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Abstract
To date, most new vaccines againstMycobacterium tuberculosis, including new recombi-

nant versions of the current BCG vaccine, have usually been screened against the labora-

tory strains H37Rv or Erdman. In this study we took advantage of our recent work in

characterizing an increasingly large panel of newly emerging clinical isolates [from the

United States or from the Western Cape region of South Africa], to determine to what extent

vaccines would protect against these [mostly high virulence] strains. We show here that

both BCG Pasteur and recombinant BCG Aeras-422 [used here as a good example of the

new generation BCG vaccines] protected well in both mouse and guinea pig low dose aero-

sol infection models against the majority of clinical isolates tested. However, Aeras-422 was

not effective in a long term survival assay compared to BCG Pasteur. Protection was very

strongly expressed against all of the Western Cape strains tested, reinforcing our viewpoint

that any attempt at boosting BCG would be very difficult to achieve statistically. This obser-

vation is discussed in the context of the growing argument made by others that the failure of

a recent vaccine trial disqualifies the further use of animal models to predict vaccine effi-

cacy. This viewpoint is in our opinion completely erroneous, and that it is the fitness of prev-

alent strains in the trial site area that is the centrally important factor, an issue that is not

being addressed by the field.

Introduction
Tuberculosis remains a global emergency, with ~9-million new cases occurring each year, and
1.5-million deaths [1]. The incidence of new infections that are drug-resistant is now estimated
at nearly half a million cases [2], leading increasingly to poor treatment outcomes and increases
in mortality. Much of the current epidemic is driven by the concomitant HIV epidemic [3],
particularly in Southern Africa, and other risks factors are also emerging, including diabetes
[4,5]. As a result, considerable effort is being made to try to develop new vaccines and drugs to
combat the tuberculosis epidemic.
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A renewed effort to develop new vaccines—either to improve the existing BCG vaccine or to
replace or boost it—began in earnest 25-years ago, but unfortunately progress has been slow,
and the first Phase IIb efficacy study was only recently completed. In that study [6] a virus-
delivered vaccine [MVA85A] was tested for its ability to boost BCG vaccination in infants [4–6
months of age], which it failed to do so. This outcome has led to a re-evaluation of vaccine
development, including a discussion as to whether animal models should still be used to screen
vaccines pre-clinically since [in the case of MVA85A] they were not predictive. This viewpoint
is erroneous, as will be discussed below.

As recently discussed [7] one possible limitation in the current field is the reliance on labo-
ratory-adapted strains ofM.tuberculosis [H37Rv, Erdman] to screen vaccines. This is an
important point, because studies of newly emerging strains indicate that they express a much
wider range of virulence and fitness, and often as not a broader range of T cell subset responses
[8–10]. In addition, because the “window of protection” that occurs in BCG vaccinated mice
challenged with H37Rv/Erdman is relatively modest, it is possible to demonstrate the effect of
boosting vaccines in this type of model if these strains are used.

In the current study we addressed the question of whether BCG is equally effective against
newly emerging clinical strains ofM.tuberculosis in mouse and guinea pig models—the two
most widely used animal screens. In some experiments, in addition, we also included a newly
developed recombinant BCG vaccine candidate, Aeras-422, a BCG Danish strain which
over-expresses Ag85A and Ag85B, Rv3407, and a mutant form of the perfringolysin gene.
Although this candidate triggered a safety signal early during clinical trials which precluded
its further progress [11] it nevertheless provides an excellent example of the new generation
rBCG candidates.

The results of this study further revealed various outcomes that can occur in these types of
models, in that BCG is protective against the majority of strains tested, but poorly or transiently
protective against certain others. This was predominantly seen in the case of strains obtained
from around the United States, whereas BCG was consistently highly protective against all
strains tested from the Western Cape region of South Africa. In addition, however, while the
primary concept behind new rBCG vaccines is better immunogenicity and protection, we did
not observe this in our current studies, and in fact in long term survival studies BCG was far
more protective than rBCG.

These results indicate that BCG can give rise to a range of protective efficacy against differ-
ent clinical isolates. This is not directly related to virulence, since all the isolates used here grew
well in the animal models, but instead seems to point to bacterial fitness as a major factor.
In this regard, if, as these results suggest, Western Cape strains are generally of low fitness
[spreading as they do in a region where malnutrition and high rates of HIV are major factors]
and as a result are highly inhibited by prior BCG vaccination as shown below, then it would be
very difficult if not impossible to demonstrate in these models any positive effects of boosting
regimens. We will discuss these results in the direct context of the MVA85A trial, the result of
which was directly predicted in retrospect by the animal models used here.

