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It is believed that cell-mediated immunity alone can contain Mycobacterium tuberculosis, the pathogen respon-
sible for tuberculosis. The induction of antibody, or of a mixed cell-mediated/humoral response, is associated
with tuberculous disease. It is therefore important to determine the conditions of immunization with bacille Cal-
mette Guérin (BCG), the attenuated strain of Mycobacterium bovis used to vaccinate humans against tubercu-
losis, that optimally induces an exclusive cell-mediated, Th1 response. Such a determination will then allow an
assessment of whether the generation of such an exclusive Thl response results in the generation of a Th1 im-
print against mycobacteria. This Thl imprint would ensure that the Th1 response is predominant following any
challenge. We therefore tested the proposition that the dose of mycobacteria used for immunization generally
determines the Th1/Th2 nature of the ensuing response. Our results demonstrate that relatively low doses lead
to an almost exclusive cell-mediated, Th1 response, while higher doses induce a mixed Th1/Th2 response. Fur-
thermore, the dependence on dose is independent of whether BCG is administered intravenously, subcutane-
ously, or intradermally. The implications of our findings to understanding how different classes of immunity are
induced, to the epidemiology of tuberculosis, and to the design of effective vaccination strategies are discussed.

Tuberculosis results in the death of about 3 million people
each year (36). The increasing prevalence of multidrug-resis-
tant forms of the causative bacterium in infected patients has
led to an acknowledgment that drug therapy, cumbersome
under the best of circumstances, has intrinsic limitations (14).
A standard and universally efficacious form of vaccination
against Mycobacterium tuberculosis, should such vaccination
prove feasible, would appear to be the ideal means of control-
ling this disease. However, the degree of protection afforded by
vaccination with an attenuated form of Mycobacterium bovis,
Bacille Calmette-Guérin (BCG), is notoriously variable (13).
The last World Health Organization-sponsored trial, carried
out between 1968 and 1971 and involving over a quarter of a
million subjects, led to the conclusion that BCG vaccination, as
performed, had no overall protective effect against tuberculo-
sis. The relationship between protection achieved and the dose
of BCG administered was unknown, and so the largest accept-
able dose of BCG was administered in this trial (39).

Tuberculosis is one of several chronic diseases caused by
intracellular parasites where protection and limited disease are
correlated with a relatively exclusive cell-mediated attack (11,
38). These diseases include leprosy (41) and the leishmaniases
(18, 31). The induction of antibody usually leads to chronic or
progressive and fatal disease (11, 18, 31, 38, 41). This is be-
cause antigen-specific cells generated during a strong antibody
response down-regulate the cell-mediated response required
to contain these diseases, most probably at both the level of
induction of the cell-mediated response and the level of coun-
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teracting the activity of cell-mediated effector T cells (22, 23,
32, 33, 37, 40).

We recently explored a vaccination strategy in a mouse mod-
el of one of these diseases, cutaneous leishmaniasis, caused by
the protozoan Leishmania major. L. major either is contained
or causes progressive disease when mice of different strains are
infected with a substantial number of parasites. Resistance and
susceptibility in these different strains are correlated with par-
asite-specific Thl and Th2 responses, respectively (24). Our
approach to vaccinating BALB/c mice, the prototypic suscep-
tible strain, was based on older studies by others. It has been
demonstrated with a variety of antigens, in different animal
species, that the dose of antigen administered is crucial in
determining the class of immunity induced. Low doses favor a
cell-mediated response, and higher doses favor antibody pro-
duction (16, 18, 21, 30, 35, 42). We showed that infection of
susceptible BALB/c mice with low doses of L. major induces a
stable, cell-mediated, Thl-like response that is exclusive of
antibody production and that such mice do not suffer progres-
sive disease. In contrast, infection with higher doses results in
a transient cell-mediated response whose decline correlates
with the production of antibody, the generation of Th2 cells,
and progressive infection (7, 26a). Furthermore, we showed
that low-dose-exposed mice become resistant to a high-dose
challenge that causes progressive infection in immunologi-
cally naive BALB/c mice. This resistance to a high-dose
challenge is associated with the induction of a stable, cell-
mediated, Thl-like response (7, 26a). Thus, infection with low
numbers of L. major not only favors cell-mediated immunity
but causes an imprint on the immune system, ensuring a pro-
tective, cell-mediated, Thl response upon subsequent infec-
tion. Low-dose infection thus constitutes effective vaccination.

