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SUMMARY

 

Intranasal vaccination may offer practical benefits and better protection against respiratory infections,
including tuberculosis. In this paper, we investigated the persistence of the 

 

Mycobacterium bovis

 

-strain
bacille Calmette–Guérin (BCG) Pasteur, lung granuloma formation and protection against pathogenic
tuberculous challenge in mice. A pronounced BCG dose-dependent granulomatous infiltration of the
lungs was observed following intranasal, but not after subcutaneous, vaccination. Corresponding doses
of BCG, over a 100-fold range, imparted similar protection against H37Rv challenge when comparing
the intranasal and subcutaneous vaccination routes. Interestingly, a BCG dose-dependent reduction of
the H37Rv challenge infection was observed in the lungs, but not in the spleens, following both intra-
nasal and subcutaneous vaccination. In the light of the observed concurrence between the extent of
granuloma formation and the level of protection of the lungs, we conclude that intranasal vaccination
leading to best protective efficacy needs to be balanced with an acceptable safety margin avoiding
undue pathology in the lungs.
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INTRODUCTION

 

Vaccination of humans by the nasal route could offer practical
advantages for vaccine administration, particularly in developing
countries, and a potentially better efficacy against respiratory dis-
eases by engaging local immune responses in the lung. Recent
studies have demonstrated that intranasal vaccination with bacille
Calmette–Guérin (BCG) led to better protection of mice against
challenge by 

 

Mycobacterium tuberculosis

 

 [1] or 

 

M. bovis

 

 [2] which
was attributed to an enhanced and more rapid production of
interferon (IFN)-gamma by T cells [3]. Better protection was also
observed in the majority of studies using aerosol delivery of BCG
[4]. However, intranasal and pulmonary vaccination also carries a
potential risk of inducing adverse immunopathological reactions
in the lungs [5], as demonstrated in a recent study using aerosol-
delivered BCG, which resulted in more peribronchiolar granulo-
matous lesions than subcutaneous vaccination [4].

In this paper, we have reassessed the protective efficacy of
intranasal vaccination of BCG against low-dose aerosol chal-
lenge by 

 

M. tuberculosis

 

, and compared the extent of pulmo-
nary granuloma formation in intranasally and subcutaneously

immunized mice. A range of BCG doses was compared to
determine how this might impact on protection. The latter
aspect is pertinent in view of the controversy on whether activa-
tion of Th2 cells by high BCG doses does [6], or does not [7]
influence protection and also because large BCG doses have
shown protection when used for intragastric, intrarectal [8,9]
and intranasal [1] delivery.

 

MATERIALS AND METHODS

 

Bacteria
M. bovis

 

, BCG Pasteur strain (Statens Serum Institut, Copen-
hagen, Denmark) was propagated using batch culture in a chem-
ically defined culture medium (CMM) [10]. 

 

M. tuberculosis

 

 H

 

37

 

R

 

v

 

(National Collection of Type Cultures 7416) was grown on Mid-
dlebrook 7H10 agar (Difco, Detroit, USA) containing 0·2% (v/v)
glycerol and 10% (v/v) OADC enrichment. Seed lots of bacteria
were stored at 

 

-

 

70

 

∞

 

C. For enumeration, samples were plated on
Middlebrook 7H10 agar containing 0·2% (v/v) glycerol and 10%
(v/v) OADC enrichment and incubated for 3 weeks.

 

Vaccination

 

BALB/cJCit, C57BL/6 J and C3H/HeN strain female mice, 6–
8 weeks old, were purchased from Charles River, UK. Intranasal
inoculations with 30 

 

m

 

l BCG suspensions onto external nares, in
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fractions spread over a period of 30–45 s, alternating between
nostrils, were performed under mild halothane anaesthesia. Sub-
cutaneous inoculations were performed with 50 

 

m

 

l BCG suspen-
sions at the back of the neck.

 

Challenge with 

 

M. tuberculosis
Mice were challenged with H37Rv bacilli by aerosol, using a con-
tained Henderson apparatus [11]. Briefly, aerosols of mean parti-
cle diameter of 2 

 

m

 

m were generated by a Collison three-jet
nebulizer from a water suspension of 

 

M. tuberculosis

 

 H37Rv con-
taining approximately 5 

 

¥

 

 10

 

7

 

 colony-forming units (CFU)/ml.
The aerosol was delivered for 5 min directly to the snouts of ani-
mals at 55 l/min air flow rate, resulting in an estimated inhaled
dose at time 0 of approximately 500 CFU/lung. At 4 weeks post-
challenge mice were killed and the lungs and spleens were
removed and tested for number of viable mycobacteria as
described below.

