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Abstract
The varied rates of protection induced by Mycobacterium bovis BCG vaccine against tuberculosis
has been attributed to many factors such as genetic variability among BCG strains, rapid clearance
of BCG in some populations, and different levels of previous exposure of vaccinated populations
to environmental mycobacteria. However, the methods and conditions employed to prepare this
vaccine for human usage by various manufacturers have not been investigated as potential factors
contributing to the variation in vaccine efficacy. A review of the literature indicates discrepancies
between the approach for growing BCG vaccine in the laboratory to assess immune responses and
protective ability in animal models, and that employed for production of the vaccine for
administration to humans. One of the major differences is in the growth medium used for routine
propagation in the laboratory and the one used for bulk vaccine production by manufacturers. Here
we compared the immunogenicity of the BCG vaccine grown in Middlebrook 7H9 medium, the
most commonly used medium in laboratory studies, against that grown in Sauton medium, which
is used for growing BCG by most manufacturers. Our results showed clear differences in the
behavior of BCG grown in these different culture media. Compared to BCG grown in
Middlebrook 7H9 medium, BCG grown in Sauton media was more persistent inside macrophages,
more effective at inhibiting apoptosis of infected cells, induced stronger inflammatory responses
and stimulated less effective immunity against aerosol challenge with a virulent Mtb strain. These
findings suggested that the growth medium used for producing BCG vaccine is an important factor
that deserves increased scrutiny in ongoing efforts to produce more consistently effective vaccines
against Mtb.
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1. Introduction
Mycobacterium bovis BCG is the only currently approved vaccine for prevention of
tuberculosis (TB), and it continues to be used routinely in many regions with high levels of
endemic TB. The original BCG strain was developed by Calmette and Guerin between 1908
and 1919 by carrying out 231 passages of virulent M. bovis in glycerinated bile potato
medium [1]. This long-term serial cultivation led to spontaneous attenuation, resulting in a
strain of M. bovis that was no longer virulent in healthy animals or humans and therefore
was suitable for use as a live attenuated vaccine. However, the level of protection against
pulmonary TB provided by BCG vaccination has been highly variable in different controlled
trials around the world, ranging from 0 to 80% [2–4]. Three main hypotheses have been
proposed to explain this variable efficacy. First, BCG has acquired additional mutations
through many years of passage in culture which reduce its ability to stimulate protective
immunity against Mycobacterium tuberculosis. Second, exposure to environmental
mycobacteria alters the response to BCG and may lead to tolerance that blunts the vaccine
effect. Third, there is a rapid clearance of BCG by vaccine recipients in some populations
that does not provide sufficient exposure to the vaccine for development of long-term
immunological memory [5].

Dissemination of the BCG vaccine over many years and geographic regions has led to the
derivation of multiple substrains from the original strain, with as many as 49 production
substrains being used at various times and places including the four major BCG vaccines in
current use (BCG-Pasteur, -Danish, -Glaxo, and -Japan) [6,7]. The multiplication of
production sites has led to great variation in the culture conditions and the timing of the
harvesting of BCG for vaccine production [8]. However, in most production laboratories
that prepare BCG vaccines for administration to humans, the bacteria are grown as a pellicle
on the surface of liquid Sauton medium [9]. In contrast, the liquid culture media employed
to grow BCG for research purposes vary among different laboratories, with the most
common medium used being Middlebrook 7H9. In fact, a review of the literature for the last
3 years led us to conclude that greater than 95% of published papers during this period
evaluating immunogenicity and vaccine efficacy of BCG in vitro or in animal models have
used organisms grown in Middlebrook 7H9 medium. Interestingly, it has been shown that
BCG grown in Middlebrook 7H9 or Sauton media have different protein expression profiles,
and different levels of sensitivity to reactive nitrogen intermediates [10]. Moreover, BCG
vaccines grown in different culture media have been shown to induce distinct humoral
immune responses in mice [11], and studies of other mycobacterial species have shown
major effects of the growth medium composition on the secretion of virulence related
proteins such as ESAT-6 and CFP-10 [12].

The above findings suggest that the growth medium used for preparation of BCG vaccines
could have a significant impact on immunogenicity and vaccine efficacy, and that this may
be an important factor contributing to variations in the properties of BCG strains both in
laboratory studies and in clinical vaccine trials. In particular, it is striking that most BCG
vaccines used for clinical trials or routine vaccination of humans have been grown in Sauton
medium, whereas BCG used for laboratory based preclinical vaccine studies is usually
grown in Middlebrook 7H9 medium. This discrepancy between methods used in the
laboratory versus the clinical setting prompted us to investigate whether these two different
growth conditions may have any influence on immunological properties and protective
efficacy of the BCG vaccine in the mouse model. Our results show that this is indeed the
case, and indicate that growth conditions prior to in vivo inoculation of BCG have a
significant effect on the subsequent immune response in the vaccinated host.
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2. Materials and methods
2.1. Mice

Six- to 8-week-old female wild type (C57BL/6) and severe combined immunodeficiency
(SCID; also C57BL/6 background) mice were obtained from Jackson Laboratories (Bar
Harbor, Maine). All mice were maintained in specific pathogen-free conditions, and were
transferred to biosafety level 3 conditions for infection with M. tuberculosis. All procedures
involving the use of animals were in compliance with protocols approved by the Albert
Einstein College of Medicine Institutional Animal Use and Biosafety Committees.

