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The global epidemic caused by the bacterial pathogen Mycobacterium tuberculosis continues unabated. Moreover, the only avail-
able vaccine against tuberculosis, Mycobacterium bovis bacillus Calmette-Guérin (BCG), demonstrates variable efficacy. To re-
spond to this global threat, new animal models that mimic the pathological disease process in humans are required for vaccine
testing. One new model, susceptible C3Heb/Fe] mice, is similar to human tuberculosis in that these animals are capable of form-
ing necrotic tubercle granulomas, in contrast to resistant C3H/HeOuJ mice. In this study, we evaluated the impact of prior BCG
vaccination of C3Heb/Fe] and C3H/HeOu]J mice on exposure to a low-dose aerosol of Mycobacterium tuberculosis W-Beijing
strain SA161. Both BCG-vaccinated murine strains demonstrated reduced bacterial loads 25 days after infection compared to
controls, indicating vaccine efficacy. However, during chronic infection, vaccine efficacy waned in C3H/HeOuJ but not in
C3Heb/Fe] mice. Protection in vaccinated C3Heb/Fe] mice was associated with reduced numbers of CD11b" Gr1™ cells, in-
creased numbers of effector and memory T cells, and an absence of necrotic granulomas. BCG vaccine efficacy waned in
C3H/HeOuJ mice, as indicated by reduced expression of gamma interferon (IFN-y) and increased expressions of interleukin-17
(IL-17), IL-10, and Foxp3 by T cells compared to C3Heb/Fe] mice. This is the first murine vaccine model system described to date
that can be utilized to dissect differential vaccine-derived immune efficacy.

he global epidemic of tuberculosis results in 8 million new

tuberculosis cases per year, with an annual projected in-
crease of 3% (1). It is estimated that between 5 and 10% of
healthy individuals are susceptible to tuberculosis, and of these
individuals, 85% develop pulmonary disease (2). At present,
the only available vaccine against tuberculosis, Mycobacterium
bovis bacillus Calmette-Guérin (BCG), has proven unreliable to
fully protect against pulmonary tuberculosis in adults (3). Fur-
thermore, a thorough immunological explanation for the vari-
ability in the efficacy of BCG is absent (4). Therefore, understand-
ing the specific protective properties of BCG is vital for developing
a more efficacious tuberculosis vaccine.

The two small-animal models used most often for preclinical
tuberculosis vaccine screening are the low-dose aerosol mouse
and guinea pig models (5). Low-dose aerosol infection of guinea
pigs with Mycobacterium tuberculosis produces a well-character-
ized disease that shares important morphological features with
disease in humans, such as the development of necrotic granulo-
matous lesions (6). The majority of vaccine screening has been
carried out with various mouse models due to their low cost and
the wealth of immunological reagents, with the major drawback
being the lack of tubercle necrosis formation.

C3Heb/Fe] mice are capable of forming necrotic, hypoxic tu-
bercle granulomas, while control C3H/HeOuJ mice form nonne-
crotic granulomas (7-9). The hallmark of human tuberculosis is
the development of a primary necrotic granuloma (7-9). The abil-
ity to be able to precisely characterize the protective immune re-
sponse induced by vaccination during Mycobacterium tuberculosis
infection in C3Heb/Fe] mice would greatly improve the usefulness
of this animal model for the testing and evaluation of urgently
needed new vaccines.

In this study, we evaluated the impact of prior BCG vaccination
on exposure of C3Heb/Fe] and C3H/HeOuJ mice to a low-dose
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aerosol of a W-Beijing strain of Mycobacterium tuberculosis. We
evaluated the cellular influx and cytokine environment in mice
made immune by prior BCG vaccination, in order to characterize
how this might alter the composition of a protective immune re-
sponse and granulomatous lesions in the lungs and spleens. Our
results show that this is the first model system described to date
that can be utilized to dissect differential vaccine-derived immune
efficacy.