The possibility that vaccination with relatively low doses of
BCG provides better protection against tuberculosis than vac-
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cination with the standard dose is intriguing, particularly in
view of the use of the largest acceptable dose of BCG in the
last World Health Organization-sponsored BCG trial referred
to above. Our long-term plan is to test a strategy for achieving
efficacious vaccination of people against tuberculosis (6). We
explore in this report the validity of the proposition that infec-
tion with low numbers of BCG generates a relatively exclusive
cell-mediated, Thl response, independently of whether the
route of infection is intravenous (i.v.), subcutaneous (s.c.), or
intradermal.

MATERIALS AND METHODS

Mice. BALB/c mice were obtained from the animal colony at the Department
of Microbiology. Mice over 6 weeks of age were used and were of the same sex
within each experiment.

Growth and enumeration of BCG and immunization of mice. M. bovis BCG
Montreal was kindly provided by Emil Skamene, McGill University. The myco-
bacteria were propagated in Dubos medium containing 0.5% bovine serum
albumin and 0.05% Tween 80 (29). Bacteria were enumerated by the ability to
form colonies (15), which can be counted 10 to 14 days after plating, and the
number of bacteria is consequently given as CFU. Mice were immunized either
iv., s.c., or intradermally, as indicated.

Antigen preparation. Bacteria were grown until they reached approximately
4 x 107/ml. They were then pelleted by spinning for 20 min at 8,000 X g,
resuspended in 0.05% Tween 80 in saline, and washed two more times in this
solution. The bacteria were then resuspended in 5 ml of ice-cold 0.05% Tween
80 in saline and sonicated for 14 cycles of 1 min each in a Branson Sonifier,
model 450, according to the manufacturer’s instructions for disrupting mycobac-
teria. This sonicated suspension was used as antigen in the enzyme immunospot
(ELISPOT) assay. In some cases the suspension was spun for 20 min at 8000 X
g to remove particulate matter and the supernatant was collected. Protein con-
centration of the harvested supernatant was determined by the bicinchoninic acid
protein assay reagent (Pierce, Rockford, Ill.), and the supernatant was stored at
—70°C. This antigen preparation was used to stimulate the production of cyto-
kines by spleen cells of BCG-immunized mice and in the measurement of
BCG-specific delayed-type hypersensitivity (DTH) (see below).

Measurement of DTH. The expression of bacterium-specific DTH was as-
sessed at different time points after infection by a passive transfer assay as
described elsewhere (3). Briefly, 5 X 10° to 10 X 10° viable white, whole spleen
cells either alone or with 10 pg of bacterial antigen were transferred s.c. to the
footpads of each of three to five mice, and the 24-h swelling of the foot was
measured in units of 10~ 2 millimeter. The antigen-dependent swelling is taken as
a quantitative measure of DTH. For this assay, 10 pg of mycobacterial antigen
was used, as this was considerably below the amount of antigen that, when given
alone, produced a measurable swelling reaction at 24 h.

Analysis of mycobacterial antigen-dependent production of lymphokines by
spleen cells from BCG-infected mice. The RPMI culture medium used was
supplemented with 7.5% fetal calf serum, 2.5% horse serum, and B-mercapto-
ethanol at a final concentration of 5 X 107> M and contained penicillin (100
U/ml) and streptomycin (100 pg/ml). Preliminary experiments showed that
spleen cells from BCG-infected mice that expressed significant BCG-specific
DTH by the passive transfer assay (see above) also proliferated in response to
mycobacterial antigen. When spleen cells were plated at 5 million cells per well
in a 24-well tray (Costar, Cambridge, Mass.) in 1.5 ml of medium, it was found
that mycobacterial antigen-dependent proliferation of spleen cells from sensi-
tized donors was maximal in the presence of 3.33 pg of antigen per ml. Spleen
cells from unimmunized donors did not proliferate. The antigen-dependent
production of interleukin-4 (IL-4) by sensitized spleen cells was optimal when
the cells were cultured at 3 million viable white cells per well, and the superna-
tants were harvested at 48 h; the corresponding optimal density for the antigen-
dependent production of gamma interferon (IFN-y) was 6 million spleen cells
per well. Supernatants harvested at 48 h of culture were stored at —70°C and
later assessed for lymphokine content. As described in Results, the mycobacterial
antigen at the concentration used did not interfere with the L. major antigen-
dependent production of cytokines by spleen cells sensitized to L. major antigens.
The mycobacterial antigen did not have, by this criterion, any inhibitory or
immunomodulatory activity on cytokine production.

