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Mice injected with 1 mg (about 1 x 107 CFU) of Mycobacterium bovis BCG in
the footpad showed high levels of delayed-type hypersensitivity (DTH) to BCG
antigens and a continuous increase in circulating specific anti-immunoglobulin G
(IgG) antibodies throughout a 6-week observation period. In contrast, mice
injected intravenously with a 1-mg dose failed to mount a DTH and showed a
depression in antibody production at week 5 postinfection. A dose-response study
revealed that an optimum dose of BCG, when injected intravenously, can induce a
small but significant DTH response. The delayed cutaneous unresponsiveness in
intravenously infected mice lasted at least 6 weeks and was not antigenically
specific, in that it depressed the DTH response to Corynebacterium parvum. No
simple relationship existed between levels of DTH and the amount of circulating
anti-IgG antibodies. Splenectomy and treatment with a high dose of cyclophos-
phamide before infection, although greatly reducing the humoral response, did not
reverse the BCG-induced unresponsiveness nor enhance levels of DTH in mice
infected in the footpad. It is concluded that the intravenous infection of mice with
BCG exerts a nonspecific inhibitory effect on delayed-type immune reactions by
the induction of some type of suppressor mechanisms that are resistant to
cyclophosphamide.

In the past few years, evidence has accumu-
lated concerning the presence of suppressor
cells (macrophage-like or T lymphocytes or
both) in the spleen of mice infected with various
species of mycobacteria or inoculated with a
massive dose of the BCG strain of Mycobacte-
rium bovis. These suppressor cells are not anti-
genically specific, since they can inhibit the
lympho-proliferative responses to polyclonal mi-
togens (15, 33) and alloantigens (12), as well as
to specific antigens (8, 29). In addition, they
depress several other in vitro immune functions,
such as the generation of cytotoxic T-cell re-
sponse (17), antibody response to sheep erythro-
cytes (SRBC) (4, 6), and the expression of
natural killing activity (16). So far, no well-
defined role has been ascribed to these cells in
the in vivo regulation of anti-mycobacterial im-
mune responses, apart from the fact that the loss
of the delayed cutaneous tuberculin reaction
occurring in mice heavily infected with myco-
bacteria appears to correspond to the time of the
appearance of suppressor cells in their spleen (6,
8).
Some of the above mentioned studies (8, 29,

33) have revealed that the appearance of BCG-
induced suppressor cells is directly related to the

route of administration of the bacilli. For exam-
ple, suppressive activity was detectable in mice
infected intravenously (i.v.) or intraperitoneally,
whereas no such activity was found in the spleen
of those infected aerogenically or subcutaneous-
ly (s.c.). The present experiments were per-
formed to investigate the effects of doses and
routes of infection on the induction of humoral
and cellular immune responses to BCG antigens
in C57BL/6 mice.
A cutaneous unresponsiveness to BCG anti-

gens followed by a late depression in the synthe-
sis of anti-BCG antibodies occurred in i.v. in-
fected mice, whereas both cellular and humoral
responses developed normally in s.c. infected
mice. Assuming that the cutaneous unrespon-
siveness was due to splenic suppressor cells, we
performed splenectomy and treated the mice
with cyclophosphamide before infection. The
results show that both treatments markedly re-
duced circulating anti-BCG antibodies but failed
to prevent the development of the cutaneous
unresponsive state.

MATERIALS AND METHODS
Mice. Inbred C57BL/6 female mice, obtained from

Charles River Breeding Laboratories, Inc., Wilming-
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ton, Mass. and from the Canadian Breeding Farm &
Labs Ltd., St. Constant, Quebec, were 2 to 3 months
of age at the time of infection. This strain of mice was
chosen for the present experiments on the basis of its
high susceptibility to BCG (11).
BCG. A lyophilized preparation of the Montreal

substrain of BCG (Institut Armand-Frappier) was
used. The content of each vial was reconstituted with
sterile saline immediately before use. A 1-mg amount
of the reconstituted vaccine contained about 1 x 10'
CFU when plated on Dubos solid medium, that is,
approximately 10%o of the total bacterial count.

