Vol.3, No.3, 71-81 (2013)
http://dx.doi.org/10.4236/0ji.2013.33011

Open Journal of Immunology

Repeated inoculations of Mycobacterium bovis
Bacille Calmette-Guérin (BCG) are needed to induce
a strong humoral immune response against antigens

expressed by the bacteria’

Monique C. da Silva', Elena B. Lasunskaia®', Wilmar Dias da Silva®*

'Laboratory of Biology of Recognition, Universidade Estadual do Norte Fluminense, Campos, Rio de Janeiro, Brazil
?Laboratory of Immunochemistry, Institute Butantan, Sio Paulo, Brazil; “Corresponding Author: wds@butantan.gov.br

Received 18 April 2013; revised 16 May 2013; accepted 30 May 2013

Copyright © 2013 Monique C. da Silva et al. This is an open access article distributed under the Creative Commons Attribution Li-
cense, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT

The cellular immune response elicited by My-
cobacterium bovis Bacille Calmette-Guérin (BCG)
has been carefully investigated, but the humoral
immune response has been partially neglected.
BALB/c mice were immunized with BCG strain
used to immunize humans. Anti-BCG antibodies,
as assayed by ELISA, began to appear in the
sera after the third week of immunization and
plateaued three weeks after the 8" immunization.
The total immunoglobulins (Igs) were purified by
caprylic acid method from pooled serum col-
lected after the 8" immunization. Anti-BCG an-
tigen antibodies were detected in the total Igs
preparation as well as in IgG, IgM, IgA, 19G;,
I9G2q, and 1gG,,, but not in the IgG;. Distinct
BCG proteins were recognized the IgGs in
Western blot analysis. Opsonization of BCG ba-
cilli by the purified Igs potentiated internaliza-
tion of the bacteria by murine Raw 264.7 mac-
rophages. The intracellular BCG elimination co-
incided with the induction of NO production,
which was more pronounced in cells infected
with opsonized BCG compared to those infected
with the non-opsonized bacteria. Coincidently,
the production of NO was also higher in macro-
phages infected with opsonized BCG (maximal
NO production at 48 h of incubation). The ob-
tained results demonstrate that repeated inocu-
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lations of BCG effectively activate the humoral
immune response, justifying the use of BCG as
a live recombinant vaccine vector to insert genes
encoding virulence factors controlled by anti-
bodies.
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1. INTRODUCTION

Bacille Calmette-Guérin (BCG) is an attenuated strain
of Mycobacterium bovis first used to vaccinate children
with a high risk of acquiring tuberculosis (TB) [1]. BCG
has become the most widely used vaccine, reaching 3
billion vaccinated individuals [2]. A meta-analysis of
individuals vaccinated with BCG indicates that the risk
of acquiring active TB is reduced by approximately 50
percent [3]. Widely recovered epidemiological data sug-
gest that the efficacy of the BCG vaccine depends on
several associated factors, such as the immune state of
the recipient [4], the intensity and frequency of the ex-
posure to the mycobacteria prior to vaccination [5], and
the recipient age [6,7]. Therefore, the capacity of BCG to
induce an immune response is indirectly indicated. Re-
inforcing this capacity is the well-recognized ability of
BCG to live and multiply in macrophage phagosomes,
which facilitates the interaction between the BCG anti-
gens and MHC class II molecules, resulting in the activa-
tion of a CD4+ Thl cell immune response. The observed
presence of lipoarabinomannan on the BCG outer cell
surface and the ability of this complex molecule to act as
an immune adjuvant may increase the potential immu-
nogenicity of BCG [8]. This probable immunogenicity
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underlies the inclusion of mycobacteria into complete
Freund’s adjuvant to improve the immune response in
experimental protocols [9].

The immune response induced by BCG is predomi-
nantly T cell-dependent [10]. The cellular immune re-
sponse has been followed essentially by evaluating in
parallel the activated T cell subtypes and the cytokine
profile [11]. Studies addressing the T cell response have
considered that antibodies play a minor role in the im-
mune protection against tuberculosis. However, antibod-
ies may facilitate mycobacterial elimination by increas-
ing bacterial opsonization [12].

A direct investigation aimed to detect the eventual an-
tibody production in response to BCG was performed by
comparing the humoral immune responses induced by
BCG strains grown in different culture media [13].

A recent analysis of the immunological response after
oral re-vaccination with M. bovis BCG Moreau RDJ in
adults who were intradermally immunized in infancy de-
monstrated an increase in the humoral immune response
without tolerance, and a switch from IgG to IgA was de-
tected [14].

Altogether, these data indicate that BCG immunization
induces not only cellular immunity but also the humoral
immune response. Immunization protocols that lead to
high levels of antibody production in response to BCG
should be established.

Recently, BCG vaccine strains began to be intensively
investigated as vehicles to deliver heterologous antigens
to induce both the humoral (mucosal and systemic) and
cell-mediated immune responses [15,16], reinforcing the
interest in the induction of antibody production by BCG.

