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Background. Bacillus Calmette-Guerin (BCG) vaccine is widely used for the prevention of tuberculosis, despite limited efficacy.
Most immunological studies of BCG or Mycobacterium tuberculosis strains grow bacteria in the presence of detergent, which also
strips the mycobacterial capsule. The impact of the capsule on vaccine efficacy has not been explored.

Methods. We tested the influence of detergent in cultures of BCG and M. tuberculosis strains on the outcome of vaccination
experiments on mice and transcriptional responses on M. tuberculosis.

Results. Vaccination of mice with encapsulated BCG promoted a more potent immune response relative to vaccination with
unencapsulated BCG, including higher polysaccharide-specific capsule antibody titers, higher interferon γ and interleukin 17 splenic
responses, and more multifunctional CD4+ T cells. These differences correlated with variability in the bacterial burden in lung and
spleen of mice infected with encapsulated or unencapsulated M. tuberculosis. The combination of vaccination and challenge with
encapsulated strains resulted in the greatest protection efficacy. The transcriptome of encapsulatedM. tuberculosis was similar to that
of starvation, hypoxia, stationary phase, or nonreplicating persistence.

Conclusions. The presence of detergent in growth media and a capsule on BCG were associated with differences in the outcome
of vaccination, implying that these are important variables in immunological studies.
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A wide range of bacterial pathogens produce capsular polysac-
charides, which provide a defensive barrier during the initial in-
teraction with the host [1].Numerous studies have documented
the presence of a polysaccharide capsule in mycobacteria [2–4].
Mycobacterium tuberculosis, the causative agent of tuberculosis,
has a remarkable capacity to establish infection and persist in
hosts with intact immunity. There is strong evidence that the
mycobacterial cell envelope contributes to survival in the host
[2]. The mycobacterial capsule is loosely attached to the surface
and can be visualized by electron microscopy as an electron-
transparent zone. The presence of a capsule in mycobacterial
cells is influenced by the culture conditions, including the sup-
plementation of the culture medium with detergent to prevent

clumping [5]. Addition of detergent to culture medium is asso-
ciated with the shedding of the capsule into the medium
[4, 6–8]. The mycobacterial capsule is composed primarily of
proteins and polysaccharides [2]. The major surface-exposed
capsule polysaccharides are glycogen-like α-glucan, arabino-
mannan, and mannan [9]. Both arabinomannan and mannan
are structurally related to lipoarabinomannan, the major lipo-
polysaccharide of the mycobacterial cell wall.

The only licensed vaccine against tuberculosis, bacillus
Calmette-Guerin (BCG), continues to be used today in regions
with a high tuberculosis burden to prevent infant disease, with
limited and variable efficacy [10, 11]. Several hypotheses have
been proposed to explain this variable efficacy, which are not
mutually exclusive: vaccine tolerance because of the exposure
to environmental mycobacteria [12]; rapid clearance of BCG,
preventing the establishment of a long-lasting immunity [13];
and mutations introduced during passage of BCG cultures,
resulting in waning protective immunity. The current BCG
organisms are produced for human use as pellicles on the sur-
face of Sauton medium [14], suggesting it is used in an encap-
sulated form. Remarkably, most if not all of the preclinical
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experimental vaccine studies that included live strains have used
cultures supplemented with detergent and consequently involve
infection with unencapsulated cells [15–19]. To date, no study
has assessed the role of the mycobacterial capsule in vaccina-
tion, despite the precedent that polysaccharide capsules are
critically important to immune responses.

MATERIALS AND METHODS

Bacterial Strains, Medium, and Culture
Mycobacterium bovis BCG Danish 1331 strain was obtained
from Statens Serum Institute (Copenhagen, Denmark), and vir-
ulent M. tuberculosis strain H37Rv was obtained from the Tru-
deau Institute (Saranac Lake, New York). Mycobacterial strains
were grown in minimal medium as previously reported [34].
Bacterial colony-forming unit (CFU) titers were determined
as described before [34]. BCG and M. tuberculosis clumps
were disrupted as previously described [20].M. tuberculosis ly-
sates were obtained as previously reported [35]. Bacterial mass
was calculated by determining the dry weight of BCG grown
with and without detergent. Protein concentration was deter-
mined by using the bicinchoninic method.