Lymphokine assays. IFN-y present in spleen cell culture supernatants was
quantitated by using a viral cytopathic reduction assay employing the murine
fibroblastic cell line 1.929 and endomyocarditis virus (12). The reduction in viral
cytopathogenicity was invariably due to interferon, as assessed by its abrogation
upon addition of the IFN-y neutralizing monoclonal antibody XMG1.2 (8). The
assay was standardized by reference to recombinant murine IFN-y of known
activity, as specified by the manufacturer (Genzyme). The IL-4-dependent cell
line CT4.S (19) was used to quantitate IL-4. Proliferation of this cell line in
response to either recombinant IL-4 (Genzyme) or IL-4 present in cell culture
supernatants was determined by incorporation of [*H]thymidine. The depen-
dency of proliferation on IL-4 was invariably confirmed by blocking proliferation
upon addition of the IL-4 neutralizing monoclonal antibody 11B11 (28). All
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assays were done in triplicate. The production of IFN-y and IL-4 is given as units
per 10° cultured white spleen cells; 1 ng of IL-4 is equal to 10 U and 1 ng of
IFN-v is equal to 5 U according to our standard assay procedure.

ELISPOT assay for antigen-specific cells making IFN-y or IL-4. The
ELISPOT assay was used to quantitate the number of antigen-specific spleen
cells producing IFN-y or IL-4 (10, 20). Ninety-six-well nitrocellulose-bottom
culture plates (Polyfiltronics, Rockland, Mass.) were coated with purified anti-
IFN-y or anti-IL-4 antibodies (Pharmingen, San Diego, Calif.) by adding to each
well 100 pl of antibody at 1.25 wg/ml in 65 mM bicarbonate buffer (pH 9.6) and
incubating the mixture at 4°C overnight. The plates were blocked with 200 wl of
RPMI medium containing 7.5% fetal calf serum for at least 1 h prior to addition
of spleen cells. Spleen cells from experimental mice were plated in 100 pl of
medium at two of three densities (10°, 5 X 10°, and 2.5 X 10° cells per well) in
the presence of additional irradiated (1,500 R from a ®°Co source) white spleen
cells from unimmunized mice. The addition of this number of irradiated normal
spleen cells was found to be necessary to ensure that the number of antigen-
dependent spots observed was approximately proportional to the number of
immunized spleen cells plated (31a). When required, antigen was added at a
concentration of 3.33 ug per ml of medium. The number of spot-forming cells
generated in the presence and absence of antigen by the spleen cells of each
experimental mouse was assessed in triplicate. The seeded plates were placed in
a 37°C incubator undisturbed for 8 h and then washed thoroughly with phos-
phate-buffered saline (PBS) containing 0.05% Tween 20 (PBST). The appropri-
ate biotinylated anticytokine antibody (Pharmingen) was added in 100 pl of
PBST at a concentration of 1.25 pg/ml, and the plates were incubated overnight
at 4°C. The plates were then washed once again with PBST. One hundred
microliters of alkaline phosphatase-streptavidin (Jackson Immunoresearch Lab-
oratories Inc., West Grove, Pa.) at a concentration of 0.2 pg/ml in PBST was
added to each well and incubated at room temperature for 1.5 h. The plates were
then washed with double-distilled H,O. The spots were developed by addition of
a 1-in-50 dilution in 0.1 M Tris-0.1 M NaCl-0.05 M MgCl, buffer (pH 9.5)
of nitroblue tetrazolium chloride (8.75 mg/ml) and 5-bromo-4-chloro-3-indolyl
phosphate, toluidine (9.4 mg/ml), in 67% (vol/vol) dimethyl sulfoxide as in-
structed by the manufacturer (Boehringer, Mannheim, Germany). Spots were
counted in a dissecting microscope after the plates had dried. Only the number of
antigen-specific cytokine-producing cells is reported. This number is calculated
by assessing the number of spots obtained in the presence of antigen and sub-
tracting the number obtained in the absence of antigen. In all cases, the average
numbers of spots obtained without antigen in the wells were approximately 1 and
<10 per 10° spleen cells in the IFN-y and IL-4 ELISPOT assays, respectively.