Here, we describe an immunization scheme based on
repeated booster inoculations with the vaccine and the
antibody profiles of prevalent anti-BCG immunoglobulin
classes and subclasses induced in mice. Additionally, we
evaluated the capacity of these antibodies to opsonize
live BCG bacilli for phagocytosis and subsequent de-
struction within macrophage phagolysosomes. The re-
sults demonstrate that the attenuated M. bovis strain BCG
is a potent immunogen, which induces a strong humoral
response under hyperimmunization conditions, leading to
the production of different classes and subclasses of spe-
cific immunoglobulins with opsonizing properties.

2. MATERIALS AND METHODS
2.1. Animals

BALB/c mice (8 weeks old, 18 - 22 g, 5 animals per
group) were supplied by “Biotério Central da Universi-
dade Estadual do Norte Fluminense-Darcy Ribeiro
(UENF)” and maintained at the animal facility of the
Laboratorio de Biologia do Reconhecer, Centro de Bio-
ciéncias e Biotecnologia, UENF. All animals were cared
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for under ethical conditions according to International
Welfare Recommendations [17,18]. The protocols used
were approved by the Institutional Animal Care and Use
Committee CBB/UENF, RJ, Brazil.

2.2. Bacterial Strains, Growth Conditions
and Whole Extracts

All experiments were performed using the id-BCG
Moreau Copenhagen strain (1978) currently utilized in
the Brazilian TB immunization program. The BCG sam-
ples were supplied by the Institute Butantan, Sdo Paulo,
SP, in lyophilized form at the concentration of 1.0 mg/ml
—1.0 x 10° bacilli/mL. Liquid cultures of BCG were
grown in Middlebrook 7H9 media (MB7H9; Difco, MI,
USA) supplemented with albumin-dextrose-catalase (ADC)
(MB7H9/ADC) with gentle shaking at 37°C. To deter-
mine the number of colony-forming units (CFU) in the
bacterial suspensions, the culture samples were serially
diluted and plated onto Middlebrook 7H10 agar plates
supplemented with OADC (MB7H10/OADC). The plates
were incubated for 3 weeks at 37°C, and the CFU were
counted.

To obtain whole cell lysates of BCG (BCG-WCL)
samples of the BCG suspensions containing 1.0 x 10°
bacilli/mL were centrifuged at 4000 g at 4°C for 50 min.
The sediments were collected and homogenized in lysis
buffer (Tris-HC1 10 mM, NaCl 10 mM, 0.5% SDS, 25
mM EDTA) at pH 7.8. The bacilli were submitted to 12
alternating cycles of freezing in liquid N, and thawing in
a water bath at 37°C. The disrupted bacilli were then
sonicated (50 Hz for 30 min), the extracts were centri-
fuged at 4000 g for 15 min, and the protein concentra-
tions were determined.

2.3. Mouse Immunizations

For the immunizations, the BCG strain was grown in
MB7HY9 for 2 weeks until the late stationary phase
(O.D.o0 um = 1.0). The bacteria were collected by cen-
trifugation (4000 rpm at 4°C for 10 min), washed twice
and suspended in PBS to 10° CFU/mL. Each mouse was
intradermally inoculated eight times with 2 x 10’ bacilli,
0.1 mg in 100 pL PBS, with an interval of 3 weeks be-
tween the first and the second inoculations followed by 2
week intervals between the next six immunizations.
Control groups of mice received 100 pL PBS. Before the
immunizations, pre-immune serum was collected. The
presence of anti-BCG antibodies in the sera from immu-
nized and control mice was analyzed by ELISA, and the
BCG protein bands recognized by the serum were visu-
alized by Western blotting.

2.4. Purification of Anti-BCG Antibodies

Blood was collected by venomous puncture from
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anesthetized mice. The blood samples were allowed clot-
ting at room temperature for 1.0 h and kept for 16 h at
4'C. The clotted blood was centrifuged at 2000 rpm for
20 min, the serum was withdrawn, diluted 1/3 in pH 4.0,
60 mM acetate buffer, and the IgG immunoglobulins
were purified by negative precipitation with caprilic acid
[19]. The pH of the resulting purified IgG was adjusted
to pH 7.2, by adding 3M Tris solution. The IgG immu-
noglobulins, were further purified by adding ammonium
sulfate, at 4°C - 8°C, until 45% saturation. The precipi-
tated IgG was separated by centrifugation at 5000 g, for
15 min, dissolved in 0.15 M NaCl and dialyzed against
PBS. Protein concentration of dialyzed IgG was deter-
mined by the bicinconic acid (BCA) method.

