Drugs (2013) 73:1015-1024
DOI 10.1007/s40265-013-0081-8

LEADING ARTICLE

Vaccine Development for Tuberculosis: Current Progress

Ian M. Orme

Published online: 21 June 2013
© Springer International Publishing Switzerland 2013

Abstract Very substantial efforts have been made over
the past decade or more to develop vaccines against
tuberculosis. Historically, this began with a view to replace
the current vaccine, Bacillus Calmette Guérin (BCG), but
more recently most candidates are either new forms of this
bacillus, or are designed to boost immunity in children
given BCG as infants. Good progress is being made, but
very few have, as yet, progressed into clinical trials. The
leading candidate has advanced to phase IIb efficacy test-
ing, with disappointing results. This article discusses the
various types of vaccines, including those designed to be
used in a prophylactic setting, either alone or BCG-
boosting, true therapeutic (post-exposure) vaccines, and
therapeutic vaccines designed to augment chemotherapy.
While there is no doubt that progress is still being made,
we have a growing awareness of the limitations of our
animal model screening processes, further amplified by the
fact that we still do not have a clear picture of the immu-
nological responses involved, and the precise type of long-
lived immunity that effective new vaccines will need to
induce.

1 Introduction

About two decades ago, funding began to become available
to stimulate design and development of new vaccine can-
didates that potentially could boost or completely replace
the Bacillus Calmette Guérin (BCG) vaccine. By that time
of course, BCG was widely used around the world (about
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85 % coverage), but it was well known that its efficacy had
tremendous variability from trial to trial, and while it was
generally thought that the vaccine did some beneficial
things in children, specifically the prevention of dissemi-
nated and meningeal tuberculosis, overall its ability to
protect adults from pulmonary tuberculosis (the source,
obviously, of disease transmission) was poor [1].

As a result, at the time [2—6] a rather impressive col-
lection of, in some cases very innovative, vaccine candi-
dates began to appear. However, most inventors lacked the
facilities to test these, resulting in the establishment of the
Vaccine Screening Contract at Colorado State University,
USA, and soon after by the establishment of a similar
facility at the Health Protection Agency in the UK. As one
can imagine, most candidates did not work, or least reach
the levels of immunity and protection given by BCG in
such screening models, but these programs were never-
theless successful because they gave new insights into what
could potentially work and what would not.

The spectrum of candidates meeting the initial criteria
was very broad, and included multiple types of subunit
vaccines, DNA vaccines, live attenuated mutants, vaccines
based on viral vehicle delivery, and new forms of recom-
binant BCG itself. Recently, there has been some inevitable
attrition, but as we stand today, there are four subunit-
based candidates and two virus-based candidates that have
reached the top of the ‘pipeline’ and are being tested in the
clinic.

2 The Aeras Foundation ‘Pipeline’
The Aeras Foundation is a not-for-profit organization based

in Rockville (MD, USA) dedicated to the development and
testing of new tuberculosis (TB) vaccine candidates, and
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the instigation of clinical trials. There are currently six
vaccines at the top of the candidate pipeline (see Table 1).

MVABSS5A is a recombinant strain of the Ankara vaccinia
strain developed originally as a smallpox vaccine about 30
years ago, which expresses Ag85A. It does not replicate in
humans and has been shown to be very safe. Of all the
candidates in the pipeline, it has undergone by far the most
extensive testing in multiple animal models, giving con-
sistently positive results. Since about 2002, this vaccine has
been tested in at least a dozen early-phase clinical trials,
which is a testimony to the care the developers (at the
University of Oxford, led by McShane) have taken in its
assessment. In a double-blind, phase IIb efficacy trial in
Cape Town, South Africa, for which the results have just
been announced [7], efficacy in infants could not be
demonstrated. This is discussed further below.

Aeras-402 is a replication-deficient adenovirus
expressing Ag85 and TB10.4, now undergoing extensive
clinical trial testing. The virus is of the serotype-35 variety,
reflecting the limitation that the most common adenovirus,
serotype-5, cannot be used because of the high level of pre-
existing seropositivity in many people [8]. There are data
that vaccination with this candidate seems to preferentially
drive the sensitization of CD8 T cells, which could be of
value in HIV-positive individuals [9].