Infection of mice. The mice were injected i.v. in the
tail vein with 1.0 mg of BCG suspended in 0.1 ml of
saline or s.c. in the right hind footpad (RHFP) with the
same dose suspended in 10 LIl of saline.

Antigen preparation. Soluble BCG antigens were
prepared as described previously (31). Briefly, these
antigens represent unheated soluble constituents iso-
lated from mechanically disrupted bacillary bodies and
purified by ammonium sulfate precipitation at 50%o
saturation. After exhaustive dialysis against distilled
water, the preparation was lyophilized. The same
preparation of antigens containing about 80% proteins
as measured by the method of Lowry et al. (21) was
used throughout the present study.

Sonicated BCG was prepared by the technique of
Harboe et al. (14) with a suspension of 60 mg of bacilli
in 10 ml of Hanks balanced salt solution (HBSS). In
some experiments, the whole sonic extract was used
for the elicitation of the delayed footpad reaction.
After sonication, some preparations were centrifuged
at 20,000 x g for 30 min to remove bacillary debris,
and appropriate dilutions of the supernatant were used
for the detection of anti-BCG antibodies in the sera of
infected mice.

Test for DTH. Delayed-type hypersensitivity (DTH)
was evaluated by the footpad swelling test. Three
weeks after infection, that is, at the time when the
tuberculin reaction in s.c. infected mice reached its
maximum value (Fig. 1), the mice were challenged in
the left hind footpad (LHFP) with 20 Fg of soluble
BCG antigens or, when indicated, with 20 jig of
sonicated BCG in a 10-,ul volume of HBSS. The
thickness of the LHFP was measured with a dial-gauge
calipers before the challenge and at 4, 24, and 48 h
later. The increase in footpad thickness was calculated
and expressed in 0.1-mm units. Except when other-
wise stated, no animal was challenged more than once.

Antibody measurement. Serum antibodies to the
antigens of BCG were measured by means of a solid-
phase radioimmunoassay using 125I-labeled protein A.
Since protein A binds to the Fc region of mouse
immunoglobulin G (IgG) (18), obviously only this class
of anti-BCG antibodies was measured in the present
study. The microtechnique of Marier et al. (22) was
used without modification. The wells of polyvinyl
chloride disposable microtiter plates (Linbro Scientific
Co., Inc., Hamden, Conn.) were coated with the
supernatant fraction of sonicated BCG at a 1:25 dilu-
tion. All sera were tested in triplicate at a 1:20 dilution.
125I-labeled protein A (50 mCi/mg, labeled with Bolton
and Hunter reagent) was obtained from Amersham
Corp., Oakville, Ontario, Canada, and a quantity
corresponding to about 105 cpm was added per well of
microtiter plate. The radioactivity bound was mea-
sured in an auto gamma scintillation spectrometer. For

each antibody determination, the maximal binding
activity against BCG antigens was established with a
pool of 10 sera from BCG-hyperimmunized mice. The
binding activity (i.e., antibody activity) of the sera to
be tested was expressed as a percentage of the maxi-
mal binding activity and was calculated as follows.
The % binding activity = (cpm of tested serum -
background cpm)/(cpm of hyperimmune serum -
background cpm) x 100, where the background counts
per minute represents the count obtained in antigen-
coated wells run in parallel but without the addition of
any serum.

All determinations were performed before skin test-
ing since the amount of BCG antigens (20 p.g) used for
challenges provoked a secondary antibody response in
BCG-infected mice.

Sensitization and DTH to SRBC and to Corynebacteri-
um parvum. The mice were sensitized in one rear
footpad with 5 x 108 SRBC or 0.7 mg of C. parvum
(Burroughs Wellcome Co., Research Triangle Park,
N.C.) suspended in 20 ,ul of saline. Six to seven days
later, the animals were challenged in the opposite
footpad with 1 x 108 SRBC or 7 Lg of C. parvum, and
the reactions were measured 24 and 48 h later.
Cy treatment. Cyclophosphamide (Cy) monohydrate

(Sigma Chemical Co., St. Louis, Mo.) was dissolved in
HBSS and injected intraperitoneally into the mice at a
dose of 200 mg/kg of body weight 2 days before
infection or sensitization.