2.5. Anti-BCG Antibody Quantification and
Characterization

Measurement of antibodies by ELISA. Samples of
sera were collected before and after each immunization,
and BCG-specific antibodies were evaluated by enzyme-
linked immunosorbent assay (ELISA). Briefly, microtiter
plates were coated overnight at 4°C with 2 pg/mL of
whole BCG extract diluted in carbonate buffer (0.015 M
Na,CO;,0.035 M NaHCOs), pH 9.7. After washing, the
plates were blocked with 100 puL of 10% FBS in PBST
for 2 h at room temperature. Aliquots of serial dilutions
of murine sera or purified anti-BCG IgG diluted in PBS
containing 10% FBS were added to the individual wells.
After incubation for 1 h at 37°C, the wells were washed
five times with PBST, and 50 pL of peroxidase-labeled
isotype-specific secondary detection antibodies (rabbit
anti-mouse IgG (total) or anti-mouse 1gG, 1gG,,, 1gGsy,
IgG;, IgA and IgM; Santa Cruz Biotechnology Inc., USA)
diluted 1:2000 were added. The plates were incubated for
an additional 1 h at 37°C and washed. The peroxidase
activity was measured using o-phenylenediamine (OPD)
and hydrogen peroxide as a substrate by spectropho-
tometry at the wavelength of 492 nm. The resulting OD
was plotted against the test sera or IgG dilutions. The
antibody titers were referred to either as the “end point”
or the U-ELISA amount. The “end point” was generated
by the first OD attaining maximal values. The U-ELISA
was calculated by using the closest OD to 0.2. One
U-ELISA, defined arbitrarily as the smallest amount of
an antibody to yield an OD of 0.2 under the ELISA con-
ditions, was calculated according the following equation
[20]:

U-ELISA = {[ (DO -0.200)(Dil.)/DO |+ Dil} x 10,

where DO was obtained from the equine antibody dilu-
tion closest to 0.200; Dil., the IgG (T) dilution corre-
sponding to DO, and 10 refers to per mL of undiluted
antibody. In this work, the antibody quantity in micro-
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grams was used as a substitute for the antibody dilution
to calculate the U-ELISA. All the values were recorded
after the appropriate blank correction. Similar assays
were used to quantify the anti-BCG antibodies in the
purified total immunoglobulin IgG and the 1gG;, IgG,,,
1gGy, IgGs3, IgA and IgM antibody subclasses.

2.6. Detection of BCG Protein Bands by
Western Blotting

Whole-cell protein extracts from the BCG strain were
resolved by SDS-PAGE (15%) and subsequently trans-
ferred onto a nitrocellulose membrane. After transfer, the
nitrocellulose sheets were probed with the mouse IgG
immunoglobulins isolated from the sera of the BCG-
immunized mice, followed by treatment with anti-mouse
IgG conjugated to horseradish peroxidase as the secon-
dary antibody. The purified IgG prepared before immu-
nization or from non-immunized mice were used as
negative controls. The membranes were developed with
a chemiluminescent kit (Millipore) and exposed on an
ImageQuant LAS 4000 (GE, USA).

2.7. BCG Opsonization

One-hundred microliters of the bacterial suspension
were incubated for 30 min at 37°C in 1.0 mL of phos-
phate-buffered saline (PBS) with or without the mouse
anti-BCG total serum or IgG. One hundred microliters of
PBS or serum obtained from non-immunized mice or
collected just before immunization were used for opso-
nization as negative controls. The suspension of opso-
nized bacteria was centrifuged at 3000 rpm for 10 min at
4°C, and the supernatant was discarded. Immediately
before the assay, the pellet was suspended in 900 pL of
warm (37°C), colorless Hanks’ solution (Gibco) buffered
to pH 7.4 with 10 mM HEPES, containing 10 - 5 M lu-
minol (Sigma-Aldrich, St. Louis, MO). All opsonization
tests were performed in triplicate.

2.8. Macrophage Culture, Infection and BCG
Phagocytosis

Murine macrophage-like RAW 264.7 cells (ATCC)
were expanded in 25 cm® or 75 cm’ flasks (Corning)
containing DMEM-F12 supplemented with 10% of BS,
at 37°C for 5 days. For experiments, the cells (1 x 10°
cells/mL) were seeded onto 24-well plates. The macro-
phage monolayers were infected with BCG pre-treated
with the murine anti-BCG IgG at a ratio 10/1 bacilli/
macrophage. Samples of BCG incubated with non-im-
mune IgG or PBS were used for infection of the control
cultures (always running in parallel). The macrophage/
bacteria interactions were stopped at 1 h,3h, 6 h, 9 h, 12
h, 24 h, 48 h and 72 h after infection. The cells were
washed with PBS three times to remove any extracellular
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bacteria and examined for phagocytosis of mycobacteria
by immunofluorescent microscopy.

2.9. Immunofluorescence Examination

The washed cells were fixed with 4% paraformalde-
hyde for 15 min and permeabilized with 0.5% Triton X
100 for 30 min at room temperature. After washing with
PBS, the cells were incubated in DMEM-F12 supple-
mented with 10% FCS and treated with rabbit anti-
mouse IgG-conjugated with phycoerythrin (1:1000 dilu-
tion) for 1.0 h at 4°C, in the dark. The cells were covered
with ProLong Gold plus DAPI (Invitrogen), and the slide
borders were sealed before examination by fluorescence
microscopy.