Materials and Methods

Animals
Specific-pathogen-free female C57BL/6 mice, 6 to 8 weeks old, were purchased from the Jack-
son Laboratories (Bar Harbor, ME). Mice were maintained in the biosafety level III facilities at
Colorado 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
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demonstrated by testing sentinel animals. All experimental protocols were approved by the
Animal Care and Use Committee of Colorado State University.

Specific pathogen free, female outbred Hartley guinea pigs (*450–500g in weight) were
purchased from the Charles River Laboratories (North Wilmington, MA) and held under bar-
rier conditions in a biosafety level III animal laboratory. The specific-pathogen-free nature of
the guinea pig colonies was demonstrated by testing sentinel animals. All experimental proto-
cols were approved by the Animal Care and Usage Committee of Colorado State University
and comply with NIH guidelines. Prior toM. tuberculosis challenge, animals were appropri-
ately acclimatized, then microchipped for individual animal identification.

Experimental infections
M.tuberculosisH37Rv was originally obtained from the Trudeau Institute [NY] collection.
Three strains were collected in the Bay Area of California and kindly provided by Dr. Midori
Kato-Maeda [University of California, San Francisco]; these were the Beijing strains 4619,
3446, and 3507. Five strains were collected in the Western Cape region of South Africa and
kindly provided by Dr. Tommie Victor and Dr. Elizabeth Streicher; four of these strains are
Beijing strains [954, 212, R3180, and 3382] while a fifth, 923, is a Haarlem family strain. All
strains were grown in 7H9 broth containing 0.05% Tween 80, OADC, and glycerol. When cul-
tures reached an OD600 reading of 0.600–1.00 they were bottled, frozen, and then titered.

Mice were infected using a Glas-Col aerosol generator (Glas-Col, Terre Haute, IN), cali-
brated to deliver 50–100 bacteria into the lungs. A Madison chamber aerosol generation device
was used to expose guinea pigs to the different strains ofM.tuberculosis. This device was cali-
brated to deliver approximately 10–20 bacilli into the lungs. Thawed aliquots of frozen cultures
were diluted in sterile saline to the desired inoculum concentrations. The infection inoculum
and was determined for all the bacterial strains tested by plating serial dilutions of inoculum on
nutrient 7H11 agar and counting CFU three weeks later. No significant differences in terms of
the infection dose were seen among any of the strains tested.

Bacterial loads were determined by plating serial dilutions of individual whole organ
homogenates on nutrient 7H11 agar. CFU were counted after incubation for 3 weeks at 37°C
in humidified air.

Histological analysis
The right caudal lung lobe from each mouse was fixed with 4% paraformaldehyde in phos-
phate-buffered saline. Sections from these tissues were stained with hematoxylin and eosin.
Similarly, lung lobes from each guinea pig were fixed and stained with hematoxylin and eosin
and evaulated by a veterinary pathologist.

Vaccinations
Animals were vaccinated with BCG Pasteur or with recombinant BCG Aeras-422 [a kind gift
of the Aeras Foundation]. Mice were vaccinated with 1x106 bacilli by the subcutaneous route.
Guinea pigs were vaccinated with 1x104 bacilli by the intradermal route.

Flow cytometry
Mice were euthanized by CO2 asphyxiation, and the thoracic cavity was opened. The lung was
cleared of blood by perfusion through the pulmonary artery with 10 ml of ice-cold phosphate
buffered saline (PBS) containing 50 U/ml of heparin (Sigma, St. Louis, MO). Lungs were asepti-
cally removed, teased apart and treated with a solution of DNase IV (DNase) (Sigma Chemical;
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30 μg/ml) and collagenase XI (Sigma Chemical; 0.7 mg/ml) for 30 min at 37°C. Erythrocytes
were lysed with Gey's solution (0.15 M NH4Cl, 10 mMHCO3), and the cells were washed with
Dulbecco's modified Eagle's minimal essential medium. Total cell numbers were determined
by flow cytometry using BD liquid counting beads, as described by the manufacturer (BD Phar-
mingen, San Jose, CA).

Single-cell suspensions of lung from each mice were resuspended in PBS (Sigma-Aldrich)
containing 0.1% of sodium azide, and 4% BSA. Fc receptors were blocked with purified anti-
mouse CD16/32. Cells were incubated in the dark for 25 min at 4°C with predetermined opti-
mal titrations of specific antibodies. Cell surface expression was analyzed for CD4 and CD8.
Antibodies were purchased from BD Pharmingen. Samples were analyzed on a Becton Dickin-
son LSR-II instrument, and data was analyzed using FACSDiva v7.0 software. Individual cell
populations were identified according to the presence of specific fluorescence-labeled antibod-
ies. All the analyses were performed with acquisition of a minimum of 300,000 events.

