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We compared cellular immune responses to rectal, subcutaneous, and intradermal administration of My-
cobacterium bovis BCG for 5 to 20 weeks in mice, guinea pigs, and macaques. Strong lymphoproliferative
responses were induced in spleen cells after in vitro stimulation with purified protein derivative in guinea pigs
and macaques, whatever the route of immunization. Comparable high numbers of gamma interferon- and
tumor necrosis factor alpha-producing cells were found in the spleen after rectal, subcutaneous, and intra-
dermal immunization of mice and macaques. Similar levels of precursors of cytotoxic T lymphocytes specific
for mycobacterial antigens were observed in mice for all immunization routes. In macaques, cytotoxic activity,
determined only at the end of the experiment (20 weeks), was similar after rectal and intradermal immuni-
zation. Six months after immunization, rectal and subcutaneous routes induced in mice similar levels of
protective immunity against challenge with a virulent Mycobacterium tuberculosis strain (H37Rv). Rectal
immunization gave immune responses and protective capacity similar to those for parenteral immunization
and seemed to be a promising new route of vaccination against tuberculosis; in our study, immunization via
the rectal route never induced side effects associated with parenteral routes (axillary adenitis) and could also

effectively reduce the risks of viral transmission associated with unsafe injections in the developing world.

Tuberculosis is still a major health problem. Its affects de-
veloping countries in particular (18) but industrialized coun-
tries as well, at least partly due to the rising prevalence of
human immunodeficiency virus infection (13) but also due to
social disintegration (2). The attenuated Mycobacterium bovis
strain bacillus Calmette-Guérin (BCG) is widely administered
as a vaccine to protect against tuberculosis. The protective
efficacy of BCG vaccination is unclear, with clinical trials esti-
mating it to be between 0 and 80%. Meta-analysis of the
efficacy of BCG vaccine suggested that BCG vaccination re-
duces the risk of pulmonary tuberculosis by 50%, the number
of deaths due to tuberculosis by 71%, and the number of
meningitis cases by 85% (3, 4).

Development of a more effective vaccine is a possible answer
to the global threat of tuberculosis. Recently, interest has in-
creased in culture filtrate proteins obtained from Mycobacte-
rium tuberculosis cultures (1, 11, 22) and plasmid DNA encod-
ing mycobacterial antigens (12, 28) as candidate vaccines
against tuberculosis. Both have been shown to offer some de-
gree of protection if used as vaccines in animal models of
experimental infection with M. tuberculosis. However, the level
of protection and the longevity of their effect must be in-
creased, as must their safety, especially if potent adjuvants are
required to obtain a protective immune response.

BCG has proved to be safe: more than 3 billion doses of
BCG have been administered, with a very low incidence of
serious side effects. However, the intradermal route of admin-
istration currently used requires trained personnel, particularly
for the vaccination of newborns, and raises questions about the
reuse of syringes in developing countries, with the associated
risk of AIDS and hepatitis transmission (25, 26). Mucosal
administration of BCG is easy, but its ability to induce potent
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immune responses without side effects has to be checked care-
fully.

The oral route used by Calmette in 1921 for initial BCG
vaccination gave protective immunity but was abandoned due
to its deleterious effects such as suppurative cervical adenitis
(16). We have recently shown that BCG translocation across
the oropharyngeal area after oral ingestion in mice is not
critical to the induction of a protective immunity against a
virulent challenge with M. tuberculosis (14). Microencapsula-
tion of the bacteria could be used to minimize the side effects
by preventing inadvertent pharyngeal inoculation. However,
microencapsulation is not easy, as the BCG must be main-
tained stable and alive in the preparation for prolonged peri-
ods. We therefore explored the rectal route for BCG vaccina-
tion. The rectal route would be easy to use under field
conditions, with human newborns, using an inexpensive pedi-
atric cannula, and lyophilized, stabilized BCG which could be
rehydrated immediately before use.