2.10. Quantification of Intracellular BCG
after Phagocytosis by Macrophages

Macrophages were plated onto 96-well plates (4 x 10°
cells/mL). After adhesion, the cells were infected with
BCG bacilli opsonized with immune mouse IgG (100
pg/ml) or non-opsonized bacilli at a bacillus:macrophage
ratio of 10:1 for 15 min at 37°C under constant stirring.
The plates were transferred to a CO, incubator and incu-
bated for different periods of times (1 h, 3 h, 6 h, 9 h, 12
h, 24 h, 48 h, 72 h). At the indicated intervals, the
non-phagocytosed BCG bacilli were removed by three
washes with sterile PBS. The bacterial uptake and sur-
vival in macrophages was quantified by the CFU test.
The infected macrophages were disrupted with 0.1%
saponin, homogenized and serially diluted. After stirring,
60 uL samples were plated onto Petri dishes containing
7H10 Middlebrook solid medium. The Petri dishes were
incubated for 30 days at 37°C, and the numbers of CFU
were counted.

2.11. Quantification of NO Production by
Infected Macrophages

The production of NO was indirectly quantified by
measuring the amount of NO,—in the macrophage su-
pernatants. Fifty microliter samples of the supernatants
from each macrophage culture infected with BCG for 24
h were plated onto 96 wells plates containing 50 pl
Griess reagent (1.0% sulfanilamide, 0.1% N-nafitilene-
diamine and 2.5% phosphoric acid). After 10 min of in-
cubation at room temperature, the O.D. was read at 540
nm. The amounts of released NO were calculated by
projecting the O.D. obtained onto a previously con-
structed standard curve based on eight dilutions starting
with 200 uM NO..

2.12. Statistical analysis

The results were submitted to two-way ANOVA tests
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using GraphPad Prism 5.0 software (GraphPad, San
Diego, CA). A p-value of <0.05 was considered indica-
tive of a significant difference.

3. RESULTS

3.1. Production and Purification of the
Anti-BCG Antibodies

Specific anti-BCG antibodies were quantified in the
serum of immunized mice by ELISA assay using either
rabbit anti-mouse total Immunoglobulin antibody or an-
tibodies specific to different Ig classes (IgG, IgM, IgA,
or the subclasses, Igg;, 1gGo., 1gGy, and IgG;). Anti-
BCG antibodies began to appear after the second immu-
nization (n = 5; median = 8.8152 £ SD = 0.110642)
compared with the sera collected before immunization (n
= 5; median = 0.20712 + SD = 0.079421). The titers in-
creased thereafter, reaching 2.54-fold higher at the 8"
booster inoculation with the antigen (n = 5; median =
2.0712 £ 0.116721) (Figure 1). The anti-BCG antibodies
were differently distributed among the IgG subclasses
and classes as follows: IgG; (n = 3; median = 1.9983 +
SD = 0.168197); 1gG,, (n = 3; median = 1.467667 + 0,
061744); 1gGy, (n = 3; median = 1.470333 + 0.050003);
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Figure 1. Anti-BCG antibodies were detected in serum of mice
immunized with whole BCG. ELISA plate wells were pre-
coated with BCG whole extracts and incubated for 1 h at 37°C.
After washes and incubation with peroxidase labeled rabbit anti
total mouse IgG, the peroxidase activity was measured using
o-phenylenediamine (OPD) and hydrogen peroxide as a sub-
strate by spectrophotometry at the wavelength of 492 nm. Anti-
BCG antibodies started to appear after the second immuniza-
tion (n = 5; median = 8.8152 + Sd = 0.110642) as compared
with sera collected before immunization (n = 5; median =
0.20712 = SD = 0.079421). The titers increased thereafter at-
taining maximal values after the 8" immunization. The differ-
ences among the antibody titers referred to those in sera before
and after immunization, and difference between the titers ob-
served after the 2™ and 8™ boosters are statistically significant
(p < 0.001). The assays were performed in triplicates and the
results were analyzed by the one way ANOVA test, p < 0.001.
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IgG3 (n = 3; median = 0.095 £ 0.001732); IgM (n = 3;
median = 1.30333 + 0.060069); and IgA (n = 3; median
= 1.141 £ 0.179084. Anti-BCG antibodies were not de-
tected in the IgG; fraction or in the serum collected be-
fore immunization (Figure 2).

The immunoglobulins were purified by negative cap-
rylic acid precipitation of pooled sera collected from
mice immunized with BCG one week after the last
booster (8" inoculation). The precipitated non-immuno-
globulin proteins were removed by centrifugation, and
the immunoglobulin-rich supernatant was dialyzed against
PBS. The resulting purified immunoglobulin preparation
containing 1.0 mg of total protein/mL upon analysis by
PAGE under reducing conditions manifested the typical
immunoglobulin H and L chains as the major protein
bands (Figure 3).

