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The induction and expression of immunity to Mycobacterium tuberculosis
after BCG immunization by intravenous, subcutaneous, and pulmonary routes
has been investigated in mice. The speed with which protective immunity was
engendered was a function of inoculum size; the immunization route was a less
influential factor. Tuberculin hypersensitivity varied both with the inoculum size
and immunization route, being least after pulmonary immunization. Once im-
munity was established, a steady state ensued in which the number of sensitized
lymphocytes in the spleen was similar, regardless of the route or dose of vacci-
nation. Actively immunized animals controlled intravenous and subcutaneous
challenge infections, regardless of the method of vaccination. However, pulmonary
challenge was resisted most efficiently by mice immunized by the pulmonary
route. Adoptive immunity was well expressed in the spleen only, but the lungs
were no more deficient in this regard than the footpad. It is suggested that
enhanced immunity in the lungs depends on a population of resident sensitized
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lymphocytes.

There is ample published evidence that the
route of immunization with BCG determines the
level of delayed tuberculin hypersensitivity
(DTH) and resistance to reinfection with tuber-
cle bacilli. Subcutaneous/intradermal inocula-
tion favors the development of tuberculin DTH,
compared with pulmonary (P) and intravenous
(i.v.) immunization (14, 16). On the other hand,
although animals infected by the P, i.v., or sub-
cutaneous routes are resistant to i.v. challenge
with virulent tubercle bacilli, resistance to pul-
monary challenge is observed only after P or
1L.v. immunization (1, 3, 4, 17, 24).

The latter observations in particular are dis-
turbing because they do not conform to the
demonstrated efficacy of intradermal immuni-
zation with BCG in protecting humans against
pulmonary tuberculosis (22). Moreover, since
the cells that confer long-term antituberculosis
immunity are long-lived, recirculating, small
lymphocytes (21), it is puzzling that these cells
should be less available to combat pulmonary
infection than infection at any other site.

Earlier studies have been limited to the re-
sponse of actively immunized animals to i.v. or
P challenge. The use of actively immunized an-
imals incurs the problem of nonspecific resist-
ance that is found to a greater or lesser extent
in animals immunized with BCG (5, 18). In such
animals, it is impossible to determine how much
of the observed resistance to reinfection is at-
tributable to specific or nonspecific effects. The

comparison of the lungs and spleen as sites of
tuberculosis infection also creates some difficul-
ties. The spleen is the major central lymphoid
organ through which the recirculating lympho-
cytes traverse (13, 15). The lung parenchyma
contain small foci of lymphoid tissue (26) but
cannot be regarded as lymphoid organs to which
lymphocytes “home.” Consequently, it could be
argued that the lungs are at a disadvantage to
the spleen in their content of immunocompetent
cells.

The purpose of this study was to critically
reevaluate certain variables that may influence
the induction and expression of anti-tuberculosis
immunity. These factors include the dose of
BCG and its route of administration, and the
expression of immunity in the spleen, the lungs,
and one other peripheral site, the hind footpad
(FP). The problem of nonspecific resistance has
been circumvented by testing the ability of
spleen cells from immunized mice to confer anti-
tuberculosis immunity upon nonimmune recipi-
ents (19).

MATERIALS AND METHODS

Animals. Female (C57Bl/6 x DBA/2) F, inbred
mice (B6D2) were introduced into experiments when
6 weeks old.

Mycobacteria. Strains of mycobacteria were ob-
tained from the Trudeau Mycobacterial Culture Col-
lection, Saranac Lake, N.Y. The organisms were grown
in Proskauer and Beck liquid medium (Difco Labora-
tories, Detroit, Mich.), to which were added Tween
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80 and glycerol. Culture vials were stored at —70°C,
thawed before use, and diluted appropriately in saline
to contain the required number of viable bacilli per
milliliter. BCG Pasteur (TMC 1011) and Mycobacte-
rium tuberculosis RIRv (TMC 205) were used for
immunization and challenge, respectively.

Immunization. The required numbers of viable
BCG in appropriate volumes of saline were injected
either iv. in 0.2 ml or into the left hind footpad
(LHFP) in 0.04 ml. For P infection, 10 ml of BCG
culture containing approximately 2 X 10° viable bac-
teria per ml was nebulized in a Middlebrook Airborne
Infection Apparatus (Tri-R Instruments, Rockville
Centre, N.Y.) in which the mice were held. This
procedure implanted approximately 10* viable BCG
into the lungs. The implantation inoculum was
checked by making viable counts of BCG in the lungs
of mice immediately after infection.