In this study, we immunized various animal species (mice,
guinea pigs, and macaques) with lyophilized BCG by rectal and
parenteral routes. Cellular immune responses (according to
the immunological tools available) were compared for the var-
ious species for 20 weeks. Protection against a virulent chal-
lenge with M. tuberculosis was assessed in mice 6 months after
immunization, to test long-term protective immune responses.

MATERIALS AND METHODS

Animals. Specific pathogen-free BALB/c mice (9 weeks) and outbred Hartley
guinea pigs (300 to 350 g) were obtained from the breeding center of the Pasteur
Institute of Teheran, Iran. Cynomolgus, Macaca irus female monkeys (1.7 to 2.4
kg; 11 to 25 months), originating from Tanzania, were obtained from the Razi
Institute, Karaj, Iran. These animals had previously received a sample of a new
batch of the polio vaccine produced at the Razi Institute. This previous immu-
nization, a control for vaccine innocuity, was considered unlikely to affect BCG
experiments.

To assess cellular immune responses, mice (n = 6) or guinea pigs (n = 4) were
killed at various times after immunization, and spleen biopsies were performed
on three different macaques at each time point, with a total of 15 macaques
immunized by each route. To perform spleen biopsies, macaques were intramus-



5658 ABOLHASSANI M ET AL.

cularly anesthetized (16 mg of alphaxalone-alphadolone per kg of body weight;
Saffan-Mallinckrodt), and the spleen was removed under strict surgical condi-
tions; at the end of the experiment all macaques were in good health.

Specific-pathogen-free BALB/c mice (6 to 7 weeks old) obtained from Iffa-
Credo, Saint-Germain sur I’Arbresle, France, were used for the M. tuberculosis
challenge.

Microorganisms. The BCG Pasteur strain 1173P2 was grown as a dispersed
culture in Beck-Proskauer medium supplemented with 6% glucose and 0.05%
Triton-1331 (Sigma). The vaccine suspension was prepared as previously de-
scribed (10), lyophilized in 2% sodium glutamate, and stored at —30°C. Just
before animal immunization, BCG was rehydrated in Beck-Proskauer medium
supplemented with 6% glycerol and 0.05% Triton-1331, and the vial was vigor-
ously shaken to obtain dispersed bacilli without clumps.

The M. tuberculosis H37Rv strain used to challenge mice was grown on Sauton
medium and stored at —80°C.

Immunizations. For rectal immunization, mice, guinea pigs and macaques
were deprived of food overnight; mice and guinea pigs were anesthetized with
pentobarbital (Sigma), and macaques with ketamine HCI (Parke-Davis). They
then received 2 X 107 (mice), 2 X 10' (guinea pigs), and 6 X 10'° (macaques)
viable units of BCG inserted into the rectum with a tip of an Eppendorf pipette
(mice) or a pediatric cannula (guinea pigs and macaques).

For the subcutaneous immunization of mice, 100 pl of BCG (10° viable units)
suspended in saline solution was injected into the base of the tail. For intrader-
mal immunization, guinea pigs received 5 X 10° viable units in the flank, and
macaques received 10° viable units of BCG in the inguinal region.

Lymphoproliferative assay. At various times after immunization, splenocytes
were collected from four guinea pigs or three macaque biopsy specimens and
cultured in RPMI 1640 medium (Gibco BRL) containing 5% fetal calf serum
(FCS), 1% L-glutamine (Gibco), 5 X 107> M B2-mercaptoethanol (Gibco), 100
U of penicillin, and 100 pg of streptomycin/ml (Roche-Hoffmann). Cells were
cultured at a density of 10° cells per 0.2 ml/well, in 96-well flat-bottom culture
plates (Nunc, Roskilde, Denmark) in the presence of 10 pg of purified protein
derivative (PPD) per ml. The cells were incubated for 4 days at 37°C under 7%
CO,; then, 0.5 wCi of [*H]thymidine (Amersham, Little Chalfont, United King-
dom) was added to each well, and the cells were incubated overnight. The cells
were harvested and washed on fiberglass filters with a cell collector (Tomtec),
and the incorporated radioactivity was measured in a liquid scintillation counter
(Beckman). Results are given as geometric means of triplicate determinations,
and stimulation indices (SI) calculated as (counts per minute with PPD stimu-
lation)/(counts per minute without stimulation).