MATERIALS AND METHODS

Mice. Specific-pathogen-free female C3Heb/Fe] and C3H/HeOuJ mice, 6
to 8 weeks old, were purchased from the Jackson Laboratories (Bar Har-
bor, ME). Mice were maintained in the biosafety level 3 facilities at Colo-
rado State University and were given sterile water, chow, bedding, and
enrichment for the duration of the experiments. The specific-pathogen-
free nature of the mouse colonies was demonstrated by testing sentinel
animals. All experimental protocols were approved by the Animal Care
and Use Committee of Colorado State University.
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Vaccination and infection. Mice were vaccinated by subcutaneous
injection with 10° CFU of BCG Pasteur (Glaxo 1077 strain) or phosphate-
buffered saline (PBS) as a control. Using a Glas-Col aerosol generator
(Glas-Col, Terre Haute, IN), calibrated to deliver 20 bacteria into the
lungs, BCG-vaccinated and nonvaccinated mice were challenged 4 weeks
later by a low-dose aerosol of the clinical isolate Mycobacterium tubercu-
losis W-Beijing strain SA161. Mycobacterium tuberculosis W-Beijing strain
SA161 was kindly provided by K. Eisenach (University of Arkansas). Bac-
terial counts in the whole lungs (n = 5) and spleens (n = 5) at each time
point of the study were processed. Briefly, bacterial loads were determined
by plating serial dilutions of organ homogenates onto nutrient 7H11 agar.
CFU were counted after incubation for 3 weeks at 37°C. Additional groups
of mice were utilized for pathological analysis. Lungs from mice (1n = 5) in
each group were harvested for immunohistochemistry, histological, and
flow cytometry analyses at 25 and 50 days postchallenge. The results
shown in this study are representative of three experiments using 5 ani-
mals per group.

Histological analysis. The right caudal lung lobe from each mouse
was fixed with 10% formalin in PBS. Sections from these tissues were
stained with hematoxylin-eosin or with Ziehl-Neelsen stain to detect acid-
fast bacilli.

Immunohistochemistry. Anti-Grl staining was performed as de-
scribed previously (10). Briefly, paraffin-embedded slides were dewaxed
with Histo-Clear (National Diagnostics, Atlanta, GA) and decreasing con-
centrations of ethanol. A pressure cooker was used to retrieve antigens
in 1X DakoCytomation Target Retrieval solution (DakoCytomation,
Carpinteria, CA), and endogenous peroxidases and alkaline phosphatase
were inactivated in Bloxall (Vector Laboratories, Burlingame, CA) for 10
min. Thereafter, slides were blocked for 1 h with 2.5% normal goat serum
(Vector Laboratories) and incubated overnight at 4°C with a 1/40 dilution
of rat anti-Grl (clone RB6-8C5; eBioscience) or the rat IgG2b isotype
control (clone eB149/10H5; eBioscience), diluted in 2.5% goat serum.
The secondary antibody, alkaline phosphatase-labeled goat anti-rat IgG
(Santa Cruz Biotechnology, Dallas, TX), was diluted 1/1,200 in 2.5% goat
serum and incubated for 1 h at room temperature. Finally, the reaction
was developed for 20 min with Vector Red alkaline phosphatase substrate
(Vector Laboratories), and slides were counterstained with Hematoxylin
QS (Vector Laboratories) for 1 min.

Lung cell digestion. Single-cell suspensions were prepared as de-
scribed previously (11). Briefly, the lungs were perfused through the
pulmonary artery with a solution containing PBS and heparin (50 U/ml;
Sigma-Aldrich, St. Louis, MO), aseptically removed from the pulmonary
cavity, placed into medium, and dissected. The dissected lung tissue was
incubated with incomplete Dulbecco’s modified Eagle’s medium
(DMEM) containing collagenase XI (0.7 mg/ml; Sigma-Aldrich) and type
IV bovine pancreatic DNase (30 pg/ml; Sigma-Aldrich) for 30 min at
37°C. Digested lungs were further disrupted by gently pushing the tissue
through a cell strainer (BD Biosciences, Lincoln Park, NJ). Thereafter, red
blood cells were lysed with ammonium-chloride-potassium (ACK) buf-
fer, and the remaining cells were washed and resuspended in complete
DMEM.