To detect IFN-g-positive lymphocytes, cells were initially stimulated for 4hr at 37°C with 1X
cell stimulation cocktail (eBioscience) diluted in complete DMEM. Thereafter, cells were
stained for cell surface markers as indicated above, then fixed and permeabilized using a Fix/
Perm and Perm wash kit (eBioscience). Thereafter, cells were incubated for 30 min at 4°C with
FcBlock plus anti-IFN- g (clone XMG1.2, eBioscience), or with the respective isotype control.
Data acquisition and analysis was performed as described above.

Kaplan Meier analysis
The ability of the vaccines to provide long term protection was tested using the Western Cape
strains 3382 and the drug-resistant strain R3180. The survival of the animals was monitored by
weighing and observation based on a modified Karnofsky scale. A guinea pig was euthanized if
the animal showed extensive labored breathing, was lethargic, had a matted or scruffy coat,
dark eye color, non-responsive and/or if the weight loss was greater than 20% of the weight of
the animal recorded at the time of challenge.

Results

Efficacy studies in the mouse model
The effects of BCG and the rBCG were tested in the standard low dose aerosol infection model
in the mouse (Fig 1) against H37Rv and two clinical strains, Haarlem-923 [from the Western
Cape] and Beijing-4619 [from the Bay Area, California]. Both BCG and rBCG slowed the pro-
gression of H37Rv, but because the unvaccinated control mice themselves reduced the bacterial
load in the lungs it was not until day-90 that this reached a statistical level [P = 0.045]. In the
case of the two clinical strains, both rapidly killed infected mice in 60–70 days [only the day-30
data is reliable as a consequence]. In the case of vaccinated animals however both sets of ani-
mals were highly protected by vaccination with the two clinical isolates both halted after reach-
ing ~5-log in the lungs.

Consistent with these results, vaccination had a protective effect in terms of lung pathology
in all three cases [the 4619 study is shown as an example in Fig 2]. In control animals infected
with 4619 the lesions had large numbers of neutrophils present and extensive disease affecting
up to 60% of the lung area. Small areas of necrosis could be seen. In the vaccinated mice granu-
lomas consisted predominantly of macrophages with fewer lymphocytes, with the lung burden
and cellular composition reduced to about 25–40% in mice vaccinated with BCG. About 40%
of the lung tissue in mice vaccinated with Aeras-422 was affected, and small areas of necrosis
could be seen (Fig 3).
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T cell subset profiles in vaccinated mice
In addition to monitoring the bacterial load in the lungs of infected mice, we also gently
digested and harvested T cells from the lung tissues for flow cytometric analysis [note: due to
lung damage by the two clinical strains the control data was essentially unusable]. Total CD4 T
cell influx was similar in each case (Fig 4A) and cells expressing IFN g represented about 10%
of these, as anticipated based on earlier studies. No differences were seen between the two
BCG vaccines used. Responses between strains were not linear however, with CD4 numbers
increased in response to the two clinical isolates compared to H37Rv. A similar profile was
seen in terms of the lung CD8 response, although here total numbers of cells were 90% lower
(Fig 4B), as previously seen [8]. In addition, no major differences were seen in the numbers of
CD4 cells expressing IL-17 (Fig 4C).

Efficacy studies in the guinea pig model
In our next series of studies we tested BCG against several clinical isolates in the guinea pig low
dose aerosol model. In a first experiment we tested BCG in animals subsequently infected with
three Bay Area isolates [Beijings 3446, 4619, 3507] and a Western Cape strain [954]. In two
cases [3507, 954] BCG behaved as it consistently does against laboratory strains, in controlling
the challenge infection by day-30 and then slowly reducing the lung bacterial load thereafter
(Fig 5). In the two other cases however, while BCG strongly inhibited the growth of 3446 and
4619 initially, the bacterial load continued to increase progressively, so that by day-60 it did
not differ from the bacterial load in the unvaccinated control animals. These events were
reflected by the lung pathology (Fig 6); one might note that while the actual number of lesions
in the vaccinated animals infected with 4619 were fewer in number at day-60, the individual
lesions were extremely large and highly necrotic.

Fig 1. Course of infection in C57BL/6 mice infected by low dose aerosol exposure to the laboratory strain H37Rv, Haarlem strain 923, or Beijing
strain 4619.Calculated CFU are shown against time for saline controls [closed squares] and in mice previously vaccinated subcutaneously with BCG
Pasteur [open circles] or rBCG Aeras 422 [open squares]. Data is shown for groups of five mice ± SEM. Given the morbidity and mortality seen in control
groups infected with the two clinical strains only the day-30 data is reliable.