Challenge. Mice were challenged with R1Rv at
doses of 10° iv., 10* into the right hind footpad
(RHFP), or 10* into the lungs as described for BCG
immunization above.

DTH. Lyophilized human tuberculin-purified pro-
tein derivative was obtained from the National Insti-
tute of Allergy and Infectious Diseases, Bethesda, Md.
The material was brought to a concentration of 125
ug by solution in sterile saline containing 0.05% Tween
80. The thickness of the RHFP was measured with
dial-gauge calipers before injection of 5 ug of purified
protein derivative (0.04 ml) and was remeasured 24 h
later. The difference in FP thickness was expressed
in 0.1-mm units. An increase of 2 units (0.2 mm) or
more was accepted as a positive result, denoting the
presence of DTH.

Irradiation. Before challenge with R1Rv and
transfer of spleen cells, all recipient mice and their
controls were exposed to 500 rads of total body irra-
diation from a '¥’Cs source (19).

Spleen cells. Spleens were removed from donor
mice and teased apart, and the dissociated cells were
washed in ammonium chloride/tris(hydroxy-
methyl)aminomethane buffer to lyse erythrocytes (6).
The remaining cells were washed in Dulbecco phos-
phate-buffered saline and suspended in the same so-
lution to a density of 2.5 X 10® leukocytes per ml.
Each recipient received 0.2 ml of this suspension,
containing 5 X 107 leukocytes, injected i.v. The viabil-
ity of each spleen cell suspension was checked before
injection by trypan blue exclusion. For the entire
series of experiments, the cell viabilities were in the
range of 60 to 80%.

Viable counts of mycobacteria. Spleens and
lungs were homogenized in glass tubes with matching
motor-driven Teflon pestles. Feet were severed at the
ankle and allowed to soak for 30 min in 0.1% benzal-
konium chloride to kill skin surface contaminants.
Each foot was then cut into four to five coarse pieces
and homogenized in sterile saline with a Virtis grinder
(Virtis Co., Gardiner, N.Y.). Appropriate dilutions of
homogenate were plated on Middlebrook 7H-10 agar
(Difco) and incubated for 14 to 21 days at 37°C; then
colony counts were made. The counts were expressed
either as geometric means or as an index of immunity
that was estimated by subtracting the geometric mean
count of a test group from that of the control group.
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Statistics. Comparison of group means was made
after analysis of variance and application of the @
test (32). All DTH and viable-count means were based
on groups of five mice.

RESULTS

Induaction of immunity after immuniza-
tion with BCG by the i.v. and LHFP routes.
Mice were immunized with either 10° BCG i.v.,
10® BCG i.v., or 10° BCG into the LHFP. At
intervals thereafter, mice of each group were
used for tuberculin tests and as spleen cell do-
nors. Mice immunized with 10° BCG iv. or
LHFP developed unequivocal tuberculin hyper-
sensitivity at 3 to 4 weeks, whereas the group
receiving 10° BCG iv. never exhibited DTH
(Fig. 1). Repeated experiments revealed consid-
erable inter-experimental variation in the devel-
opment and decay of DTH, but there were cer-
tain consistent features (Fig. 1 and 4). Only the
larger doses of BCG resulted in perceptible
DTH, which was maximal at 3 to 4 weeks and
then waned rapidly. LHFP immunization re-
sulted in a biphasic response, and the state of
hypersensitivity was sustained for a longer pe-
riod of time. In all experiments, the level of
DTH 3 months after immunization was trivial,
regardless of the route and dose of BCG.

The ability of spleen cells of vaccinated mice
to confer adoptive immunity upon syngeneic
recipients is illustrated in Fig. 2. There was a
small but highly significant (P < 0.01) transfer of
immunity by spleen cells of FP-immunized mice
as early as week 1. By week 2, spleen cells of
donors given 10° BCG i.v. were also effective (P
< 0.01). Sensitized lymphocytes were detected
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Fic. 1. DTH after BCG immunization by i.v. and
subcutaneous routes. Symbols: B, 10° BCG i.v.; @,
10 BCG i.v.; A, 10°F BCG LHFP.
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after a longer interval in mice vaccinated with
10® BCG i.v., but by week 6 the spleen cells of
each group conveyed immunity to the same
extent, and this capability did not diminish dur-
ing the remaining 6 weeks of the experiment.