Murine Immunization
C57BL/6 female mice aged 6–8 weeks were purchased from
Jackson Laboratories (Bar Harbor, Minnesota). All procedures
involving mice were reviewed and approved by the Animal Use
and Care Committee of the Albert Einstein College of Medicine.
Animals were maintained in a specific-pathogen-free animal
facility under animal biosafety level 2 conditions for all experi-
ments except those involving infection with virulent
M. tuberculosis, which required animal biosafety level 3 condi-
tions. Animals were initially immunized subcutaneously with
1 million encapsulated or unencapsulated BCG in protection
efficacy experiments for 6 weeks.

Murine Infection
Aerogenic challenge was done using a whole-body exposure
aerosol chamber (University of Wisconsin Mechanical Engi-
neering Workshop) custom fitted to a class III biosafety cabinet
(Baker) to deliver approximately 100 CFU per animal of encap-
sulated or unencapsulated M. tuberculosis (H37Rv). Mice were
euthanized 4 weeks after challenge, and CFU were assessed in
lungs and spleen as previously reported [34]. Animals infected
with M. tuberculosis H37Rv were observed at least twice daily
until they became moribund and were euthanized.

Transmission Electron Microscopy
Preparation of mycobacterial cells for transmission electron mi-
croscopy was performed as previously described [20]. Thin sec-
tions were created on an Ultracut UCT (Reichert) and stained
with 0.5% uranyl acetate and 0.5% lead citrate (Reichart, Depew,
New York). Samples were observed in a JEOL 1200EX transmis-
sion electron microscope operating at 80 kV.

Enzyme-Linked Immunosorbent Assay (ELISA)
Two types of ELISA were used in this study. In one assay, poly-
styrene microtiter plate wells were coated with 50 μL of 20 μg/mL
of an encapsulated or unencapsulatedM. tuberculosiswhole-cell
lysate in carbonate buffer (0.015 M Na2CO3, 0.035 M NaHCO3,
and 0.003 M NaN3; pH 9.8) and incubated for 2 hours at room
temperature. The wells were then blocked by adding 200 μL of
2% bovine serum albumin in TBS and incubated at 37°C for 1
hour. Serum from mice immunized with encapsulated or unen-
capsulated BCG was added to the wells and incubated for 1 hour
at 37°C. The plates were then washed and incubated with immu-
noglobulin G1 (IgG1), IgG2c, IgG2b, and IgG3 AP-conjugated
secondary antibodies (Southern Biotechnologies; 1:1000) for
1 hour at 37°C. Color was developed with p-nitrophenyl phos-
phate (Sigma-Aldrich).

We also used a BCG whole-cell ELISA to measure the relative
abundances of arabinomannan and α-glucan on BCG cells [36].
Coated plates were blocked as described above and incubated
with α-glucan–specific monoclonal antibody (24c5) [8] and
BCG arabinomannan-specific mouse serum (obtained from mice
immunized with arabinomannan-conjugates; Prados-Rosales, un-
published data). The plates were then processed as described above.

Enzyme-Linked Immunospot (ELISPOT) Assay
Splenocytes were collected 6 weeks after BCG immunization
and cultured in Roswell Park Memorial Institute medium in
ELISPOT plates (5 × 105/well; Millipore, Danvers, Massachu-
setts) coated with interferon γ (IFN-γ) capture antibody
(clone R4.6A2; BD Biosciences) or interleukin 17 (IL-17) cap-
ture antibody (clone 50101; R&D Systems) in phosphate-buff-
ered saline (PBS). The samples were stimulated with 20 µg/mL
of either encapsulated or unencapsulatedM. tuberculosis whole-
cell lysate and with 10 µg/mL of each of the following synthetic
peptide antigens (Invitrogen): FQDAYNAAGGHNAVF (Ag85B-
P25; residues 240–254 of M. tuberculosis/BCG Ag85B, I-Ab
restricted) and ESSAAFQAAHARFVAA (residues 46–61 of
M. tuberculosis/BCG TB9.8, I-Ab restricted). Then, plates
were incubated at 37°C for 24 hours. After removal of cells,
the plates were washed and incubated with biotinylated anti–
IFN-γ detection antibody (clone 4S.B3; BD Biosciences) and bi-
otinylated anti–IL-17 detection antibody (R&D Systems) for
2 hours at 37°C. Development and analysis was performed as
previously described [35].