doi:10.1371/journal.pone.0136500.g001
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Fig 2. Representative histology images demonstrating overall disease burden in mice infected with H37Rv, Beijing 4619, or Haarlem 923, and
either sham-immunized or immunized with BCG or 422.Mild disease burden is present mice infected with H37Rv, with minimal differences in mice
immunized with either BCG or 422. Progressive pulmonary pathology developed in unprotected mice infected with clinical strains, 4619 or 923, with most
severe disease occurring in mice infected with 923. Protection based on overall lesion burden is afforded by both BCG and 422 against infection with the two
clinical strains. However, in mice infected with the 923 strain, more severe pathology developed in mice immunized with 422 compared to BCG.

doi:10.1371/journal.pone.0136500.g002

Fig 3. Representative histology images demonstrating leukocyte composition and necrosis in 923-infected mice. [A] Large areas of pulmonary
necrosis (arrowheads) developed in mice sham-vaccinated and infected with the 923 clinical strain, consisting of high numbers of degenerate neutrophils
with destruction of adjacent airways (arrow). [B] Protection from progressive pulmonary pathology was afforded by BCG vaccination, with development of
lymphocyte-rich lesions (arrows) and a complete absence of necrosis. [C] Neutrophil-dominated inflammation and necrosis in a mouse immunized with rBCG
422 (arrows). The degree of inflammation is less severe than in sham-immunized controls.

doi:10.1371/journal.pone.0136500.g003
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In a second set of studies in guinea pigs we compared H37Rv to the clinical isolates 4619,
and 212 and 923 from the Western Cape, while also including rBCG Aeras-422. In these stud-
ies good protection was seen against H37Rv, but no difference was seen between animals given
BCG or the rBCG in all three target organs (Fig 7). Better protection was seen here against
4619, although the bacterial load increased as before. BCG and the rBCG were both strongly
protective against 212 and 923, although, again, the bacterial load in the lungs slowly increased
by ~1-log in vaccinated animals from day-30 to day-90. Both vaccines strongly prevented ini-
tial dissemination of the infection to the spleen, but this was not observed in terms of carriage
to the draining lymph nodes for all three clinical strains.

Pathologic analysis (Fig 8) was consistent with these observations. Lesion development was
almost completely inhibited in vaccinated animals infected with H37Rv. Very limited lesion
development was seen in the 212 infection group, but a few large lesions developed by day-75.
In the case of 923, very substantial lung damage developed in the control animals, which was
inhibited by both BCG groups at day-60. Larger lesions become apparent however in the
rBCG animals by day-75. Despite the better control of 4619 seen in this second study, lesion

Fig 4. Flow cytometric analysis of the effector T cell response in the lungs infected with H37Rv, strain 923, or strain 4619. [A] Total CD4 T cell
numbers and numbers of CD4 cells staining positive for IFNg. [B] Total CD8 T cell numbers and numbers of CD8 cells staining positive for IFNg. [C] Numbers
of CD4 cells staining positive for IL-17A/F. Data is shown for saline controls [closed squares] and in mice previously vaccinated subcutaneously with BCG
Pasteur [open circles] or rBCG Aeras 422 [open squares] [n = 4/5 mice ± SEM].

doi:10.1371/journal.pone.0136500.g004
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Fig 5. Course of infection following low dose aerosol exposure of guinea pigs to four Beijing strains, in saline controls [closed circles] or in
animals previously vaccinated with BCG. Data is shown for groups of five animals ± SEM. Two strains [3507, 954] were contained and controlled by
vaccination in these animals, whereas in the case of two others [3446, 4619] the bacterial load in the lungs was initially inhibited in the vaccinated animals on
day-30, but this protection was lost by day-60.

doi:10.1371/journal.pone.0136500.g005
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development was only partially reduced on day-60, but by day-75 large necrotic lesions had
developed in both the BCG and rBCG groups.

Long term survival studies in BCG vaccinated animals
In several cases, BCG gave good protection over the short term, so we also addressed if this
translated into long term protection, using a Kaplan Meier analysis. Guinea pigs were vacci-
nated with the two BCG vaccines, then infected with twoWestern Cape Beijing strains, 3382
and the rifampicin resistant strain 3180 (Fig 9). In the case of 3180 control animals died after

Fig 6. Representative histology images demonstrating overall disease burden in guinea pigs infected with four clinical strains and either sham-
immunized or immunized with BCG. Pathology is compared at day 30 or day 60 of infection. Virulence, as indicated by overall disease severity and lesion
extent, varied among the clinical isolates with 4619 causing the most extensive pathology. Protection provided by BCG immunization is proportionally
evident, based on reduction in extent of pulmonary lesions.

doi:10.1371/journal.pone.0136500.g006
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~90 days on average, and this was substantial extended in BCG vaccinated animals [P = 0.006]
but not in animals given the rBCG [P = 0.056]. A similar result was seen using 3382, in which
BCG extended survival significantly [P = 0.014] whereas rBCG did not [P = 0.07].