M72 is a fusion protein first developed a decade ago at
Corixa in Seattle, USA, based on recognition by T-cell
lines from purified protein derivative (PPD)-positive heal-
thy donors. Mice vaccinated with M72 in ASO1B adjuvant
were then shown [10] to be highly protected against aerosol
challenge, and further studies in guinea pigs were also
protective. It was then found [11] that M72 given in
ASO2A adjuvant in conjunction with BCG significantly
prolonged the survival of these animals over BCG alone. In
these animals, lung lesions could still be seen, but there
was considerable evidence of lesion healing and airway
remodeling and reestablishment.

Recently, safety and immunogenicity studies of M72 in
AS02 adjuvant were performed in BCG-vaccinated adults,
and adults previously given chemotherapy for TB [12].
CD4 responses were seen in both groups, and while some

adverse reactions to the vaccine were observed, none were
considered serious.

The M72 candidate has now reached phase Ila trials in
adults who were BCG-vaccinated, HIV-negative, and were
either infected or uninfected with Mycobacterium tuber-
culosis [13]. These individuals were given two intramus-
cular doses of M72 in the liposomal adjuvant ASO1 and
then monitored over the next 7 months. The vaccine was
safe, with only minor adverse reactions (the most promi-
nent being brief flu-like symptoms). The vaccine gave
robust long-lived T-cell responses, which, if broken down
by secretion of interleukin (IL)-2, tumour necrosis factor
(TNF), interferon (IFN)-v, and IL-17, was produced by as
many as eight different subsets of CD4 cells. CD8 T-cell
responses were also seen, but to a lesser degree, and only
increased to any extent in the infected individuals, sug-
gesting they were boosting pre-existing CD8 responses.
This is a little curious, since M72 is known to have a CD8
epitope.

H56 is a fusion protein consisting of Ag85B, ESAT-6,
and Rv2660. The latter antigen is expressed throughout the
immune response (both early and during the chronic
stages) and for this reason is identified as a ‘latency anti-
gen’. The author finds this difficult to explain to the reader,
but it seems to depend on the fact that this antigen is still
expressed in a model of ‘incomplete chemotherapy’ (the
underlying concept equally unexplainable), where bacilli
surviving are latent. This is 100 % wrong; these bacilli are
in fact adapting and quite the reverse, as discussed else-
where [3].

This is an issue for another time. The reality is that a
vaccine that could target bacteria that persist after appar-
ently successful chemotherapy and thus reduce the risk of
reactivation of disease could be highly useful. The data
regarding the ability of H56 to achieve this are based in two
sets of studies, in mice [14] and in macaques [15]. In a first
experiment, H56 protected as well as BCG, but Rv2660 by
itself had no protective effect, indicating that the protection
observed was all due to Ag85 and ESAT. In this experi-
ment, an assay at 4 weeks after challenge with H37Rv
showed that both H56 and BCG gave about 1-log

Table 1 The Aeras Foundation

candidate pipeline Candidate

Description

MVASSA

Aeras-402 (Crucell

At the current time, all these adenovirus-35)

candidates are primarily

designed to boost neonatal M72F
Bacillus Calmette Guérin H56
(BCG) vaccination. In addition, 1D93

ID93 and H56 have been tested
in therapeutic (post-exposure)

e Hybrid-4 [H4]
vaccination models

Ag85A expressed by modified Vaccinia Ankara virus
Adenovirus expressing Ag85B and TB10.4

Fusion of Rv1196 and Rv0125 delivered in ASO1 adjuvant
Fusion of Ag85B, ESAT-6, and Rv2660 delivered in IC31 adjuvant