 

CFU assay

 

Lungs and spleens of mice following BCG vaccination or 

 

M.
tuberculosis

 

 challenge were homogenized in 1 ml of sterile dis-
tilled water and decimal dilutions were plated on Middlebrook
7H11 agar (Difco) containing 0·2% (v/v) glycerol and 10% (v/v)
OADC. Samples of the lungs from the intranasal groups and sam-
ples of spleens from the subcutaneous groups were also plated on
Thiophene 2 carboxylic acid hydrazide (TCH) agar (Sigma, UK),
which was selective for 

 

M. tuberculosis

 

 but not BCG. Plates were
incubated for 3 weeks at 37

 

∞

 

C. Log-transformed CFU counts per
ml of lung or spleen homogenate, with a detection limit of 5 CFU
per organ, were compared using the unpaired Student’s 

 

t

 

-test,

 

P

 

 

 

<

 

 0·05 being considered as significant. Comparison of CFU
counts on 7H11 and selective TCH agar plates revealed no signif-
icant differences (

 

P

 

 

 

>

 

 0·05), indicating that the CFU could be
attributed solely to 

 

M. tuberculosis

 

 without any contribution from
persisting BCG.

 

Histopathology of lungs: morphometric analysis

 

Lungs were removed at 12 weeks after BCG vaccination and were
fixed in 10% neutral buffered formalin, processed on a Tissue-Tek
VIP 150 and embedded into wax. Sections of 5 

 

m

 

m were cut at the
widest organ diameter using a Leica RM2035 and were stained on
Varistain 24–3 with haematoxylin and eosin and mounted using
the DPX mountant. Lung cross-sections were scanned on an
Olympus BX51 microscope, linked with a ColourView camera
and digitized images were analysed using the AnalySIS software
(version 3·2) of the Soft Imaging System. The values of square pix-
els for each granulomatous lesion were totalled for the entire sec-
tion area examined. After subtracting the areas occupied by
bronchiolar spaces, the percentage of the granulomatously infil-
trated area was calculated.

 

Statistical analyses

 

The  data  from  this  study  were  analysed  by  using  two-sample

 

t

 

-tests, linear regression analyses, 

 

F

 

-tests and Mann–Whitney
tests with 

 

MINITAB

 

 version 13·32. Graphs were obtained using
Excel.

 

RESULTS

 

Persistence of BCG in organs

 

Groups of BALB/cJCit, C57BL/6 J and C3H/HeN strain female
mice (

 

n

 

 

 

=

 

 10), 6–8 weeks old, were vaccinated intranasally with
BCG Pasteur. The persistence of viable BCG in the lungs and
spleens was tested after 24 h, 1, 4 and 8 weeks after infection
(Fig. 1). There were differences in the response between the three
strains of mice used in the experiment, and the pattern of the
response  by  time  also  differed  for  each  of  the  mice  strains
(

 

F

 

-test

 

6,95

 

 

 

=

 

 3·52, 

 

P

 

 

 

<

 

 0·005). In the lungs, there was a significant
relationship between clearance of BCG in the BALB/cJCit with
time (slope 

 

=

 

 

 

-

 

0·0417, 

 

n

 

 

 

=

 

 30, 

 

P

 

 

 

<

 

 0·001). In contrast an increase in
viable BCG was seen, with time, in the C3H/HeN (slope 

 

=

 

 0·016,

 

Fig. 1.

 

Time–course of BCG infection in three strains of intranasally inoculated mice (BALB/cJCit, C57BL/6 J, C3H/HeN). Means (

 

n

 

 

 

=

 

 10)
of CFU counts in the lungs (open squares) and spleens (open circles) at different times after inoculation with 10

 

6

 

 CFU BCG-Pasteur strain
organisms. Standard errors 

 

<

 

 

 

±

 

0·16. Limit of detection 0·7 log CFU/organ.
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n

 

 

 

=

 

 39, 

 

P

 

 

 

<

 

 0·05) and C57BL/6 J (slope 

 

=

 

 0·023, 

 

n

 

 

 

=

 

 38, 

 

P

 

 

 

<

 

 0·05)
strains.