Discussion
The results of this study show that animals vaccinated with BCG and then infected with newly
emerging virulent isolates in general exhibit two profiles, in the context of how the course of
the infection proceeds in the lungs. These two profiles are noted here, in previous studies in
our laboratory [8,9,12], and by others [13], and can be observed in both the mouse and guinea
pig models of tuberculosis.

The majority profile [with the caveat that we have only analyzed strains from two geograph-
ical regions—US outbreaks, and strains prevalent in the Western Cape] is where animals vacci-
nated with BCG gradually contain the infection by about thirty days, and the bacterial load
remains at these lower levels thereafter or may even decline. The second profile is where BCG
slows the infection at day-30 by 1-log or more, but the bacterial load continues to increase, to
the extent that by day-60 it is essentially indistinguishable from the negative control animals.
Our laboratory first observed this profile in mice using two extremely virulent US strains
[HN878 and SA161], but we should also note that we have characterized other strains that are
equally virulent which do not exhibit this, so virulence by itself is not an adequate explanation
for this event. Analysis of the T cell response in the lungs in animals showing this loss of pro-
tection indicated that in mice the CD4 effector T cell response in the lungs at day-30 contracts
and is then gradually replaced by CD4 Foxp3+ regulatory T cells [9], and similarly that in

Fig 7. Course of infection in guinea pigs infected by low dose aerosol exposure to the laboratory strain H37Rv, the Beijing strains 212 and 4619, or
the Haarlem strain 923.Data is shown for the three primary target organs, and based on five animals per group ±SEM. Animals were given saline
subcutaneously [closed squares] or vaccinated with BCG [up triangle] or Aeras 422 [down triangle].

doi:10.1371/journal.pone.0136500.g007
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guinea pigs an increasingly strong Foxp3 mRNA message can be seen to develop in animals
infected with these clinical strains [14].

Our overall studies to date indicate that clinical isolates from the Western Cape are very
strongly inhibited by BCG. This is a consistent observation, and we have yet to see an isolate
that is not—i.e. fits the second profile. And yet, at least some of these strains are extremely viru-
lent in mice, causing rapid mortality [much faster in fact than the supposedly more susceptible
guinea pig], but despite this both BCG and Aeras-422 were highly protective. In contrast, we
observed a range of BCG efficacy against US outbreak strains, some are inhibited by BCG
whereas others are not to any extent.

As we recently suggested [12,15] this may be less associated with virulence [strains like 923
and 212 are amongst the more virulent strains we have seen to date] and more a reflection of
strain fitness. We previously noted that “US outbreak” strains, particularly those from the Bay
Area [16] are circulating in populations where nutrition is adequate and the HIV rate is negligi-
ble, and it is from this overall collection that we have observed strains that are only transiently

Fig 8. Representative histology images demonstrating overall disease burden in guinea pigs infected with H37Rv or three clinical strains, and
either sham-immunized or immunized with BCG or Aeras 422. Pathology is compared at day 30, 60 or 75 of infection. Infection with clinical strains
yielded more extensive pathology. Immunization with BCG or Aeras 422 led to reduced severity of disease overall in all cases, but no differences in
protection afforded by BCG or Aeras 422 were evident.

doi:10.1371/journal.pone.0136500.g008
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Fig 9. Kaplan Meier analysis of the survival of guinea pigs infected by low dose aerosol exposure to the Beijing strains R3180 or 3382.Data is
based on 5–6 animals per group. BCG prolonged survival against strain 3180 [P = 0.006] whereas Aeras 422 did not [P = 0.056]. Similarly, BCG protected
against strain 3382 [P = 0.014] whereas Aeras 422 did not [P = 0.07].

doi:10.1371/journal.pone.0136500.g009
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inhibited by BCG. In contrast, all the strains we have tested to date from the Western Cape
region, in which malnutrition is an important factor and HIV rates are high [17–19], are all
very strongly inhibited by BCG vaccination in our animal models. We propose therefore that
BCG vaccination efficacy is primarily influenced by the fitness patterns of the strains against
which it is tested, something not even considered to date given the reliance of the field on the
laboratory strains used not only to test vaccines but which also dictates the current state of the
“TB vaccine pipeline”.

For confidentiality reasons we do not know if our isolates from the Western Cape were
from HIV-positive or HIV-negative individuals. We do know that some strains, such as strain
212, were associated with high transmission and could easily have passed through both popula-
tions. Degree of transmission is an important factor in overall bacterial fitness, and would be
expected to be less in HIV-positive individual due to lack of cavities. Added to these factors,
the immunogenicity of the strain is also a factor and we observed differences (Fig 4A) in the
degree to which different strains induced IFNg+ CD4 T cells in the lungs. This in itself is also
important when considered in concert with the degree of lung damage these strains can induce
(Fig 3, for example); in other words, a strain can be low fitness but still immunogenic, leading
to lung damage and transmission.