Splenectomy. Two to three weeks before infection,
the mice were splenectomized and sham-splenecto-
mized under pentobarbital anesthesia through a left
subcostal incision.

Statistical analysis. Each experimental group com-
prised 5 to 10 mice. The results are expressed as the
arithmetic mean of data obtained in individual experi-
ments or of results obtained in replicate experiments
plus or minus the standard error of the mean (SEM).
Statistical significance was determined by Student's t
test. P < 0.05 was considered significant.

RESULTS
Kinetics of evolution of DTH and anti-BCG

antibody responses in mice infected s.c. or i.v.
with BCG. Groups of C57BL/6 mice were infect-
ed s.c. via the RHFP or i.v. with 1.0 mg of living
BCG. At 1-week intervals thereafter, one group
of s.c. infected and one group of i.v. infected
mice were challenged in the LHFP with BCG
soluble antigens to evaluate the level of DTH
response. The s.c. infected mice developed a
strong cutaneous reaction, which was first de-
tected 2 weeks after infection; it reached a
maximum value at 3 weeks and then decreased
slowly during the following weeks (Fig. 1A). The
intensity of this reaction was found to increase
during the first 24 h after the challenge and to
persist at about the same level for the next 24 h.
Thereafter, it decreased slowly and usually dis-
appeared at % h. Such a kinetics therefore
suggests that the cutaneous reaction detected in
s.c. infected mice is really of the tuberculin type.
In contrast, during the 6-week observation peri-
od, the mice infected i.v. failed to develop a
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positive cutaneous reaction at 24 and 48 h after
the challenge. In fact, the small detectable skin
reaction seen at 2 to 4 weeks did not significantly
differ from the background value, that is, the low
nonspecific inflammatory reaction provoked by
the inoculation of noninfected control mice with
the antigens. Moreover, at 2 to 4 h after the
challenge, no significant increase in footpad
thickness was observed, thus eliminating the
presence of an immediated-type reaction. The
use of a larger dose of soluble antigens (i.e., 80
instead of 20 F.g) or of a whole sonic extract of
BCG did not provoke delayed footpad swelling
in i.v. infected mice, whereas under both of
these conditions, the level of cutaneous reac-
tions in s.c. infected mice was increased signifi-
cantly (data not shown).
Two groups of seven mice were infected, one

i.v. and the other in the RHFP, with 1.0 mg of
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BCG, and at 1-week intervals for 6 weeks there-
after, each mouse was bled via the retro-orbital
plexus for the measurement of antibody activity
(Fig. 1B). A small activity (usually less than
10%o) was detected in the serum of some of the
noninfected control mice. In both groups of
infected mice, a significant response (P < 0.001,
when compared with the controls) was detect-
able at 2 weeks after infection. Thereafter, the
humoral responses increased gradually but to a
lower extent in the i.v. infected mice, so that at 6
weeks postinfection the difference between the
two groups was highly significant (P < 0.02).

Effect of dose of BCG on cutaneous unrespon-
siveness in i.v. infected mice. To investigate
whether the cutaneous unresponsiveness in i.v.
infected mice represented a state of immune
paralysis or tolerance due to the fact that a too
large dose of bacilli was inoculated, we infected

HYPERSENSITrVITY

WEEKS AFTER INFECTION

FIG. 1. Kinetics of appearance of DTH reaction (A) and antibody activity (B) in mice infected i.v. and s.c.
Each bar represents the mean value of 10 mice (A) or 7 mice (B), and the SEMs are indicated by the vertical lines.
The horizontal broken lines reprcsent the range of background reactions in the control mice.
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TABLE 1. Effect of dose of BCG on DTH and IgG antibody responses in i.v. and s.c. infected mice at 3
weeks after infection

Dose of BCG i.v. infected mice s.c. infected mice
inoculated 48-h footpad Antibody 48-h footpad Antibody