Analysis of antimycobacterial antibody by immunoblotting or by ELISA.
Blood from each healthy or infected mouse was collected by bleeding from the
tail, and individual sera were harvested. Serum was examined for mycobacteri-
um-specific immunoglobulin G1 (IgG1) and IgG2a antibodies by immunoblot-
ting as described elsewhere (7), using 20 pg of mycobacterial antigen per lane. In
some experiments, the IgG1 and IgG2a serum antibody titers were determined
by an enzyme-linked immunosorbent assay (ELISA) (17). Immulon-4 96-well
polystyrene plates were coated with BCG antigen at a concentration of 1 pg/well
in 100 wl of PBS. Serum samples were diluted 1/100 in PBS containing 2% bovine
serum albumin and 2% Tween 20 (assay diluent), and twofold serial dilutions
were prepared in the ELISA plate. The plates were incubated at 37°C for 2 h and
washed thoroughly with double-distilled H,O. Horseradish peroxidase-labeled
rat anti-mouse monoclonal antibody against mouse IgG1 or IgG2a (Southern
Biotechnology Associates, Birmingham, Ala.) was added to the wells at a dilution
of 1/3,000 in assay diluent, 100 pl per well, and incubated at 37°C for 2 h. After
washing, ABTS (2.2’-azino-di[3-ethylbenzthiazoline sulfonate [6]) substrate so-
lution (Kirkegaard & Perry, Gaithersburg, Md.) was added to the wells, the
plates were incubated for 20 min, readings were taken on a Bio-Rad (Hercules,
Calif.) model 2550 EIA Reader. Readings were corrected for background, and
the positive cutoff was set at twice the value for pooled normal mouse serum. The
titer was considered to be the last dilution to give a positive result.

RESULTS

Intravenous infection of BALB/c mice with different num-
bers of BCG leads to qualitatively different kinds of immune
response: low-dose infection results in an exclusive cell-medi-
ated, Thl response. The dose of a nonreplicating antigen, or
the number of replicating microorganisms, used to raise im-
munity is known in some cases to affect the class of immunity
induced (7, 16, 18, 21, 26, 30, 35, 42). We wished to define
conditions of immunization with viable BCG leading to a cell-
mediated, Th1-like response exclusive of antibody production,
as well as other conditions leading in the long term to re-
sponses with a significant antibody, Th2 component. In a pre-
liminary experiment, we infected mice i.v. with different num-
bers of BCG CFU, ranging from 40 to 4 X 107, and monitored
the mycobacterium-specific IgG1 and IgG2a antibodies pres-
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FIG. 1. Analysis by western blotting of sera from mice infected i.v. with
different numbers of BCG at various times postinfection for antimycobacterial
IgG1 and IgG2a antibodies. The odd- and even-numbered lanes were developed
to reveal antimycobacterial IgG1 and IgG2a antibodies, respectively. No anti-
bodies were detected in sera collected 3 weeks postinfection. (A) Antibodies
from mice 6 weeks postinfection. Lanes 1 to 4, from two mice infected with 4 X
107 BCG; lanes 5 to 10, from three mice infected with 4 X 10° BCG. The relative
positions of the molecular weight markers are indicated by arrowheads at the
left; from the top of the blot, the markers are maltose-binding protein—paramyo-
sin (83 kDa), glutamic dehydrogenase (62 kDa), aldolase (47.5 kDa), triosephos-
phate isomerase (32.5 kDa), and B-lactoglobulin A (25 kDa). (B) Antibodies
from a pool of sera from three mice infected with the same number of BCG and
collected at week 10 postinfection. Lanes 1 and 2, 4 X 107 BCG; lanes 3 and 4,
4 X 10° BCG; lanes 5 and 6, 4 X 10%; lanes 7 and 8, 40 BCG. The markers are
the same as for panel A, but with the addition of maltose-binding protein—3-
galactosidase (17s kDa). No antibody is detectable in mice immunized with the
two lower doses at later times up to 3.5 months.

ent in sera at 3, 6, and 8 weeks postinfection by immunoblot-
ting. We also assessed the induction of cell-mediated immunity
by determining the ability of spleen cells from mice infected 10
weeks previously to transfer DTH to naive recipients. We
found that infection with relatively low doses of BCG induced
substantial DTH but undetectable antibody production. Very
high numbers of CFU given i.v., i.e., 4 X 10° and 4 X 107, re-
sulted in the production of substantial antibody, but the spleens of
such mice expressed barely detectable DTH at 10 weeks post-
infection.

