxin-tetanus toxin hy-
brid proteins have been constructed (2). The administration of
rBCG “cocktails” containing three rBCG strains that express
nef, gag, and env from SIVmac251 proved to be efficient for the
induction of the immune response in the mouse model (19). In
this study, we engineered BCG to coexpress both SIVmac251
genes (nef and gag) in a single recombinant strain which pre-
sents interesting practical aspects. The genes were organized as
a synthetic operon in a single expression cassette and placed
under the control of a strong mycobacterial promoter, pBlaF*
(34). This construct was designed to avoid hybrid proteins to
preserve all potential epitopes that could naturally occur from
native Nef and Gag antigen processing. Both genes were co-
transcribed in a bicistronic mRNA, and the expression levels of
each gene were comparable to those observed in rBCG strains
carrying each single gene under the control of the same pro-
moter.

The pBlaF*-nef-gag operon was first cloned into a multicopy
plasmid carrying the pALS5000 origin of replication to give rise
to rBCG(pJLN29). Due to the presence of the strong promoter
and several copies of the heterologous genes in this strain, high
levels of synthesis of Nef and Gag were detected in vitro.
Western blot analysis indicated that the expression of gag was
more efficient than that of nef. Although we cannot rule out
that differences in anti-Gag and anti-Nef serum avidity might
explain this observation, our inability to detect immune re-
sponses against Nef also indicates that limited quantities of
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Nef were produced in vivo. As Nef and Gag were translated
from a single mRNA species in this strain, we do not believe
that mRNA stability was responsible for the lower efficiency of
Nef production. Alternatively, the Gag protein might be more
stable than Nef.

When we analyzed plasmid stability in rBCG(pJLN29), we
found that, during extracellular growth without selective anti-
biotics, the plasmid was lost from the progeny. Thus, in con-
ditions in which no genes essential for BCG growth were car-
ried by the plasmid, it segregated from rBCG. This could be
due to the expression of nonmycobacterial genes that impair
BCG fitness. In vivo, virulent mycobacteria grow intracellularly
and are well equipped to resist the very hostile macrophage
environment (8, 32, 38). However, deletion of certain M. fu-
berculosis genes, altering the intramacrophagic growth of the
corresponding mutant strains, often renders them avirulent (5,
16, 26). We observed that, soon after in vivo replication of
rBCG(pJLN29), the plasmid was lost from most of the recov-
ered bacilli. This might be due to a counterselective pressure
within the macrophage on strains expressing genes that are not
part of the endogenous mycobacterial chromosome. However,
the situation was clearly different when an integrative vector
derived from the temperate mycobacteriophage Ms6 was used.
The two strains, rBCG::pOIP4 and rBCG::pOIP33, in which
the expression cassette was integrated into a specific site of the
BCG chromosome showed impressive in vitro and in vivo ge-
netic stability; after 100 days of in vivo growth in mice, up to
98% of colonies recovered from spleens had retained both nef
and gag expression. This demonstrated that long-lasting ex-
pression of nonmycobacterial genes could be achieved by in-
serting the expression cassette into the BCG chromosome.
This did not seem to impair in vivo rBCG fitness because no
major differences were observed in BCG growth in mouse
target organs between the wild-type and rBCG strains (data
not shown). Thus, even though the expression of the heterol-
ogous genes does not seem to be toxic for rBCG strains har-
boring a plasmid, this genetic element can be easily lost from
bacterial progeny in vivo. This confers a strong advantage for
the long-lasting expression of heterologous genes to integrative
vectors.

One major drawback of single-copy integrative vectors such
as those derived from mycobacteriophage L5 (3, 31) is the
reduced level of expression of heterologous genes compared to
that found in multicopy plasmids. Accordingly, in rBCG::
pOIP33, where the pBlaF*-nef-gag expression cassette was in-
serted into the BCG chromosome and isolated by transcription
terminators, gag expression was decreased 10-fold from that
found in the replicative vector. Expression levels in the two
other integrative strains where the operon was not isolated
from readthrough showed discrepancies with nef and gag ex-
pression by rBCG::pOIP33. In rBCG::pOIP4, even though a
single copy of the gag gene was inserted into the chromosome,
the level of gag synthesis was identical to that of the replicative