(mg) increasea activityb increasea activityb
1.0 2.2 ± 0.6 28.7 ± 3.0 9.8 ± 1.7 30.1 ± 3.5
0.1 3.3 ± 0.3c 24.2 ± 2.1 9.7 ± 1.9 31.7 ± 3.7
0.01 3.6 t 0.4c 18.6 ± 1.7 8.7 ± 1.1 17.9 ± 2.4
0.001 2.1 ± 0.7 7.5 ± 0.9 6.9 ± 1.4 12.8 ± 2.5
0.0001 2.2 ± 0.4 7.8 ± 1.1 4.3 ± 1.0 5.3 ± 0.8
Control 1.3 ± 0.3 6.1 ± 0.8 1.5 ± 0.5 5.9 ± 0.7
a Mean increase in footpad thickness (0.1 mm) plus or minus the SEM obtained from groups of 10 mice.
b Mean percentage of binding activity of corresponding groups of mice plus or minus the SEM.
c Statistically different from the control (P < 0.01).

groups of mice i.v. (and s.c. as controls) with
decreasing doses of BCG 3 weeks before the
challenge (Table 1). In two independent experi-
ments, a small skin reaction was observed in the
groups inoculated i.v. with 0.1 and 0.01 mg.
These reactions differed (P < 0.01) from the
background reaction but did not statistically
differ from those detected in the other experi-
mental groups. All groups of mice that were
infected in the footpad mounted a large tubercu-
lin reaction, the intensity of which was found to
be directly related to the sensitizing dose. Since
the mice infected i.v. with the smallest doses
might require more time to become fully sensi-
tized, all groups were skin tested again 3 weeks
later, that is, 6 weeks postinfection, in the
opposite footpad with BCG antigens. Only the
group previously inoculated with 0.1 mg still
showed a small cutaneous reaction, and the

TABLE 2. Delayed cutaneous reaction induced in
mice unresponsive to BCG

Group Micea Induction 48h oopaGroup Micea (BCG s.c.)b Skin test increased
1 Normal - + 1.40 ± 0.4
2 Normal + + 6.63 ± 0.7
3 Unresponsive + + 3.90 ± 0.3e
4 Unresponsive - + 2.13 ± 0.3
a Unresponsive mice were those infected i.v. with

BCG 3 weeks earlier.
b Unresponsive or age-matched normal mice were

injected or not with 1.0 mg of BCG in the RHFP.C Three weeks after the induction, all groups of mice
were skin tested with 20 ,i.g of BCG antigens inoculat-
ed in the LHFP.

d Mean increase in footpad thickness (0.1 mm) plus
or minus the SEM obtained in three separate experi-
ments; each experiment comprised five mice per
group.

' Statistically different from group 2 (P < 0.05) and
group 4 (P < 0.05).

intensity of this reaction was about the same
order of magnitude as at 3 weeks (data not
shown). These results thus indicated that al-
though an optimum dose of BCG, when given
i.v., can induce a small but distinct cutaneous
reaction, the degree of sensitization never
reached that of s.c. infected mice.
Twenty-four hours before the 3-week footpad

test, all groups of mice were bled for the deter-
mination of antibody activity (Table 1). As seen,
0.01 and 0.001 mg of BCG represented the
minimum dose leading to a IgG antibody re-
sponse in i.v. and s.c. infected mice, respective-
ly. The dose leading to an optimum antibody
response appeared to be 0.1 mg, regardless of
the route of administration. As expected, be-
tween these optimum and minimum doses, the
humoral response was dose related.