The anti-BCG antibodies present in these immuno-
globulin preparations were quantified by ELISA. Various
concentrations of the purified immunoglobulin prepara-
tions (0.78 pg to 100 pg) were added to wells pre-coated
with 2 pg of whole BCG extract as the primary antibody,
and rabbit anti-mouse IgG was added as secondary anti-
body. Anti-BCG antibodies were significantly detected in
a dose-dependent manner even at the lowest doses (Fig-
ure 4). As indicated above, the O.D. at 492 nm corre-
sponding to 0.2 was used to calculate the U-ELISA. This
immunoglobulin preparation contained 1794.8 U-ELISA/
mg. This value corresponds to the specific activity of the
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Figure 2. Anti-BCG antibodies were detected in different im-
munoglobulin classes and subclasses in serum of mice immu-
nized with whole BCG. ELISA plate wells were pre-coated with
BCG whole extracts and incubated for 1 h at 37°C. After washes
and incubation with peroxidase labeled rabbit anti-mouse 1gGy,
1gGa,, 1gGoy, 1gG;, 1gM and IgA, the peroxidase activity was
measured using o-phenylenediamine (OPD) and hydrogen per-
oxide as a substrate by spectrophotometry at the wavelength of
492 nm. Purified Ig obtained from serum collected just before
immunization was always included as negative control. The
assays were performed in triplicates and the significance of the
results was analyzed by the one-way ANOVA test, p < 0.001.
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Figure 3. Mice IgG immunoglo-
bulins. Analysis by Western blot-
ting. Total immunoglobulins were
purified from pooled sera of BCG-
immunized mice by negative pre-
cipitation with caprillic acid. Sam-
ples of purified immunglobulins
were separated by SDS-PAGE, the
protein bands were transferred to
nitrocellulose membrane and re-
vealed with rabbit anti-mouse Ig

antibodies.
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Figure 4. Anti-BCG antibodies are present in purified IgG
immunoglobulins. The anti-BCG antibodies were quantified by
ELISA as described for titration in pooled serum from mice
sera collected after the 8" immunization using also whole BCG
extracts (1 mg) to coat the plates.

purified mouse anti-BCG immunoglobulin preparation.
The purified immunoglobulin preparation was capable of
recognizing protein bands with different molecular
masses ranging from 7 kDa to 122 kDa in whole BCG
extracts, as revealed by Western blot analysis. Compati-
ble with the different anti-BCG antibody titers present
within the IgG subclasses, 10 protein bands were clearly
detected by IgG; and 4 by IgG,, and IgG,,, but none
were detected with IgG; (Figure 5).
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3.2. BCG Opsonization by Anti-BCG
Antibodies

Suspensions of BCG (4 x 10° bacilli per sample) were
prepared as indicated in the Materials and Methods,
washed with ice-cold PBS and pretreated with the indi-
cated amounts of purified immunoglobulins for 15 min at
37°C. After incubation, the bacilli were washed and used
for infection of RAW 264.7 cells at a bacteria/macro-
phage ratio of 10/1. The uptake of the opsonized BCG
was examined by immunofluorescence and phase con-
trast microscopic analyses of the infected macrophages.
The results presented in Figures 6(A)-(C) demonstrate

the presence of opsonized BCG bacilli inside macrophages.

The left panels illustrate stained opsonized bacilli (red)
within macrophages (blue nuclei), while the right panels
show that the BCG bacilli were also visible inside macro-
phages by light microscopic examination. The non-opso-
nized bacilli were detected in macrophages under light
microscopy but not by the immunofluorescence test. Fig-
ure 6(D) shows macrophage not incubated with BCG.

3.3. Anti-BCG IgG Modulates Bacilli
Phagocytosis by Macrophages

To determine the effect of the BCG pretreatment with
anti-BCG antibodies on phagocytosis, the Raw 264.7 cell
monolayers (1 x 10° cells) were infected with opsonized

IgG, 1eG,, IeG,, IeG,
122 KDa~»
94 KDa—» ——
65 KDa-—» —
39 KDa;-) — —
23 KDa—>

19KDaf

7KDa&§> c 3 D -

Figure 5. Anti-BCG IgG antibodies recognize different BCG
protein bands. Samples of BCG extracts (10 pg) were separated
on 12% polyacrylamide gel electrophoresis and the separated
protein bands were transferred to nitrocellulose membranes.
Purified mice IgG (10 pg) anti-BCG was used as the first anti-
body, and monospecific peroxidase labeled IgG anti-mouse
1gGy, 1gGy,. 1gGy, and IgGs were used as the secondary anti-
body. The band detection was accomplished by measuring the
peroxidase activity using o-phenylenediamine (OPD) and hy-
drogen peroxide as a substrate by spectrophotometry at the
wavelength of 492 nm.
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Figure 6. BCG opsonization by anti-BCG antibodies. Raw
264.7 cell monolayers were infected for 3.0 h at 37°C with
viable BCG bacilli, pretreated (A), (B) or not treated (C) with
mice anti-BCG antibodies. The bacteria/macrophage ratio was
10/1. After incubation, the cells were washed to remove non-
phagocytosed bacilli. The cells were fixed, permebialized, and
treated with rabbit anti-mouse IgG-conjugated with phycoeri-
trin and stained with DNA fluorochrome, DAPI. The resulted
cell monolayers were examined using immunofluorescent
(A)-(D) or light (E)-(H) microscopy. In Left panel, only the
opsonized BCG bacilli (A), (B), but not non-opsonized bacilli
(C) were detected inside macrophages with nuclei stained in
blue. The opsonized bacilli stained in red are pointed by arrows.
In Right panel, the opsonized and non-opsonized intracellular
bacilli are pointed by arrows (A)-(D), negative controls;
macrophages incubated without BCG bacilli.