Intracellular Cytokine Analysis
Analysis of cytokine-producing CD4+ T cells was performed
6 weeks after BCG immunization or 4 weeks after challenge,
as reported before [35]. Stimuli included the same as those in
the ELISPOT assay.

Microarray Analysis
M. tuberculosis was grown in minimal medium with Tyloxapol
for 6 days and then subcultured in fresh minimal medium with
or without Tyloxapol for 5 days. Cultures were harvested when
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samples with detergent reached an OD600 of 0.3 and were resus-
pended in Trizol (Ambion, Carlsbad, California). Cells were
further processed for RNA purification, and complementary
DNA probes were prepared and hybridized to DNA microar-
rays (Microarrays, Huntsville, Alabama), which were scanned
and analyzed as described previously [37]. Microarray data
were deposited in the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (available at: http://www.
ncbi.nlm.nih.gov/geo/) under accession number GSE72745.

Histology
Hematoxylin-eosin staining of lung sections were performed as
previously described [35]. Slides were scanned with a Perkin
Elmer P250 High Capacity Slide Scanner (Waltham, Massachu-
setts) at approximately 787 dots/cm (2000 dots/inch). The total
disease area for the entire lung and the number of granulomas
per lung were calculated as previously described [35]. Five lungs
were analyzed for each treatment group. The person who per-
formed the histopathologic analysis was blind to the experimen-
tal groups.

Statistics
Standard 1-way analysis of variance followed by the Tukey mul-
tiple comparisons test of the means was used to determine the
statistical significance of immune responses and the protective
efficacies of the immunizations. A P value of < .05 was consid-
ered statistically significant.

RESULTS

Antibody Response to BCG Grown With or Without Tyloxapol
We explored whether immunizing mice with BCG grown in the
presence or absence of detergent resulted in different immune
responses. As previously reported, detergent reduced clumping
(Supplementary Figure 1A) and induced the release of the cap-
sule into the media (Supplementary Figure 1B) [4]. To disrupt
clumps, we passed aggregated BCG through a syringe, which
preserved the mycobacterial capsule (Supplementary Figure 1C)
[20]. We next performed a whole-cell ELISA on BCG cells
grown with or without detergent, using specific antibodies to
the 2 major capsule polysaccharides, arabinomannan and

Figure 1. Immune response to encapsulated bacillus Calmette-Guerin (BCG). A, Findings of whole-cell enzyme-linked immunosorbent assay (ELISA) of encapsulated or
unencapsulated BCG cells, using immune serum against BCG arabinomannan (AM) or a monoclonal antibody against α-glucan. B, Determination of the total mass of BCG
grown with or without detergent. C and D, ELISA-determined inverse titers of immunoglobulin M (IgM) and immunoglobulin G (IgG) subclasses specific to encapsulated (C) or
unencapsulated (D) Mycobacterium tuberculosis strain H37Rv in serum from 4 C57BL/6 mice 6 weeks after subcutaneous immunization with 1 × 106 encapsulated or unen-
capsulated BCG. The results are representative of 2 independent and similar experiments. *P < .05, **P < .01 one-way ANOVA with Tukey post-test.
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α-glucan, to confirm that the majority of the capsule is not re-
tained in BCG cells upon detergent treatment (Figure 1A).
Since the mycobacterial capsule is enriched in polysaccharides
and lipids and includes some immunologically active secreted
proteins [4], we hypothesized that immunization with BCG
with or without capsule would trigger different immune
responses. We prepared encapsulated and unencapsulated
BCG as previously reported [20]. We found no significant dif-
ference in the bacterial mass recovered from mice that received
encapsulated BCG and those that received unencapsulated BCG
(Figure 1B), indicating similar immunization amounts. Next,
we used ELISA to measure titers of immunoglobulin M (IgM)
and IgG antibody subclasses specific to M. tuberculosis encap-
sulated (Figure 1C) or unencapsulated (Figure 1D) cell lysates in
serum from mice immunized for 6 weeks earlier with unencap-
sulated BCG or encapsulated BCG cells. We observed a
predominant M. tuberculosis capsule–specific IgG2c antibody
response in encapsulated BCG immune serum, whereas in un-
encapsulated BCG immune serum, IgM was predominant (Fig-
ure 1C). The same was true when we measured unencapsulated
M. tuberculosis–specific antibody titers (Figure 1D), suggesting
that the presence of a capsule influences the M. tuberculosis–
specific antibody response to mycobacterial immunization.

