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Global progress in tuberculosis vaccine development
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Introduction

Progress is being made in the global control of tuberculosis
(TB), with mortality nearly a third lower than in 1990.
Nevertheless, 90 years after the development of the Mycobacterium
bovis Bacille Calmette-Guérin (BCG) vaccine, TB continues to
be one of the foremost global health problems, with 1.4 million
deaths from TB in 2010. More than 2 billion people are esti-
mated to be latently infected with the causative organism
Mycobacterium tuberculosis, and these people carry a 10% life-
time risk of progressing to active TB, therefore creating a vast
reservoir of potential disease. Coinfection with human immun-
odeficiency virus (HIV) greatly increases this risk to 10% per
year. A quarter of the 1.8 million deaths from HIV in 2010 were
caused by TB, with most of these in subSaharan Africa, where
the rising incidence of TB has not yet reversed.!

Several reasons explain why TB has not yet been adequately
controlled. First, diagnostic technology is inadequate, making the
identification of cases of latent M tuberculosis infection and infec-
tious TB disease challenging. Second, antituberculous drug treat-
ment is long and complicated by the emergence of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) strains of
M tuberculosis. Encouragingly, a number of new antituberculous
agents have recently entered phase 2 and 3 trials almost 50 years
after the approval of rifampicin, the last new drug against TB
(reviewed in Ref 2). Third, evidence gathered from 60 years of
controlled trials with the BCG vaccine shows that the protective
efficacy of the vaccine against TB is highly variable.

New tools are urgently needed to address these problems.
Despite progress in the diagnosis and treatment of TB, preventa-
tive strategies, namely effective vaccination, are desirable and cost
effective. New vaccines are a key element of the World Health
Organization’s (WHO) Global plan to stop TB 2011-2015.3 This
plan endorses the Stop TB Partnership’s targets, which are to
reduce the global burden of TB disease (deaths and prevalence)
by 50% relative to 1990 levels by 2015 and to reduce the global
incidence of TB disease to fewer than one per million population
by 2050, thus eliminating TB as a public health problem.?

Bacille Calmette-Guérin vaccine

The BCG vaccine affords highly variable protection against TB
depending on geography, age and type of TB disease. Efficacy
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against pulmonary TB ranges from 0% to 80%, with the lowest
estimates in tropical regions in which TB is endemic. This is a
major obstacle in global control of TB because most adult TB
disease is of the pulmonary type and these patients are the pre-
dominant source of M tuberculosis transmission. Children are
much more susceptible than adults to extrapulmonary forms of
TB disease, especially disseminated and meningeal TB. The effi-
cacy of BCG in preventing these severe forms of TB is about
70%.* Revaccination of older children previously immunised
with the BCG vaccine at birth does not confer substantial addi-
tional protection.’

The lack of consistent protection against pulmonary disease
has led many developed countries that have a low burden of TB
to refrain from (eg, the USA) or discontinue (eg, the UK) rou-
tine BCG vaccination. Despite these limitations, the WHO rec-
ommends BCG vaccination as soon as possible after birth in
high-burden countries in view of the beneficial effect of the vac-
cine against severe forms of childhood TB. The exception is
infants known to be infected with HIV, in whom the risk of dis-
seminated BCG disease outweighs the benefit. The BCG vaccine
is thus given to about three quarters of infants worldwide as part
of the WHO’s Expanded Programme on Immunization (EPI).