We wished to characterize more fully the nature of the im-
mune responses, including cytokine production by mycobacte-
rium-specific cells, to different doses of BCG given iv. We
therefore injected mice i.v. with either saline or 40, 4 X 103,
4 X 10°, or 4 X 107 CFU of BCG, and various parameters of
the immune response were examined at 3, 6, and 10 weeks
postinfection. First, we collected sera at these times and ex-
amined the mycobacterium-specific antibody present by West-
ern blotting (Fig. 1). Second, three mice from each group were
killed at 10 weeks postinfection, and the ability of their spleen
cells to express DTH was assessed by the passive transfer assay
(Fig. 2). Last, their spleen cells were also cultured with and
without mycobacterial antigen, and the supernatants were har-
vested at 48 h and assessed for the presence of IFN-y and IL-4.
We had determined an optimal concentration of our prepara-
tion of mycobacterial antigen for causing the proliferation of
mycobacterium-specific cells and optimal cell densities of sen-
sitized spleen cells for the antigen-dependent production of
IFN-y and IL-4. We ensured that the concentration of the
mycobacterial antigen chosen, 3.33 pg/ml, did not significant-
ly affect the production by L. major-specific lymphocytes of
IFN-vy and IL-4 in response to leishmania antigens. This dem-
onstrated that the BCG antigen preparation neither inhibited
nor enhanced the antigen-dependent production of IFN-vy and
IL-4 that follows stimulation of sensitized lymphocytes with a
nonmycobacterial antigen. The production of IFN-y and IL-4
by mycobacterial antigen-sensitized spleen cells in the absence
of mycobacterial antigen was below detection, and nonsensi-
tized cells also did not produce detectable cytokines upon
stimulation with mycobacterial antigen. We therefore report
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only the antigen-dependent production of cytokines by sensi-
tized cells.

The data shown in Fig. 1 to 3 are representative of two sep-
arate and independent experiments. Figure 1 demonstrates that
only those mice which have been immunized with the relatively
high doses of 4 X 107 and 4 X 10° BCG develop a significant
antibody response to BCG antigens in the Western blot assay.
Both the IgG1 and IgG2a subclasses of antibody are involved
in this response. Lower doses of BCG do not induce a detect-
able antibody response but result in substantial cell-mediated
immunity in the form of DTH-mediating cells, as demonstrat-
ed in Fig. 2. The observations recorded in Fig. 3 show that i.v.
infection with few BCG CFU (40 and 4 X 10°) results in the
generation of mycobacterium-specific spleen cells able to pro-
duce substantial IFN-y but not IL-4 when stimulated in vitro
with mycobacterial antigen, while infection with the highest dose
(4 X 107 CFU) results in the production of substantial amounts of
IL-4 upon stimulation of spleen cells with bacterial antigen at
10 weeks postinfection. One measure of the relative size of the
Th1 and Th2 components of the response is the ratio of IFN-y
to IL-4 produced upon antigen stimulation. High and low ra-
tios indicate responses dominated by the Thl and Th2 com-
ponents of the immune response, respectively. This ratio is
between 100 and 1,000 for spleen cells derived from mice
infected 10 weeks previously with 4 X 10° or fewer mycobac-
teria, whereas the corresponding ratios are about 10, 1, and 0.1
for the three mice infected with 4 X 107 mycobacteria.

We also used the ELISPOT assay to determine the number
of antigen-specific cells producing IFN-y or IL-4 in spleens
taken from mice following i.v. infection with BCG. This assay
had been established recently in our laboratory and was shown
to be more sensitive in detecting Th1 and Th2 responses than
the bioassays used to measure cytokines. The results of such an
experiment are shown in Table 1. The low dose of 200 BCG
CFU induces an exclusive Thl response, whereas the consid-
erably higher dose of 2 X 10° CFU induced a mixed response.
The low dose does not induce significant antibody, whereas the
high dose resulted in a potent humoral response. It should be
noted that we sometimes detect a very low mycobacterium-
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FIG. 2. DTH expressed by spleen cells of mice infected i.v. with the indicated
number of BCG CFU 10 weeks postinfection, measured by the passive transfer
assay as described in Materials and Methods. The units of DTH are 10~2 mm of
antigen-dependent footpad swelling.
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FIG. 3. Mycobacterial antigen-dependent production of IFN-y and IL-4 (units per 10° spleen cells) from mice infected i.v. with the indicated number of BCG at
the indicated times postinfection. Open bars represent production of IFN-vy, and hatched bars represent production of IL-4. Asterisks indicate <6 U for IFN-y and
0.4 U for IL-4. The ratio of IFN-y to IL-4 produced at 10 weeks postinfection is also shown.

specific antibody response in older mice which have not been
deliberately immunized. Our findings suggest that this is a re-
sponse to the presence of mycobacteria in the environment
(unpublished observations).