T-Cell Responses After BCG Immunization
The same immunized mice were used to measure the splenic re-
sponses upon different restimulation (Figure 2A and 2B). The
number of IFN-γ+ cells in spleens frommice immunized with en-
capsulated BCG was higher than in mice immunized with unen-
capsulated BCG and PBS-vaccinated control groups during all of
the restimulations. However, significant differences were ob-
served only with M. tuberculosis lysate stimulation (Figure 2A).
We observed the same trend for IL-17+ splenocytes (Figure 2B).

Next, we studied whether BCG capsule could influence the fre-
quency of multifunctional CD4+ T cells, since T-helper type 1
cells with the capacity to secrete >1 cytokine are associated
with protection in BCG-vaccinated mice upon M. tuberculosis
challenge [21].We used multiparameter flow cytometry to mea-
sure intracellular cytokine levels among CD4+ T cells from
spleens of mice immunized with either encapsulated or unencap-
sulated BCG and CD4+ T-cell responses, which were restimulated
with M. tuberculosis cell lysates and specific mycobacterial anti-
gens (Figure 2C and 2D and Supplementary Figure 2) [21, 22].
We could not see any significant differences in antigen-specific
CD4+ T-cell responses to a lysate from unencapsulated
M. tuberculosis between mice vaccinated with both BCGs
(Figure 2C). However, when the same splenocytes were stimulat-
ed with a lysate from encapsulated M. tuberculosis, we observed
significant increase in responses among mice immunized with
encapsulated BCG, relative to those immunized with unencapsu-
lated BCG for the following subsets of multifunctional T cells:
CD4+IFN-γ+IL-2+TNF-α+, CD4+IL-2+IL17A+, and CD4+IL-

2+TNF-α+ (Figure 2C). The consolidation of the frequencies of
CD4+ T cells producing ≥3, 2, or 1 cytokine suggested that
immunization with encapsulated BCG promoted higher-quality
CD4+ T-cell responses and that stimulation with an encapsulated
M. tuberculosis lysate promotes a higher frequency of multifunc-
tional CD4+ T cells (Figure 2D). Of note, no significant differenc-
es were observed when splenocytes were stimulated with peptides
such as Ag85bP25 or TB9.8 (Supplementary Figure 2). Overall,
mice immunized with encapsulated BCG showed a shift toward
greater multifunctional cytokine secretion in the CD4+ T-cell
compartment as compared to mice immunized with unencapsu-
lated BCG.

Tyloxapol Influences the Protective Efficacy of BCG
We next explored whether the presence of the capsule in both
the vaccine and infecting strain influenced the degree of protec-
tion provided by the vaccine strain. Although at this time there
is no direct evidence that M. tuberculosis is transmitted in its
encapsulated form, for Mycobacterium lepraemurium and
Mycobacterium avium this may be the case [3, 23]. To investi-
gate protection against an inoculum with and one without
capsules, we immunized mice with either encapsulated or unen-
capsulated BCG, infected them with either unencapsulated or
encapsulated M. tuberculosis, and determined the level of
protection by measuring the bacterial loads in lung and spleen
(Figure 3). When mice were challenged with unencapsulated
M. tuberculosis, we observed a significant reduction in lung
CFU with both immunization regimens, relative to unvaccinat-
ed mice (1.01 log in unencapsulated BCG–immunized mice and
1.74 log in encapsulated BCG–immunized mice; Figure 3A). Of
note, immunization with encapsulated BCG translated into sig-
nificantly better protection after challenge than immunization
with unencapsulated BCG. Both immunizations promoted the
control of mycobacterial dissemination equally, as shown by
comparable CFU counts in the spleen (Figure 3B). Combination
of immunization and infection with encapsulated strains
(encapsulated BCG and encapsulated M. tuberculosis) provided
a significantly enhanced level of protection, relative to immuni-
zation with unencapsulated BCG (1.42 log vs 0.85 log), as mea-
sured by the reduction in the CFU counts (Figure 3A).
Similarly, both immunization regimens were equally effective
in controlling dissemination to the spleen when mice were chal-
lenged with encapsulated M. tuberculosis (Figure 3B).