Attempts to induce a delayed footpad reaction
to BCG antigens in unresponsive mice. As seen
above, the mice infected i.v. with 1.0 mg ofBCG
failed to develop a significant DTH reaction at
the footpad level. Experiments were next per-
formed to investigate whether these unrespon-
sive mice would respond to an inductive dose of
BCG. Thus, the mice infected i.v. 3 weeks
earlier were injected in the RHFP with 1.0 mg of
bacilli, and 3 weeks later, they were challenged
with the specific antigens in the opposite foot-
pad. Pooled data obtained from three consecu-
tive experiments that gave essentially the same
results are shown in Table 2. Unresponsive
mice, when inoculated s.c. with BCG (group 3),
mounted a delayed footpad reaction that was
significantly (P < 0.05) smaller than the one
induced in normal mice (group 2). However,
although smaller, this reaction was statistically
(P < 0.05) higher than the one observed in
untreated, unresponsive mice (group 4). Thus,
under these experimental conditions, the induc-
tion of a DTH reaction to BCG was not com-
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TABLE 3. Effect of BCG administered i.v. on the induction of DTH reactions to SRBC and to C. parvum in
C57BL/6 mice

BCG Sensitizing Increase in footpad thicknessb at (h):
pretreatmenta antigen 24 48

SRBC 4.9 ± 1.3 1.5 ± 0.6
+ SRBC 5.3 ± 1.2 (NS) 2.5 ± 0.8 (NS)

C. parvum 5.9 ± 0.9 6.3 ± 1.0
+ C. parvum 3.1 ± 0.8 (<0.05) 2.3 ± 0.7 (<0.02)

a BCG was administered i.v. 2 weeks before the sensitization with SRBC and C. parvum via one hind footpad.
b Each value represents the arithmetic mean of increase in footpad thickness (0.1 mm) plus or minus the SEM

obtained from five to six mice. The P value when compared with BCG-untreated control mice is given in
parentheses. NS, Not significant.

pletely suppressed in unresponsive mice. On the
other hand, in two other experiments not report-
ed here, in which the mice were injected con-
comitantly with 1.0 mg i.v. and 1.0 mg in the
footpad, a complete suppression of the induction
of the cutaneous reaction was obtained. These
results agreed well with those of Lefford and
Mackaness (20), who reported that a concomi-
tant i.v. inoculation of M. Iepraemurium sup-
pressed granulomata of a cell-mediated-immuni-
ty type that is normally induced when mice are
infected in the footpad.

Specificity of cutaneous unresponsiveness to
BCG antigens. To study whether the cutaneous
unresponsiveness was antigenically specific, we
sensitized mice infected i.v. with BCG 2 weeks
earlier and uninfected mice (as controls) with
SRBC or C. parvum in one rear footpad and
challenged them 6 to 7 days later with the
appropriate antigen in the opposite footpad. The
levels of induced DTH reaction to SRBC were
the same whether or not the mice were pretreat-
ed with BCG, whereas the level of cutaneous
reaction to C. parvum was significantly de-
pressed (P < 0.05) in BCG-pretreated mice
(Table 3). Interestingly, the drop in the footpad
reaction at 48 h occurred more rapidly in SRBC-
than in C. parvum-sensitized mice.

Attempts to block the expression of the delayed
footpad reaction. For these experiments, mice

that had been sensitized via the footpad 3 weeks
earlier were infected i.v. with BCG, and 3 weeks
later, they were skin tested with specific anti-
gens (Table 4). A significant (P < 0.01) depres-
sion in the footpad thickness was observed in
presensitized mice treated i.v. with BCG (group
3) by comparison with the cutaneous reaction of
untreated presensitized mice (group 4). Howev-
er, a comparison of the cutaneous reactions of
group 2 and group 3 revealed that, under these
experimental conditions, the desensitization was
incomplete.
Footpad reactions of mice treated with Cy

before infection with BCG. The treatment of
mice with Cy 2 days before immunization usual-
ly enhances cell-mediated immune responses,
presumably by depleting or inactivating the pre-
cursors of suppressor cells (2) or by inhibiting
antibody synthesis (19) or both. Cy was used in
the present study in an attempt to reverse the
BCG-induced unresponsive state. Cy treatment
neither abolished the unresponsiveness of i.v.
infected mice nor improved the cutaneous reac-
tion of mice infected in the footpad (Table 5).
The same results were obtained in four addition-
al experiments. The use of sonicated BCG in-
stead of soluble antigens for challenging Cy- and
i.v.-treated mice also did not elicit a positive
skin reaction. On the other hand, pretreatment
with Cy highly depressed the humoral response