Cytokine ELISPOT assay. An adaptation of the enzyme-linked immunospot
(ELISPOT) assay (27) was used to count gamma interferon (IFN-y)- and tumor
necrosis factor alpha (TNF-a)-specific spot-forming cells (SFC) in splenocytes.
To detect cytokine-producing cells, 96-well nitrocellulose plates (Multiscreen,
HA; Millipore, Molsheim, France) were coated with 4 pg of anti-mouse IFN-y
monoclonal antibody (MAb) (RA-6A2), anti-mouse-TNF-a MAb (MP6-XT22)
(Pharmingen), anti-human IFN-y MAb (25718.11), or anti-human TNF-a MAb
(TA-31) (Sigma) per ml in bicarbonate buffer (100 wl/well). Nonspecific binding
was blocked by adding RPMI 1640 medium containing 10% FCS to the wells and
incubating the plates for 60 min at 37°C. Splenocytes pooled from six mice or
from three macaque spleen biopsies were stimulated by incubation for 24 h with
10 g of PPD per ml. They were then added to the wells at concentrations of
2.5 X 10° to 1 X 10° cells/100 pl/well. The cells were incubated for 20 h at 37°C
under 7% CO,, in the presence of 10 wg of PPD per ml. The wells were washed
once with 0.05% Tween 20 in H,O and five times with 0.05% Tween 20 in
phosphate-buffered saline (PBS-Tween). One hundred microliters of biotinyl-
ated anti-mouse IFN-y MAb (XMG1-2), polyclonal anti-mouse TNF-« antibody
(4 pg/ml; Pharmingen), polyclonal anti-monkey IFN-y, or anti-monkey TNF-a
antibodies (4 pg/ml; Chemicon) was added to the corresponding wells and the
plates were incubated overnight at 4°C. The plates were washed with PBS-
Tween. Avidin-alkaline phosphatase conjugate (Sigma) diluted 1:2,000 was
added, and the plates were incubated overnight at 4°C. The plates were washed
with PBS-Tween, spots (corresponding to cytokine-secreting cells) were devel-
oped with 100 ul BCIP-NBT (5-bromo-4-chloro-3-indolyl phosphate—nitro blue
tetrazolium) (20 mg/ml; Sigma) in water. The number of SFC was determined
using a dissecting microscope.

Cytotoxicity assay. At various times after the rectal or subcutaneous immuni-
zation of BALB/c mice, single-cell suspensions were prepared from six pooled
spleens, in RPMI 1640 medium supplemented with 10% FCS, 1% L-glutamine,
5X107°M 2-mercaptoethanol, antibiotics, and 10 U of interleukin 2 (Gen-
zyme, Cambridge, Mass.) per ml. Cells (4 X 10°ml) were plated in 24-well
flat-bottom plates (Nunc) in the presence of PPD (10 pg/ml). Effector cells were
incubated for 5 days at 37°C under 7% CO, and then tested for cytotoxic activity
against target cells. Mastocyma P815 cells (MHC-H2), into which mycobacterial
antigens contained in crude BCG culture filtrate (23) had been introduced by an
osmotic shock, were used as target cells (17). In summary, the P815 target cells
were harvested 24 h before the assay and suspended (2 X 10° cells) in 0.5 ml of
hypertonic RPMI 1640 medium containing 0.5 M sucrose, 10 mM HEPES, 10%
polyethylene glycol, and 100 wg of the crude BCG culture filtrate. After 10 min
at 37°C under 7% CO,, 15 ml of hypotonic RPMI 1640 medium was added. The
target cells were recovered by centrifugation, suspended in RPMI 1640 medium
containing 10% FCS, and incubated at 37°C under 7% CO, until the assay.
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Effector cells obtained from six pooled BALB/c mouse spleens at various times
after BCG immunization were incubated for 4 h with !Cr-labeled P815 target
cells at 37°C under 7% CO,, in appropriate effector/target cell ratios. The
radioactive chromium released into the supernatant was counted, and the per-
centage of specific lysis was calculated as 100 X [(cpm released from target cells
in the presence of effector cells — cpm released from target cells alone)/(cpm
released from target cells lysed with 10% Triton X-100 — cpm released from
target cells alone)], where cpm is counts per minute.