Cross-sections of the lung lobes (Figure 3C and 3D) showed a
higher number of lesions, frequently multifocal, in the lungs of
unvaccinated mice infected with either unencapsulated
M. tuberculosis or encapsulated M. tuberculosis. Lesions ap-
peared larger in lungs of mice infected with unencapsulated
M. tuberculosis, relative to those in lungs of mice infected
with encapsulated M. tuberculosis (Figure 3C and 3D). These
lesions, when present, were observed only in mice vaccinated
with unencapsulated BCG and were always smaller, more
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Figure 2. Analysis of T-cell responses upon immunization with bacillus Calmette-Guerin (BCG). A and B, Cellular immune response measured in spleens of 4 C57BL/6 mice
6 weeks after subcutaneous immunization with 1 × 106 encapsulated or unencapsulated BCG. Splenocytes were stimulated in vitro with the indicated antigen preparations.
Splenocytes were tested by enzyme-linked immunospot analysis for the presence of interferon γ (IFN-γ; A) and interleukin 17 (IL-17; B) 24 hours after stimulation. Data are
means ± standard errors of the mean. The results are representative of 2 independent and similar experiments. *P < .05 and **P < .01 by 1-way analysis of variance with the
Tukey post hoc test. C, Multiparameter flow cytometry with intracellular staining for cytokines in splenocytes from 5 animals subcutaneously immunized 6 weeks previously
with 1 × 106 colony-forming units of encapsulated or unencapsulated BCG cells and restimulated in vitro with whole-cell lysates from encapsulated or unencapsulated
Mycobacterium tuberculosis plus soluble anti-CD28 monoclonal antibody. The graphs show the percentages of total CD4+ T cells producing IFN-γ, interleukin 2 (IL-2),
tumor necrosis factor α (TNF-α) or IL-17A and combinations of these cytokines. *P < .05 and ***P < .001, by 1-way analysis of variance with the Tukey post hoc test.
D, Pie charts summarizing frequencies of cells producing 1, 2, or 3 cytokines in the experiment shown in panel C. The results are representative of 2 independent experiments.
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compact, and never multifocal (Figure 3C and 3D). The per-
centage of diseased lung tissue was twice as large in the unvac-
cinated mice as compared to BCG-vaccinated mice, and there
was no obvious difference between vaccinated groups when
mice were challenged with unencapsulated M. tuberculosis
(Supplementary Figure 3E ). On the contrary, we measured a
significant reduction in the percentage of diseased tissue in
mice immunized with encapsulated BCG, relative to those im-
munized with unencapsulated BCG and infected with encapsu-
lated M. tuberculosis (Supplementary Figure 3E ), indicating
better control of lung inflammation in the former.

Correlation of Protection Efficacy and T-Cell Responses After Infection
Spleens from unvaccinated and BCG-vaccinated mice were col-
lected 4 weeks after infection with unencapsulated M. tubercu-
losis and stained for intracellular cytokine expression to

determine the multifunctionality of M. tuberculosis–specific
CD4+ T cells upon stimulation with either encapsulated M. tu-
berculosis, unencapsulated M. tuberculosis, or Ag85b-P25 and
TB9.8 peptides (Figure 4 and Supplementary Figure 4). Notably,
we observed an increase in the population of IFN-γ+IL-2+TNF-
α+ CD4+ T cells in mice immunized with encapsulated BCG
and infected with unencapsulated M. tuberculosis when restim-
ulated with encapsulated or unencapsulated M. tuberculosis ly-
sates (Figure 4A). An increased frequency of CD4+ T cells in
mice immunized with unencapsulated BCG and challenged
with unencapsulatedM. tuberculosis was observed only for sub-
populations of CD4+ T cells producing single cytokines, such as
IFN-γ and IL-17. Analysis of the consolidated CD4+ T-cell re-
sponses upon stimulation with whole-cell lysate showed a
marked increase in the percentage of multifunctional CD4+