Development of immunity after i.v.,
LHFP, and P vaccination with BCG. The
next point of interest was whether immunization
by the P route was more or less effective than
the i.v. or LHFP routes. Groups of mice were
immunized with either 10 BCG LHFP, 10° BCG
iv.,, or 10* BCG P. At 2-week intervals, viable
counts of BCG were made from organs into
which the inocula had been directly implanted,
ie., the LHFP, spleen, and lungs, respectively
(Fig. 3). No apparent growth of BCG occurred
in the LHFP, probably because the large inocu-
lum induced a rapid immune response that pre-
vented multiplication (18). As will become evi-
dent later, smaller inocula of BCG did multiply
in the FP (Fig. 6 to 8). After i.v. infection, BCG
multiplied in the spleen for 4 weeks and then
slowly decreased in number. Growth of BCG in
the lungs after aerosol infection was substantial,
and large numbers of viable organisms were
present in this organ throughout the course of
the experiment.

The development of tuberculin DTH in these
mice is shown in Fig. 4. In this experiment, each
group of immunized mice exhibited DTH at
week 4, but its level varied with the route of
immunization. Mice immunized in the LHFP
were significantly more sensitive (P < 0.01) than
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Fic. 2. Transfer of adoptive immunity to M. tuber-
culosis with 5 X 10" spleen cells at intervals after
immunization with either 10° BCG i.v. (W), 10° BCG
i.v. (@), or 10° BCG LHFP (A).
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P-infected mice, with the remaining group, i.v.,
occupying an intermediate position.

Transfer of adoptive immunity was not
achieved until 4 weeks after immunization, at
which point all groups of vaccinated mice were
effective donors (Fig. 5). Between 4 and 6 weeks,
cells from LHFP-immunized donors were more
effective than those from P-immunized mice (P
< 0.01), but subsequently the difference between
the three groups of cell recipients was insignifi-
cant.

Expression of active and adoptive im-
munity at different sites. The above experi-
ments suggested that, regardless of the dose of
BCG or its route of administration, the spleen
cells of vaccinated mice eventually developed a
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Fic. 3. BCG was inoculated either i.v., subcuta-
neously, or into the lungs, and viable counts were
made from the spleen (@), FP (A), and lungs (W),
respectively.
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F1G. 4. Induction of DTH after BCG immuniza-
tion by FP (A), i.v. (@), and P (M) routes.
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uniform capacity to transfer anti-tuberculosis

immunity within 8 weeks of immunization. In Spleen | Footpad |  Lungs

the next series of expenments mice were vacci-

nated with BCG, 10° i.v. (Fig. 6), 10° LHFP (Fig.

7), or 10* P (Fig. 8). Eight weeks later, when 7
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was established, either the actively immunized
mice were challenged with R1Rv, or their spleen
cells were transferred to syngeneic recipients
that were also challenged, together with irradi-
ated controls. Three types of challenge were
evaluated: 10° i.v., a procedure that deposited
approximately 10* bacilli in the spleen; 10*
RHFP; and 10* P. Viable counts were made
from the appropriate organs (spleen, RHFP, and
lungs, respectively) 1 h after challenge and 2
and 4 weeks later (Fig. 6 to 8).

The effects of spleen-cell transfer will be con-
sidered first. As in earlier experiments, spleen
cells from the different groups of immunized
donors provided excellent protection (P < 0.01)
against i.v. infection with R1Rv, and immunity
was manifest within 2 weeks of challenge. The
extent of adoptive immunity in the spleen was
usually less than that in actively immunized
donors (P < 0.01) at 2 weeks (Fig. 6 and 7), but
at 4 weeks there was no difference between the
counts in the two types of mice (Fig. 6 to 8).

The expression of adoptive immunity in the
RHFP and lungs was defective as compared
with the spleen. Spleen cells from i.v.- and P-
vaccinated mice did not confer resistance in
either of these sites at 2 weeks after challenge
or in the RHFP at 4 weeks (Fig. 6 and 8). A
modest degree of protection, 0.41 log;o unit (P <
0.05), was expressed in the lungs at 4 weeks in
recipients of cells from i.v.-immunized mice (Fig.
6). Spleen cells from LHFP-immunized mice
were more effective. They conferred resistance
in the RHFP at 2 weeks (P < 0.05) and 4 weeks
(P < 0.01) and in the lungs at 4 weeks (P < 0.01)
(Fig. 7). It is notable that this particular batch
of cells also conferred the highest level of adop-
tive immunity in the spleen (Fig. 6 to 8).