2.2. Bacterial strains, media and culture
M. bovis BCG (Pasteur and Danish strains) were obtained from Statens Serum Institute
(Copenhagen, Denmark), BCG-Tice was obtained from the American Type Culture
Collection (ATCC; Manassas VA), and virulent M. tuberculosis strain H37Rv was obtained
from the Trudeau Institute (Saranac Lake, NY). Middlebrook 7H9 medium (M7H9; Difco
Laboratories/BD Diagnostic Systems, Sparks, MD) was supplemented with oleic acid-
albumin-dextrose-catalase (OADC Enrichment; Difco Laboratories/BD Diagnostic Systems,
Detroit, MI) and 0.05% tyloxapol (Sigma–Aldrich, St. Louis, MO). Sauton medium was
prepared using a published recipe [13]. Bacterial CFU titers were determined by plating
tissue homogenates or aliquots of bacterial suspension on Middlebrook 7H11 agar plates
containing OADC (M7H11). For culturing M. tuberculosis from tissues of previously BCG
immunized mice, 2 µg/ml of thiophene-2-carboxylic acid hydrazide (TCH, Sigma–Aldrich)
was added to the plates to selectively inhibit the growth of residual BCG organisms.

2.3. Primary cell suspensions and cell lines
Bone marrow derived macrophages (BMM) from C57BL/6 mice were prepared as described
in published protocols [14]. Briefly, bone marrow cells were flushed aseptically from the
femurs and tibias and suspended in complete medium which consisted of DMEM
supplemented with 10 mM HEPES, 2 mM L-glutamine, 0.1 mM nonessential amino acids,
55 µM 2-mercaptoethanol, 100 units/ml penicillin and 100 µg/ml streptomycin (all from
Invitrogen, Carlsbad, CA), plus 10% heat-inactivated fetal calf serum (FCS; Gemini
Biological Products, Calabasas, CA). For BMM cultures, 10% conditioned medium from a
culture of mouse L929 fibroblasts was added as a source of M-CSF, and the cells were
plated in bacteriology grade non-tissue culture treated 10 cm diameter polystyrene dishes
(ThermoFisher Scientific, Waltham, MA) at 2 × 106 cells per dish. After incubation in a 37
°C humidified 10% CO2 incubator for 7 days, the macrophage enriched adherent fraction
was harvested. The human monocytic cell line THP-1 was obtained from ATCC and
maintained in complete RPMI-1640.

2.4. In vitro infection of bone marrow derived macrophages
BMM were plated in 24-well plates and incubated overnight in complete DMEM. The cells
were washed once with DMEM and then infected with BCG grown in M7H9 medium
(BCG-M) or Sauton medium (BCG-S) at an MOI of 10:1 for 4 h at 37 °C. The infected
wells were washed three times with complete medium to remove extracellular bacteria and
incubated at 37 °C. To enumerate bacterial colony forming units (CFUs) at various time
points, cell lysates were prepared by removing the medium and lysing with 0.05% SDS.
Serial dilutions of the lysate were plated on M7H11 agar, and incubated at 37 °C for 21 days
before counting the CFUs.
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2.5. Microscopy for cellular localization of infecting mycobacteria
BCG organisms grown in either of the two media (BCG-M or BCG-S) were stained with
CFSE (Invitrogen-Molecular Probes, Carlsbad, CA) at 10 µM in PBS with 0.05% Tyloxapol
for 30 min at 37 °C and then washed four times with PBS-T. The CFSE labeled BCG were
used to infect cultures of BMM using a multiplicity of infection (MOI) of 10:1 for 3 h at 37
°C. Subsequently, the infected cells were harvested at various time points as indicated and
stained with the lysotracker dye (Invitrogen-Molecular Probes) at 100 nM at room
temperature for 40 min. Images were then obtained with a fluorescence microscope
(Axiovert 200 M, Karl Zeiss Inc., Thornwood, NY) and analyzed using appropriate filters
for co-localization of BCG with the lysotracker dye.

2.6. Apoptosis assay
Apoptosis of THP-1 macrophages was quantitated by flow cytometric analysis following
incubation with CaspGLOW™ Fluorescein Active Caspase-3 staining reagent (eBioscience,
San Diego, CA), Annexin V-Alexa Fluor® 647 (Invitrogen) and 1 µg/ml propidium iodide
(PI; Sigma–Aldrich, St. Louis, MO). Briefly, 3 × 105 THP-1 cells per well were plated in
96-well plates in complete RPMI-1640 with 50 nM phorbol 12-myristate 13-acetate (PMA;
Sigma–Aldrich). After 24-h the cells were washed with PBS, and then infected with either
BCG-S or BCG-M at 10:1 MOI followed by incubation at 37 °C for 72 h. 1 h prior to
harvest, the cells were incubated with FITC-DEVD-FMK in complete media following the
manufacturer’s instructions. The cells were then washed twice in Annexin V binding buffer
(10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) and then stained with Annexin V-
Alexa Fluor® 647. After incubation for 15 min at 37 °C, the cells were washed twice with
Annexin V binding buffer and transferred to FACS tubes on ice. Immediately prior to
acquisition PI was added to a final concentration of 1 µg/ml, and the cells were analyzed
using a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA)

2.7. Detection of cytokines in vivo by multiplex capture ELISA
C57BL/6 mice were injected intravenously with 1 × 106 CFU in the lateral tail vein and
serum was collected at various time points by retro-orbital bleeding. Samples were analyzed
for cytokine levels by capture ELISA using the Meso Scale Discovery multiplex assay
system based on electrochemiluminescent detection (MSD, Gaithersburg, MD). The
standard MSD 10-plex mouse TH1/TH2 cytokine assay was used as directed by the
manufacturer, which allows detection of murine IFNγ, IL-1β, IL–2, IL-4, IL-5, KC/CXCL1,
IL-10, IL-12 (total p40) and TNFα.