Flow cytometric analysis. For antibody staining of cell surface mark-
ers, cells were initially incubated with 10 wg/ml of FcBlock (anti-CD16/
CD32, clone 93) for 20 min at 4°C. Thereafter, cells were stained with the
following antibodies (all antibodies were from eBioscience, San Diego,
CA) for 20 min at 4°C in the presence of FcBlock: anti-Grl (clone RB6-
8C5), anti-CD11b (clone M1/70), anti-CD11c (clone N418), anti-CD4
(clone GK1.5), anti-CD44 (clone IM7), anti-CD25 (clone PC61.5), and
anti-CD62L (MEL44). Cells were then washed in PBS, data acquisition of
at least 100,000 events was performed by using an LSR-II instrument
(BD), and data were analyzed by using FACSDiva version 6 (BD).

Intracellular cytokine staining. Cells were initially stimulated for 4 h
at 37°C with 1X cell stimulation cocktail (eBioscience) diluted in com-
plete DMEM. Thereafter, cells were stained for cell surface markers as
indicated above, fixed, and permeabilized according to the instructions
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provided by the manufacturer of the cell fixation/permeabilization kits for
intracellular cytokine analysis (eBioscience). Thereafter, cells were incu-
bated for 30 min at 4°C with FcBlock plus anti-interleukin-10 (IL-10)
(clone JES5-16E3; eBioscience), anti-gamma interferon (IFN-y) (clone
XMG1.2; eBioscience), anti-Foxp3 (clones FJK-16S and NRRF-30; eBio-
science), and anti-IL-17A and anti-IL-17F (clones TC11-18H10.1 and
9D3.1C8, respectively; Biolegend, San Diego, CA) or with the respective
isotype controls. Data acquisition and analysis were performed as de-
scribed above.

Statistical analysis. Data were analyzed with GraphPad Prism version
4 (GraphPad software, San Diego, CA), using analysis of variance
(ANOVA) and the Tukey posttest. Data are presented as the mean values
(n = 5) * standard errors of the means (SEM). A P value of <0.050 was
considered significant.

RESULTS

Course of M. tuberculosis infection in control and immune
C3Heb/Fe] and C3H/HeOuJ mice. The course of the experimen-
tal infection is shown in Fig. 1. In each case, control C3Heb/Fe]
and C3H/HeOuJ and BCG-vaccinated mouse groups were ex-
posed to aerosol infection with ~20 CFU of the highly virulent M.
tuberculosis W-Beijing strain SA161. Most vaccines to date have
been tested by using other murine models, which do not result in
primary granuloma necrosis after M. tuberculosis infection and
which use laboratory strains (H37Rv or Erdman). Mice infected
with M. tuberculosis SA161 were evaluated for bacterial loads in
the lungs (Fig. 1A) and spleens (Fig. 1B) after 25 and 50 days of
infection.

Control C3Heb/FeJ mice showed an increase of ~5.5 log,
CFU in the lungs over the first 25 days of infection (Fig. 1A),
followed by a slight increase of 0.5 log,, CFU during the chronic
phase of disease. Similarly, nonvaccinated C3H/HeOuJ mice showed
an increase of 3.5 log,, CFU in the lungs over the first 25 days of
infection (Fig. 1A), followed by a further increase of 1.0 log,, CFU
during chronic disease. On day 25 after infection, BCG vaccina-
tion resulted in a statistically significant delay of bacterial growth
in the lungs of both C3Heb/Fe] (P < 0.01) and C3H/HeOuJ (P <
0.05) mice. Remarkably, on day 50 after infection, the delay in
bacterial growth in the lung was maintained only in BCG-vacci-
nated C3Heb/Fe] mice (P < 0.01), whereas no statistical signifi-
cance was obtained when control and BCG-vaccinated C3H/
HeOuJ mice were compared.

The increase in bacterial numbers in the spleens was not as high
as that in the lungs (Fig. 1B). We show here that at day 50, BCG-
vaccinated C3Heb/FeJ mice were more resistant than control an-
imals (P < 0.001). BCG-vaccinated C3H/HeOuJ mice showed
efficacy in the lungs and spleens at day 25 (P < 0.01); however, this
delayed growth was lost 50 days later during chronic disease.

Altogether, these results demonstrate that BCG can delay
the growth of M. tuberculosis in an immunocompetent yet highly
susceptible murine strain such as C3Heb/Fe]. Furthermore, the
BCG-induced delay in disease progression is maintained in these
mice at least initially during the chronic phase of infection, whereas it
is lost in C3H/HeOuJ mice. This result is consistent with our pre-
vious observations of resistant C57BL/6 mice (which do not de-
velop necrosis) (12), in which BCG slowed down disease progres-
sion when mice were exposed to highly virulent Beijing strains.