Before reinfection with R1Rv, donor mice of
each group were killed, and viable counts of
residual BCG from the immunizing inoculum
were made in the spleen, RHFP, and lungs (Fig.
6 to 8). Each group of donor spleens contained
approximately 10° viable BCG at the time of
challenge and an undetectably low (<10?) num-
ber of organisms in the RHFP. Less than 102
viable BCG were isolated from the lungs of
LHFP- or iv.-inmunized mice, but approxi-
mately 10° BCG were present in the lungs of P-
immunized mice. This population of BCG was
approximately 10-fold greater than the challenge
inoculum of R1Rv (Fig. 8).

Turning now to the expression of active im-
munity, the anti-mycobacterial mechanism was
most effective in the RHFP, where growth of
the organisms was completely suppressed and
there was a net decrease of viable organisms by
2 weeks (Fig. 6 to 8). There was limited growth
of R1Rv in the spleens during the first 2 weeks
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after challenge, but the inhibition of growth was
highly significant (P < 0.01) relative to normal
mice. The control of challenge infection in the
RHFP and spleen was closely similar in all
groups of vaccinated mice. On the other hand,
the ability to control P infection varied with the
route of immunization. Only mice vaccinated by
the P route inhibited the growth of R1Rv in
the lungs (P < 0.01) within 2 weeks of reinfection
(Fig. 8), but all donor mice controlled the infec-
tion (P < 0.01) by 4 weeks (Fig. 6 to 8).

DISCUSSION

An examination of the induction of immunity
after BCG vaccination has been made by the
method of adoptive transfer of resistance with
lymphoid cells. This system has been shown to
depend on an immunologically specific popula-
tion of T-lymphocytes and circumvents the
problem of nonspecific resistance that exists in
the actively immunized donors (19, 20). It was
found that the rapidity of onset of immunity
was a function of the size of the immunizing
inoculum, a conclusion that had been inferred
in earlier work (18). The influence of inoculation
route was less apparent, but it appeared that
immunity appeared first after FP, then i.v., and
finally P vaccination. More impressive than the
rate of induction of immunity was the consistent,
stable level at which the numbers of sensitized
lymphocytes in the spleen achieved equilibrium.
Within 2 months of immunization, this equilib-
rium was such that the transfer of adoptive
immunity with 5 X 107 spleen cells was closely
similar regardless of the dose and route of vac-
cination. This steady state reflects a homeostatic
mechanism that compensates for a 1,000-fold
variation in inoculum size, and is the more re-
markable because the initial lymphoprolifera-
tive response to living BCG is very much de-
pendent on the dose (21).

Tuberculin hypersensitivity after immuniza-
tion with BCG was a function of dose and route
of administration. Thé highest levels of DTH
were obtained with 10° LHFP, followed by 10°
iv, 10° i.v., and lastly 10* P. The levels of DTH
varied considerably between experiments. It is
worth noting that the fluctuation in DTH is in
marked contrast to the consistency with which
spleen cells conferred immunity.

This study has confirmed the observations of
others that P immunization with living BCG
engenders a greater resistance to subsequent P
reinfection than does i.v. or subcutaneous vac-
cination (1, 3, 4, 17, 24). Admittedly, the i.v.
immunization procedure of Ribi et al. (30) also
produces strong resistance to P challenge, but
this is due to the vehicle in which the antigen
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is injected, an oil-in-water emulsion. The oil
droplets, into which antigen is incorporated, lo-
calize in the lungs due to embolism of the pul-
monary capillaries and induce extensive granu-
lomatosis (1, 29). Similarly, the system of Myr-
vik (25) also induces chronic pulmonary granu-
lomatosis. By contrast, i.v. injection of living
BCG in saline deposits 90% of the inoculum in
the liver, 10% in the spleen, and only 1% in the
lungs (10, 11). Hence, the i.v. injection of myco-
bacterial antigens in oil and aerosol infection
with BCG both constitute vaccination by the P
route.