2.8. Multiparameter FACS analyses
For analysis of multifunctional CD4+ T cells (MFT cells), splenocyte suspensions were
prepared from animals immunized with either BCG-S or BCG-M administered
intraperitoneally (5 × 106 CFU) or subcutaneously (1 × 106 CFU) 2 or 8 weeks previously,
as stated. Single cell suspensions in complete RPMI-1640 medium were plated at 1.5 × 106

cells per well in 0.2 ml in 96-well round-bottom plates. Cells were restimulated with 10 µg/
ml of each of the following synthetic peptide antigens (Invitrogen):
FQDAYNAAGGHNAVF (Ag85B-P25; residues 240–254 of MTb/BCG Ag85B, I-Ab

restricted); QIMYNYPAM (residues 3–11 of MTb/BCG TB10.4/10.3, H-2Kb restricted);
ESSAAFQAAHARFVAA (residues 46–61 of MTb/BCG TB9.8, I-Ab restricted) plus 1 µg/
ml soluble anti-CD28 mAb (clone 37.51; eBiosciences). These epitopes have been
previously described and are available in the Immune Epitope Database
(http://www.immuneepitope.org), with the exception of the TB9.8 epitope which was
mapped in the course of this study (Supplementary Fig. 1). After incubation (37 °C, 5%
CO2) for 2 h, 10 µg/ml Brefeldin A (Sigma–Aldrich) was added for an additional 4 h. Cells
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were labeled with blue live/dead viability dye BluVID (Invitrogen), washed, preincubated
with ~10 µg/ml mAb 2.4G2 to block Fc receptors and stained with the following
fluorochrome conjugated mAbs (all from BD Biosciences, Franklin Lakes, NJ): anti-CD3e-
FITC (clone 145-2C11), anti-CD4-APC-Cy7 (clone RM4–5), and anti-CD8α-Pacific Blue
(clone 53-6.7). Cells were then fixed with 2% paraformaldehyde for 10 min and washed
with permeabilization buffer (PBS with 1 mM Ca2+, 1 mM Mg2+, 1 mM HEPES, 2% FCS
and 0.1% saponin), and then blocked for 30 min in permeabilization buffer + 10% normal
mouse serum (Jackson Immunoresearch, West Grove, PA). The following fluorochrome
conjugated anti-cytokine mAbs were then added: anti-IL-2-APC (clone JES6-5H4; BD),
anti-IFN-γ-Alexa Fluor® 700 (clone XMG1.2; BD) anti-TNF-α-PE-Cy7 (clone MP6-XT22;
BD) and anti-IL-17A PerCP-Cy5.5 (clone eBio17B7; eBioscience, San Diego, CA).
Samples were acquired on a BD Biosciences LSR II flow cytometer with FACSDiva™
software. For analysis of multifunctional cytokine producing T cells a Boolean gating
strategy was employed using FlowJo software (Treestar, Ashland, OR).

2.9. IFNγ ELISPOT assay
IFNγ secretion by individual CD4+ T and CD8+ T cells from the spleens of mice infected
intraperitoneally 2 weeks earlier with BCG-M or BCG-S (1 × 106 or 5 × 106 CFU, as
indicated) was quantitated by ELISPOT assay after stimulation in vitro with peptide
epitopes of MTb antigens (Ag85B240–254, TB10.3/10.43–11 and TB9.846–61) and purified
recombinant M. tuberculosis Hsp65 protein (BEI Resources, Manassas, VA). After
treatment with RBC lysis buffer (Sigma–Aldrich, St. Louis, MO), splenic T cells were
purified using the Dynal Mouse T Cell Negative Isolation Kit (Invitrogen). The separated T
cells were cultured in 96-well ELISPOT plates (Millipore, Danvers, MA) that had been
coated previously with IFNγ capture antibody (Clone R4.6A2; BD Biosciences) for 16 h at
room temperature (RT), followed by blocking with 1% BSA for 2 h at RT. Bulk splenocytes
from a naïve mouse (9 × 105/well) were added as antigen presenting cells (APCs) with and
without antigens (5 µg/ml), and incubated for 24 h at 37 °C in a 5% humidified CO2
incubator. Cells were removed and the plates were washed with PBS and then with PBS
containing 0.05% Tween 20. Biotinylated anti-IFNγ detection antibody (clone 4S.B3; BD
Biosciences) was added for 2 h at 37 °C, followed by washing with PBS + 0.05% Tween 20.
Streptavidin–alkaline phosphatase (Sigma–Aldrich) was added to the plates for 1 h (37 °C).
BCIP/NBT substrate (Sigma–Aldrich) was then added and spots were allowed to develop.
The reaction was stopped by washing the wells with water, and spots were counted using an
automated ELISPOT reader (Autoimmun Diagnostika, Strassberg, Germany).

2.10. Vaccination, challenge and infection studies
For vaccination/challenge studies, wild type C57BL/6 mice were vaccinated subcutaneously
with either BCG-M or BCG-S (1 × 106 CFU/mouse in 0.2 ml PBS + 0.05% tyloxapol).
Aerogenic challenge was done 2 months later using a whole-body exposure aerosol chamber
(University of Wisconsin Mechanical Engineering Workshop, Madison, WI) custom fitted
to a class III biosafety cabinet (Baker, Sanford, ME) to deliver 50–100 CFU per animal of
virulent strain M. tuberculosis H37Rv. Mice were sacrificed at 4 weeks and 12 weeks after
challenge. Lungs and spleens of individual mice were aseptically removed and homogenized
separately in 5 ml normal saline plus 0.05% Tween 80 using a Seward Stomacher 80 blender
(Tekmar, Cincinnati, OH). The homogenates were diluted serially and plated on
Middlebrook 7H11 agar. Lung tissues were processed for histopathology using standard
paraffin fixation, sectioning and H&E staining. For systemic BCG infection to assess time to
death in SCID mice (C57BL/6 background), animals received 1 × 106 CFU of either BCG-
M or BCG-S intravenously via the lateral tail vein. Survival was determined by time to
spontaneous death or to severe morbidity requiring sacrifice, as specified in our approved
animal use protocol (e.g., loss of >25% of body weight).
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2.11. Adoptive transfer of T cells from immunized to naïve C57BL/6 mice
C57BL/6 mice were injected intraperitoneally with 4 mg/mouse of cyclophosphamide to
give partial lymphocyte depletion that promotes engraftment of transferred cells [15,16], and
2 days later received adoptive transfer of 6 × 106 isolated total T cells (Pan T cell isolation
kit, Miltenyi Biotec, Germany) from mice immunized subcutaneously 3 months previously
with either BCG-M or BCG-S (1 × 106 CFU). The next day the recipient mice were
subjected to a low dose (50–100 CFU) aerosol challenge with virulent MTb H37Rv. After 4
weeks, the spleens and lungs were harvested for CFU counts.