Development of pathology in control and immune animals.
Changes in lung pathology and acid-fast staining are shown in Fig.
2 (left and right columns, respectively). As early as day 25 after
infection, C3Heb/FeJ mice developed pulmonary necrotic lesions
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FIG 1 BCG-induced protection is lost in infected C3H/HeOu]J but not C3Heb/FeJ mice. Shown are bacterial counts in the lungs (A) and spleens (B) of control
C3Heb/Fe] and C3H/HeOuJ mice as well as BCG-vaccinated immune C3Heb/FeJ and C3H/HeOuJ mice infected with a low-dose aerosol of M. tuberculosis
W-Beijing strain SA161. CFU were determined on days 25 and 50 after infection by plating serial dilutions of organ homogenates onto nutrient 7H11 agar and
counting CFU after 3 weeks of incubation at 37°C. For both murine strains, BCG vaccination resulted in a reduced bacterial burden at day 25 in comparison to
the bacterial burden in nonvaccinated animals. However, protection in both the lungs and spleens of C3H/HeOuJ mice was lost at day 50 after infection.
C3Heb/Fe] mice demonstrated strong BCG vaccine efficacy throughout infection. Results represent the average (n = 5) bacterial loads in each group and are
expressed as log,, CFU (£SEM). *, P < 0.050; s, P < 0.010; *3*, P < 0.001 (determined by ANOVA and the Tukey test).

(Fig. 2A), and multiple extracellular clusters of bacilli were ob-
served within these lesions (Fig. 2A, arrows). As previously re-
ported (13), the lungs of control C3Heb/Fe] mice infected with M.
tuberculosis SA161 exhibited progressive lesion development, and
by day 50, much of the lung tissue was grossly consolidated, with
inflammation and necrosis. In contrast, BCG-vaccinated C3Heb/
FeJ] mice had reduced numbers of lesions and clusters of extracel-
lular bacilli, and remarkably, granuloma necrosis at both early and
late time points was also abrogated (Fig. 2B). This is similar to our
previous results obtained in guinea pigs, which also developed
granuloma necrosis in response to M. tuberculosis infection unless
they were previously BCG vaccinated (14). Overall, BCG vaccina-
tion in C3Heb/Fe] mice slowed disease progression.

As expected, the lungs of control C3H/HeOuJ mice had no
significant necrosis (Fig. 2C) compared to the lungs of C3Heb/Fe]
mice. Although BCG vaccination further reduced the numbers
and size of granulomas 25 days after infection, this control was
lost at day 50, as indicated by stable granuloma numbers and
the presence of acid-fast staining in the lungs of C3H/HeOu]J
mice (Fig. 2D).

Kinetics of the CD4™ T cell response. Cells that migrated to
the lungs of control, M. tuberculosis-infected, and BCG-vacci-
nated C3Heb/Fe] and C3H/HeOuJ mice were harvested and ana-
lyzed by flow cytometry. Specifically, cytokine-producing T cells,
as well as the kinetics of activated Th1 (CD4" IFN-y-producing
[IEN-vy™]), proinflammatory Th17 (CD4" IL-17"), suppressive
(CD4" IL-10"), regulatory (CD4 " Foxp3™), and activated effec-
tor (CD4" CD25") T cell influx, were determined. As expected, at
day 25, when bacterial burden (Fig. 1A) and pathology (Fig. 2)
were already significantly different among C3Heb/Fe] and C3H/
HeOuJ mice, higher percentages of CD4* T cells were found in
control and BCG-vaccinated C3Heb/Fe] mice (Fig. 3A). However,
with respect to cytokine-producing T cells in control and BCG-
vaccinated C3Heb/Fe] mice, overall lower percentages of IFN-y,
IL-17, IL-10, Foxp3, and CD25 cells were observed compared to
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control and BCG-vaccinated C3H/HeOuJ mice (Fig. 3B to F). The
BCG-vaccinated C3Heb/Fe] mice demonstrated increased per-
centages of CD4™" T cells producing IFN-v, IL-17, and regulatory
T cell markers (Foxp3 and IL-10) (Fig. 3B to F), which was asso-
ciated with reduced bacterial burden compared to that in control
mice.