In the spleen, the linear regressions lines for clearance of
BCG, with time, for each strain were significantly different from
one another (

 

F

 

-test

 

6,100

 

 

 

=

 

 9·34, 

 

P

 

 

 

<

 

 0·001). All three strains of mice
had a positive correlation, indicating that BCG infection
increased in the spleen over the 8-week period with time [BALB/
cJCit (slope 

 

=

 

 0·015, 

 

n

 

 

 

=

 

 32, 

 

P

 

 

 

>

 

 0·05), C3H/HeN (slope 

 

=

 

 0·154,

 

n

 

 

 

=

 

 40, 

 

P

 

 

 

<

 

 0·001) and C57BL/6 J (slope 

 

=

 

 0·051, 

 

n

 

 

 

=

 

 40,

 

P

 

 

 

<

 

 0·001)]. Notably, however, in BALB/cJCit mice BCG levels
began to decline between 4 and 8 weeks in the spleen.

 

BCG-induced protection against 

 

M. tuberculosis

 

 challenge

 

Groups of BALB/cJCit mice (

 

n

 

 

 

=

 

 8) were vaccinated subcutane-
ously with BCG, to give a dose of 10

 

4

 

, 10

 

5

 

 or 10

 

6

 

 CFU. Separate
groups of mice (

 

n

 

 

 

=

 

 8) were vaccinated intranasally with suspen-
sions of 10

 

5

 

, 10

 

6

 

 or 10

 

7

 

 CFU. Twelve weeks post-vaccination with
BCG, mice were challenged with 500 CFU/lung of 

 

M. tuberculosis

 

H37Rv by the aerosol route. At 4 weeks post-challenge, mycobac-
terial CFUs were determined in the lungs and spleens.

A pronounced dose-dependency of protection, evident by the
reduction in 

 

M. tuberculosis

 

 lung CFU, was observed (Fig. 2) in
both vaccination groups. Following intranasal delivery, there was
a very significant difference between the vaccine groups and the
control for the lung counts (

 

t

 

 

 

=

 

 10·41, 

 

P

 

 

 

<

 

 0·001), and no signifi-
cant difference between the control and vaccine groups in the
spleen counts (

 

t

 

 

 

=

 

 2·41, 

 

P

 

 

 

>

 

 0·05). The highest (10

 

7

 

) BCG dose
imparted  stronger  protection  than  10

 

5

 

 or  10

 

6

 

 BCG.  After fit-
ting a linear regression model to the intranasal vaccine groups
(slope 

 

=

 

 

 

-

 

0·846, 95% CI 0·438–1·254, 

 

n

 

 

 

=

 

 21, 

 

P

 

 

 

<

 

 0·001) it was
shown that for each unit increase (on the log scale) in vaccination
there was a decrease of 0·846 in the log of the lung counts of 

 

M.
tuberculosis

 

. There was no dose–response in the protective effi-
cacy of vaccination (slope 

 

=

 

 

 

-0·064, n = 21, P > 0·05) in the
spleen.

The protective effect of subcutaneous vaccination also
showed a linear relationship with a negative slope and hence a
decrease of 0·716 in the log of lung counts of M. tuberculosis for

each  unit  increase  in  vaccination  dose  (slope = -0·716,  95%
CI –0·415, -1·017, n = 21, P < 0·001). Notably, the 105 and 106

doses produced equivalent protection when given either intrana-
sally or subcutaneously. In contrast, in the spleen, there was no
significant difference in the protective effect of the different sub-
cutaneous vaccine doses and there was no significant decrease in
the spleen counts of M. tuberculosis with each unit increase in
subcutaneous vaccination (slope = -0·152, n = 21, P = 0·4).

Pulmonary granuloma formation
Following intranasal delivery of 106 and 107 BCG, typical gra-
nulomatous lesions were observed with a predominantly peri-
vascular and peribronchiolar location (Fig. 3a). Quantitative
planimetric evaluation of the area of the lungs affected with these
lesions showed that it was significantly greater (P = 0·012, Mann–
Whitney test) in mice inoculated with 107 CFU (median 12·55%,
interquartile range 8·02–17·66%) than in mice given 106 CFU
BCG (median 3·18%, interquartile range 2·26–5·70%) (Fig. 3c).
Lung sections from mice which had been vaccinated subcutane-
ously with 106 BCG, or control mice given PBS intranasally, had
no demonstrable granulomatous lesions (Fig. 3b).