In order to characterize cytotoxic effector cells, the cells were incubated for 1 h
at 37°C with either medium alone, GK1-5 anti-CD4, or H-35-17-2 anti-CD8
MAbs (20 pg/ml). Effector cells were then washed three times and placed in
contact, in the presence of GK1-5 or H-35-17-2 (1 wg/ml), with P815 target cells
prepared as previously described, and the cytotoxicity assay was performed. To
determine the H2 restriction, EL4 cells (lymphoma cells of C57BL/6 mice
[MHC-H2"]) were prepared as P815 cells and used as target cells in the cyto-
toxicity assay. These characterizations were performed only at 12 weeks after
immunization.

Twenty weeks after rectal or intradermal immunization, spleen biopsies were
performed on 3 macaques. Splenic single-cell suspensions were prepared in
RPMI 1640 medium supplemented with 10% human serum (Transfusion and
Plasmaphoresis Organization of Iran), 1% L-glutamine, 1% gentamicin (Sigma),
5 X 107> M B2-mercaptoethanol. Effector cells (4 X 10%ml) were plated in
24-well flat-bottom plates (Nunc) in the presence of PPD (10 pg/ml), incubated
for 5 days at 37°C under 7% CO,, and tested for cytotoxic activity against target
cells. Macrophages obtained from the same anesthetized macaques by bron-
choalveolar lavage with PBS supplemented with 20 g of gentamicin per ml were
used as target cells. Macrophages (10%well) suspended in complete RPMI 1640
medium with 10% human serum and 1% gentamicin were incubated for 5 days
at 37°C in 96-well flat-bottom plates (Nunc). Twenty-four hours before the assay,
10° viable units of BCG were added to each well. After phagocytosis had oc-
curred, the plates were washed twice; 2 pCi of >'Cr in complete RPMI medium
was added per well, and the plates were incubated overnight.

The effector cells were incubated for 4 h with >!Cr-labeled autologous target
cell macrophages at 37°C under 7% CO, in appropriate effector/target cell ratios.
The radioactive chromium released into the supernatant was counted, and the
percentage of specific lysis was calculated as previously described.

Challenge with the virulent M. tuberculosis H37Rv strain. Control and immu-
nized mice that had received BCG via the rectal or subcutaneous route were
challenged 6 months after immunization. Bacteria from the virulent M. tubercu-
losis strain H37Rv were obtained from stock vials containing 107 CFU per ml,
stored at —80°C; 10° CFU was injected intravenously. Four weeks later, the mice
were killed by carbon dioxide suffocation and their organs were collected. Ap-
propriate dilutions were prepared from the dissociated organs and plated on
Middlebrook 7H11 solid medium (Difco). The petri dishes were kept in sealed
plastic bags at 37°C for 4 weeks, and then the colonies were counted.

Statistical analysis. Statistical analysis, analysis of variance, and Student’s ¢
test were performed using the Instat package from GraphPad Software (San
Diego, Calif.) A P of <0.05 was considered significant.

RESULTS

Specific proliferative responses in guinea pigs and ma-
caques. After the rectal or intradermal immunization of guinea
pigs and macaques with BCG, the in vitro proliferative re-
sponses of splenocytes to PPD were analyzed. Specific prolif-
erative responses were induced in guinea pigs and macaques 5
weeks after BCG immunization, and, at this time, the intra-
dermal route induced particularly in guinea pigs the strongest
responses (P < 0.01) (Fig. 1). At 8, 12, and 20 weeks after BCG
immunization, proliferative responses remained strong (stim-
ulation indexes > 10) with no significant differences among
rectal or intradermal routes of immunization (P > 0.05).