If our hypothesis is correct it has serious consequences for vaccine testing. In fact, this is
already occurring, at least in the sense that negative results for MVA85A, which was very
extensively tested and shown to be active in the mouse, guinea pig, and non-human primate
animal models [7,20–23], have now led to some within our field advancing the concept that
since MVA85A was tested extensively in animal models and the trial failed, then logically ani-
mal models are not predictive and should no longer be used. This is correct, in the sense that
MVA85A was indeed extensively tested, but it was tested against the laboratory strains H37Rv
or Erdman and never against any clinical strain, and certainly not against even a single clinical
strain from the Western Cape region where the trial was actually conducted.

In our study here we consistently saw excellent protection, both with BCG and rBCG Aeras-
422, against the Western Cape strains, consistent with earlier results with two further strains
[12]. As we recently argued [12,15] if these strains are indeed of relatively low fitness then there
is no way, both in modeling, or in reality in a clinical trial, that anything can be used that will
boost BCG immunity to the extent that it can be statistically observed as an improvement on
BCG alone. In other words, the fault lies not with MVA85A or with the animal models used to
test it, but with the trial site itself in which the prevailing strains were sufficiently inhibited by
BCG to the degree that this could not be improved upon. In the future we would suggest that
the prevailing local strains in a clinical trial site area be collected and tested first, a relatively
cheap process in small animal models, before a vastly more expensive trial is conducted. Fur-
thermore, how any of the various new vaccine candidates in the current pipeline behave when
animals are challenged with isolates of varying fitness should be immediately addressed.

A surprising aspect of these studies was that while rBCG Aeras-422 mostly gave similar pro-
tection compared to regular BCG, we found no evidence that it had any superior properties,
which raises the question as to why [for a time at least] it featured in the TB vaccine “pipeline”.
We mostly observed similar CFU patterns, found nothing to suggest that Aeras-422 elicited a
stronger or faster effector T cell response, nor did we observe any evidence of changes or
improvements in the lung pathologic appearance. Moreover, most of our studies consisted of
conventional short term assays, but when we performed long term survival studies using two
Western Cape isolates, Aeras-422 performed poorly in these assays and did not result in statis-
tically significant improvement over non-vaccinated guinea pigs, whereas BCG improved
survival in both cases. These data seem to suggest that while Aeras-422 generates adequate
effector immunity, this immunity is not long lived. We have no data at present to explain this,
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but are currently looking at the possibility that this rBCG, given its over-expression of immu-
nodominant antigens, may be pushing the acquired T cell response into exhaustion.

Modifying or boosting BCG seems a key tactic in vaccine development given the already
wide coverage using this vaccine globally [24–27]. The genesis of the recent modifications to
BCG that has resulted in new rBCG candidates was based firstly on the concept that better, lon-
ger lasting immunity would result when compared to conventional BCG, and secondly, in one
example at least [28], that rBCG would be more effective against prevalent clinical isolate fami-
lies, particularly Beijing isolates. Our results here support neither contention.

Acknowledgments
We are very grateful to Drs T. Victor, E. Streicher, and M. Kato-Maeda for their generous pro-
vision of clinical isolates. We are very grateful to the Aeras Foundation for providing Aeras-
422.

Author Contributions
Conceived and designed the experiments: MH-T CAS IMO. Performed the experiments: MH-
T DVMCS AZ SKF CAS BP. Analyzed the data: MH-T DVMCS AZ SKF CAS BP. Wrote the
paper: MH-T CAS IMO.

References
1. World Health Organization G (2014) Global tuberculosis report. Available: http://www.who.int/tb/

publications/global_report/en/.

2. Falzon D, Weyer K, Raviglione MC (2013) Drug-resistant tuberculosis: latest advances. Lancet Respir
Med 1: e9–e10. doi: 10.1016/S2213-2600(12)70056-5 PMID: 24321818

3. Walker NF, Meintjes G, Wilkinson RJ (2013) HIV-1 and the immune response to TB. Future Virol 8:
57–80. PMID: 23653664

4. Martinez N, Kornfeld H (2014) Diabetes and immunity to tuberculosis. Eur J Immunol 44: 617–626. doi:
10.1002/eji.201344301 PMID: 24448841

5. Podell BK, Ackart DF, Obregon-Henao A, Eck SP, Henao-Tamayo M, Richardson M, et al. (2014)
Increased severity of tuberculosis in Guinea pigs with type 2 diabetes: a model of diabetes-tuberculosis
comorbidity. Am J Pathol 184: 1104–1118. doi: 10.1016/j.ajpath.2013.12.015 PMID: 24492198

6. Tameris MD, Hatherill M, Landry BS, Scriba TJ, Snowden MA, Lockhart S, et al. (2013) Safety and effi-
cacy of MVA85A, a new tuberculosis vaccine, in infants previously vaccinated with BCG: a randomised,
placebo-controlled phase 2b trial. Lancet 381: 1021–1028. PMID: 23391465

7. McShane H, Williams A (2014) A review of preclinical animal models utilised for TB vaccine evaluation
in the context of recent human efficacy data. Tuberculosis (Edinb) 94: 105–110.