Although control and BCG-vaccinated C3H/HeOuJ mice showed
lower overall percentages of CD4™" T cells than did C3Heb/Fe] mice,
cytokine-producing cells were present in higher percentages (Fig.
3B to F). It was evident that both control and BCG-vaccinated
C3H/HeOuJ mice showed diminished percentages of activated
CD4" CD25" IFN-y-producing cells. Moreover, the sharp de-
cline in percentages CD4" IFN-y-producing cells was associated
with increased percentages of proinflammatory (CD4™ IL-17")
and regulatory (CD4 " Foxp3™ cells producing IL-10) T cells. Also
of interest is the fact that during chronic infection, significant
differences between the controls and BCG-vaccinated mice were
not evident, which supports the waning of BCG vaccine efficacy
and increased bacterial burden during chronic infection in the
C3H/HeOuJ model.

As reported previously for C57BL/6 mice succumbing to infec-
tion with highly virulent M. tuberculosis Beijing strains, the re-
duced numbers of protective T cells could be attributed to increas-
ing numbers of T regulatory cells (12). However, this was not the
case for control C3HeB/FeJ mice, as numbers of T regulatory cells
actually declined during disease progression (Fig. 3E), resembling
the tendency observed for protective T cells. Declining numbers of
NK1.1 and yd T cells were also observed in nonvaccinated C3HeB/
FeJ] mice (data not shown).

Kinetics of the CD4™ effector and memory T cell responses.
Cells that migrated to the lungs of infected, control, and BCG-
vaccinated C3Heb/Fe] and C3H/HeOu]J mice were harvested and
analyzed by flow cytometry. Specifically, levels of cytokine-pro-
ducing T cells, as well as the kinetics of effector (CD4" CD44"!
CD62"°) and memory (CD4™ CD44" CD621LM) T cell influx, were
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FIG 2 Changes in lung pathology in control and BCG-vaccinated C3H/HeOuJ and C3Heb/Fe] mice. Shown are representative photomicrographs of hematox-
ylin-eosin-stained slides (left) and acid-fast staining of slides (right) from the lungs of control or vaccinated mice. (A) As early as 25 days after infection, significant
areas of necrosis were observed in C3Heb/Fe] mice. As disease progressed (day 50), areas of necrosis and bacterial burden (denoted by acid-fast staining)
significantly increased in C3Heb/Fe] mice. Clusters of bacilli can be observed, which accumulated in areas of necrosis (arrows). (B) In contrast, BCG vaccination
of C3Heb/FeJ mice significantly diminished necrosis and bacillary loads on both days 25 and 50 after infection. (D) BCG vaccination limited lesion size and the
presence of acid-fast bacilli in C3H/HeOuJ mice temporarily 25 days after infection, and this protection was lost during chronic infection. (C) In control
C3H/HeOu]J mice, bacillary numbers increased at day 50 albeit to a much lesser extent than in C3Heb/Fe] mice. Magnifications, X4 (left) and X100 (right).

determined. Figure 4 shows a comparison of C3Heb/FeJ and C3H/
HeOuJ mouse expansions of effector and memory cells from con-
trol and BCG-vaccinated animals (Fig. 4A and D). During early
infection, the percentages of total effector cells (Fig. 4A) and sub-
sets of cytokine-producing cells (Fig. 4B and C) in C3H/HeOuJ
mice were higher than those in C3Heb/Fe] mice. However, both
mouse strains showed a decline in effector immunity during
chronic disease. BCG-vaccinated C3Heb/Fe] mice expressed in-
creased effector immunity capable of producing IFN-y and IL-17,
which was associated with bacterial clearance (Fig. 4B and C). On
the contrary, the percentage of total effector cells producing
IFN-vy (Fig. 4B) decreased during disease progression in both
BCG-vaccinated and control C3H/HeOu]J mice.

Memory immunity in all the groups assayed was nominal (Fig.
4D). This was not surprising, as the deficit of BCG itself is the lack
of induction of memory immunity (15), and most is present in the
spleen. Conversely, the percentage of memory T cells capable of
producing IFN-vy and IL-17 in BCG-vaccinated C3Heb/Fe] mice
increased during chronic infection (Fig. 4D to F). In contrast, as
infection progressed, vaccinated C3H/HeOu]J mice showed re-
duced levels of IFN-y and IL-17 production in memory cells (Fig.
4E and F).