Fusion of Rv1813, Rv2608, Rv3619, and Rv3620 delivered in GLA-SE

adjuvant
Fusion of Ag85B and TB10.4 delivered in IC31 adjuvant
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protection, as expected, but, at 12 and 24 weeks BCG
protection had been essentially lost, whereas colony-
forming units (CFUs) in animals given H56 were still
slightly lower and significant. However, this study con-
tained no Ag85/ESAT-6 fusion control, so the contribution
of Rv2660 could not be determined. This was then
addressed in a further experiment that then included H1
(Ag85 and ESAT only). In this study, the effects of BCG
were more pronounced and sustained over 24 weeks. Over
the first 6 weeks, BCG, HI1, and H56 were equally pro-
tective, whereas this protection was lost in the case of H1
but retained by H56 and BCG. This suggests that Rv2660
does contribute to retention of resistance in this model.
Prime boosting studies suggested similarly, with no
essential improvement over BCG by the two fusions
measured after 4 weeks, but with a ~0.7-log improvement
using H56 when measured at 24 weeks.

Unfortunately, attempts to reproduce these findings in
the definitive macaque model were less compelling [15]. In
survival studies, in a high-dose study, BCG did provide
some protection, but boosting with H56 did not seem to
improve this, whereas, in a low-dose study, the BCG
control was not protective, invalidating the experiment.

ID93 is a fusion of Rv2608 (a member of the PE/PPE
family), Rv3619, Rv3620 (EsX family), and Rv1813 (a
latency associated protein), which follows the philosophy
of the Infectious Disease Research Institute (IDRI) group to
base vaccines on recognition by human T-cell lines of
specific antigens. The potency of this vaccine was further
augmented by parallel studies that have led to the identi-
fication of a potent Toll-like receptor (TLR)-4 stimulating
adjuvant that is a synthetic hexa-acylated molecule based
on the structure of lipid-A, which was initially developed at
the Ribi Company. This adjuvant, GLA-SE is a glucopyr-
anosyl lipid stable emulsion, and, in this vehicle, ID93 has
been extensively tested in animal models [16, 17]. In
addition to prophylactic use, ID93 has also been tested as a
post-exposure vaccine in augmenting chemotherapy (see
below).

Hybrid-4 (H4) is a fusion of Ag85B and TB10.4, similar
therefore to Aeras-402, but in this case delivered by the
IC31 adjuvant. In this form [18], the vaccine is protective
and generates multifunctional T cells.

3 The MVASS5A Phase IIb Vaccine Trial

MVARS5A is a recombinant strain of the modified Vaccinia
Ankara virus engineered to express the immunodominant
antigen Ag85A, a protein made in large quantities during
cell wall elongation and fission as the bacterium divides.
The vaccine has been tested in a large number of careful
and extensive animal studies, described elsewhere [19-23].

This work led to a recent study in rhesus macaques [24],
which tested the ability of MVA85A to vaccinate rhesus
macaques when delivered by aerosol, thus targeting
mucosal immunity in the upper respiratory tract. This
approach generated strong antigen-specific responses in the
lungs and was well tolerated. Moreover, if given by this
route, antibodies to the viral vehicle were not generated to
any extent, which is of practical usefulness.

Safety is of course paramount, and in a randomized
phase I trial [25] MV AR8S5 administration was tested by the
intramuscular and intradermal routes in 24 healthy human
volunteers. There were no serious adverse reactions, and
both routes generated strong and sustained Ag85-specific
CD4 T-cell responses.

All this was the prelude to the first phase IIb trial of
MVARSS5A, indeed the first infant efficacy trial of any
tuberculosis vaccine for nearly a half century [7]. Between
2009 and 2011, over 2,700 infants (given BCG as neonates)
were enrolled, with 1,399 infants given a boosting inocu-
lation with MVAS85A within 6 months of being given BCG.
At the primary efficacy endpoint, 39 infants out of 1,395
developed tuberculosis, whereas 32 out of 1,399 infants
given the MVAS8SA boost developed the disease. While
this indicated a decrease, it was unfortunately well within
the statistical confidence limits of the study.

At one level, this study could be regarded as a failure, on
paper it was, but this is not the case. It is historic, and
demonstrates that, with good planning (the Oxford Emer-
gent Tuberculosis Consortium), a solid source of funding
(Aeras Foundation and the Wellcome Trust), and an out-
standing expert local team (Universities of Cape Town and
Stellenbosch), a trial of this magnitude can be conducted.
Above all, it was completely safe (if it had not been, this
could have been a disaster for the field in general).