TABLE 4. Effect of i.v. administration of BCG on expression of delayed footpad reaction in BCG-sensitized
mice

Suppression' Skin 48-h footpadGroup Mice' (BCG i.v.) testc increased
1 Normal + 1.10 ± 0.3
2 Normal + + 2.08 ± 0.4
3 Sensitized + + 3.83 ± 0.2e
4 Sensitized + 7.50 ± 0.8

aSensitized mice are those injected with 1.0 mg of BCG in the RHFP 3 weeks earlier.
"Sensitized and age-matched normal mice were infected i.v. with 1.0 mg of BCG.
C All groups of mice were skin tested in the LHFP with 20 ,ug ofBCG antigens 3 weeks after the i.v. infection.
d Mean increase in footpad thickness (0.1 mm) plus or minus the SEM obtained in three separate experiments;

each experiment comprised five mice per group.
' Statistically different from group 2 (P < 0.05) and group 4 (P < 0.01).
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TABLE 5. Effects of Cy on footpad reactions to BCG and SRBC and on anti-BCG antibodies

Mouse treatment Footpad increasec at (h):
Antibody activity

Antigen and 24 48 (% binding t SEM)d

- BCG i.v. 3.0 ± 0.7 2.5 ± 0.8 23.3 ± 2.1
+ BCG i.v. 2.7 ± 0.6 1.9 ± 0.7 10.4 ± 4.3 (<0.05)
- BCG s.c. 9.5 ± 0.9 8.8 ± 1.3 32.2 ± 1.4
+ BCG s.c. 10.5 ± 1.2 8.5 ± 0.4 11.0 ± 2.4 (<0.001)
- None 1.8 ± 0.4 1.6 ± 0.3 2.3 ± 0.1
+ None 1.0 ± 0.2 0.8 ± 0.1 0

- SRBC s.c. 6.2 ± 1.5 1.4 ± 0.4 NDe
+ SRBC s.c. 16.0 ± 1.8 5.8 ± 1.6 ND
a Cy (200 mg/kg of body weight) was administered intraperitoneally 2 days before infection or sensitization.
b The mice were challenged with soluble BCG antigens 3 weeks after infection or with SRBC 6 days after

sensitization.
c Mean increase in footpad thickness (0.1 mm) plus or minus the SEM obtained from five mice per group.
d The P value when compared with untreated infected mice is given in parentheses.
' ND, Not determined.

at 3 weeks postinfection in both groups of BCG-
infected mice; and, in addition, it completely
eliminated the small amount of natural antibod-
ies in the serum of normal mice. The depression
of the anti-BCG activity, although less intense,
was still detectable 6 weeks postinfection, indi-
cating the long-lasting effect ofCy on this type of
response (data not shown).
The SRBC model was used to verify the

enhancing effect of Cy on another delayed cuta-
neous reaction. Thus, Cy-pretreated mice and
untreated C57BL/6 mice were sensitized in one
rear footpad with SRBC and 6 days later they
were challenged in the contralateral footpad
with SRBC (Table 5). Cy-treated mice mounted
a very strong cutaneous reaction, which reached
its maximum value at 24 h postchallenge and
markedly differed (P < 0.01) from that of un-
treated sensitized mice. At 48 h, the drop in the
footpad reaction was much faster in the SRBC
than in the BCG model.

Effects of splenectomy on cutaneous unrespon-
siveness of i.v. infected mice. Evidence is accu-

mulating that the spleen is a major source of
suppressor cells (25) or is required for suppres-
sor cell induction (30). In a final series of experi-
ments, cellular and humoral responses to BCG
in splenectomized mice were compared with
those of sham-operated control mice (Table 6).
As shown, splenectomy was without any signifi-
cant effect either on the unresponsiveness of i.v.
infected mice or on the intensity of the cutane-
ous reaction in s.c. infected ones. On the other
hand, irrespective of the route of infection, the
humoral antibody response was significantly de-
pressed in splenectomized mice.