Kinetics of the granulocyte immune response. Neutrophil
granulocytes have been implicated to have a role in tuberculosis
disease. Neutrophils have an intimate relationship with the pri-
mary granuloma in that they continuously degranulate in the ne-
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crotic core in an attempt to kill extracellular bacilli. However, this
degranulation results in tissue damage by expansion of the ne-
crotic core in the granuloma. Different populations of neutrophils
have different potential functions, such as CD11b GR-1"" cells
capable of degranulation and CD11b GR-1™ myeloid-derived
cells capable of T cell suppression.

A major difference between the M. tuberculosis-infected
C3Heb/Fe] and C3H/HeOuJ mice is that the C3Heb/Fe] mice
showed increased percentages of CD11b* GR-1"" (Fig. 5A) and
CD11b* GR-1™ (Fig. 5B) cells. Moreover, BCG vaccination of
C3Heb/Fe] mice resulted in a significant reduction of both gran-
ulocytic populations (Fig. 5A and B), which can be observed in the
contour plots (Fig. 5C). The effect of BCG vaccination on the
influx of Gr1™ cells in C3Heb/Fe] mice was confirmed by immu-
nohistochemistry (Fig. 5D). The paucity of Gr1™ cells in vacci-
nated C3Heb/Fe] mice contrasted with the extensive and coalesc-
ing Gr1™ staining throughout the consolidated, necrotic lung of
nonvaccinated C3Heb/Fe] mice (Fig. 4C). Altogether, these re-
sults suggest that BCG-induced protection in C3Heb/Fe] mice is
associated with reduced granulocytic influx and tissue damage.

DISCUSSION

The results of this study show that BCG vaccination delayed early
disease progression in both murine strains during the peak of
acquired immunity. However, during chronic infection, vaccine
efficacy waned as bacterial loads increased, and the lung pathology

January 2015 Volume 22 Number 1


http://cvi.asm.org

BCG Efficacy Loss in C3H/HeOuJ Mice

>

i B 359 C 104
271 CD4+ CD4+ IFNy+ CD4+ IL-17+
o 18 2 3 L
2 © Q g
D 151 o o8
O 254 ()]

2 5° 5
c
3 121 §\E % 21 % °
G 10 i\i S 15 >
()] —
2 g g 4
- < 2 < *
c 61 O 104 [0
Q o O
O 4 ) o 21
0] 0 5 o
o 2

15 20 25 30 35 40 45 50 5
Days after infection

715 20 25 30 35 40 45 50 5
Days after infection

15 20 25 30 35 40 45 50 55
Days after infection

O
m

401

M
3

“ CD4+IL-10 CD4+Foxp3+ . CD4+CD25+ -5 C3Heb/FeJ control
35-
2 46l ° @ 4 -~ C3Heb/FeJ BCG + Mtb
© Q30 © =8~ C3H/HeOuJ control
O 144 (&) o 7
o o & -8~ C3H/HeOuJ BCG + Mtb
S 121 S 7 € 6
=) =) =
o 104 * « 20 w 5
o 8 e} * ) 2 *
o 87 O 15d
& > 1B %
S 67 3 - 83
S 4 @ o 2
5 2 % 5 S 4
[ORES [
o a8 o

15 20 25 30 35 40 45 50 5%
Days after infection

15 20 25 30 35 40 45 50 %
Days after infection

15 20 25 30 35 40 45 50 55
Days after infection

FIG 3 Decreasing percentages of pulmonary CD4" IFN-vy-producing cells with concomitant increasing percentages of Th17 and regulatory T cells during
disease progression in C3H/HeOu]J mice. Shown are the percentages of pulmonary CD4 ™ T (A), Th1 (CD4™ IFN-y™) (B), proinflammatory Th17 CD4 " IL-17"
(C),and regulatory CD4 ™ Foxp3 ™" LL-10" (D to F) cells obtained from control C3Heb/Fe] and C3H/HeOuJ mice as well as BCG-vaccinated immune C3Heb/Fe]
and C3H/HeOuJ mice infected with a low-dose aerosol of M. tuberculosis W-Beijing strain SA161, analyzed by flow cytometry. BCG-vaccinated C3Heb/Fe] mice
demonstrated lower percentages of CD4™" T cells and cytokines (B to F), denoting bacterial control, than did control mice. As chronic disease progressed, the
percentages of T cell cytokines in BCG-vaccinated C3Heb/Fe] mice significantly decreased as the bacterial burden declined (B to F). In contrast, percentages of
T cell cytokines in control C3Heb/Fe] mice began to increase during chronic disease, indicative of attempted immune control of bacterial infection. Results

represent the average (n = 5) percentages of cells (=SEM). *, P < 0.050 (determined by ANOVA and the Tukey posttest).