Given the excellent data to that point, why did
MVARSS5A fail? One possibility is that the BCG vaccine, at
least in the trial area, protected neonates well by itself, so
adding something extra with a boosting vaccine was a
statistical impossibility. For obvious reasons, there was no
‘no-BCG’ arm of the trial, but if this was indeed the case it
would stack the deck against MVASS5A improving matters.

In my opinion, this reflects the fact that we know
nothing about the biology of the predominant clinical iso-
lates in the Western Cape trial area. We tried to address this
recently, and we collected a panel of representative strains
from this area. They grew well in guinea pigs and caused
lung damage as expected, but they seemed to be a little less
virulent than a similar panel of isolates collected in the Bay
Area of San Francisco [26]. Our experience to date with
these clinical strains, the majority of which are high viru-
lence Beijing strains, is that they are rather impervious to
BCG vaccination in animal models, something we have
attributed [27, 28] to the ability of these strains to induce
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regulatory T cells that counteract the protective immunity
induced by the BCG vaccine.

We chose two Cape Town strains at random and
infected guinea pigs that had been BCG vaccinated,
expecting protection to be poor and transient, based on our
studies to date [27]. Instead, we measured some of the best
protection we have ever seen (Shanley et al, unpublished
data). Not only was this totally unexpected, but if it rep-
resents a general property of this panel of Cape Town
isolates, then it predicts that BCG efficacy against these
will be very high, and it would be statistically impossible to
demonstrate boosting. It is quite possible the same thing
happened in the MVAS8SA trial.

4 Other Leading Vaccine Candidates

Several other vaccines are currently well into development
(Table 2). This includes VPM1002, which is a recombinant
BCG (rBCG) Prague urease-deleted vaccine that expresses
the listeriolysin molecule, being developed independently
of Aeras. The concept behind this candidate is highly
innovative, based on the idea that since BCG is a relatively
poor inducer of CD8 T cells, if a recombinant could be
made expressing a lysin that allows escape of antigens
from the endosomal pathway into the cytoplasm, this could
promote Class-I presentation, and in addition cause cell
apoptosis and cross presentation. In a first study [29], mice
were vaccinated by the (rather unusual) intra-peritoneal
route with BCG or the rBCG, then challenged by aerosol
120 days later with a moderately high dose of H37Rv. In
this study, there were no differences between the two
vaccines from day 15 through day 120, but at day 150 the
colony-forming units (CFUs) in the lungs had dropped
from ~3.5-log in the BCG controls to ~2.25-log in mice
given rBCG. In two further studies, the BCG vaccines were
given intravenously (an assumption on my part, the figure
legends never state) and then 120 days later challenged
with either 30 or 200 bacilli. In the low-dose study, the
CFUs in the lungs were lower in the rBCG group at day 90

Table 2 Other leading candidates

but not day 120. A similar result was seen on day 90 in the
high-dose study. In a further study, a Beijing strain was
used instead, but it should be noted that this infection did
not grow any better than H37Rv despite the rather high
aerosol dose, and thus was obviously not of any higher
virulence. Here, the rBCG was highly protective straight
away, whereas the BCG controls showed early evidence of
control but this was then lost (our experience has been
similar [27]).

Recently [30], the results of a phase I safety and
immunogenicity trial of VPM1002 were described. Healthy
volunteers were given the vaccine intradermally, and
adverse injection site reactions were very minor. Immu-
nogenicity was determined by T-cell secretion of IFNYy, and
cells from vaccinated individuals produced this cytokine,
as well as TNF and IL-2. However, one might note that the
frequency of responsive T cells, despite stimulation with
PPD, was no more than about 0.2 %, which seems to be
low.

SO2 is a mutant of M. tuberculosis in which the phoP
gene has been disrupted, an event [31] that has been shown
to have a profound effect on M. tuberculosis gene
expression and virulence. This mutant cannot grow well in
murine macrophages or infected mice, but can vaccinate
mice against virulent challenge. In addition, protection can
be demonstrated in both guinea pig and macaque models
[32]. These studies suggested that the superior activity of
the vaccine might be due to its ability to induce central
memory T cells, much in keeping with our own ideas on
this subject [33].