There is a similar dependency of the Th1/Th2 nature of the
immune response on dose of BCG following subcutaneous in-
fection of BALB/c mice. We examined, in two different exper-
iments, the nature of the immune response following s.c. infec-
tion with different numbers of BCG CFU. Figure 4 summarizes
our observations on antibody production from one experiment.
Infection with both 4 X 10° and 4 X 10® CFU led to detectable
antibody production, whereas infection with 4 X 10* and 4 X
10? mycobacteria did not, even when sera were collected 12
weeks postinfection. All doses led to the induction of cell-
mediated immunity as indicated by the substantial expression
of DTH by spleen cells harvested 12 weeks postinfection, (Fig.
5). The production of IFN-y and IL-4 by spleen cells, harvested
at different times following s.c. infection, in response to stim-
ulation by bacterial antigen is shown in Fig. 6. The most con-
sistent and substantial production of IL-4 occurs in mice infect-
ed with the highest dose at the latest time examined, i.e., week
12 postinfection. Overall, these observations show the same
trend as seen for mice injected i.v. with different doses of BCG;
i.e., low doses induce DTH and antigen-specific IFN-y produc-
tion, but significant IL-4 and specific antibody production is
induced only at higher doses of infection. A dose of BCG given
i.v. appears to be a more effective immunogen than the same
dose given s.c. This finding is not surprising and is consistent
with other observations in the literature (see Discussion).

There is also a similar dependency of the Th1/Th2 nature of
the immune response on dose of BCG following intradermal in-
fection of BALB/c mice. We were particularly interested in
determining how the dose of BCG affected the Th1/Th2 nature

TABLE 1. Immune responses of mice 11 weeks after immunization
by the i.v. route with different numbers of viable BCG

No. of cytokine-

producing cells/ Serum antibody

Treatment Mouse 10° spleen cells titer”
IFN-y  IL-4 IgG1 1gG2a
Saline only C1 4 2 200 —
C2 2 6 — 400
C3 2 0 — 200
C4 4 8 — 200
BCG CFU
~2 % 10? (low dose) L1 292 4 — —
L2 98 0 — —
L3 101 6 100 100
L4 188 0 200 —
L5 98 14 200 100
~2 % 10° (high dose) H1 246 222 8 x10* 3.2 x10°
H2 212 278 4x10* 1.6 X 10°
H3 332 302 8 x10* 32x10°
H4 326 300 4x10* 32x10°
H5 398 370 8 x10* 3.2 x10°

“ As determined by antigen-dependent ELISPOT assay.
’ Defined as the last dilution to give a positive result when tested by ELISA.
All sera from mice before immunization had titers of <100 (—).
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FIG. 4. Analysis of sera from mice infected s.c. with different numbers of
BCG at 6 weeks postinfection for antimycobacterial IgG1 and IgG2a antibodies.
Sera were pooled from three mice similarly injected. The pattern for sera col-
lected 6 weeks postinfection is similar to but stronger than the pattern for sera
collected at 3 weeks and similar to that seen for sera collected at week 12. The
odd- and even-numbered lanes were developed to reveal antimycobacterial IgG1
and IgG2a antibodies, respectively. Sera were from mice injected with 4 X 10%
(lanes 1 and 2), 4 X 10° (lanes 3 and 4), 4 X 10* (lanes 5 and 6), and 4 X 10?
(lanes 7 and 8) BCG CFU and with saline (lanes 9 and 10). The relative positions
of the molecular weight markers are indicated by the arrowheads at the left; from
the top of the blot, the markers are maltose-binding protein—-B-galactosidase
(175 kDa), maltose-binding protein—paramyosin (83 kDa), glutamic dehydroge-
nase (62 kDa), aldolase (47.5 kDa), and triosephosphate isomerase (32.5 kDa).

of the immune response following intradermal immunization,
as this is the route by which BCG is administered to humans
for vaccination. The same pattern concerning the dependence
of the Th1/Th2 nature of the response upon antigen dose as
seen following iv. and s.c. immunization is found following
intradermal immunization (Fig. 7 and 8). Low doses induce a
virtually exclusive Thl response, with undetectable antibody
production, whereas higher doses generate substantial num-
bers of IL-4-producing cells and lead to substantial antibody
production as quantitatively assessed by ELISA. The data pre-
sented in Fig. 7 and 8 are representative of three independent
experiments performed with the intradermal route of injection.
All experiments gave similar results.