8. Ordway D, Henao-Tamayo M, Harton M, Palanisamy G, Troudt J, Shanley C, et al. (2007) The hypervir-
ulent Mycobacterium tuberculosis strain HN878 induces a potent TH1 response followed by rapid
down-regulation. J Immunol 179: 522–531. PMID: 17579073

9. Ordway DJ, Shang S, Henao-Tamayo M, Obregon-Henao A, Nold L, Caraway M, et al. (2011) Myco-
bacterium bovis BCG-mediated protection against W-Beijing strains of Mycobacterium tuberculosis is
diminished concomitant with the emergence of regulatory T cells. Clin Vaccine Immunol 18: 1527–
1535. doi: 10.1128/CVI.05127-11 PMID: 21795460

10. Palanisamy GS, DuTeau N, Eisenach KD, Cave DM, Theus SA, Kreiswirth BN, et al. (2009) Clinical
strains of Mycobacterium tuberculosis display a wide range of virulence in guinea pigs. Tuberculosis
(Edinb) 89: 203–209.

11. Kupferschmidt K (2011) Infectious disease. Taking a new shot at a TB vaccine. Science 334: 1488–
1490. doi: 10.1126/science.334.6062.1488 PMID: 22174226

12. Shanley CA, Streicher EM, Warren RM, Victor TC, Orme IM (2013) Characterization of W-Beijing iso-
lates of Mycobacterium tuberculosis from the Western Cape. Vaccine 31: 5934–5939. doi: 10.1016/j.
vaccine.2013.10.044 PMID: 24144471

13. Jeon BY, Derrick SC, Lim J, Kolibab K, Dheenadhayalan V, Yang AL, et al. (2008) Mycobacterium
bovis BCG immunization induces protective immunity against nine different Mycobacterium tuberculo-
sis strains in mice. Infect Immun 76: 5173–5180. doi: 10.1128/IAI.00019-08 PMID: 18710860

BCG Vaccine Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0136500 September 14, 2015 14 / 15

http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/
http://dx.doi.org/10.1016/S2213-2600(12)70056-5
http://www.ncbi.nlm.nih.gov/pubmed/24321818
http://www.ncbi.nlm.nih.gov/pubmed/23653664
http://dx.doi.org/10.1002/eji.201344301
http://www.ncbi.nlm.nih.gov/pubmed/24448841
http://dx.doi.org/10.1016/j.ajpath.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24492198
http://www.ncbi.nlm.nih.gov/pubmed/23391465
http://www.ncbi.nlm.nih.gov/pubmed/17579073
http://dx.doi.org/10.1128/CVI.05127-11
http://www.ncbi.nlm.nih.gov/pubmed/21795460
http://dx.doi.org/10.1126/science.334.6062.1488
http://www.ncbi.nlm.nih.gov/pubmed/22174226
http://dx.doi.org/10.1016/j.vaccine.2013.10.044
http://dx.doi.org/10.1016/j.vaccine.2013.10.044
http://www.ncbi.nlm.nih.gov/pubmed/24144471
http://dx.doi.org/10.1128/IAI.00019-08
http://www.ncbi.nlm.nih.gov/pubmed/18710860


14. Shang S, Harton M, Tamayo MH, Shanley C, Palanisamy GS, Caraway M, et al. (2011) Increased
Foxp3 expression in guinea pigs infected with W-Beijing strains of M. tuberculosis. Tuberculosis
(Edinb) 91: 378–385.

15. Orme I (2014) Letter to the editor. Tuberculosis (Edinb) 94: 717.

16. Kato-MaedaM, Shanley CA, Ackart D, Jarlsberg LG, Shang S, Obregon-Henao A, et al. (2012) Beijing
sublineages of Mycobacterium tuberculosis differ in pathogenicity in the guinea pig. Clin Vaccine Immu-
nol 19: 1227–1237. doi: 10.1128/CVI.00250-12 PMID: 22718126

17. Johnson LF, Rehle TM, Jooste S, Bekker LG (2015) Rates of HIV testing and diagnosis in South Africa:
successes and challenges. AIDS 29: 1401–1409. doi: 10.1097/QAD.0000000000000721 PMID:
26091299

18. Karim QA, Kharsany AB, Frohlich JA, Werner L, Mashego M, MlotshwaM, et al. (2011) Stabilizing HIV
prevalence masks high HIV incidence rates amongst rural and urban women in KwaZulu-Natal, South
Africa. Int J Epidemiol 40: 922–930. doi: 10.1093/ije/dyq176 PMID: 21047913