or non-opsonized BCG (BCG/macrophage ratio of 10/1)

at 37°C. After different incubation periods, the cell
monolayers were washed three times with PBS to re-
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move outside bacilli. The macrophages were disrupted
with 0.1% saponin, and 10 pL of the resultant cellular
lysate was plated onto Petri dishes containing solid 7H10
culture medium. Next, the plates were incubated for 30
days at 37°C, and the numbers of CFU were counted.
Figure 7(A) shows that the numbers of BCG bacilli re-
covered from macrophages infected with the opsonized
BCG were significantly higher within the first 12 h of
incubation compared with the cells infected with non-
opsonized bacilli. The opsonized BCG/non-opsonized
BCG phagocytosis ratio, which are greater than 1 until
12 h of incubation, was inverted after 48 h of incubation
(Figure 7(B)). These results demonstrate that the num-
bers of intracellular bacteria began to decrease after 24 h
of incubation, suggesting the activation of putative bacte-
rial killing mechanisms in the host macrophages. The ob-
served reduction was more pronounced in the cells in-
fected with opsonized bacilli, suggesting that the bacteri-
cidal mechanisms were more potent in these cells.

The putative bacterial killing mechanisms employed
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Figure 7. Potentiation of BCG phagocytosis by pre-opsoniza-
tion of the bacilli with mice anti-BCG IgG. Adhered Raw 264.7
macrophage cells (4 x 10° cells/mL were infected with living
BCG bacilli (10:1 bacteria/macrophage) pretreated or not with
purified mice anti-BCG. After indicated time of incubation, the
cells were washed with PBS and lysed. The obtained lysates
were serially diluted, cultivated on solid culture medium, and
the resulting CFU was counted. The number of CFU recovered
from macrophages incubated with opsonized BCG was signifi-
cantly higher at the first 12 h of incubation as compared with
the bacilli removal from non-opsonized bacilli (A), declining
thereafter (B).

[ BCG+IgG
B BCG

CFU
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by macrophages that phagocytosed the opsonized BCG
bacilli were further investigated. To this end, we ana-
lyzed the induction of nitric oxide production in macro-
phages infected with opsonized and non-opsonized BCG.
Supernatants from the macrophage cultures were col-
lected, and the NO production was indirectly quantified
by determining the amounts of NO,-using Griess reagent
(Figure 8(A)) demonstrates that after 24 h of incubation,
NO production increased to reach a maximum at 72 h of
incubation. The production of NO by macrophages pha-
gocytosing opsonized BCG was at least 2-fold higher
compared with the non-opsonized bacilli. The ratios of
NO production induced in macrophages by the opsonized
BCG versus non-opsonized BCG (ratio opsonized/non-
opsonized BCG) began to increase after 9 h of incubation
(ratio of 16.6), progressively increasing to reach the
highest value at 24 h (ratio of 6.7), then decreasing until
48 h (ratio of 1.68) (Figure 8(B)).

4. DISCUSSION

The attenuated Mycobacterium bovis (BCG) strain,
while retaining the typical characteristics of the species,
does not express the relevant components responsible for
the original virulence [21]. BCG is an intracellular bacte-
rium that resides within mononuclear phagocytes and
preferentially induces a cellular immune response [22].
Accordingly, previous research has largely focused on
the activation of T cell subsets and the resulting cytokine
profiles [23-25]. Except for some ancillary approaches,
the humoral immune response putatively activated by
BCG has been neglected. The exceptions include an
analysis of the effects of the BCG growth conditions [15]
and different BCG preparations, such as oral BCG, on
the induction of the humoral immune response [16]. The
lack of virulence factors and the intrinsic antigenic and
adjuvant properties of BCG have long been exploited to
protect humans against some forms of tuberculosis (M.
tuberculosis) and hanseniasis, either through subcutane-
ous or oral administration. The adjuvant properties of the
vaccine qualify BCG to be a vector for virulence factors
of other pathogens. Accordingly, reports about the gen-
eration of recombinant BCG expressing virulence factors
from Bordetella pertussis or enteropathogenic Esche-
richia coli have been recently published [16,17]. De-
tailed investigations of the capacity of BCG to induce
humoral immunity are lacking.