DISCUSSION
The present study has shown that the develop-

ment of cellular and humoral immune responses
to mycobacterial antigens in C57BL/6 mice is
greatly influenced by the route of administration
of a high dose of BCG. Indeed, a s.c. (footpad)
inoculation provoked a large DTH reaction at
the footpad level and a continuous increase in
the specific IgG antibody response throughout

TABLE 6. Effects of splenectomy on levels of cutaneous reaction and antibody activity in BCG-infected
mice

Route of 48-h footpad A ait
inoculation Mouse treatment increaseb Antibody activSty'
of BCGa (0.1 mm ± SEM) ( idn ±SM

i.v. Sham-operated 2.9 ± 0.08 44.7 ± 5.1
Splenectomized 2.7 ± 0.11 (NS) 26.8 ± 3.9 (<0.05)

s.c. Sham-operated 8.0 ± 0.28 46.5 ± 5.0
Splenectomized 7.6 ± 0.25 (NS) 28.1 ± 3.4 (<0.05)

a BCG was inoculated 2 weeks after the surgical operation of mice.
b The mice (10 per group) were challenged in the LHFP with soluble BCG antigens 3 weeks after infection. The

P value when compared with sham-operated mice is given in parentheses. NS, Not significant.
C The antibody activity was measured 1 week after challenge, that is, 4 weeks after infection. The P value

when compared with sham-operated mice is given in parentheses.
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the whole observation period. In contrast, the
i.v. route of infection failed to induce significant
levels of DTH and greatly reduced the produc-
tion of anti-BCG antibodies at 5 to 6 weeks after
infection. Several groups of workers had ob-
served a failure to mount a delayed cutaneous
reaction in mice or guinea pigs heavity infected
i.v. with mycobacteria (7, 8, 23, 28, 29). The
present study has extended these results by
showing that the cutaneous unresponsiveness
was not really dose dependent, was of long
duration, not antigenically specific, was possibly
accompanied by a late depression of IgG anti-
body synthesis, and finally, was insensitive to
Cy and to splenectomy. The failure to mount
DTH has also been reported in mice infected i.v.
with several types of viruses and parasites (26).
A previous report by Collins and Mackaness

(7) had shown that, in i.v. inoculated CD-1 mice,
108 viable BCG provoked unresponsiveness,
whereas 106 did not. In the present study, 107
CFU of BCG were suppressive, whereas smaller
doses (106 and 105) induced significant but small-
er cutaneous responses than those induced in
mice inoculated s.c. with corresponding doses
(Table 1). The slight variations in the levels of
DTH responses between both studies could be
explained by differences either in the suscepti-
bility of the mice to BCG infection (11) or in the
nature of the sensitizing material. Since a lyophi-
lized preparation of BCG contains a higher pro-
portion of dead bacilli than does a freshly har-
vested one, further experiments will be needed
to clarify this point.
The immunological unresponsiveness ob-

served in this study might represent a form of
partial tolerance called split tolerance or im-
mune deviation (1), since only the cutaneous
reaction was effectively depressed, whereas IgG
antibody synthesis, when compared with that of
s.c. infected mice, remained intact, at least early
after infection. The reasons for the late reduc-
tion of antibody production are presently un-
known. It is likely, however, that the mecha-
nisms involved in the regulation of DTH differ
from those regulating antibody production, and
both types of mechanisms would operate at
different times after infection.
With various sensitizing agents, such as puri-

fied proteins in incomplete Freund adjuvant,
hapten-carrier conjugates, heterologous erythro-
cytes, etc., a reciprocal relationship usually ex-
ists between DTH and antibody production (13,
24). This does not seem to be the case with
mycobacterial agents since the tuberculin reac-
tion was detectable even in the presence of
circulating IgG antibodies; the largest skin reac-
tions occurred in the mice showing the highest
antibody activity (that is, in s.c. infected mice);
and finally, both splenectomy and Cy pretreat-