The idea that attenuated live mutants of M. tuberculosis
could be used in vaccines is of course not new, much of it
pioneered by Jacobs and colleagues, and its attraction lies
in the possibility that to combat the newly emerging high-
virulence clinical isolates, one must vaccinate with candi-
dates that are by themselves of high potency. To date,
nobody seems to want to try this, but one could argue that
these types of vaccines are probably safe enough to at least
give to adults, and this could be done after any protective
effects of neonatal BCG vaccination had been lost (which

Candidate Description
VPM1002 Recombinant BCG expressing the listeriolysin molecule
AdAg85A Adenovirus expressing Ag85A

AleuCD, ApanCD, AsecA2
(etc)

Multiple auxotrophs/mutants with vaccine potential

AIKEPLUS Mycobacterium smegmatis mutant expressing Mycobacterium Tuberculosis esx-3 genes, possible central memory
T-cell inducer
SO2 Mutant vaccine based on phoP deletion in M. tuberculosis

BCG Bacillus Calmette Guérin
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we know happens). It is firmly established by animal
studies that several mutants, including AleuCD, ApanCD,
AsecA2 as examples [34-40], are potent vaccines.

An even more intriguing example is a mutant of
Mycobacterium smegmatis in which the esx-3 genes have
been replaced by the orthologous genes from M. tubercu-
losis. This candidate [41], Aikeplus, not only protected
mice against a very high intravenous inoculum of
M. tuberculosis, but dropped the bacterial load in the lungs
quite precipitously. How it does this is still unclear, but it
may reflect the fact that the vaccine can be safely given in
high doses and is rapidly destroyed by the host, resulting in
strong central memory T-cell generation.

5 Therapeutic Vaccines

Therapeutic vaccines come in three varieties (Table 3). The
first are those that could be given soon after exposure, either
naturally or deliberately (biodefense situation), to try to halt
the infection. The second type would be those that could be
given to facilitate or augment chemotherapy, resulting in
quicker clearance of the infection. A third type would be
those that could be given after chemotherapy had ceased, or
to patients diagnosed with latent TB, to prevent the reap-
pearance of the infection and reactivation of disease.

Very early studies [42] showed that post-exposure vac-
cination was not effective once the infection had become
contained (chronic), and in the guinea pig model this had to
be performed before the (essentially irreversible) necrosis
had developed. In the latter model, one new candidate and
potent TLR2 agonist, F36 (Rv1411 plus ESAT-6), had a
mild protective effect but this did not translate into pro-
longed survival in this study [42].

At this point, two candidates have shown some rea-
sonable protection in augmenting chemotherapy when
given in tandem, or afterwards. These are RUTI, and the
pipeline vaccine ID93.

RUTI was developed by Cardona, who has long been a
proponent of using vaccination to augment chemotherapy
[43]. RUTI consists of bacterial fragments of

Table 3 Therapeutic vaccines

M. tuberculosis that are detoxified and delivered in a
liposome formulation. Although Cardona has a more con-
ventional viewpoint [43] regarding latency and pathogen-
esis that differs significantly from our own [3], it is very
possible that RUTI can prime or expand immunity to
antigens that preferentially become expressed as the bacilli
become stressed (which is how RUTI is made from bacilli
in vitro). Many of these are within the DosR regulon,
which is usually interpreted as a primary mechanism pre-
ceding bacterial latency, although we have recently sug-
gested that what this actually represents is a rapid
adaptation by the bacillus, not only to adapt to an extra-
cellular environment but also potential pending escape
from the necrotizing lung tissues and transmission (Orme,
unpublished data). RUTI given straight after chemotherapy
can not only reduce the numbers of residual bacteria (based
on CFU determinations—although there are caveats to
these measurements [3]) but also enhances the CD4
response and significantly expands the CDS8 response.
Furthermore, in one of the only demonstrations of its kind,
even serum from RUTI-treated mice seemed to protect.