Cytokine-producing spleen cells in mice and macaques. At
5, 8, 12, and 20 weeks after rectal or parenteral immunization,
the in vitro cytokine production after PPD stimulation of
mouse and macaque spleen cells was analyzed using the
ELISPOT technique. High numbers of IFN-y-producing cells
were detected in the spleens of mice 5 and 8 weeks after BCG
immunization (Fig. 2A). The number of IFN-y-producing cells
had decreased at 12 and 20 weeks after immunization by either
rectal or subcutaneous route but remained at a similar, signif-
icant level compared to those in control mice (P < 0.05). At
the beginning of the experiment, IFN-y-producing cells were
slightly less frequent in macaques (Fig. 2B) than in mice, par-
ticularly after parenteral immunization, but their numbers
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FIG. 1. Lymphoproliferative responses of guinea pig or macaque spleen cells stimulated with PPD, at various times after rectal and intradermal administration of
BCG. Spleen cells collected from guinea pigs (A) or macaques (B) nonimmunized (empty bars) or immunized with BCG via rectal (fine hatches) or intradermal (coarse
hatches) routes were stimulated by incubation for 4 days in vitro with PPD (10 pg/ml). The SI were calculated as (counts per minute with PPD)/(counts per minute
without PPD). Results in guinea pigs (n = 4) and macaques (n = 3) (geometric means of triplicate determinations [error bars, standard deviations]) are representative

of two different experiments.

were sustained throughout the observation period (20 weeks).
At the end of the experiment, no significant difference in
IFN-y production between the animals immunized via the rec-
tal and parenteral routes was observed in mice and macaques
(P > 0.05). The frequency of TNF-a-producing cells was
slightly lower than that of IFN-y-producing cells in the spleens
of mice immunized 5 or 8 weeks previously (Fig. 2C). At 12
and 20 weeks the frequencies of TNF-a- and IFN-y-producing
cells in mice were similar, whatever the route of immunization.
In macaques, the number of IFN-y- and TNF-a-producing
cells were in the same range (Fig. 2B and D), with no signifi-
cant differences among the routes at the end of the experiment
(P > 0.05).

Specific cytotoxicity in mice and macaques. The number of
precursors of specific cytotoxic T lymphocytes present in the
spleens of BALB/c mice (at 5, 8, 12, and 20 weeks) or ma-
caques (at 20 weeks) was determined.

In BALB/c mice (H-2%), 5 weeks after rectal or subcutane-
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ous immunization, cytotoxic T lymphocytes were detected in
the spleen at frequencies of 34% (rectal) and 48% (subcuta-
neous). The frequency of cytotoxic precursor cells peaked at 8
weeks (60 and 69%, respectively). A level of cytotoxicity was
maintained until the end of the experiment (33 and 28%,
respectively) (Fig. 3A). We next determined, 12 weeks after
immunization, if these cytotoxic responses were mediated by
CDS8 T cells. The mouse splenocyte cytotoxicity after rectal or
subcutaneous immunization was abrogated by the addition of
an anti-CD8 MAD; in contrast, the cytotoxic activity was not
affected by the addition of an anti-CD4 MAb (Fig. 3B). The
capacity of effector cells from BALB/c mice to lyse EL4 cells
(major histocompatibility complex [MHC] class I H-2") ex-
pressing mycobacterial antigens was also examined. Cytotoxic
activity of effector cells from BALB/c mice (H-2%) could be
demonstrated using P815 (H-2%) but not with EL4 (H-2") tar-
get cells (Fig. 3B).

Cells isolated 20 weeks after immunization from macaque

C D
500 - 500 -
400 400 4
2 300 q 300
e W
a W W \
100] N N\ 100 \
%‘ %‘. %;
0 L= NN N 0 N
5 g8 12 20 5 8 12 20
Weeks

FIG. 2. IFN-y- and TNF-a-producing cells in the spleens of mice and macaques at various times after rectal, intradermal, or subcutaneous administration of BCG.
Spleen cells collected from mice (A and C) or macaques (B and D) nonimmunized (empty bars) or immunized with BCG via rectal (fine hatches) or parenteral (coarse
hatches) routes were stimulated in vitro with PPD (10 pg/ml) in the wells of nitrocellulose plates that were coated with an anti-mouse IFN-vy, an anti-mouse TNF-a,
an anti-human IFN-v, or an anti-human TNF-« antibody. The SFC were developed as indicated in Materials and Methods. Results in mice (n = 6) and macaques (n =