of vaccinated C3H/HeOuJ mice became similar to that of control
animals. On the contrary, C3Heb/Fe] mice demonstrated strong
BCG vaccine efficacy during chronic infection. Thus, while BCG
vaccination of C3H/HeOuJ mice clearly had a positive protective
effect against early growth of the SA161 strain, this effect was tran-
sient and not true protection during later disease. We have previ-
ously shown a similar phenomenon in C57BL/6 mice infected
with W-Beijing strain SA161 or HN878 (12), in which BCG vac-
cination resulted in initial protection; however, this protection
was lost by 60 days after infection. This raises the very troubling
possibility that BCG-based vaccines may likely be ineffective in
areas of the world where W-Beijing and potentially other M. tu-
berculosis families of high-virulence isolates are increasingly prev-
alent. Our serious concerns on this matter are discussed in more
detail elsewhere (16, 17).

The fact that susceptible C3Heb/Fe] but not resistant C3H/
HeOuJ mice were protected by BCG vaccination at later times of
infection might seem paradoxical. An interesting possibility could
be that after vaccination, BCG survives longer in susceptible
C3Heb/Fe] mice than in resistant C3H/HeOu]J ones. The efficacy
of BCG has been shown to be dependent on its ability to replicate
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in vivo (18). Furthermore, in humans, BCG’s control in the re-
gional lymph node is related to the host’s immune status, and
susceptible individuals actually become infected during BCG vac-
cination (19). Thus, it is envisioned that susceptible C3Heb/Fe]
mice would slowly clear this live vaccine and that a better memory
T cell response than the response in resistant mice would ensue.
BCG clearance could have been slower in C3Heb/Fe]J than in C3H/
HeOuJ mice, which translated into clear differences in adaptive
immunity between the two murine strains.

However, other studies (20-22) suggest that the main differ-
ences in BCG vaccination in different animal models are due to
the substrain of BCG utilized, which leads to different qualitative
and quantitative immune responses while resulting in similar re-
ductions in the bacterial burden after challenge with an M. tuber-
culosis strain. Our study contradicts previous reports by Kram-
nik’s laboratory which demonstrated similar adaptive T cell
responses between congenic murine strains differing in the sst
locus (15). This is not surprising, since the initial BCG vaccine was
administered by the intravenous route (15), while the BCG vac-
cine in our study was administered by the subcutaneous route.

Protection in vaccinated C3Heb/Fe] mice was associated with
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FIG 4 Increased percentages of effector and memory IFN-y-and IL-17-producing cells confer BCG-induced protection in C3Heb/FeJ mice. Shown are the
percentages of pulmonary effector (CD44" CD62L'°) and memory (CD44" CD62L™) cells obtained from control C3Heb/FeJ and C3H/HeOuJ mice as well as
BCG-vaccinated immune C3Heb/Fe] and C3H/HeOuJ mice infected with a low-dose aerosol of M. tuberculosis W-Beijing strain SA161, analyzed by flow
cytometry. During chronic infection, BCG-vaccinated C3Heb/Fe] mice expressed increased numbers of effector and memory cells capable of producing IFN-y
and IL-17, which was associated with bacterial clearance (D to F). In contrast, BCG-vaccinated C3H/HeOuJ mice showed reduced levels of IFN-y- and
IL-17-producing memory T cells during chronic infection. Results represent the average (n = 5) percentages of cells (:SEM). *, P < 0.050; #, P < 0.010; 3,

P < 0.001 (determined by ANOVA and the Tukey posttest).