ment, although reducing significantly the
amount of circulating antibodies, did not en-
hance the delayed footpad reaction. Obviously,
no absolute conclusion can be reached about
this interrelationship since it is still unknown
whether the mycobacterial antigenic determi-
nants responsible for the development of the
cellular response are the same as or differ from
those leading to antibody production. On the
other hand, this does not mean that the presence
of circulating antibodies cannot affect the induc-
tion or the expression of the tuberculin reaction.
Preliminary experiments done in this laboratory
have indicated that the amount of the various
subclasses of IgG antibodies to BCG varied with
the route of inoculation, and as already observed
with other murine DTH experimental models,
IgGl can depress the DTH reaction (9).
The BCG-induced unresponsiveness was

found to persist for at least 6 weeks. During this
period of time, however, the induction of DTH
to tuberculin was completely or partially sup-
pressed when an inductive dose of BCG was
administered at the same time as or 3 weeks
after, respectively, the tolerogenic dose of bacil-
li, thus implying that the activity of the inhibitor
mechanisms triggered by the i.v. inoculation of
BCG decreased with time. In addition, a partial
but significant desensitization was observed 3
weeks after an i.v. inoculation of bacilli into
BCG-sensitized mice. Considered together,
these results strongly suggested that an i.v.
injection of BCG can act at both the inductive
and the expressive phases of the tuberculin
reaction.

Several hypotheses, such as reticuloendothe-
lial blockade (27), perturbation of lymphocyte
traffic (5), antigenic competition (10), and the
presence of suppressor cells (6, 23, 32), have
been put forward to explain the cutaneous unre-
sponsiveness to mycobacteria in heavily infect-
ed mice. Two approaches were used in the
present study to determine whether suppressor
cells were involved in BCG-induced anergy.
One was to remove the organ apparently impli-
cated in the induction of these cells (25, 30).
Splenectomy did not prevent the development of
the unresponsive state. It should be noted, how-
ever, that not only does BCG induce nonspecific
suppressor cells at the spleen level, as demon-
strated in vitro, it also activates the nonspecific
suppressor cells naturally present in the bone
marrow (3). More recently, we have confirmed
this last finding and observed, in addition, that
bone marrow activation also occurred in sple-
nectomized mice (unpublished data), suggesting
that suppressor cells of mitogen-induced blasto-
genesis could be activated elsewhere than in the
spleen.
Another approach was to treat mice with high
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doses of Cy before infection in an attempt to
eliminate the precursors of suppressor T lym-
phocytes (2). Repeatedly, such pretreatment
neither reversed the cutaneous unresponsive-
ness in i.v. infected mice nor improved the
footpad reaction in s.c. infected mice, thus sug-
gesting that the suppressor mechanisms of BCG-
induced anergy, regardless of their nature, are
Cy resistant. These findings contrast with those
of other investigators who reported an enhance-
ment of the tuberculin reaction in mycobacteria-
infected and Cy-pretreated mice (23) and guinea
pigs (10). Attempts to conciliate these divergent
results by reducing the Cy dose or the BCG dose
in C57BL/6 mice or by using another inbred
strain (C3H/He mice) have failed. On the other
hand, under the same experimental conditions,
Cy markedly improved the delayed cutaneous
reaction induced by SRBC, thus implying that
the DTH to mycobacteria, i.e., the classical
DTH, really differs from the DTH to SRBC,
which would correspond to a cutaneous basophil
type of hypersensitivity (10). The difference
between the kinetics of cutaneous reactions to
infection agents (BCG and C. parvum) and to
SRBC (Tables 3 and 5) would support this
interpretation. In addition, the fact that mice
treated i.v. with BCG can mount aDTH reaction
to SRBC but not to C. parvum would indicate
that the mechanisms involved in the induction of
the various types of DTH also differ.
The anergy that develops in i.v. infected mice

could also be caused by the clonal deletion of
those cells that naturally react with BCG anti-
gens. This latter mechanism could operate alone
or in association with suppressor cells. Adoptive
cell transfer experiments, which represent one
of the next logical steps in these studies, are in
progress to answer this question.
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