FIG. 4. In vivo expression of the STVmac251 gag gene in spleen of infected mice. BALB/c mice were inoculated i.v. with 5 X 10° CFU of
wild-type BCG, rBCG(pJLN29), rBCG::pOIP4, or rBCG::pOIP33. Two animals were sacrificed on day 14 (A to D and J) and day 77 (E to H and
K) postinoculation. Labeling of the spleen paraffin section was performed with anti-Gag polyclonal antibody (A to I) or anti-BCG polyclonal
antibody (J and K), followed by secondary horseradish peroxidase-conjugated anti-rabbit IgG. Immunoperoxidase activity was revealed by redness,
and cells were counterstained with hematoxylin. Spleen of nonimmunized control mouse (I) stained with anti-Gag is also shown.
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FIG. 5. IFN-y production by CD4" T cells from replicative rBCG- and integrative rBCG-inoculated mice. BALB/c mice were inoculated once
i.v. with 5 X 10° CFU of three rBCG strains; one group received the same dose of wild-type BCG (1173P2), and a last group was injected with
PBS (Naives). Eight weeks later, all groups received 5 pg of recombinant Gag(p26) by the same route. On day 41 (white bars) or day 63—i.e., 1
week after boost (dotted bars)—splenocytes from two mice per group were pooled and CD4* T cells were positively selected on magnetic beads.
CD4™" T cells (10°) were cocultured with 2.5 X 10* syngeneic BMDC (ratio, 40 to 1) that had been pulsed 18 h before with 10 g of purified Gag
protein ml™~! (left panel) or 10 pg of BCG CFA ml ™' (right panel). Culture supernatant was harvested 72 h later, and IFN-y produced was

monitored by ELISA.

strain. This could be due to the topology of DNA in this
construction, which could allow higher levels of nef-gag tran-
scription driven by pBlaF* in this strain or more stable mRNA.
Another and likelier hypothesis is that a promoter competing
with pBlaF* is located outside the cassette, either in the BCG
chromosome or in Ms6 DNA sequences downstream of the
attP site. Depending on the orientation of this uncharacterized
promoter in comparison with the nef and gag genes, several
copies of sense or antisense nef-gag mRNA are transcribed
from this promoter, leading either to Nef and Gag production
comparable to that of replicative strains or barely detectable
translation. Further characterization of this potential promoter
will be needed to confirm this hypothesis.

Interestingly, expression of the gag gene was observed in
highly productive strains in vivo, at early time points, as re-
vealed by immunohistochemistry on the spleens of infected
mice. Although the immunohistochemistry that we performed
was mostly qualitative, we observed constantly stronger stain-
ing of Gag in mice inoculated with the two rBCG strains
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FIG. 6. Antibody responses induced by rBCG strains. Groups
of five BALB/c mice were inoculated i.p. with 10° CFU of rBCG
(pJLN29), rBCG::pOIP4, rBCG::pOIP33, wild-type BCG1173P2, or
PBS. A boost of the same dose of rBCG (two thicker arrows under x
axis) was administered 4 weeks later by the same route. On week 8, all
mice received 5 pg of purified Gag protein (light arrows) i.p. Total
serum anti-IgG was followed by ELISA on each individual mouse.
Results given in titers represent means for five individual animals.

producing high quantities of Gag than in rBCG::pOIP33-im-
munized mice. This could indicate that the strong phage pro-
moter could also be active in vivo. The adaptation of myco-
bacteria to the hostile macrophage environment may modify
the pattern of bacterial gene expression. For instance, two
studies using the gene encoding the Aequorea victoria green
fluorescent protein as a reporter identified promoters from M.
tuberculosis (35) or Mycobacterium marinum (4) that are highly
up-regulated after macrophage infection. Alternatively, it is
conceivable that promoters that are highly active in vitro are
shut down when the mycobacterium grows intracellularly un-
der harsher conditions. As no such information is available for
pBlaF* or Ms6 promoters, our immunohistochemistry analysis
indicated that the strong levels of expression observed in vitro
correlated with the in vivo expression pattern. We believe that
this is an important point, and we recommend that this method
should be used whenever possible to ensure that the heterol-
ogous-gene expression observed in vitro can be extrapolated to
in vivo conditions. This technique did not allow us to detect
lower levels of protein synthesis, as we were not able to detect
nef expression even in animals infected with rBCG strains that
are highly expressive in vitro. However, as nef and gag mRNA
is cotranscribed and as we were able to detect Gag synthesis in
intracellular rBCG(pJLN29) and rBCG::pOIP4, we are confi-
dent that nef was also expressed in vivo, albeit at a lower level.

