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Intranasal BCG vaccination protects BALB/c mice against virulent
Mycobacterium bovis and accelerates production of IFN-vy in their lungs
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SUMMARY

Local immune reactivity in the lungs of BALB/c mice was studied following (i) intranasal (i.n.)
vaccination with Mycobacterium bovis BCG, (ii) intravenous (i.v.) challenge with a virulent M. bovis
field isolate and (iii) i.n. vaccination with M. bovis BCG followed by i.v. challenge with an M. bovis
field isolate. The results demonstrated that i.n. vaccination with BCG induced a high degree of
protection against systemic M. bovis challenge, and that this protection correlated with a rapid
production of IFN-y after M. bovis challenge by lung T cells from vaccinated mice.
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INTRODUCTION

Bovine tuberculosis has severe implications for animal welfare,
and affected farms suffer painful economic losses. In recent years,
the control strategy for cattle in Great Britain has been based on
tuberculin testing and slaughter of infected animals. This test and
slaughter strategy has reduced the numbers of affected herds
dramatically since its implementation in the UK in the 1950s.
However, it has failed to eradicate the disease completely, and
since the mid-1980s a steady and dramatic rise in the incidence of
tuberculosis in cattle has been reported in the UK. A recent
independent review of this problem commissioned by the UK
government has concluded that vaccination of cattle holds the best
long-term prospect for tuberculosis control in British herds [1].
For the development of new effective vaccines, it is necessary
to understand the mechanisms of the protective immune response.
During the last decade, anti-mycobacterial immune responses in
peripheral lymphoid organs have been characterized in some
detail [2-5]. However, the predominant natural infection route
with mycobacteria is via the respiratory tract and therefore,
the characterization of immune responses occurring at the site of
infection, the lung, is of prime importance. Lung immune
responses exhibit unique features, and results obtained in
peripheral lymphatic tissues like lymph node or spleen cannot
necessarily be transferred to the situation in the lung [6,7].
Therefore, we [8,9] and others [10—13] have recently started to
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immunity in the lung

extensively characterize immune responses in the lungs of inbred
mice challenged with virulent and vaccine strains of mycobacteria
via different routes. In the present study, we describe local
immunity in the lungs of BALB/c mice challenged with M. bovis
BCG and/or virulent M. bovis field isolate.

MATERIALS AND METHODS

Animals

BALB/cJCit (BALB/c) mice were bred under conventional
conditions at the Animal Facilities of the Central Institute for
Tuberculosis (Moscow, Russia), according to the rules of Russian
Academy of Medical Sciences, with water and food provided ad
libitum. Male mice 2—4 months of age were used.

Vaccination and infection

The method for preparing clump-free, mid-log-phase mycobac-
terial suspensions was described earlier in detail [14], and was
used for all mycobacterial preparations throughout the experi-
ments. For vaccination, 10° colony-forming units (cfu) of mid-
log-phase Mycobacterium bovis BCG (strain Pasteur, collection of
the Central Institute for Tuberculosis, Moscow) were given under
light anaesthesia either i.n. or s.c in 0-02 ml or 0-5 ml saline,
respectively. To determine the efficacy of vaccination, mice were
challenged i.v. with 2 x 10° cfu of mid-log-phase M. bowis (field
isolate 2122/97 [15]), 5 weeks following vaccination. To assess
mycobacterial load in spleens and lungs, 0-15 ml of serial 10-fold
dilutions of whole spleen or lung lobe homogenates (see footnote
to Fig. 1) were plated onto Dubos agar, and colonies were counted
following 18-20 days of incubation at 37°C.
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Lung cell suspensions

Two, 5 and 8 weeks following challenge, mice were euthanized
by injecting an overdose of thiopental (Biochemie GmbH, Vienna,
Austria). Lung cells were isolated using the method described by
Holt er al. [16] with our modifications [8,9]. Briefly, lung blood
vessels were washed out using 0-02% EDTA-HBSS solution, and
lung tissue was digested in the presence of collagenase (200 U/ml,
Sigma, St. Louis, MO, USA) and DNase (50 U/ml, Sigma). Lung
cell suspensions were further enriched for T lymphocytes by
sequential depletion of plastic-adherent and nylon-wool-adherent
cells, which resulted in approximately 75% CD3" cell purity [8].
Viability of cells, as determined by trypan blue exclusion, was
more than 93%. In some experiments, CD4 " and CD8™ lung cells
were separated using MACS beads (Miltenyi, Germany) following
the manufacturer’s instructions.