Figure 3. Analysis of vaccine efficacy of bacillus Calmette-Guerin (BCG) in a mouse model of aerosol infection with unencapsulated and encapsulated Mycobacterium
tuberculosis. Five C57BL/6 mice were immunized subcutaneously with 1 × 106 colony-forming units (CFU) of encapsulated or unencapsulated BCG or sham vaccinated with
phosphate-buffered saline. Six weeks later, animals were challenged by aerosol infection with 50–100 CFU of virulent unencapsulated or encapsulated M. tuberculosis strain
H37Rv. A, Lung CFU in mice infected with unencapsulated (left) or encapsulated (right)M. tuberculosis at 4 weeks. B, Splenic CFU in mice infected with unencapsulated (left) or
encapsulated (right) M. tuberculosis at 4 weeks. Bars represent means and standard errors of the mean. Results shown are representative of 2 independent experiments, each
with 5 mice per group. *P < .05, **P < .01, and ***P < .001, by 1-way analysis of variance with the Tukey post hoc test. C and D, Representative images of hematoxylin-eosin–
stained lungs of C57BL/6 mice immunized with encapsulated or unencapsulated BCG and challenged with encapsulated or unencapsulated M. tuberculosis. Abbreviation: NS,
not significant.
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Figure 4. Analysis of multifunctional CD4+ T cells after challenge with unencapsulated Mycobacterium tuberculosis strain H37Rv. A, Multiparameter flow cytometry with
intracellular staining for cytokines in splenocytes from 5 animals immunized subcutaneously 6 weeks previously with 1 × 106 colony-forming units of encapsulated or unen-
capsulated bacillus Calmette-Guerin (BCG) cells and challenged with an unencapsulated M. tuberculosis strain. Splenocytes were restimulated in vitro with whole-cell lysates
from encapsulated or unencapsulatedM. tuberculosis plus soluble anti-CD28 monoclonal antibody. The graphs show the percentages of total CD4+ T cells producing interferon
γ (IFN-γ), interleukin 2 (IL-2), tumor necrosis factor α (TNF-α), or interleukin 17 (IL-17) and combinations of these cytokines. *P < .05 and ***P < .001, by 1-way analysis of
variance with the Tukey post hoc test. B, Pie charts summarizing frequencies of cells producing 1, 2, or 3 cytokines in the experiment shown in panel A. The results are
representative of 2 independent experiments.
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T cells in mice immunized with encapsulated BCG and then
challenged with unencapsulated M. tuberculosis (Figure 4B).
We observed a significant increase in the frequency of multi-
functional Ag85bP25-specific CD4+ T cells producing IFN-γ,
IL-2, and TNF-α in splenocytes of mice immunized with unen-
capsulated BCG and infected with unencapsulated M. tubercu-
losis than in splenocytes of unvaccinated mice and encapsulated
BCG–vaccinated mice (Supplementary Figure 4A). Of note, 3 of
6 subpopulations of CD4+ T cells producing 2 cytokines were
significantly elevated in spleens of mice that had received vac-
cination and were infected with unencapsulated strains, relative
to the other groups. In general, the results demonstrated a shift
to more multifunctional splenic CD4+ T cells in mice vaccinat-
ed with encapsulated BCG and then challenged with unen-
capsulated M. tuberculosis, relative to mice vaccinated with
encapsulated BCG, when splenocytes were stimulated with
M. tuberculosis lysates. However, this trend was reversed when
the same splenocytes were stimulated with M. tuberculosis–
specific peptides such as Ag85B-P25. We observed a limited
stimulation when using the M. tuberculosis–related peptide
TB9.8 (Supplementary Figure 4A).