As BCG can persist within macrophages or dendritic cells,
which are the most professional antigen-presenting cells (6), it
is believed to release antigens continuously to boost the im-
mune response. The three recombinant BCG strains devel-
oped in this study allowed us to assess directly the influence of
heterologous-gene expression levels and stability on the dura-
tion of the immune response against Gag. Six weeks following
a single rBCG inoculation, the anti-Gag IFN-y producing
CD4™" T cells could only be detected in rBCG(pOIP4)-inocu-
lated mice, suggesting that both a high level and persistence of
gag gene expression were required for the detection of memory
T cells. However, after the administration of a purified Gag
protein booster, similar levels of IFN-y production were de-
tected in splenocytes from mice inoculated with the replicative
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rBCG(pJLN29) and the integrative rBCG(pOIP4) strains.
Both before and after the Gag booster immunization, the ex-
pression level of the gag gene in rBCG::pOIP33 was too low to
prime the cellular immune response against Gag and was not
compensated for by persistent expression. This suggested that
only the initial high level of gag expression in rBCG was critical
for the detection of the cellular immune response. This is
consistent with previous studies (2, 17) which found that a
threshold level of heterologous-gene expression by rBCG must
be reached to prime specific T cells. This was further confirmed
by the fact that no cellular immune response against Nef could
be detected after inoculation of rBCG strains, probably be-
cause in vivo Nef antigen production was too low. It is not
known whether this critical threshold differs for various anti-
gens and whether it can be efficiently reached by appropriate
rBCG strains in every case. We observed a different situation
in the humoral response against Gag. Despite a low level of
expression of the gag gene in rBCG::pOIP33, this strain in-
duced significantly higher levels of anti-Gag antibodies than
the two other strains. However, the BCG CFA antibody re-
sponse was also higher in rBCG::pOIP33 mice than in the
other groups (data not shown), indicating that a higher dose of
BCG organisms had been administered to these mice despite
similar injection of viable bacilli in all groups. This could be
explained by a higher load of dead BCG organisms in the
rBCG::pOIP33 vaccine preparation. As dead bacilli still con-
tain the Gag protein, we think that this strongly adjuvanted
extra dose of Gag induced higher levels of anti-Gag antibodies
in rBCG::pOIP33-vaccinated mice. Again, the less genetically
stable rBCG(pJLN29) strain induced the lowest levels of anti-
Gag antibodies.

In conclusion we have demonstrated the feasibility of con-
structing multivalent rBCG strains that are highly genetically
stable in vivo by use of integrative vectors. Moreover, the
single-copy integrative strains described allowed comparable in
vitro and in vivo levels of expression of heterologous genes to
those observed in multicopy-replicative strains but induced
more sustained immune responses. A number of studies have
demonstrated the protective efficacy of rBCG against parasitic
or bacterial challenge in small-animal models (1, 9, 20, 25, 27,
30). In primate models, rBCG strains were shown to induce
humoral and cellular immune responses against simian AIDS
(23, 40) and some degree of protection against measles (42).
However, the first phase I clinical trial of a rBCG vaccine
expressing the OspA antigen from Borrelia burgdorferi in hu-
mans was disappointing, as no specific immune response
against OspA was detected in the vaccinees (10). One possi-
bility for the failure of this rBCG strain to induce specific
antibodies was that a replicative plasmid was used to express
the heterologous gene in BCG and that plasmid loss might
have occurred during BCG replication in vivo. We think that
integrative rBCG strains are preferential for vaccine develop-
ment (i) because heterologous genes were expressed at high
levels and because this expression was long lived after a single
rBCG injection that induced specific T-cell immune responses
in the mouse model and (ii) because the use of such strains
avoids the microbiological risk of vector transfer to other bac-
terial pathogens. This should help the future development of
effective BCG-derived vaccines for humans.
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