The present study was designed to generate data about
the pattern of the humoral immune response elicited by
BCG in mice, specifically regarding the major qualities
of the resulting anti-BCG antibodies. The strategy invol-
ved a longer immunization schedule of 7 repetitive
boosters following the primary immunization. The im-
plicit objective was to provide ample access of the anti-
gens prevalent in BCG to the different antigen-presenting
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Figure 8. NO production by Raw 264.7 macrophages infected
with BCG. Adhered Raw 264.7 macrophage cells (4 x 10°
cells/mL) were infected with living BCG bacilli (10:1 bacte-
ria/macrophage) pretreated (A) or not (B) with purified mice
anti-BCG. After indicated time of incubation at 37°C, the cells
were washed with PBS and lysed. The obtained lysates were
either used to quantify free NO measured by the amount of
NO*by using the Griess reaction or serially diluted by deter-
mining the remaining living BCG bacilli , by cultivation on
solid culture medium, and counted the resulting number of
resulting CFU. Comparison between the NO production by
macrophages infected with BCG bacilli, pre-treated with mice
IgG anti-BCG extracts (opsonized), or pre-treated with IgG
from non-immunized mice. The basal NO production by mac-
rophages is significantly potentiated after 12 h of incubation
with pre-opsonized BCG bacilli attaining maximal values at 48
h (A). The recovered ratios of living BCG from macrophages
pre-opsonized/non-opsonized ratios were lower after the first
hours of incubation (0.8 after 1 h; 1.25 after 3 h, and 0.8 after
6hrs), increasing significantly until 24 h of incubation (ratio of
36.7), declining thereafter (ratio 2.04 after 72 h of incubation
(B). Each point represents media of triplicates.

cells (APC), dendritic cells, macrophages and B cells,
leading to the subsequent activation of naive T cells, ef-
fector T cells and B cells [26] of anti-BCG antibodies
were obtained, as assessed by ELISA (Figure 1). These
data indicate that the employed immunization strategy
permitted successful MHC class II-dependent presenta-
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tion of BCG antigens processed by APCs. The resulting
consequences of the binding and cross-linking of immu-
noglobulin receptors, leading to B cell activation and the
upregulation of costimulatory molecules including B7-1,
B7-2, and CD40, were apparently achieved. The obser-
ved variety of Ig classes and subclasses produced in re-
sponse to repeated BCG inoculations demonstrated that
the expansion and differentiation of B cell precursors
into Ab-secreting plasma cells, immunoglobulin H-chain
class and subclasses switching [27] and antibody produc-
tion occurred (although not investigated in this work).
This idea is based on extensively published related data.
These events led to anti-BCG antibody production, re-
sulting in high antibody titers and unequal class and sub-
class distribution (Figure 2). The lowest levels of anti-
BCG antibodies in the IgG; subclass may be explained,
at least in part, by the known naturally low prevalence of
this IgG subclass in the mouse molecular immunoglobu-
lin gene organization [28]. The anti-BCG antibodies of
various immunized mouse immunoglobulin classes and
subclasses recognized several distinct protein bands from
the BCG extracts (Figure 5). Therefore, the protective
possibility of the BCG antibodies can at least be double
expanded.

Accumulating evidence has implicated both IgG and
IgA antibodies in the host defense against bacterial infec-
tions [29]. 1gG first interacts with the pathogenic cells or
with their soluble components through the Fab-hyper-
variable regions. The resulting immune complexes form-
ed after the reaction of specific IgGs with the epitopes
expressed by the pathogens can activate cell or humoral
effector mechanisms.

The effector cell functions of macrophages, monocytes
and polymorphonuclear cells are initiated by the interac-
tion of the IgG Fc¢ fragments with the Fc receptors,
FyCRI (CD64), FyCRII (CD32), and FyCRIII (CD16),
expressed by these cells [30]. The activation of humoral
effector mechanisms involves the complement system
(CS) as one important source of both anaphylatoxins and
C3b fragments. The CS can be activated by three path-
ways: the classical pathway (CP), the MBL pathway
(MBLP) and the alternative pathway (AP). The CP is
activated after the interaction of the Fc of immunocom-
plexes with the C1 component; the MBLP is initiated by
the interaction between mannan-rich bacterial cell com-
ponents and MAPs; and the AP is initiated after the
spontaneous hydrolysis of C3-thioester bonds and the
immediate ligation of exposed OH or NH" pathogen cell
surface components [31]. The activation of these path-
ways may result in the production of various CS frag-
ments that can combine with specific effector cell-bound
receptors, resulting in pathogen destruction. The patho-
gen killing can be executed by phagocytosis, antibody-
dependent cell-mediated cytotoxicity, and respiratory
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burst [32].

In this work, we have demonstrated that the anti-BCG
antibodies are potentially able to prepare the bacilli for
phagocytosis and lysis upon combination with the FcRs
of the phagocytes (Figures 6(A)-(D)). The internaliza-
tion of the opsonized BCG by macrophages during the
first hours after infection was significantly higher com-
pared with the non-opsonized BCG (Figure 7(A)). Once
inside the phagosomes, the presence of Ig on the BCG
cell surface accelerated the bacterial destruction (Figure
7(B)). The observed bactericidal effect was associated
with a significant increase in nitric oxide (NO) produc-
tion (Figure 8(A)). This finding suggests an increase in
the production of inducible nitric oxide synthase indi-
cated by a clear inversion of the amounts of BCG recov-
ery from the infected macrophages which was increasing
higher until 24h of the macrophage with opsonized BCG
(opsonized/non-opsonized BCG ratio of 36.7), then de-
creasing until 48 h (ratio of 1.68) (Figure 8(B)). The pro-
duction of NO, results from the metabolism of arginine
to citrulline, and a number of number of enzymes, in-
cluding nucleoside reductase, resulting in impaired bac-
terial growth [33-36].