increased percentages of effector and memory T cells. On the con-
trary, C3H/HeOu]J mice expressed reduced percentages of protec-
tive T cells with concomitant increases in percentages of Th17 and
Foxp3™ cells compared to those in C3Heb/Fe] mice. BCG vaccine
efficacy waned in C3H/HeOuJ mice coincident with reduced ex-
pression of IEN-y by T cells and was replaced with increased ex-
pressions of IL-17, IL-10, and Foxp3. In previous studies using
C57BL/6 mice, we reported that BCG-induced protection waned
with specific alterations of the adaptive immune response, such as
increased numbers of regulatory T cells (12), concomitant with
reduced numbers of central memory T cells. Furthermore, in a
reinfection model (20), we previously observed that the protective
immune response decreased with increasing numbers of PD17"
CD4 T cells, a possible indication of exhaustion in a chronic dis-
ease such as tuberculosis. Using congenic strains of mice, such as
B6.C3H-sst1, in which the C3Heb/Fe] sst locus was introgressed
into the C57BL/6 background, significant changes in the kinetics
of necrosis induction were reported (15, 23). Therefore, other loci
in C57BL/6 mice seem to participate in the regulation of the im-
mune response against tuberculosis.

A major difference between controls and vaccinated C3Heb/
Fe] mice was the absence of necrosis and a reduced influx of
CD11b" Gr1™ cells in the latter. We currently believe that these
two events are related, as our previous results showed that the
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influx of these inflammatory cells is present only in murine strains
undergoing necrosis in response to M. tuberculosis infection (10).
In the guinea pig model of tuberculosis, BCG vaccination also
results in a delayed development of necrosis (14). Furthermore,
BCG-induced protection correlated with a reduced influx of
MIL4™ heterophils and increased numbers of effector and mem-
ory IFN-y-producing cells (14). It is currently unknown if MIL4™
heterophils are the guinea pig equivalent of murine CD11b™ Gr1™
cells, as these two cellular populations were the major differences
attributed to BCG vaccination in the guinea pig and murine mod-
els, respectively.

Necrosis development is an important aspect of tuberculosis
pathogenesis and transmission. Bacteria residing in necrotic gran-
ulomas have access to an abundant source of carbon in the form of
cholesterol and triglycerides (24), and this could explain why ba-
cilli grow to such high numbers in these lesions. Furthermore,
antibiotic penetration is significantly reduced in necrotic granu-
lomas (25), which could partially explain the protracted antibiotic
therapy required to eradicate tuberculosis. Finally, as necrotic
granulomas liquefy and rupture into the airways (26, 27), bacilli
encounter an efficient transmission route. Thus, necrosis preven-
tion could be considered an effective antitransmission vaccination
strategy. Clearly, BCG vaccination has not been able to protect
humans against pulmonary tuberculosis and transmission (3).
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FIG 5 BCG vaccination curtails the influx of Gr1™ and Gr1™ cells present in areas of primary granuloma necrosis in C3Heb/FeJ mice. Shown are percentages
of pulmonary CD11b™ Gr1™ (A) and CD11b* Gr1™ (B) cells obtained from control C3Heb/FeJ and C3H/HeOuJ mice as well as BCG-vaccinated immune
C3Heb/FeJ and C3H/HeOuJ mice infected with a low-dose aerosol of M. tuberculosis W-Beijing strain SA161, analyzed by flow cytometry. Control C3Heb/Fe]

and C3H/HeOuJ mice had higher percentages of both populations of GR-1" cells. (A) As the disease progressed, the numbers of Gr

1™ cells increased in control

C3Heb/Fe] mice but not in C3H/HeOuJ mice (A). Interestingly, BCG-vaccinated C3Heb/Fe] mice showed a reduced influx of Gr1™ cells (A and B), which was
also observed in the flow cytometric contour plots (C) and confirmed by immunohistochemistry (D). Results represent the average (n = 5) percentages of cells
(£SEM). *, P < 0.050; #*, P < 0.010; ##%, P < 0.001 (determined by ANOVA and the Tukey posttest).

Therefore, we expect that at some point, BCG-induced necrosis
protection would also wane in C3Heb/Fe] mice. However, we pro-
pose that differential expression of vaccine-induced efficacy in
C3Heb/Fe] and C3H/HeOuJ mice would be a good model to eval-
uate continuous protection against tuberculosis-induced necrosis
and nonnecrosis.
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