The same type of analysis was performed in mice infected
with encapsulated M. tuberculosis. We measured an increased
frequency of multifunctional CD4+ T cells in mice vaccinated
with encapsulated BCG, when splenocytes were stimulated
with either encapsulated or unencapsulated M. tuberculosis ly-
sates (Figure 5A). This increase was manifested in a significantly
higher frequency of subpopulations of IFN-γ+, IL-2+TNF-α+,
IL-2+IL-17+TNF-α+, IFN-γ+TNF-α+, and IL-2+TNF-α+ CD4+

T cells. The combined analysis of these subpopulations revealed
a higher frequency of M. tuberculosis–specific CD4+T cell pop-
ulations producing ≥3 and 2 cytokines in mice immunized and
infected with the encapsulated M. tuberculosis (Figure 5B).
When splenocytes were stimulated with Ag85bP25, we observed
an increase in the frequency of CD4+ T-cell subpopulation si-
multaneously producing IL-2, IL-17A, and TNF-α, relative to
other groups (Supplementary Figure 4B). This was also true
for CD4+ T-cell subpopulations producing 2 cytokines, consist-
ing of IL-2, IL-17A, and/or TNF-α. Stimulation with TB9.8
induced a significant increase in the IFN-γ+IL-2+TNF-α+,
IL-2+IL17+, and IL-2+TNF-a+ CD4+ T-cell subpopulations in
mice immunized with unencapsulated BCG, relative to counts
in unvaccinated and encapsulated BCG-vaccinated mice.

Transcriptional Changes of M. tuberculosis Cultures With and Those
Without Detergent
We also considered the possibility that these distinct responses
were due to other differences in the composition and/or behav-
ior of mycobacteria. Consequently, we compared the transcrip-
tional response of M. tuberculosis cells grown in media with or
without Tyloxapol. We observed a global shift indicative of a
slowing metabolism, reflected in the downregulation of genes
involved in transcription, translation, and cell division, and

the induction of stress responses, as well as elements of the
dosR regulon. The parallels for changes in gene expression dur-
ing starvation and nonreplicating persistence were particularly
striking and included upregulation of genes associated with the
sulfur assimilation system encoded by cysDN and the lysine
aminotransferase encoded by lat. To further explore these sim-
ilarities in transcription profiles, we compared our results to
those associated with conditions that may reflect the environ-
ment in the host, including starvation [24], hypoxia [25], non-
replicating persistence [26], stationary phase [26], and acidic
conditions [27].We observed a high percentage of coincidence
in upregulated and downregulated genes between starvation
and detergent-free cultures (Figure 6A and B). Similar parallels
were observed with nonreplicating persistence (Figure 6C),
hypoxia (Figure 6D), and stationary phase (Figure 6E ).
These results suggest that growing M. tuberculosis in the ab-
sence of Tyloxapol induces transcriptional changes that bear
resemblance to those observed when M. tuberculosis is in the
host.

DISCUSSION

Growing BCG in different culture media is known to influence
its efficacy as a vaccine [22, 28]. In this study, we show that an-
other potential source of variability in BCG vaccine efficacy
experimental studies is growth in detergent. Since human
BCG vaccination is already done with mycobacteria grown
the absence of detergent we do not believe that the effects
shown for encapsulated and non-encapsulated strains described
here are relevant to differences in BCG efficacy in humans.
However, our findings could be highly relevant to conclusions
from immunological studies, which often use mycobacteria
grown with detergent. We confirmed a previously reported
finding that growing BCG or M. tuberculosis in the presence
of Tyloxapol resulted in cells with little or no capsule [4]. Con-
sidering that most if not all of the experimental immunological
studies using live attenuated vaccines [15–19] have been per-
formed with strains grown with detergent, we sought to inves-
tigate the impact of encapsulated BCG and M. tuberculosis in a
typical vaccination-challenge experiment. We hypothesized that
vaccination and infection with encapsulated strains would in-
fluence the protective efficacy of the immune responses elicited.
Indeed, a more potent and diverse antibody response was ob-
served when vaccinating mice with encapsulated BCG relative
to that elicited by unencapsulated BCG. Arabinomannan- or
lipoarabinomannan-specific monoclonal antibodies can contri-
bute to the clearance of mycobacteria from the host [29, 30],
since both polysaccharides can elicit robust antibody responses
in infected hosts [31] and a lower lipoarabinomannan-specific
antibody response in children with tuberculosis was associated
with disseminated mycobacterial disease [32].