3) are representative of two different experiments (error bars, standard deviations).
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FIG. 3. Precursors of cytotoxic T lymphocytes in the spleen after rectal or subcutaneous administration of BCG to BALB/c mice are mediated by CDS8 T cells and
are MHC class I restricted. (A) Spleens (n = 6) were collected at 5, 8, 12, or 20 weeks from nonimmunized (O) rectally (A) or subcutaneously (¥) immunized mice.
The cells were stimulated by incubating in vitro in the presence of PPD for 5 days. Their cytotoxic activity was tested against P815 cells presenting mycobacterial antigens
after an osmotic shock in the presence of crude BCG culture filtrate. The results are representative of two different experiments. (B) Spleens (n = 6) were collected
12 weeks after immunization of BALB/c mice (H-2¢) via the rectal or subcutaneous (Sc) routes. Cells were incubated in vitro in the presence of PPD (10 wg/ml) for
5 days and their cytotoxic activity was tested against P815 (H-29) target cells in the presence of medium only (A, ¥) or of anti-CD8 (A, V) or anti-CD4 (@) MAbs.
The cytotoxic activity of spleen cells was also tested against EL4 (H-2P) target cells (O).

spleen biopsy samples showed high and identical levels of cy-
totoxicity against autologous macrophages which had phago-
cytized BCG (51 and 50% after rectal or intradermal immu-
nization), whereas the cytotoxicity of the nonimmunized
control group remained at a low level (15%) (Fig. 4).

Challenge with M. tuberculosis H37Rv in mice. Six months
after rectal or subcutaneous immunization, immunized and
naive BALB/c mice were challenged intravenously with 10°
CFU of M. tuberculosis (H37Rv). Four weeks after the chal-
lenge, there were significantly fewer H37Rv bacteria in the
spleen and lungs of immunized mice than in nonimmunized
control animals (Fig. 5). Similar levels of protection were ob-
served for the two routes of immunization.
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FIG. 4. Precursors of cytotoxic T lymphocytes in the spleen 20 weeks after
rectal or intradermal administration of BCG to macaques. Cells were collected
from spleen biopsies 20 weeks after immunization of macaques (n = 3) via the
rectal (A) or intradermal (V) route. The cells were stimulated by incubating in
vitro in the presence of PPD (10 wg/ml) for 5 days. Their cytotoxic activity was
tested against syngenic macrophages obtained from bronchoalveolar lavages,
which had taken up BCG by phagocytosis 24 h before the assay. The results are
representative of two different experiments. Error bars, standard deviations.

DISCUSSION

Rectal immunization with BCG, by inducing immune re-
sponses and protection against tuberculosis, may greatly facil-
itate BCG administration and reduce the cost of mass vacci-
nation while avoiding the risks of AIDS and hepatitis
transmission inherent in the reuse of syringes in developing
countries (25, 26). Moreover, in our study immunization via
the rectal route never induced any side effects in the animal
species tested; on the other hand, immunization via the intra-
dermal route, as related in human (16), induced in guinea pigs
and particularly in macaques adenitis which spontaneously di-
minished in intensity at 12 weeks and became scarce at 20
weeks. BCG is the first vaccine given to newborns in developed
countries, and suppurative axillary adenitis occurring after in-
tradermal injection could compromise the other vaccinations
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FIG. 5. Assay of immune protection induced in mice 6 months after immu-
nization by rectal or subcutaneous administration of BCG. Results are shown for
BALB/c mice (n = 8-10) nonimmunized (empty bars) or immunized with BCG
by the rectal (fine hatches) or by subcutaneous injection (coarse hatches) routes.
Six months later, the mice were challenged intravenously with 10° viable units of
the virulent M. tuberculosis strain H37Rv. The spleen and lungs were collected 4
weeks later and dissociated. Their bacterial loads were evaluated after appro-
priate dilutions and growth on Middlebrook 7H11 agar medium. Results are
expressed as geometric mean + standard deviation (error bar) s#:#x, P < 0.001.
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of the Expanded Program on Immunization (EPI). In a recent
study (14) we demonstrated that intragastrically delivered
BCG induced protection against M. tuberculosis without induc-
ing side effects due to the translocation of BCG into the oro-
pharyngeal area after oral immunization. However, microen-
capsulation of BCG, which may prevent cervical adenitis by
delivering the BCG to the stomach or duodenum, requires
thorough investigation, and the delivery of encapsulated BCG
to newborns by the oral route will also require the use of a
feeding bottle. In contrast, the rectal route seems to be a
cheap, easy, and safe route, by which the vaccine could be
given without pain with a pediatric cannula or a suppository;
this new route would be particularly suitable for newborns in
developing countries. The accidental complications occurring
after intradermal injection of high doses could be minimized
after rectal vaccination because the majority of the BCG ad-
ministered rectally is eliminated in the stool during the first
24 h after administration (data not shown).