More recently, Gil et al. [44] studied RUTI in mice
infected via the intra-peritoneal route with H37Rv (a rather
unusual route). Three weeks later, mice were treated with
isoniazid and rifapentine until week 9, then vaccinated at
that point and then again 2 weeks later with RUTI given
subcutaneously. Protection was based on spleen CFUs.
There was a slow increase in CFU in controls, and 6 weeks
of drug therapy reduced this bacterial load by 2-log. Once
drug therapy was halted, the bacterial load re-grew about
1.5-log, but this was essentially prevented in mice given
RUTL

This was followed by a phase I trial [45] of RUTT in 24
healthy participants. Mild adverse reactions to vaccination
were observed, but none serious. After vaccination, ELI-
SPOT analysis showed immunity to several major
M. tuberculosis antigens and to PPD, although some indi-
viduals did not give responses above a placebo
background.

ID93/GLE-SE, described above, has also been tested as
a therapeutic vaccine in augmenting the effects of

Candidate Description
RUTI Liposome encapsulated detoxified mycobacterial fragments
H56 See above; reduce growth of latent bacteria after chemotherapy

Mycobacterium indicus pranii

Mycobacterium vaccae

Saprophytic mycobacterium; augment chemotherapy

Dead mycobacterium with apparent immunomodulator activity

1D93 See above; augment chemotherapy
F36 Fusion of Rv1411 and ESAT-6; early-use vaccine
CSU/ID57 ‘Three-iron’ fusion of Rv1909, Rv2711, and Rv2359; early-use vaccine delivered in GLA-SE adjuvant
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chemotherapy [46]. These studies used the SWR/J mouse,
which my laboratory showed several years ago [47] are
exquisitely sensitive to tuberculosis infection, for reasons
that are still unclear. Moreover, if infected and given rif-
ampacin and isoniazid chemotherapy, the SWR strain lives
much longer than controls, but the infection grows back
and the mice die about 200 days after initial infection. The
ID93 vaccine, when given either in conjunction with or
after drug therapy, significantly increased the survival of
these animals, with only about 50 % mortality in these
mice even 400 days after infection. Equally importantly,
ID93 vaccination improved survival even if the duration of
chemotherapy was reduced to just 60 days.

Less impressive results were seen in studies in cyno-
molgus macaques, but the vaccine was perfectly safe and
there was a trend towards a therapeutic effect. Animals
given both vaccine and drug therapy appeared more heal-
thy (by chest x-ray) and, in two out of five animals, no
CFUs could be detected in the lungs (in the other three,
there were similar numbers to monkeys just receiving
chemotherapy).

While on this topic, we should also briefly review
another immunotherapeutic vaccine candidate. Mycobac-
terium w, now renamed M. indicus pranii (Mip), is a sap-
rophytic mycobacterium that was first described in the
1970s as having a (presumably non-specific) effect in
people with multi-bacilliary leprosy, and several studies on
this potential application were performed in the early
1990s. Recently, several studies have appeared addressing
its use against tuberculosis.

A 2011 study [48] looked at combined chemotherapy
and Mip immunotherapy in mice against both H37Rv, an
isoniazid (INH)-resistant strain, and two multidrug resis-
tant (MDR) strains. While barely protective by itself, Mip
augmented chemotherapy when the effects were measured
after 4 weeks, but this effect was lost at the 6-week point.
Immunotherapy seemed to marginally improve treatment
of an INH-resistant strain, but not against the MDR strains.
This implies that Mip could potentially augment chemo-
therapy but would not be effective where the efficacy of
chemotherapy was itself diminished.

Gupta et al. [49] investigated whether Mip could aug-
ment chemotherapy, when given subcutaneously or by
aerosol. When started on day 30 of the infection, drug
treatment alone dropped the bacterial load in the lungs by
~3.5-log, and co-treatment with killed Mip added about
0.7-1.0-log depending on the length of treatment. As
would be anticipated, organ gross pathology scores were
significantly reduced, although most of this could probably
be attributed to the chemotherapy. Immune parameters
were improved by Mip immunotherapy, including an
expansion of CT-44 cells, thus confirming work by Ord-
way et al. [50], who first suggested the use of this marker in
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this type of study. This was interpreted by Gupta et al. as
indicating T-cell activation, which may be the case,
although it also might herald disease reactivation [50].