There were major differences in the transcriptional profile of
M. tuberculosis cells grown with or without detergent. Most
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Figure 5. Analysis of multifunctional CD4+ T cells after challenge with encapsulated Mycobacterium tuberculosis strain H37Rv. A, Multiparameter flow cytometry with
intracellular staining for cytokines in splenocytes from 5 animals immunized subcutaneously 6 weeks previously with 1 × 106 colony-forming units of encapsulated or unen-
capsulated bacillus Calmette-Guerin (BCG) cells and challenged with an encapsulated M. tuberculosis strain. Splenocytes were restimulated in vitro with whole-cell lysates
from encapsulated or unencapsulatedM. tuberculosis plus soluble anti-CD28 monoclonal antibody. The graphs show the percentages of total CD4+ T cells producing interferon
γ (IFN-γ), interleukin 2 (IL-2), tumor necrosis factor α (TNF-α), or interleukin 17A (IL-17A) and combinations of these cytokines. *P < .05 and ***P < .001, by 1-way analysis of
variance with the Tukey post hoc test. B, Pie charts summarizing frequencies of cells producing 1, 2, or 3 cytokines in the experiment shown in panel A. The results are
representative of 2 independent experiments.
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interesting was the observation that M. tuberculosis manifested
a transcriptional program that is similar to that expressed by
M. tuberculosis in the host when grown without detergent
and suggestive of starvation or hypoxia. Of note and with

relevance to these observations, the inclusion of M. tuberculosis
antigens expressed during the chronic phase in subunit vaccines
(multistage vaccines) was an effective strategy in eliciting
immune responses that provided long-lasting protection [33].

Figure 6. Effect of nondetergent condition on the transcriptional profile of genes differentially expressed in stress conditions. Samples from 3 biologically independent
replicates of Mycobacterium tuberculosis grown in the presence and absence of detergent were harvested on day 5, and RNA was extracted. The pool of genes upregulated
or downregulated in the presence of detergent was determined in conditions that may reflect the intracellular environment of host. A, Genes upregulated under starvation
conditions (created by exposure to phosphate-buffered saline for 96 hours). B, Genes downregulated under starvation conditions. C, Genes upregulated under nonreplicating-
persistence conditions. D, Genes upregulated under hypoxic conditions. E, Genes upregulated in stationary phase. Each column represents an independent biological replicate.
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The presence of a capsule in the vaccine and challenge myco-
bacterial strains was associated with differences in the level of
protection. This suggests that the capsule influenced the type
of immune response elicited at the time of vaccination and
that this immune response is most efficiently directed to an en-
capsulated infecting strain. We acknowledge that a limitation of
the interpretation assigning immunological changes to the pres-
ence and absence of a capsule is that we have compared myco-
bacterial strains grown with and those grown without detergent
and inferred that the capsule is the relevant variable despite the
fact that different growth conditions elicit other metabolic
changes, as we have measured here in the transcriptional anal-
ysis. We do not believe that trace amounts of detergent in the
inoculum were responsible for changes in inflammation since
Tyloxapol is pro-inflammatory [33, 34] and the opposite was ob-
served, since infection with bacteria grown with detergent in-
duced less inflammation. Furthermore, we note that we have
analyzed 1 BCG strain and that other strains may differ in
their metabolic response to detergent and/or capsular antigens.
In other bacteria capsules are notoriously variable in structure
and antigenicity, leading to differences that allow the classifica-
tion of strains into distinct serotypes. At present, we do not
know whether the concept of serotype applies toM. tuberculosis.
However, we note that the reactivity of a monoclonal antibody
varied among several M. tuberculosis strains, suggesting a high
likelihood that mycobacterial polysaccharides are also antigeni-
cally variable [7, 29].

In summary, our study provides evidence that the presence of
detergent in the medium used for growth and the mycobacterial
capsule is an important variable in eliciting protective responses
during BCG vaccination. We propose that vaccination protocols
should be adapted to reflect the clinical vaccination/infection
situation in which both BCG and M. tuberculosis are possibly
applied/transmitted in their encapsulated forms.
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