DISCUSSION

The fate and organ distribution of BCG following intranasal vac-
cination varied between the three strains of mice that were stud-
ied. Lung CFUs declined substantially from 1 to 8 weeks in
BALB/cJCit mice, but remained largely static in the C57BL/6 J
and C3H/HeN strains. This pattern was consistent with previously
reported Nramp gene control of splenic infection [12] and varia-
tions in cytokine production in different strains of mice [13], but
not of the susceptibility to chronic infection with virulent M.
tuberculosis [14]. Because the declining trend of lung BCG CFUs
in BALB/cJCit mice seemed conducive for the evaluation of pro-
tection, we used BALB/cJCit mice in the later M. tuberculosis
challenge experiments.

As tuberculosis is predominantly a lung disease, the observed
BCG dose-dependent protection of the lungs is of particular

Fig. 2. The effect of BCG vaccine dose (CFU/mouse) on protection against virulent tuberculous challenge. BALB/cJCit mice were
challenged by exposure to H37Rv aerosol 12 weeks after BCG vaccination. Mean (n = 8) and standard deviation (vertical bars) of CFU
counts in the lungs (open squares) and spleens (open circles) at 16 weeks are shown. Limit of detection 0·7 log CFU/organ.
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interest. The beneficial effect of high BCG dose is in agreement
with  the  results  of  a  study  in  humans  in  which  the  frequency
and intensity of T cell responses was found to be BCG dose-
dependent [15]. As the BCG dose-dependency did not apply to
the protection of the spleen, our findings suggest the role of some
distinct protective mechanisms in the lungs. Interestingly, the
BCG dose-dependent protection was pronounced equally follow-
ing intranasal and subcutaneous BCG delivery, suggesting that
the pulmonary protective mechanisms can be initiated by both
local and systemic vaccination. This may involve the regulatory
effects of their cytokines [6] from a subset of CD4 T cells, which
are recruited to the lungs [16]. Their selective homing may have
involved even distant mucosal sites, such as the gut, where a pro-
portion of the higher dose BCG could have reached following
intranasal inoculation.

Analysis of the BCG dose–protection relationship suggested
that the highest dose of intranasal BCG produced the best pro-
tection of the lungs, but it also caused BCG dose-dependent gran-
ulomatous pulmonary infiltration. This raises the question as to

the degree of lung infiltration that would be acceptable on safety
grounds. Sporadic occurrence of lung granulomas of small size
may not cause adverse effects, considering that they are probably
a common feature of self-healing, i.e. a protective host response,
to airborne natural tuberculosis (TB) infections in man. However,
more extensive granulomatous infiltration could be classified as a
pathological lesion. These concerns over intranasal vaccination
are also pertinent to recombinant BCG strains, particularly those
expressing cytokines [17,18], since granuloma formation has been
attributed to both T cell dependent and independent production
of IFN-g and tumour necrosis factor (TNF)-a [19]. As these cytok-
ines are also known mediators of protection, it may be difficult to
dissociate the protective effects from the potentially adverse lung
histopathology.

To alleviate the possible adverse effects from intranasal vac-
cination, it could be of interest to use BCG variants lacking the
granuloma-inducing trehalose-6,6¢-dimycolate [20] or aux-
otrophic strains of M. tuberculosis [21] with diminished granu-
loma-inducing capacity. Alternatively, antigenic subunits instead
of BCG could be used. DNA inoculation leads to relatively poor
pulmonary T cell responses [22], while proteins combined with
strong adjuvants such as cholera toxin [23] may also cause adverse
pulmonary infiltration and IgE response [5]; interestingly, the lat-
ter can be reduced by systemic inoculation of BCG [24], thus
favouring vaccination by combined intranasal and systemic routes.

Despite the long history and widespread use of BCG
vaccination in humans (although with limited protective efficacy),
the optimal vaccine dose and route of delivery have not yet been
confirmed. The described BCG dose-dependent protection of
lungs, but not of the spleen, suggests the role of different organ-
specific mechanisms of protection. When comparing BCG doses,
intranasal delivery was as protective as subcutaneous inoculation.
Although higher doses of intranasally delivered BCG imparted
better protection against the infection of the lungs, this was asso-
ciated with enhanced granulomatous infiltration. This finding sug-
gests that intranasal vaccination would need to be constrained to
those BCG doses avoiding undue pathology of the lungs, and also
indicates an advantage of vaccine delivery to sites not draining
directly to the lungs. In conclusion, in our experiments intranasal
vaccination, although attractive as a delivery route, could not pro-
vide better protection than subcutaneous inoculation without the
associated lung pathology. A possible way forward may be to
explore whether genetically modified strains of mycobacteria pro-
vide protection without inducing granuloma formation in the lung.
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