2.12. Western blot analyses
For the analysis of humoral responses, serum samples were obtained from C57BL/6 mice by
retro-orbital bleeding 2 weeks after immunization with BCG-M or BCG-S (5 × 106 CFU
inoculated intraperitoneally), and were analyzed by Western blotting for reactivity to MTb
protein antigens. Preparations of MTb total lysate, culture filtrate proteins, cell wall
associated proteins and cytosolic proteins prepared from M. tuberculosis strain H37Rv were
provided by Colorado State University via the BEI Resources reagent procurement program
(BEI Resources). Samples of these preparations were electrophoresed in 4–15% SDS-PAGE
gels (20 µg of total protein per lane), which were then blotted onto PVDF membranes using
a dry-blot apparatus (BioRad, Hercules, CA) according to the manufacturer’s instructions.
Membranes were preincubated in buffer (PBS + 0.05%Tween 20 containing 5% dried milk
to block nonspecific protein interections), and then washed and incubated with the serum
samples diluted 1:1000 in lysis buffer (150 mM NaCl, 100 mM Tris-buffered saline (pH 8),
1% Tween 20, 1 mM EDTA) containing complete protease inhibitor cocktail (Roche, Basel,
Switzerland). After 2 h of incubation at room temperature, the membranes were washed and
incubated with anti-mouse IgG-HRP (Invitrogen) diluted 1:5000. After a further 1 h of
incubation at room temperature, the membranes were washed and developed using the
Super-Signal West Pico chemiluminescent substrate (Thermo Scientific, Rockford, IL),
following instructions provided by the supplier. Images were obtained by exposing X-ray
film to the membrane. The Western-blot for cyclooxygenase-2 (COX-2) was done using a
polyclonal rabbit anti-COX-2 antiserum (Cayman, Ann Arbor, MI) at 1:120 dilution
followed by a secondary polyclonal HRP-anti-rabbit IgG at 1:5000 dilution (Invitrogen).
Anti-mouse β-actin-HRP was used at 1:5000 dilution to detect the housekeeping protein β-
actin (Invitrogen).

2.13. Statistical analyses
GraphPad Prism 5.0 software was used for statistical analyses. Unless otherwise stated in the
figure legends, two-way Analysis of Variance (ANOVA) with Bonferroni post-test was used
to evaluate paired replicates. Log rank test was used to evaluate differences between
survival curves. p values of less than 0.05 were considered significant.

3. Results
3.1. Increased resistance to killing in vitro and in vivo of BCG grown in Sauton medium

In order to assess the influence of growth conditions on the intracellular survival of BCG,
we infected BMM with BCG organisms (Pasteur strain) grown in either Sauton (BCG-S) or
M7H9 (BCG-M) media, and analyzed the numbers of viable bacilli (CFUs) at different time
points. We observed a significantly higher survival of BCG-S compared to BCG-M, starting
from 24 h through 7 days post infection (Fig. 1A). This effect was observed with three
different substrains of BCG (Pasteur, Danish and Tice strains), indicating that it was broadly
applicable and not restricted only to BCG-Pasteur (Supplementary Fig. 1). By infecting
macrophages with CFSE-labeled bacilli, we noted that many of the intracellular BCG-M

Venkataswamy et al. Page 6

Vaccine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bacilli showed a dramatic loss of fluorescence 24 h after infection, suggesting that the
organisms were killed and degraded (Fig. 1B). Nearly all of the relatively few bacteria that
were still visualized by their green fluorescence showed colocalization with the Lysotracker
dye (Fig. 1B and C), indicating their delivery to acidified compartments. In contrast, BMM
infected with BCG-S showed many intracellular bacteria at 24 h post infection (Fig. 1B),
and only about half of these showed detectable colocalization with Lysotracker (Fig. 1C).

The induction of apoptosis by infected macrophages has been linked to bactericidal effects
that promote the killing of intracellular mycobacteria [17]. Since we observed a significant
difference in the survival in macrophages of BCG cultivated in the two growth conditions,
we assessed whether these differences correlated with effects on inhibition of the ability of
the host cell to initiate programmed cell death. For this purpose we used staining of BCG-
infected THP-1 macrophages with Annexin V, propidium iodide and a fluorescent inhibitor
of caspase activation (FLICA) reagent that specifically labels active caspase-3. Consistent
with earlier reports, we found that BCG was in general a relatively weak inducer of
apoptosis compared to some other mycobacterial species, e.g Mycobacterium smegmatis
(Supplementary Fig. 2) [18]. However, our results showed that BCG-M promoted stronger
staining of the cell surface with Annexin V and more pronounced intracellular caspase-3
activation compared to BCG-S (Fig. 2A and B, and Supplementary Fig. 2).