The presence of organized lymphoid tissue with M cells and
germinal centers in the rectum of BALB/c mice (20) suggests
that such tissue has the capacity to take up microorganisms.
We were unable to recover BCG by plating homogenized rec-
tal lymphoid tissues equivalent to Peyer’s patches (one or two
per mice) at various times after rectal immunization. In mes-
enteric lymph nodes, BCG (approximately 500 CFU per node)
has been recovered 24 h after rectal administration but not
thereafter (data not shown), suggesting that rectal and colonic
follicles may be the entry points for the systemic dissemination
of BCG and initiation of immune responses. Histologic studies
are under way to determine the precise route of translocation
of BCG in the rectal region.

In the three animal species studied, rectal and parenteral
immunization induced long-term sustained systemic Thl re-
sponses. Twenty weeks after immunization, lymphoprolifera-
tive responses and cytokine production (IFN-y and TNF-a)
remained at the same high level, particularly in macaques. The
mycobacterial antigens recognized by CD4 and CDS8 T cells,
and the release of macrophage-activating cytokines such as
IFN-y are fundamental elements of the immune response to
mycobacteria (5). In humans, susceptibility to tuberculosis is
greater in individuals with a genetic defect in the gene encod-
ing the IFN-vy receptor (19). In experimental mouse models, it
has been shown that IFN-y knockout (6, 8) greatly increases
susceptibility to virulent mycobacterial challenge. TNF-« is
another essential component of the protective immune re-
sponse (24). TNF-«a acts synergically with IFN-y to stimulate
macrophages. The CD8 lymphocytes have also been shown to
play an important role in the control of BCG infection in vivo
(21). Mice in which the B2-microglobulin gene has been
knocked out have been shown to be more susceptible to M.
tuberculosis (9). We and others have previously reported, in the
mouse model (8, 14, 29), the development of CD8 T-cell-
cytotoxic activity after immunization with BCG. CD8 T cells
recognize mycobacterial antigens in the context of class | MHC
molecules. In this study, we also found in mice a cytotoxic
response mediated by CD8 MHC class I-restricted T cells after
rectal or parenteral immunization. However, different results,
including some from our laboratory (unpublished results),
have shown that CD4 T cells may have cytotoxic activity in the
context of class II MHC molecules (5). In our macaque model,
the antigens are presented by alveolar macrophages after over-
night BCG phagocytosis under conditions similar to those used
previously for the detection of CD4 T-cell cytotoxicity in mice
(15). The cells supporting cytotoxicity in macaque will be typed
in the next series of experiments.

Rectal or parenteral routes of immunization provided sim-
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ilar levels of acquired immune protection. These results dem-
onstrate for the first time to our knowledge, that BCG admin-
istered by the rectal route can induce potent protective
immune responses against tuberculosis. The rectal route is very
easy to use in the field, and immunization via this route did not
induce side effects in any of the animal species tested during
this study. It should be investigated in more detail, particularly
in macaques, before undertaking clinical trials.
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