DISCUSSION

The studies described here support the proposition that the
dose of BCG is crucial in determining the Th1/Th2 nature of
the immune response, with low doses favoring a predominantly
cell-mediated, Thl response, independently of whether the
BCG is given i.v., s.c., or intradermally.

We were surprised to find that infection with very low num-
bers of BCG, the lowest numbers tried (40 CFU i.v., 400 CFU
s.c., and 2,000 CFU intradermally), induced detectable im-
mune responses shortly after infection. These findings support
the plausibility of low-dose vaccination in that (i) these doses
of BCG are much below those used in most murine studies and
(ii) the corresponding responses are predominantly of the cell-
mediated, Thl type. They are also of interest from two other
perspectives. It seems to be generally accepted that an environ-
mental factor favoring the spread of tuberculosis is crowded
living conditions. Most individuals infected with M. tuberculosis
do not become ill (13). It is to be expected, within the context
of the findings reported here and of the view that only cell-
mediated responses are protective, that the dose of infection is
an important factor in determining whether disease develops,
with infection with higher numbers of bacilli leading to disease.
It is natural to suppose that crowded living conditions will lead
more often to the substantial infection required to establish
disease. Second, it might be anticipated that the effective dose
of mycobacteria, as perceived by the immune system of a
mouse or of a human, would depend not only on the number
of bacilli that infect an individual but also on the rate at which
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the bacilli divide. It is interesting from this perspective that a
ranking in mice of the relative virulence of different mycobac-
terial strains able to cause tuberculosis has been correlated
with their in vivo rate of replication (27). This again is under-
standable if high-dose infection is essential for the generation
of an antimycobacterial response with a significant antibody,
Th2 component, and hence for disease development.

Comparison of the observations recorded in Fig. 1 to 6
suggests that BCG is a more effective immunogen when given
i.v. than when given s.c., since a dose of 4 X 10°> CFU given i.v.
could induce antibody but a dose of 4 X 10° CFU given s.c.
induces barely detectable antibody. The greater effectiveness
of antigen given i.v. than of that given s.c. is not surprising, as
it is expected that in the former case the antigen will reach
secondary lymphoid organs more effectively. Our observations
are consistent with others reported in the literature showing
that antigen given i.v. is more effective as an immunogen than
antigen given s.c. (21, 42).

Our observations also bear on the nature of the decision cri-
terion determining whether antigen, in the form of a nonrep-
licating substance or of an infectious agent, induces a cell-
mediated, Th1 response or an antibody, Th2 response (9). Any
valid description of this decision criterion must account for the
conditions of immunization known to affect the Th1/Th2 na-
ture of the ensuing response. There are similar patterns of
antigen-dose dependence for the generation of cell-mediated,
Th1 responses and antibody, Th2 responses in many different
systems (7, 16, 21, 25, 26, 30, 35, 42), and such a dependence
needs to be explained. One hypothetical description of the
decision criterion, called the threshold hypothesis (2, 4, 5),
predicts that the antigen dose dependence of Thl and of Th2
responses reported here will generally hold, and so our obser-
vations can be regarded as providing indirect support for this
hypothesis. This dose dependence, if generally true, appears to
limit the validity of some suggestions as to the nature of the
criterion determining whether antigen induces a Thl or Th2
response. For example, the constitutive cytokine environment
may be different in different strains of mice, thus favoring
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FIG. 5. DTH expressed by spleen cells of mice infected s.c. with the indicated
number of BCG CFU 12 weeks postinfection, measured by the passive transfer
assay as described in Materials and Methods. The units of DTH are 10~2 mm of
antigen-dependent footpad swelling.
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FIG. 6. Mycobacterial antigen-dependent production of IFN-y and IL-4 (units per 10° spleen cells) from mice infected s.c. with the indicated number of BCG at
the indicated times postinfection. Open bars represent IFN-y production, and hatched bars represent IL-4 production. Asterisks indicate <6 U for IFN-y and 0.4 U

for IL-4.