It has been shown that induction of cyclooxygenase-2 (COX-2) is a hallmark of pro-
apoptotic species or strains of mycobacteria [19]. Consistent with the increased induction of
macrophage apoptosis by BCG-M, we found that BCG-S markedly decreased the induction
of COX-2 in BMMs as compared to BCG-M at 12–48 h following infection (Fig. 2C). This
further supported the conclusion that BCG-M had a decreased ability to block macrophage
apoptosis compared to BCG-S.

3.2. Elevated inflammatory cytokine levels and increased bacterial persistence in mice
infected with BCG-S

The predominant cytokine response to mycobacterial infection in mice and humans is of the
Th1 type, characterized by IFN-γ, IL-12 and TNF [20,21]. These cytokines orchestrate the
initial inflammatory responses in the infected tissue, which paves the way for an antigen
specific adaptive T cell response. Comparing the cytokines induced in the sera of mice
infected by BCG grown in different media using a multiplex cytokine detection method, we
found that IFN-γ, IL-12p40 and the chemokine CXCL1 were expressed at higher levels in
mice vaccinated with BCG-S as compared to those vaccinated with BCG-M (Fig. 3A). In
addition to these cytokines, we also detected IL-10 but this was produced at similar levels in
mice vaccinated with the two different BCG preparations (data not shown). Interferon-γ was
detectable at relatively high levels as early as 6 h after vaccination, which may indicate that
it was derived from innate immune effector cells such as natural killer (NK) and natural
killer T (NKT) cells. A similar early response was seen with IL-12p40, which is normally
released by APCs like dendritic cells (DCs). The chemokine CXCL1, which appeared to
peak at later time points and also showed a trend toward increased production in BCG-S
infected mice, has been implicated in the recruitment of myeloid and lymphoid cells to the
site of infection.

Based on the increased survival in vitro, inhibition of apoptosis and COX-2 induction by
BCG-S, we hypothesized that BCG-S would be more persistent in vivo than BCG-M.
Indeed, we found significantly higher levels of CFUs in the lungs and spleens of BCG-S
infected mice, especially at 2 weeks post infection (Fig. 3B). Additionally, we observed
markedly enlarged livers (data not shown) and spleens in mice that were infected by
intravenous inoculation with BCG-S as compared with organs from mice similarly infected
with BCG-M (Fig. 3C). Taken together, these results clearly suggested that the ex vivo
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growth of BCG in Sauton medium rendered the bacilli more resistant to killing after their
uptake by phagocytes. This increased ability of BCG-S to persist in mice was part of a
phenotype that more closely resembled that of fully virulent mycobacteria such as M.
tuberculosis.

3.3. Elevated T cell responses to mycobacterial antigens in mice infected with BCG-S
We reasoned that the significant differences in cytokine responses induced by the BCG
grown in different conditions may have an impact on the magnitude or quality of T cell
activation. Since multifunctional Th1 cells simultaneously secreting these three cytokines
have been correlated in a published study with protection against M. tuberculosis challenge
in BCG immunized mice [22], we focused particularly on the differences in the
multifunctional T cell compartment in mice immunized with either BCG-M or BCG-S. We
infected C57BL/6 mice by intraperitoneal injection of BCG-S or BCG-M, and analyzed the
CD4+ and CD8+ T cell responses to specific mycobacterial antigens using intracellular
cytokine staining for IFN-γ, TNF and IL-2 and multiparameter flow cytometry [22].
Splenocytes were stimulated with two MHC class II restricted (I-Ab) epitopes (P25 from
Ag85B and Peptide 10 of TB9.8) and with one MHC class I restricted (H-2Kb) presented
epitope of the protein TB10.3/4. T cells from BCG-S infected mice showed increased
antigen specific responses to all of these epitopes, reflecting increases in the frequencies of
most of the cytokine producing subsets assessed by this analysis (Fig. 4A). The overall
proportions of antigen responsive T cells producing one, two or three of the cytokines
measured were calculated. This showed marked similarity for CD8+ T cells from BCG-S
and BCG-M infected mice. However, CD4+ T cell responses to both epitopes studied
showed a moderate shift toward greater multifunctionality in BCG-S infected mice (Fig.
4B). Additionally, we found higher frequencies of IFNγ producing T cells from the BCG-S
immunized mice in ELISPOT assays in response to the three epitopes used in the ICS
analysis, and a trend in this direction was also seen for responses to recombinant Mtb Hsp65
protein which contains both MHC class I and II presented epitopes (Fig. 4C). This effect
was not limited to a single BCG strain as we observed significantly enhanced T-cell
responses to BCG-S across three distinct strains (Supplementary Fig. 3). Overall, mice
immunized with BCG-S showed elevated levels of cytokine producing CD4+ and CD8+ T
cells and a shift to greater multifunctional cytokine secretion in the CD4+ compartment
compared to mice immunized with BCG-M.

3.4. Better protection against virulent M. tuberculosis in BCG-M vaccinated mice
Having observed a pronounced difference in the T cell responses among mice immunized
with the two BCG preparations, we tested if these differences could influence the level of
protection against a virulent MTb challenge. Surprisingly, despite the finding that mice
immunized with BCG-S showed more robust T cell responses, we observed that the mice
immunized with BCG-M showed significantly better control of Mtb infection in their lungs
and equivalent control of infection in their spleens compared to mice immunized with BCG-
S (Fig. 5A). Moreover, using an adoptive transfer protocol in which T cells purified from
immunized mice were transferred into unimmunized recipients, we also tested the ability of
memory T cells from long-term immunized mice to protect naïve recipient mice against
virulent MTb. This also supported the conclusion that BCG-M immunized mice developed
superior protective immunity against Mtb, as naïve animals that received T cells from BCG-
M immunized mice showed lower CFU counts of Mtb in their lungs than mice that received
T cells from BCG-S immunized mice (Fig. 5B).