19. Ramirez-Avila L, Regan S, Chetty S, Giddy J, Ross D, Katz JN, et al. (2014) HIV testing rates, preva-
lence, and knowledge among outpatients in Durban, South Africa: Time trends over four years. Int J
STD AIDS 26(10): 704–709. doi: 10.1177/0956462414551234 PMID: 25228664

20. Goonetilleke NP, McShane H, Hannan CM, Anderson RJ, Brookes RH, Hill AV (2003) Enhanced immu-
nogenicity and protective efficacy against Mycobacterium tuberculosis of bacille Calmette-Guerin vac-
cine using mucosal administration and boosting with a recombinant modified vaccinia virus Ankara. J
Immunol 171: 1602–1609. PMID: 12874255

21. Sharpe SA, McShane H, Dennis MJ, Basaraba RJ, Gleeson F, Hall G, et al. (2010) Establishment of an
aerosol challenge model of tuberculosis in rhesus macaques and an evaluation of endpoints for vac-
cine testing. Clin Vaccine Immunol 17: 1170–1182. doi: 10.1128/CVI.00079-10 PMID: 20534795

22. Verreck FA, Vervenne RA, Kondova I, van Kralingen KW, Remarque EJ, BraskampG, et al. (2009)
MVA.85A boosting of BCG and an attenuated, phoP deficient M. tuberculosis vaccine both show pro-
tective efficacy against tuberculosis in rhesus macaques. PLOS ONE 4: e5264. doi: 10.1371/journal.
pone.0005264 PMID: 19367339

23. Williams A, Goonetilleke NP, McShane H, Clark SO, Hatch G, Gilbert SC, et al. (2005) Boosting with
poxviruses enhances Mycobacterium bovis BCG efficacy against tuberculosis in guinea pigs. Infect
Immun 73: 3814–3816. PMID: 15908420

24. Andersen P, Kaufmann SH (2014) Novel vaccination strategies against tuberculosis. Cold Spring Harb
Perspect Med 4. doi: 10.1101/cshperspect.a018523

25. Brennan MJ, Stone MR, Evans T (2012) A rational vaccine pipeline for tuberculosis. Int J Tuberc Lung
Dis 16: 1566–1573. doi: 10.5588/ijtld.12.0569 PMID: 23131253

26. Orme IM (2011) Development of new vaccines and drugs for TB: limitations and potential strategic
errors. Future Microbiol 6: 161–177. doi: 10.2217/fmb.10.168 PMID: 21366417

27. Orme IM (2013) Vaccine development for tuberculosis: current progress. Drugs 73: 1015–1024. doi:
10.1007/s40265-013-0081-8 PMID: 23794129

28. Grode L, Seiler P, Baumann S, Hess J, Brinkmann V, Nasser Addine A, et al. (2005) Increased vaccine
efficacy against tuberculosis of recombinant Mycobacterium bovis bacille Calmette-Guerin mutants
that secrete listeriolysin. J Clin Invest 115: 2472–2479. PMID: 16110326

BCG Vaccine Efficacy

PLOS ONE | DOI:10.1371/journal.pone.0136500 September 14, 2015 15 / 15

http://dx.doi.org/10.1128/CVI.00250-12
http://www.ncbi.nlm.nih.gov/pubmed/22718126
http://dx.doi.org/10.1097/QAD.0000000000000721
http://www.ncbi.nlm.nih.gov/pubmed/26091299
http://dx.doi.org/10.1093/ije/dyq176
http://www.ncbi.nlm.nih.gov/pubmed/21047913
http://dx.doi.org/10.1177/0956462414551234
http://www.ncbi.nlm.nih.gov/pubmed/25228664
http://www.ncbi.nlm.nih.gov/pubmed/12874255
http://dx.doi.org/10.1128/CVI.00079-10
http://www.ncbi.nlm.nih.gov/pubmed/20534795
http://dx.doi.org/10.1371/journal.pone.0005264
http://dx.doi.org/10.1371/journal.pone.0005264
http://www.ncbi.nlm.nih.gov/pubmed/19367339
http://www.ncbi.nlm.nih.gov/pubmed/15908420
http://dx.doi.org/10.1101/cshperspect.a018523
http://dx.doi.org/10.5588/ijtld.12.0569
http://www.ncbi.nlm.nih.gov/pubmed/23131253
http://dx.doi.org/10.2217/fmb.10.168
http://www.ncbi.nlm.nih.gov/pubmed/21366417
http://dx.doi.org/10.1007/s40265-013-0081-8
http://www.ncbi.nlm.nih.gov/pubmed/23794129
http://www.ncbi.nlm.nih.gov/pubmed/16110326