A further study [51] looked at expression of CXCL10
(IP-10, a potential diagnostic marker) and CXCLI11 (a
ligand for CXCR3, important in T-cell migration) in guinea
pigs infected with H37Rv. Message for these markers
fluctuated in animals given Mip, chemotherapy, or both
sets of treatments. The authors concluded that Mip sub-
stantially enhanced the effects of chemotherapy, but this
may be an element of the study design. First, the challenge
dose was huge (250-300 bacilli) but, despite this, the
infectious load in the lungs barely reached log-6, and then
declined slightly. Chemotherapy was given just 2 days
after infection, a model that does not reflect reality. As a
result, this by itself was very effective (a better model
would be to set it up so chemotherapy took more time to
work so that enhancement effects would be more obvious),
with the infection growing 2-log over the first 4 weeks,
with total clearance by 6 weeks. Mip, given by itself, had
only very minor effects on the growth of the infection, but,
in animals given both treatments, no growth of the infec-
tion was observed at the 4-week time point. This was fol-
lowed by a similar study in guinea pigs looking at the
immunogenicity of Mip [52]. Animals were vaccinated
with live or heat killed preparations of Mip or BCG. After
exposure by aerosol to ~50 bacilli 3 weeks after vacci-
nation, the numbers of bacilli recovered from the lungs of
control animals 4 weeks later was below log-4 (in most
other models, ~20 H37Rv grow to between 5 and 6-log in
30 days). BCG was highly protective, and Mip even more
so. Histological data showed the lungs of the BCG-vacci-
nated animals to be severely consolidated, despite the
extremely low CFU levels recorded (2-log in the lungs), a
very strange result. Similar protection was seen if the
challenge was delayed for 7 months.

Finally, a candidate that has had a rather contentious
past (its abilities early on were perhaps over-stated) is heat-
killed M. vaccae. Recently, this was tested in HIV-positive
individuals in Africa with very low CD4 counts, and it was
found that multiple doses reduced the incidence of pul-
monary disease based on the secondary endpoint, although
not against the primary [53].

6 Current Limitations to Vaccine Testing and Design

New candidates undergo a series of studies in various
animal models to determine the type of immunity they
induce (cell-mediated immunity rather than antibody-
mediated) and then whether vaccination enables the animal
to express specific acquired resistance to M. tuberculosis,
almost always to one of the two laboratory-adapted strains
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(H37Rv, Erdman), and now at least, usually after low-dose
aerosol challenge.

A variety of models are used, but studies invariably start
with the mouse, given the relatively low cost and the huge
number of immunological reagents at our disposal [54].
This animal develops a strong TH1 response if the vaccine
is of any value, slows the course of the infection down
(usually by about 1-log), and develops lymphocytic gran-
ulomas. (The author must express his exasperation that,
even in 2013, reviews still make the totally false statement
that mice do not develop granulomas, despite their
description in great detail [55, 56]). The same can be said
for the mythology that ‘mice are resistant, guinea pigs are
susceptible’, which is continuously repeated. There are
mouse strains that are in fact extremely susceptible (SWR,
C3HeB/Fel, etc.) [47, 57-59], and the idea that guinea pigs
are more susceptible only applies to H37Rv infection and
falls down once clinical strains are used. We now have
plenty of examples where guinea pigs (which are actually
quite tough little animals) can resist certain Beijing strains
longer than ‘resistant’ C57BL/6 mice.

The guinea pig is considered the gold standard for
vaccine testing, mainly due to the classical studies of Smith
and then his wonderful protégé McMurray, plus the rec-
ognition that the pathology of the disease process in this
animal has multiple similarities to that seen in humans [60,
61]. An earlier limitation reflecting the lack of reagents is
gradually being solved, and the field can now get decent
information, including flow cytometry and rRT-PCR data
[62]. Another advantage is that the animal develops lesion
necrosis and calcification, and we now hypothesize [3] that
bacilli persisting in necrosis do so by forming biofilm-like
clusters or communities (necrosis-associated extracellular
clusters [NECs]), which we can now detect using advanced
staining methods [63, 64], findings that directly challenge
the current concept [65] that intact macrophages harbor
latent bacteria. Based on this, this author has suggested that
latency does not actually happen at all [3, 66].