In addition to protective efficacy, another important aspect to consider in the assessment of
TB vaccines is safety in immuno-compromised hosts, particularly with live vaccines derived
from pathogenic organisms as is the case for BCG. We thus evaluated the virulence of BCG-
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S versus BCG-M by inoculation of severely immunodeficient SCID mice, which lack T cells
and B cells. This experiment showed no significant difference in the survival of SCID mice
infected with BCG-M or BCG-S (Fig. 5C), indicating that the two BCG preparations were
similar with respect to their capacity to cause disease in hosts lacking adaptive immune
responses. This supported the view that the differences observed with BCG cultured in the
different growth medium did not affect the safety of the BCG vaccine.

3.5. BCG-M primes stronger Th17 responses than BCG-S
IL-17 producing CD4 (Th17) T cells have been suggested as a correlate of vaccine mediated
protection, accelerating the emergence of protective Th1 cells in lungs of Mtb infected
animals [23]. In order to evaluate vaccine-induced antigen-specific Th17 responses, we
immunized mice subcutaneously with 1 × 106 BCG-M or BCG-S. After 8 weeks, we
restimulated splenic T-cells with the I-Ab restricted TB9.8 epitope peptide as described
earlier, and used multiparameter FACS analysis to quantitate cells producing IFNγ, IL-2,
TNFα and IL-17A. As in our studies of mice infected by the i.p. route (Fig. 4), we again
observed that there was a shift toward greater multifunctionality in mice receiving BCG-S
compared to BCG-M (Fig. 6). However, BCG-M immunized mice showed significantly
greater proportions of IL-17 producing CD4+ T cells (Fig. 6). In summary, the comparison
between BCG-M and BCG-S vaccinated animals revealed no correlation between levels of
multifunctional T cells in the spleens and the superior protection induced by BCG-M.
However, enhanced Th17 responses in the spleen appeared to correlate well with enhanced
vaccine induced protection in BCG-M vaccinated mice.

3.6. Distinct humoral responses to BCG-S versus BCG-M
Similar to previous reports on the differences in antibody responses induced by BCG
vaccine when grown in different culture media [11], we observed that the sera from mice
immunized with either BCG-M or BCG-S showed distinct patterns of antibody reactivities
when used to probe various fractions from M. tuberculosis in Western blotting. The most
remarkable difference that was observed was in the serum antibody reactivity with a MTb
cell wall associated protein with apparent molecular mass of approximately 20 kDa. This
was detected strongly by sera from BCG-S immunized mice, but minimally or not at all by
sera from BCG-M immunized animals (Fig. 7). The difference in the level of antibody
production against this target may reflect markedly increased expression of this protein
antigen when BCG is grown in Sauton medium. Alternatively, it could be related to
differences in protein secretion by the mycobacteria which have been previously found to be
influenced by the composition of the growth media [12]. Although the target protein has not
been definitively identified, its size, immunogenicity and cell wall localization would be
consistent with the 19 kDa lipoprotein, which is an extensively studied antigen and
immunomodulatory component of Mtb and BCG.

4. Discussion
Despite the fact that the BCG vaccine has been administered to people for nearly a century,
the factors influencing its protective efficacy against Mtb infection remain poorly
understood. In the current study, we have examined the potential impact of the growth
medium used to propagate BCG on its subsequent behavior in infected cells and animals.
We were motivated to carry out this study by the observation that many vaccine producers
have used and continue to use Sauton medium for growth of production lots of BCG for
administration to humans, whereas the majority of laboratory investigators propagate BCG
in Middlebrook 7H9 medium. Our results presented in this study demonstrated that these
two media have a significant impact on the ability of the BCG strain to survive in infected
macrophages and mice. Thus, growth in Sauton medium conferred a relative resistance to

Venkataswamy et al. Page 9

Vaccine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



BCG against killing by primary macrophages, which correlated with an ability to grow and
persist longer in mice when compared to the same BCG strain grown in Middlebrook 7H9
medium. These differences were associated with alterations in both the cellular and humoral
immune responses to BCG, and with different levels of protective vaccine efficacy in the
mouse M. tuberculosis vaccination/challenge model.

Previous reports have established that attenuated strains of mycobacteria induce higher
COX-2 expression resulting in increased apoptosis of macrophages, while virulent strains
show lower levels of COX-2 induction and reduced apoptosis [19]. The combination of
enhanced replication in macrophages, persistence in vivo and lower levels of COX-2
induction with reduced apoptosis by BCG-S resembles the characteristics of virulent
mycobacteria [24]. The higher bacterial load in combination with a strong pro-inflammatory
cytokine response is likely to result in higher T cell activation in BCG-S immunized mice,
which was reflected by our studies using ICS and ELISPOT to quantitate and characterize T
cell responses against several defined mycobacterial epitopes. In addition, it has been shown
that IL-12 and IFNγ play an important role in the protective immunity induced by BCG in
humans, along with an IFNγ independent role of CD4+ T cells that has been reported in the
mouse model [25–27]. Accordingly the augmented pro-inflammatory cytokine profiles and
higher T cell activation that we observed might have been predicted to translate in better
protection by the BCG-S. However, this did not prove to be the case, as the higher
frequencies of multifunctional T cells induced by BCG-S did not appear to translate into
better protection against a challenge with MTb. Surprisingly, mice immunized with BCG-M
actually showed better control of subsequent Mtb challenge, despite the fact that we
consistently detected weaker vaccine-induced Th1 responses in these animals. Similarly, the
T cells induced by BCG-S did not protect better than those by BCG-M in a T cell adoptive
transfer experiment in naive mice.