Proliferative response

T-cell-enriched lung cells (10%) mixed with 3 x 10° syngenic
irradiated splenic APC were cultured in a 96-well flat-bottommed
plate (Costar, Badhoevedorp, the Netherlands) at 37°C, 5% CO,,
in supplemented RPMI-1640 medium [8] in the presence of either
BCG culture filtrate, M. bovis sonicate, M. tuberculosis H37Rv
sonicate (10 mg/ml for all antigens) or live M. bovis BCG
(4 x 10° cfu/well). Mycobacterium bovis sonicate and H37Rv
sonicate were kindly provided by Dr V. Avdienko (Central
Institute for Tuberculosis, Moscow, Russia). All cultures were
performed in triplicate and non-stimulated wells served as
controls. [*H]-thymidine incorporation by proliferating cells was
estimated 72 h later and the results expressed as the stimulation
index (SI, calculated as cpm in the presence of antigen/cpm
without antigen).

Staining of cell surface molecules

Lung cells (3-5 x 10°) were double-stained with directly-
conjugated anti-CD4 or anti-CD8 MoAbs combined with anti-
CD44 MoAbs (Pharmingen, San Diego, CA, USA) according to
the manufacturer’s instructions. Stained cells were analysed using
an EPICS ‘ELITE’ flow cytometer (Coulter Corporation, Miami,
FL, USA) equipped with a CYONICS argon laser (Uniphase, San
Jose, CA, USA) as described earlier [9]. Unstained controls were
analysed at each time point.

Cytokine assays

Sandwich ELISA assays were performed to detect IL-4, IL-5,
IL-10, IL-12, TNF-a and IFN-y in 48 h culture supernatant
fluids. Capture and detecting (biotinylated) MoAbs specific
for mouse cytokines were purchased from Pharmingen: for
IFN-vy, clones R4-6A2 and XMGI1-2 (sensitivity, 160 pg/ml);
for IL-4, clones 11B11 and BVD6-24G2 (sensitivity 62 pg/ml);
for IL-5, clones TRFKS and TRFK4 (sensitivity 62 pg/ml); for
IL-10, clones JES5-2AS5 and JES5-16E3 (sensitivity 312 pg/ml);
for IL-12, clones C 17-8 and C 15:6 (sensitivity 125 pg/ml); for
TNF-a, clone MP6-XT22 and polyclonal antibodies (sensitivity
312 pg/ml). Assays were performed following the manufacturer’s
instructions. A standard curve for each assay was generated with
known concentrations of mouse rIL-4, rIL-5, rIL-12 and rTNF-«
(all Pharmingen), rIL-10 (Sigma) and rIFN-y (Genzyme, Boston,
MA, USA).

DTH response
DTH to tuberculin was assessed as a 24 h footpad swelling
reaction described earlier [17,18].

Statistical analysis

Significance of differences was estimated by Student’s 7-test and
Mann—Whitney test. P <<0-05 was considered statistically
significant.

RESULTS

Local and systemic responses following i.n. vaccination

with BCG

In the first set of experiments, BALB/c mice were vaccinated i.n.
with 10° cfu of M. bovis BCG. One, 2, 3 and 5 weeks following
vaccination, lung T-cell composition and lung T-cell proliferation
and cytokine production were determined.

To evaluate the accumulation of T lymphocytes, lung cells
were stained with anti-CD4 and anti-CD8 monoclonal antibodies
and analysed by flow cytometry. Total lung cell counts as well
as the number of CD4" and CD8 " cells were compared with those
in non-vaccinated mice. At weeks 1 and 2, no significant increase
in numbers of total lung cells, CD4" and CD8" lymphocytes
was observed (data not shown). In contrast, 3 and 5 weeks after
BCG vaccination, significantly more total lung cells and CD4"
T cells were recovered from the lungs of vaccinated compared
with naive mice (total cell counts at week 5: 26-0 + 1.0 x 10° per
vaccinated and 16-9 + 1.1 x 10° per naive mouse, respectively,
P < 0-005; CD4" cell counts: 7-3 * 03 x 10° and 4.3 =
0-4 % 10° per vaccinated and naive mouse, respectively, P < 0-03).
Although the number of CD8" lymphocytes also increased
(36 = 0-08 and 2-5 * 0-03 x 10° CD8 cells per infected and
naive mouse, respectively), the differences between vaccinated
and naive mice were not statistically significant (P > 0-05).