A final testing stage involves non-human primates,
usually macaques. While very expensive, this model has
the advantage that, when infected, it can exhibit both active
and latent/persistent forms of disease [67]. However, very
recently, different results in terms of the ability to protect
macaques by BCG vaccination have been observed [68]
and this needs further evaluation.

Animal models have certain limitations, and even those
of us who have devoted our careers to developing these
models are fully willing to concede these [69]. In our
conventional study designs, the vaccine-to-challenge
interval is probably far too short and the challenge is given
at the time where effector immunity to the positive control
BCG vaccine is peaking. Hence, not only are we measuring
effector T cells and not memory immunity, but if a

candidate induces immunity with different kinetics, this
property would be missed. Another problem is that even
mouse experiments cost money, so it is conventional to use
‘n = 5 when, in reality, this means our studies are statis-
tically under-powered (this becomes even more difficult
when larger animals are used [69]).

What do we want our vaccine to actually do? Ideally, a
vaccine should be given to infants before there is much
risk of exposure, but the immunity engendered should
either be long lived by itself or amenable to boosting so
that disease is prevented 10-15 years later when TB dis-
ease currently peaks, in early adulthood. Longevity is
indeed the key; we want to vaccinate young children but
the primary cause of transmission is years later, involving
adult pulmonary disease. In addition, an ideal vaccine
would be safe in people harboring HIV, or (if a vaccine is
given in adulthood) safe in people already carrying the TB
bacillus [70].

As noted above, when the field first started to grow, very
few places had the level-III facilities to test new candi-
dates, and so vaccine screening programs were established
at Colorado State University (by the author) and at the
Health Protection Agency (by Williams and colleagues).
However, within a decade or so, those with a vested
interest had developed their own testing facilities (pur-
chased a Glas-Col, or Henderson device, or Madison
chamber) and so efficacy testing could be carried out in-
house. This created a competitive edge that did not initially
exist, and so, at a time when comparison of data and
multiple laboratory validation of potential candidates
would have been of great value to the field, and would have
led to consensus, the opposite happened.

7 Conclusions

The TB vaccine field has come a long way. We have some
potentially effective candidates (and I would include
MVARSS5A here, despite recent events). However, there is a
concern that a large number of candidates are based on the
Ag85 proteins; these are certainly very immunogenic, but a
recent study also found that immunodominant epitopes are
highly conserved [71]. As I have noted [3], there may be a
sinister reason for this. Even if Ag85 appears to work, we
have no read-out of ‘vaccine take’, i.e. no adequate cor-
relate of protection. The bottom line here is that our
approaches to date are clearly based on a very limited
number of antigens, which may come back to haunt us.
This also reflects the issue (and the author has spent
much of his career on this) that we still know so little about
the immune response. As noted recently [72], we still do
not even know exactly what BCG actually does. We
thought we understood the basic nuts and bolts of
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protective immunity, but we know nothing about the nature
of the memory immune response we expect good new
vaccines to generate (there are two known subsets, and now
possibly three), plus a decade ago we had no clue about the
role in TB played by TH17 cells, Foxp3 regulatory T cells,
T cell plasticity issues (TH17 suddenly expressing IFNy, or
turning into regulatory T cells), TH22, Tc9, or cells that are
potentially detrimental such as Gr-1™ cells that arrive
during necrosis (Obregon-Henao, unpublished data).

Finally, we have a reasonable (but certainly not large)
number of candidates, but the reality is that the number of
trials that can be performed is very limited, because of both
cost and capacity. While we continue to make efforts to
improve the ways we do things at the pre-clinical level
(despite the current funding climate), the fact is that once
vaccines reach clinical testing, the costs become astro-
nomic, even prohibitive.
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