A number of explanations for the association
between P immunization and pulmonary resist-
ance will now be considered. Ribi and co-work-
ers have shown that the protective action of his
nonliving vaccines is a function of the granulo-
matosis that is produced, measured as increase
in lung weight (2, 23). The implication of this
observation is that the increased resistance to
P infection is due to nonspecific resistance ex-
erted by the macrophages participating in the
pulmonary granulomas. An analogous situation
exists in animals that have been immunized with
living BCG, in whom resistance to reinfection
at a particular site is associated with the persist-
ence of live vaccinating organisms at that site
(17). These observations are supported by this
study, in which maximal resistance to reinfection
in the lung was expressed in mice carrying a
substantial number of BCG (>10°) in that organ
at the time of challenge. The association be-
tween resistance at a given site and persistence
of immunizing organisms is not invariable. In
this study, resistance to reinfection was highest
in the RHFP, from which BCG was never iso-
lated. Whereas it is not contended that activated
macrophages in the lungs or other organs do
not restrain the growth of challenge organisms,
it is doubtful whether such action fully accounts
for the experimental results. The growth of
R1Rv in the lungs of i.v.- and FP-immunized
mice is unimpeded for at least 14 days (Fig. 6
and 7), whereas the effective duration of nonspe-
cific resistance is measured in as many hours
(28). It is therefore probable that some other
component of the granulomata, namely lympho-
cytes, makes a potent contribution.

Clearly, if aerosol immunization resulted in a
larger or more efficient population of specifically
sensitized lymphocytes than i.v. or FP inocula-
tion, increased resistance to reinfection at every
site would logically ensue. This conjecture is
untenable, because resistance to reinfection in
the spleen and the RHFP was no better after P
than iv. or FP immunization, and the same
holds true for adoptive immunity. Another pos-
gibility is that, due to the adjuvant properties
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of mycobacteria, immunization with BCG in-
duces not only an immune response to mycobac-
terial antigens but an autoimmune response to
tissues at the site of infection (7, 9). If this were
so, P and FP infection might be expected to
generate lymphocytes that produced better pro-
tection at the homologous than the heterologous
site. The results of the cell transfer experiments
provide no support for this notion. Cells from
P-immunized mice did not confer preferential
protection upon the lungs of recipients. Para-
doxically, cells from i.v.- and FP-immunized
mice were more effective in this regard. More-
over, actively immunized mice combated i.v. and
FP challenge with equal facility, regardless of
the immunization route.

It is proposed that the sheer proximity of
sensitized lymphocytes to the implanted, ho-
mologous, challenge organisms results in a
brisker anamnestic response, because time is
gained that would otherwise be spent in recruit-
ing a sufficient number of sensitized lympho-
cytes from the circulation into the site of chal-
lenge. Such tissue lymphocytes may correspond
to the sessile memory cells of humoral immunity
(12, 31) and may share identity with the lung
cells that can produce migration-inhibiting fac-
tor after immunization via the respiratory tract
(8, 14, 27, 33). The rapid expression of cell-me-
diated immunity in the spleen is attributable in
part to the migration through that organ of
recirculating lymphocytes in which anti-tuber-
culosis immunity is vested (21), obviating the
need for further recruitment. Moreover, regard-
less of the route of immunization, a significant
number of living BCG eventually reach the
spleen, where they generate tuberculoid granu-
lomas.

It has been argued that adoptive immunity
cannot be expressed in the lungs (34), the impli-
cation being that there is defective migration of
sensitized lymphocytes into this organ. The data
in Fig. 7 refute this contention. Admittedly,
adoptive immunity is poorly expressed in the
lungs as compared with the spleen. But the
lungs are not unique in this respect, because the
FP is similarly affected. Furthermore, in some
experiments (Fig. 6 and 7) there was significant
adoptive immunity in the lungs. It is pertinent
that the number of cells transferred, 5 x 10,
was relatively modest, and there is a strong
possibility that more substantial effects would
result from the use of larger doses of cells. Al-
though adoptlve immunity is expressed to a
similar extent in the lungs and FP, active im-
munity is inexplicably more effectlve at the lat-
ter site.

In conclusion, it appears that there is a wide
variation in intrinsic resistance to tuberculosis
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TABLE 1. Expression of adoptive and active
immunity to tuberculosis at different sites

Level of resistance in:

Type of
immunity Spleen FP Lungs
Adoptive Moderate Low Low
Active Moderate High Variable®

2 Low after i.v. or LHFP immunization; moderate after P
immunization.

in different organs (Table 1). There appears to
be a rational explanation for the relatively good
resistance of the spleen. The intrinsic suscepti-
bility of the lungs and FP is high and low,
respectively, and currently there is no good rea-
son for this discrepancy. The resistance of a
susceptible organ like the lung can be increased
by appropriate immunization, but only at the
cost of inducing substantial ganulomatous dis-
ease. There was no association between anti-
tuberculosis immunity, active or adoptive, and
the level of tuberculin hypersensitivity.
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