To assess proliferative responses in the lung of vaccinated
mice, lung T cells were co-cultured with APC and the myco-
bacterial antigen preparations listed in the Materials and Methods
section. Similar results were obtained with all these antigen
preparations so therefore, only results obtained with M. bovis
sonicate are shown. While no antigen-specific proliferation was
observed at weeks 1 and 2, a specific lung T-cell proliferative
response was readily seen at week 3 and later time points (see
Table 1 for results obtained at weeks 0, 1, 2 and 5). Following
magnetic separation of CD4 and CD8 T cells, we could demon-
strate that the proliferative responses of lung-derived T cells was
restricted to the CD4" subset, whereas CD8" cells did not
proliferate (SI at week 3: 5-9, 7-6, 1-0 for pan T cells, CD4" and
CD8" lung cells, respectively). This is in agreement with the
observed accumulation of CD4 T cells following BCG vaccination
described above.

To assess cytokine production, total lung cells were cultured in
the presence of M. bovis sonicate. As shown in Table 1, we
observed a significant early increase in the antigen-induced
production of IL-5 and IL-12 (week 1 post-vaccination) which
was followed later (week 5) by a significant increase in antigen-
driven IFN-y production not evident during the first 2 weeks
following vaccination. Interestingly, the levels of IL-5 produced in
the absence of antigen were also significantly elevated 1 and
3 weeks following vaccination. Thus, intranasal administration of
M. bovis BCG stimulated an early local production of IL-12 and

© 2001 Blackwell Science Ltd, Clinical and Experimental Immunology, 126:274—279



276 L. V. Lyadova et al.

Table 1 Immune responses in the lungs and DTH reaction following i.n. vaccination of BALB/c mice with Mycobacterium bovis BCG

Weeks post-vaccination

Response Antigen 0 1 2 5
IL-12 + 1090 = 78 2210 *= 370* 1370 = 490 1790 = 310
(pg/ml) - 970 = 300 1380 + 355 1160 = 400 1695 = 200
IFN-y + 458 £ 140 300 £ 130 253 = 150 1930 *= 364*
(pg/ml) - 370 £ 150 260 £ 85 200 £ 80 1170 = 250
IL-5 + 50 = 50 407 + 72%* 178 = 61 86 * 30
(pg/ml) - 21 =21 335 = 69* 190 * 0-05* 64 = 25
Proliferation + ND 1-5 1-4 4.0%

(SD

DTH + 0-03 = 0-02 ND ND 0-54 = 0-06%*
(mm)

To measure cytokine production by ELISA in cultural supernatant fluids, lung cells from 3—4 mice per time-point were cultured individually in the
wells of 24-well plates (2 x 10° cells/well) in the presence or absence of M. bovis sonicate (10 mg/ml). For proliferation assays, lung cells from 3—4 mice
were pooled, enriched for T lymphocytes and cultured in 96-well plates at 1 x 10%/well in the presence of irradiated splenic antigen-presenting cells
(3 x 10°/well) and M. bovis sonicate (10 mg/ml). [*H]-thymidine incorporation is expressed as stimulation indices SI. The results of one of two similar
experiments are presented. DTH reaction was measured at week 5 following vaccination in 7 mice. Cytokine levels and DTH reaction are expressed as

mean * s.e.m. * P <0-05; ** P <0-001 as compared with week 0.

IL-5, followed by accumulation of antigen-specific CD4 " cells in
the lung associated with an increase in IFN-y production.

To determine whether i.n. vaccination, apart from lung
responses, also induced systemic immune responses, we estimated
the DTH response to tuberculin, which is the in vivo test widely
used to detect exposure to mycobacteria in humans and cattle. The
results presented in Table 1 demonstrate that i.n. vaccination
resulted in strong tuberculin skin responses and thus, showed that
this vaccination route resulted not only in local but also systemic
specific immune responses.

Intranasal vaccination with BCG induces a high degree of
protection against subsequent challenge with virulent M. bovis
To determine whether intranasal BCG vaccination protected mice
against subsequent challenge with virulent M. bovis, mice were
challenged i.v. with an M. bovis field isolate. Two and 5 weeks
following challenge, mycobacterial burdens in lungs and spleens
were determined and compared with those in non-vaccinated
infected controls. Since mice vaccinated subcutaneously with
the same BCG dose are known to be well protected against
M. tuberculosis infection [17], a group of subcutaneouly
vaccinated mice was included as a positive control of the efficacy
of vaccination.