Although the presence of multifunctional T cells following BCG vaccination has been
associated with protection against Mtb in mice [22], this remains an area of controversy that
requires additional investigation. One study in mice reported that the presence of
multifunctional T cells in the lungs but not in the spleen correlated with protection against
Mtb challenge [28,29], although this was in the setting of an intranasal boost with viral
vectors expressing a single mycobacterial antigen. Subsequent work has confirmed that
systemic multifunctional T cell responses are not a clear correlate of protective immunity
against TB in vaccinated mice [29]. Moreover, it has been demonstrated that the
multifunctional CD4+ T cell frequencies were elevated in the blood of patients with TB
compared with household contacts who were exposed to infection but did not develop
disease, suggesting that these enhanced responses may not be highly protective against TB
[30]. Our study found that T cells producing one, two or three Th1-type cytokines were all
more abundant with a shift toward a greater proportion of multifunctional CD4+ T cells in
BCG-S immunized mice. Since BCG-S vaccination protected less well against Mtb
challenge, our T cell analysis was consistent with the earlier reports showing a lack of
correlation between systemic multifunctional T cell responses and control of Mtb infection.
Nevertheless, it was surprising to us that the BCG-S vaccinated animals, which had such
robust T cell responses to mycobacterial antigens, showed inferior protection against Mtb
challenge when compared to BCG-M vaccinated mice.

It has been reported that Th1 responses against dominant mycobacterial antigens can act as
decoys that divert the immune response from other potential antigens that may be more
capable of stimulating protective immunity [31–33]. In support of this idea, a recent study
has put forth data favoring a hypothesis for how hyper-conservation of human T cell
epitopes among different strains of MTb can be interpreted as evidence of a distinct
evolutionary strategy for immune subversion [34]. Additionally, multifunctional T cells
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reactive to immunodominant antigens such as ESAT6 or CFP10 have been associated with
progression of disease [35]. Consistent with reports from Cooper and colleagues, we
observed that mice with higher frequencies of IL-17A producing CD4 T cells following
vaccination were better protected from an aerogenic challenge with Mtb [36]. It has also
been shown that BCG-specific Th17 cells can offer immuno-deficient animals protection
from Mtb challenge in the absence of IFNγ [37], and that mice lacking IL-17A are unable to
develop a granulomatous response capable of controlling the spread of infection [38]. These
models suggest that an expanded population of IL-17 producing CD4+ T cells respond
quickly to aerogenic Mtb infection and traffic to the lung where they accelerate the
recruitment of effector cells into involved tissues. These recruited effectors include
neutrophils, macrophages, IFNγ-producing Th1 cells and potentially other cell types that
contribute to the development of a granulomatous inflammatory lesion capable of restraining
bacterial growth [36,38]. Our observation that BCG-M vaccinated mice have a significantly
larger pool of antigen-specific IL-17A producing CD4 T cells is consistent with this model,
and may explain the enhanced protection versus BCG-S immunized mice.

In light of these findings, we hypothesize that in spite of the high levels of Mtb reactive and
cytokine producing T cells induced by BCG-S, a vaccine grown in the Middlebrook 7H9
medium may actually induce a more favorable immune response that could increase the
efficacy of BCG against Mtb infection in animal models and potentially in humans.
Although we confined this study to two types of growth media, the results suggest the need
for a broader assessment of the impact of other media compositions and growth conditions
on the performance of BCG vaccines. In addition, it is possible to envision potential effects
on safety and toxicity of BCG vaccines that may be associated with the media or other
growth conditions. For example, many studies have reported local adverse effects following
BCG vaccination in humans, such as injection site abscess, lymphadenitis and adenopathy
[39–41]. Interestingly, we found that BCG-S induced exaggerated inflammation of the
organs in mice as compared with the BCG-M, which could potentially be associated some of
these adverse effects.