either Th1 or Th2 responses (reviewed in reference 9). Such an
explanation for different Th responses in different strains of
mice may be partially valid but cannot be an overriding factor,
as it does not explain how different doses of the same antigen
can induce responses of different Th phenotype in the same
mouse strain. Another suggestion is that the type of APC that
induces Th cells may be crucial in determining what kind of
immune response ensues (reviewed in reference 9). We find it
striking that the same kind of dependency of the Th1l/Th2
nature of the response on BCG dose can be seen when infec-
tion is i.v., s.c., or intradermal. One might anticipate that such
routes of infection would result in uptake by different types of
APC. Our results suggest that it is important, in experimentally
determining whether antigen presented by a given type of APC
intrinsically favors the generation of Thl or Th2 responses, to
examine the nature of the Th response following immunization
with different amounts of antigen presented by a given type of
APC. It may be that a given type of APC has the potential to
induce both Th1 and Th2 responses and that the antigen dose
determines which response predominates under a given set of
circumstances.

Our results appear to reflect the general rule that for those
antigens able to induce both Th1 and Th2 responses, the Th1/
Th2 nature of the response depends on the dose of the antigen
used for immunization, with lower doses favoring the Th1 com-

ponent. Instances of this rule were first described after em-
ploying protein antigens and examining the immune response
in terms of DTH and antibody production (7, 35) and later
extended to xenogeneic erythrocytes (21, 42). Killed mycobac-
teria have been used in attempts to vaccinate against a patho-
genic mycobacterial challenge, with diverse results (34). Given
the diversity of the systems used diverse factors are likely to be
responsible for the lack of consistent findings. We anticipate
that mycobacterial dose will be one of these diverse factors. In-
deed, studies with heat-killed Mycobacterium vaccae show that
immunization with low doses generates a predominantly Th1
response, correlated with increased resistance, whereas higher
doses induce a mixed Th1/Th2 response, resulting in increased
pathology upon challenge with virulent M. tuberculosis (16).
These observations suggest that dead mycobacteria do not in-
evitably induce Th2-predominant responses, but that the Th1/
Th2 nature of the response depends on several conditions of
immunization, including antigen dose.

The observations reported here and elsewhere (7, 26a) in-
volve the slowly replicating intracellular microorganisms L. major
and BCG and an examination of the antigen-dependent gen-
eration of Thl and Th2 cells. L. major and BCG are highly
complex from a chemical point of view, containing, for exam-
ple, many distinct proteins. These proteins are presumably
present in very different amounts. One could imagine a sce-
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FIG. 7. Numbers of BCG-specific cytokine-producing cells/10° spleen cells,
measured by ELISPOT assay in mice immunized intradermally with different
numbers of BCG CFU at the indicated times postinfection. Open and hatched
bars represent the numbers of IFN-vy spots and IL-4 spots, respectively. Control
mice received saline only. Asterisks indicate <5 spots per 10° spleen cells.

nario in which the Th1/Th2 nature of the immune response to
each individual component was separately determined by the
immune system, dependent on a variety of factors, including
perhaps its concentration. Such independence of responses
would lead to mixed Th1/Th2 responses to a mixture of the
microorganism’s antigens under most conditions. Because we
find a tendency for responses to be exclusive, our observations
support the idea that the Th1/Th2 nature of the response to
different components of these microorganisms is not indepen-
dently but coordinately regulated. This phenomenon has been
referred to as coherence (1). It is essential to our vaccination
strategy, as it means that we can ensure a protective, Thl re-
sponse to protective antigens, without defining their nature, by
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FIG. 8. Serum antibody (IgG1 and IgG2a) titers of mice 11 weeks after
intradermal immunization with various doses of BCG. Open bars represent IgG1
titers, and hatched bars represent IgG2a titers. An asterisk indicates an antibody
titer of 100 or less. Negligible titers were observed at 3 weeks postinoculation.
Only immunization with the highest dose induced significant antibody at 7 weeks
postinfection. Sera of mice were tested up to 11 months postinfection, and no
BCG specific antibody was detected in the sera of mice which received 2 X 10%
BCG during this time.
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ensuring a Thl response to the majority of the components of
the microorganism.

These studies define conditions under which predominantly
Th1 responses are generated against mycobacteria. Our current
studies are testing the hypothesis that the generation of such
responses can establish a Th1 imprint upon the immune system
and that such an imprint results in resistance to a pathogenic
challenge of virulent mycobacteria.
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