Within the first 2 weeks of infection, mycobacteria rapidly
replicated in the spleens (Fig. 1a), reaching cfu counts that
exceeded the size of inoculum up to 100-fold in non-vaccinated
mice. Both i.n. and s.c. vaccination resulted in a significant
decrease in splenic cfu counts (P < 0-005 and P < 0.-05,
respectively, compared with the non-vaccinated control). In the
lungs, low numbers of mycobacteria could be detected in some but
not all animals at this time point (Fig. 1c), indicating that the
pulmonary infection only started to develop. Evaluation of
vaccination efficacy at week 5 following challenge indicated that
i.n. vaccination was highly protective and significantly reduced
the M. bovis burden in spleens and lungs (Fig. 1b,d, P < 0-001
compared with non-vaccinated controls). Encouragingly, the

degree of protection induced by intranasal vaccination 5 weeks
post-challenge was slightly better than that induced by s.c.
vaccination (i.n. vaccination compared with s.c. vaccination at
week 5: P = 0055 and P = 0-044 for lungs and spleens,
respectively).

Immune responses in the course of M. bovis infection in
vaccinated versus non-vaccinated mice

In order to elucidate possible immunological correlates of protec-
tion, we compared immune responses in the lungs of vaccinated
and non-vaccinated mice following M. bovis challenge. Lung
cells were obtained 2 and 5 weeks post-infection and T-cell
activation, proliferation and cytokine production were determined
as described above.

T-cell activation, estimated as the increased percentage of
CD44™ cells within CD4" and CD8" subsets, occurred as early
as 2 weeks following challenge and was higher within CD4"
(77-80% of CD44" cells in challenged compared with 26% in
control mice) than within the CD8" subset (28-47% of CD44M
cells in challenged compared with 15% in control mice). Although
T lymphocytes recovered from the lungs of both non-vaccinated
and vaccinated mice 2 weeks after challenge were similarly acti-
vated, the former did not proliferate in response to mycobacterial
antigens at this early time-point post-challenge (Fig. 2). In con-
trast, T lymphocytes from vaccinated mice proliferated vigorously
2 weeks after M. bovis infection (Fig. 2). Moreover, lung cells
from vaccinated mice produced significantly more IFN-vy (Fig. 2,
P < 0-001) compared with non-vaccinated mice early (2 weeks)
after infection. No major differences in IL-12, TNF-«, IL-10 and
IL-5 production was found at any stage of infection, and IL-4 was
undetectable in all animals (data not shown). When these para-
meters of the local immune response were compared between
mice vaccinated by the i.n. and s.c. routes, no major differences
were observed (Fig. 2). After 5 weeks post-challenge, prolifera-
tive and IFN-y responses of lung T cells in non-vaccinated mice
increased and reached levels comparable with those in vaccinated
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Fig. 1. Protection against Mycobacterium bovis infection conferred by i.n. and s.c. administration of M. bovis BCG (cfu counts per organ).
Mice were vaccinated with M. bovis BCG (10° cfu per mouse), either i.n. (n = 7—8 per time-point) or s.c. (n = 4 per time-point) or left
unvaccinated (n = 6-9 per time-point). Five weeks later, mice were challenged i.v. with 2 x 10°> M. bowis. Two and 5 weeks later, spleens
and lungs were extracted and lungs were weighed. Suspensions were prepared individually from approximately one third of the whole lung
and from the whole spleen in a total volume of 2 ml. Serial dilutions of suspensions were prepared and plated in a volume of 0-15 ml onto
Dubos agar for cfu counting. The rest of the lung tissue was enzymatically digested and suspensions used in immunological assays.
(a) Spleen, week 2; (b) spleen, week 5; (c) lungs, week 2; (d) lungs, week 5. (O) BCG i.n.; (A) BCG s.c.; (H) control. *P <0-001;
*#kp < 0-005; ***P <0-05 compared with non-vaccinated controls.

ng/ml
Proliferation (SI)

IFN TNF IL-12 IL-10 IL-5

Fig. 2. Cytokine production (a) and antigen-specific proliferative response (b) of lung cells 2 weeks after Mycobacterium bovis infection.
Non-vaccinated (OJ), i.n. vaccinated () or s.c. vaccinated (&) mice were challenged with virulent M. bovis (see legend to Fig. 1). Two
weeks later, lung cells were isolated and cytokine production and proliferation were estimated (see legend to table 1). Asterisks indicate
significant differences between vaccinated and non-vaccinated mice (P < 0-005).
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animals (SI: 11-1 and 14-7 in non-vaccinated and vaccinated mice,
respectively; IFN-y: 8000 + 1780 pg/ml and 4850 = 1700 pg/ml
in non-vaccinated and vaccinated mice, respectively, P > 0.-05).