Overall, the findings presented in the current study support the idea that Sauton medium,
which is frequently used in the production of clinical grade BCG vaccines, induces BCG to
acquire properties more similar to virulent mycobacteria in terms of its ability to withstand
unfavorable conditions in the host cell and modulate immune responses. Thus, consideration
should be given to examining the effects of growth media on the efficacy of BCG in clinical
studies, and to the possibility that BCG grown in Middle-brook 7H9 or other defined media
may yield better vaccine efficacy. It has been predicted that a 1% improvement in protective
efficacy would prevent approximately 83,000 cases of tuberculosis each year while saving
18,000 lives [42]. Taking this into account, we suggest that by appropriately modifying the
culture medium for the current BCG vaccine, an improvement in its protective efficacy that
would lead to meaningful clinical impact might be attained. Moreover, in recent years many
genetically modified live-attenuated vaccines for TB have been developed, and these may
show similar effects of growth conditions on subsequent immunogenicity and protective
efficacy in vivo. The results of the current study emphasize the importance of identifying the
most favorable culture medium for preparing laboratory and clinical grade production lots to
be used in initial testing and subsequent administration of such novel vaccines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
In vitro survival of BCG-M and BCG-S in BMM. (A) Bone marrow derived macrophages
were infected at an MOI of 10:1, and CFU counts were obtained at various time points after
infection. Data shown are representative of 3 independent experiments (*p < 0.05, **p <
0.01, ***p < 0.005). (B) Bone marrow derived macrophages were infected with BCG-M or
BCG-S labeled with CFSE (indicated by green or yellow color) and stained with
Lysotracker dye (red color) at 24 h after infection, followed by analysis using fluorescence
microscopy (magnification 20×). Representative images are shown from 2 independent
experiments that yielded similar results. White arrows indicate CFSE-labeled bacteria. (C)
Quantification of co-localization of Lysotracker with CFSE stained BCG (***p < 0.0001).
Note that the Pasteur strain of BCG was used in the experiments shown in this figure, and in
all subsequent figures except where otherwise state.
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Fig. 2.
Increased apoptosis of host cells with infection by BCG-M. (A and B) THP-1 cells were
infected with BCG-M or BCG-S and analyzed 72 h later by FACS for the induction of
apoptosis by staining with Annexin V-Alexa Fluor® 647 and Propidium Iodide (A), and
FITC-DEVD-fmk (B) (**p < 0.01, ***p < 0.001). (C) BMMs were infected and lysates
obtained at various time points to measure COX-2 expression levels by Western Blot. Each
lane was loaded with an equal amount of lysate comprising 3 × 106 cell equivalents and
normalized according to the signal for the beta-actin control. UI indicates uninfected BMMs.
Results shown are representative of two experiments.
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Fig. 3.
Increased inflammatory cytokine response and enhanced bacterial survival in vivo with
BCG-S. (A) Cytokine levels in sera of mice infected i.v. with either 1 × 106 BCG-M or
BCG-S were analyzed by multiplex capture ELISA at 6 h and 24 h post infection. Results
are shown for IL-12p40, IFNγ, and CXCL1, which were the only three cytokines in the 10-
plex analysis system that showed significantly different levels betweens the two groups of
mice. Bars represent means of cytokine levels from 3 mice in each group, and error bars
show standard errors. (B) In vivo CFU loads of BCG in the spleens (left) and lungs (right)
after intravenous infection of C57BL/6 mice with 1 × 106 CFU of BCG-M or BCG-S.
Results are averages from 3 mice in each group. For (A) and (B): *p < 0.05, **p < 0.01,
***p < 0.001. (C) Representative spleens are shown from C57BL/6 mice that were infected
intraperitoneally with either 5 × 106 CFU of BCG-S or BCG-M for 2 weeks, or from a
mouse that received only saline injection (uninfected). Scale bar corresponds to 1 cm.
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Fig. 4.
Induction of more robust T cell responses to mycobacterial antigens by BCG-S. (A)
Multiparameter FACS with intracellular staining for cytokines in splenocytes from animals
immunized 2 weeks previously with 5 × 106 CFU of BCG-M (open bars) or BCG-S (filled
bars) intraperitoneally, and restimulated in vitro with peptides corresponding to epitopes of
the indicated mycobacterial antigens plus soluble anti-CD28 mAb. The graphs show the
percentages of total CD8+ T cells (for TB10.3/10.4) or CD4+ T cells (for Ag85 P25 and
TB9.8) producing IFNγ, IL-2 or TNFα and combinations of two or three of these cytokines;
*p < 0.05, ***p < 0.001. (B) Pie charts summarizing frequencies of cells producing one, two
or three cytokines in the experiment shown in A. (C) ELISPOT assay for IFNγ producing
cells in splenocytes from mice immunized i.p. with 5 × 106 CFU of either BCG-M or BCG-
S 2 weeks earlier. The cells were stimulated in vitro with peptides corresponding to epitopes
for the indicated mycobacterial antigens recognized by CD4+ T cells (Ag85B, TB9.8) or
CD8+ T cells (TB10.3/4) as indicated, and with recombinant Hsp65 protein that contains
epitopes for both CD4+ and CD8+ T cell responses; *p < 0.05. All results shown are means
and SD for groups of 5 mice immunized with each BCG preparation.
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Fig. 5.
Improved vaccine efficacy against M. tuberculosis challenge with BCG-M. C57BL/6 mice
were vaccinated subcutaneously with 1 × 106 CFU of BCG-M or BCG-S, or sham-
vaccinated with saline. Two months later, animals were challenged by aerosol infection with
50–100 CFU of virulent M. tuberculosis (strain H37Rv). (A) Bars show means and SD for
CFU of M. tuberculosis in lungs (left) and spleens (right) at 3 months after challenge for
groups of 5 mice. Results shown are representative of two independent experiments. (B)
CFU counts from lungs of mice challenged with M. tuberculosis after adoptive transfer of T
cells from donor mice immunized with either BCG-M or BCG-S (1 × 106 CFU
subcutaneously) or sham immunized with saline (naïve) mice as indicated. Results shown
are representative of two independent experiments, each with 5 mice per group. In (A) and
(B), *p < 0.05 (unpaired t test). (C) Survival curves for SCID mice (N = 9 mice per group)
after i.v. infection with 1 × 106 BCG-M or BCG-S. Differences between the survival curves
were not significant (p > 0.05, Log rank test).
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Fig. 6.
Induction of stronger Th17 responses by BCG-M. Multiparameter FACS with intracellular
staining for cytokines in splenocytes from animals immunized 8 weeks previously with 1 ×
106 CFU of BCG-M or BCG-S subcutaneously, and restimulated in vitro with I-Ab

restricted TB9.8 peptide plus soluble anti-CD28 mAb. The bar graph shows the percentages
of total CD4+ T cells producing IFNγ, IL-2, IL-17A or TNFα and combinations of two or
three or four of these cytokines. Open bars correspond to BCG-M immunized mice, and
filled bars are BCG-S vaccinated mice (N = 5 mice per group; *p < 0.05, **p < 0.005). Pie
charts show proportions of CD4+ cells producing one, two, three or four of the cytokines
analyzed following stimulation with TB9.8 peptide.

Venkataswamy et al. Page 20

Vaccine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Distinct humoral responses induced by BCG-S and BCG-M. Pooled sera from five mice
infected 2 weeks earlier with 5 × 106 CFU i.p. of either BCG-M (indicated by M above
relevant lanes) or BCG-S (indicated by S) were analyzed for antibody reactivity by Western
blotting of M. tuberculosis proteins. Blots show reactivity with total Mtb lysate (Total),
culture filtrate proteins (CFP), cell wall fraction (CW) or cytosolic fraction (Cytosol) of M.
tuberculosis.
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