Pathogen-associated patterns (PAMPs) can be recog-
nized extracellularly by germline-encoded pattern-rec-
ognition receptors (PRRs) as Toll-like receptors (TLRs)
[37], and intracellularly by the cytoplasmic nucleic acid
receptors RIG-1 and Mda5 [38,39]. Once inside, cells an-
tibody-coated particles are bound to cytosolic IgG recep-
tor, tripartite motif-containing 21 (TRIM21) [40] via its
carboxy (C) terminal PRYSPRY domaim with highest
binding affinity [41]. Antibody-coated virus once into the
cytoplasm interacts with TRIM21 are degradeted by a
process including proteasome [42], ATPase and unfold-
ase [38]. The TRIM21 activation by intracellular patho-
gens antibody-bound in TRIM21 sufficient mice, but not
in TRIM21 genetically deficient mice [42], results in the
production of proinflammatory cytokines, modulation of
natural killer stress ligands and induction of an antiviral
state [43]. The antibody-mediated killing of BCG phago-
cytosed by macrophages, besides being attributed to
coincidence between reduction of recovered living BCG
and NO production can also be related to the TRIM21
proteases activation mediation.

In conclusion, the immunization protocol based on re-
peated BCG inoculations generates a robust humoral
response against antigens expressed by the vaccine strain,
leading to high levels of production of different classes
and subclasses of specific immunoglobulins. The data
obtained justify the use of BCG for the generation of
recombinant BCG vectors expressing genes for virulence
factors controlled by antibodies. The opsonizing effect of
the induced anti-bacterial antibodies favors the elimina-
tion of the immunizing bacteria, preventing the persis-

Copyright © 2013 SciRes.

tence of the vaccine strain in the immune organism. The
recent demonstration that BCG accepts DNA sequences
encoding is important virulence factors from Bordetella
pertussis [15] and enteropathogenic Escherichia coli [16]
and expresses these factors in the structural and antigenic
forms similar to the corresponding natural proteins justi-
fies the use of BCG as a vector. The long-continuing eva-
luation of the protective anti-Tb effects of BCG justify
this vaccine as the remaining available tool to control
this infection, particularly in countries with medium or
high disease incidence levels [36].
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	All experiments were performed using the id-BCG Moreau Copenhagen strain (1978) currently utilized in the Brazilian TB immunization program. The BCG sam- ples were supplied by the Institute Butantan, São Paulo, SP, in lyophilized form at the concentration of 1.0 mg/ml −1.0 × 105 bacilli/mL. Liquid cultures of BCG were grown in Middlebrook 7H9 media (MB7H9; Difco, MI, USA) supplemented with albumin-dextrose-catalase (ADC) (MB7H9/ADC) with gentle shaking at 37˚C. To deter- mine the number of colony-forming units (CFU) in the bacterial suspensions, the culture samples were serially diluted and plated onto Middlebrook 7H10 agar plates supplemented with OADC (MB7H10/OADC). The plates were incubated for 3 weeks at 37˚C, and the CFU were counted. 
	For the immunizations, the BCG strain was grown in MB7H9 for 2 weeks until the late stationary phase (O.D.600 nm = 1.0). The bacteria were collected by cen- trifugation (4000 rpm at 4˚C for 10 min), washed twice and suspended in PBS to 106 CFU/mL. Each mouse was intradermally inoculated eight times with 2 × 105 bacilli, 0.1 mg in 100 µL PBS, with an interval of 3 weeks be- tween the first and the second inoculations followed by 2 week intervals between the next six immunizations. Control groups of mice received 100 µL PBS. Before the immunizations, pre-immune serum was collected. The presence of anti-BCG antibodies in the sera from immu- nized and control mice was analyzed by ELISA, and the BCG protein bands recognized by the serum were visu- alized by Western blotting. 
	where DO was obtained from the equine antibody dilu- tion closest to 0.200; Dil., the IgG (T) dilution corre- sponding to DO, and 10 refers to per mL of undiluted antibody. In this work, the antibody quantity in micro- grams was used as a substitute for the antibody dilution to calculate the U-ELISA. All the values were recorded after the appropriate blank correction. Similar assays were used to quantify the anti-BCG antibodies in the purified total immunoglobulin IgG and the IgG1, IgG2a, IgG2b, IgG3, IgA and IgM antibody subclasses. 

	The results were submitted to two-way ANOVA tests using GraphPad Prism 5.0 software (GraphPad, San Diego, CA). A p-value of <0.05 was considered indica- tive of a significant difference.