In conclusion, the main differences between BCG vaccinated
(protected) mice and non-vaccinated (non-protected) mice were
found to be in the ability of lung T cells from vaccinated animals
to produce IFN-vy and to proliferate in response to mycobacterial
antigens early after M. bovis challenge.

DISCUSSION

In this work, we have followed the development of immune
responses in the lungs of mice vaccinated i.n. with M. bovis BCG.
It was found that this vaccination route elicits immune responses
associated with considerable protection against systemic infection
with virulent M. bovis. The latter was demonstrated by the
reduction of bacterial loads in lungs (200-fold) and spleens (50-
fold) of vaccinated mice (Fig. 1). These data, as well as a strong
DTH response to tuberculin (Table 1), suggest that i.n. adminis-
tration of the vaccine induces not only a local but also a systemic
immune defence. Falero-Diaz et al. [19] have recently reported a
similar degree of protection against M. tuberculosis H37Rv
infection in mice conferred by i.n. delivery of BCG vaccine. We
have also compared the degree of protection conferred by the i.n.
and s.c. vaccination routes, and demonstrated that i.n. vaccination
conferred as good, if not better, protection against M. bovis
challenge as BCG vaccination by the s.c. route.

To establish immunological correlate(s) of protection, we
compared cytokine production in the lungs of vaccinated and non-
vaccinated mice challenged with M. bovis. The major difference
between vaccinated and non-vaccinated mice was the capacity of
the lung cells of the former group to produce IFN-vy early after
infection. This underlines the significance of early IFN-y pro-
duction for anti-mycobacterial defense, and is in agreement with
the data obtained by Caruso et al. [20]. This is also in line with
numerous results pointing to the role of type 1 cytokines, IFN-y
and IL-12 in the first instance, in the development of adaptive
protective immunity against mycobacterial infections [21-26].
Wakeham et al. [13] have recently shown that BALB/c mice are
characterized by relatively low levels of type 1 cytokines in
bronchial alveolar lavages following intratracheal challenge with
M. bovis BCG. Thus, the capacity of lung cells to mount early
IFN-y production, induced by vaccination, may also have a
significant impact on the control of tuberculosis.

The data presented here show accumulation of CD4" T lym-
phocytes in the lung by week 5 following i.n. vaccination, whereas
the increase in CD8™ cell numbers was not statistically signifi-
cant. This is in full agreement with the data of Fulton ef al. [12],
who reported that intratracheal administration of 10° cfu of
M. bovis BCG induced an influx of CD4" cells into the lungs
between weeks 3 and 5, while the CD8" T-cell numbers increased
only slightly. However, for M. tuberculosis experimental infec-
tions, accumulation of both CD4™ and CD8™ lymphocytes in the
lungs has been reported [9-11,27].

Antigen-experienced T lymphocytes, able to proliferate in
response to mycobacterial antigens, could be detected in the lungs
no earlier than 3 weeks following challenge with either M. bovis
BCG (i.n.) or with virulent M. bovis (i.v.). Thus, the development
of a primary immune response in the lungs may be considered
as relatively slow, since some proliferation of auxilliary lymph
node cells could already be seen at week 2 following M. bovis

challenge (data not shown). These observations are in line with the
results of Cooper et al. [28], who observed a delay in the estab-
lishment of anti-mycobacterial immunity in the lungs, even in
memory-immune mice. Feng et al. [10] have also reported a delay
between the peak of infection and T-cell response in the lung
following aerosol infection of mice with M. tuberculosis. In our
experiments, i.n. vaccination accelerated the dynamics of the
response in the lungs of infected mice. This early recall immune
response may be extremely important for the display of a
successful anti-tuberculous immune response.

In conclusion, the work described here demonstrated that i.n.
BCG vaccination induced protective immunity against systemic
M. bovis challenge in mice. The protective immune response was
characterized by the ability of lung T cells from vaccinated mice
to produce IFN-vy rapidly after M. bovis challenge. The success of
BCG delivery by the intranasal route is highly encouraging and
could prove to be of particular use for the delivery of TB vaccines
designed to protect wildlife.
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