A number of theories have been put forward to explain the
wide disparity in efficacy of the BCG vaccine. Increased expo-
sure to non-tuberculous mycobacteria in tropical compared
with temperate regions may either ‘mask’ the beneficial effect of
the BCG vaccine (by generating substantial antituberculous
immune responses prior to BCG vaccination) or ‘block’ the
effect of the vaccine (by inhibiting BCG activity, thereby
impairing the protective immunity induced by vaccination).®’
Other factors including host genetics, differences in BCG strains
and coinfection with helminths, as well as differences in the
nutritional status of trial participants, may also contribute to
this geographical variation in efficacy.®

Inducing cell-mediated immunity

The BCG vaccine is the only licensed vaccine today that is
thought to work primarily by inducing T-cell responses. Such
responses are crucial to protection against TB, as M tuberculosis is
predominantly an intracellular pathogen that is not accessible to
humoral attack. The essential role of CD4-positive T cells in pro-
tection is best illustrated in the HIV-infected population, in
whom disease susceptibility increases as CD4-positive T-cell
counts decline. CD8-positive T cells are also likely to be impor-
tant, perhaps in maintaining latent M tuberculosis infection.” The
cytokines interferon gamma (IFNy) and tumour necrosis factor
(TNF) are also essential. Evidence for this comes from both gene
knockout animal experiments and clinical observations. Inherited
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mutations of the IENy pathway increase susceptibility to myco-
bacterial disease, including TB.!? Patients with Crohn’s disease
and rheumatoid arthritis treated with anti-TNF monoclonal
antibodies have an increased risk of reactivation of latent
M tuberculosis infection. In addition, interleukin 2 (IL-2), which
is important for induction of central immune memory, as well as
gamma delta T cells, CD1-positive natural killer T cells and T
helper 17 (Th17) cells, may play a role in protection. These var-
ious aspects of cell-mediated immunity are necessary for protec-
tion from TB; however, they may not be sufficient.

A universally effective vaccine against TB will need to induce
strong and durable T-cell immunity. In order to retain the ben-
eficial effects of the BCG vaccine in childhood, it is widely
believed that the BCG vaccine should be part of any novel TB
vaccine regimen. A number of the candidate TB vaccines cur-
rently in clinical development are therefore designed as subunit
vaccines to boost the BCG vaccine. This heterologous prime—
boost approach, in which the boost vaccine contains antigens in
common with the priming vaccine, is employed by the two most
clinically advanced candidates. A second approach is to replace
the current BCG vaccine with an improved BCG vaccine. It may
also be attractive to combine these strategies and boost an
improved BCG vaccine; however, this still needs proof of
concept and would ultimately require two new vaccines to be
developed to licensure. Importantly, the BCG vaccine is con-
traindicated in HIV-infected individuals due to the risk of
disseminated BCG disease, so other strategies may be required
in this population.

New vaccines - improving the BCG vaccine

A number of groups have attempted to improve the BCG vac-
cine by modifying its virulence and antigenicity through genetic
manipulation — for example, by replacing genes lost during the
attenuation of the original M bovis, modifying mechanisms of
immune evasion or overexpressing immunodominant proteins.
Of the three recombinant BCG vaccines that have entered phase
1 trials, two (rBCG-30 and AERAS-422) are not currently in
active development. The third, VPM1002 (previously called
AureC hly+), which comprises a BCG Prague strain that
expresses membrane-perforating listeriolysin of Listeria

monocytogenes and is lacking urease C, has gone forward to
phase 1/2a trials in South Africa. The absence of urease C per-
mits acidification of the phagosome to enable enhanced mem-
brane-perforating action of the overexpressed listeriolysin.
Antigenic fragments are able to leak into the cytosol, promoting
class I antigen presentation and CD8-positive T-cell induction.

An alternative strategy is to replace the BCG vaccine with a
different attenuated mycobacterial species. Recombinant M
smegmatis and M microti, as well as two attenuated strains of
M tuberculosis (one recombinant live auxotrophic and one gene-
deleted), are currently in development but are yet to reach clin-
ical trials.

New vaccines — boosting the BCG vaccine

All candidate boost vaccines currently in development are sub-
unit vaccines, either adjuvanted protein vaccines or viral vector
vaccines. The latter consist of recombinant viruses expressing
the immunodominant antigen(s). Table 1 summarises the seven
candidate boost vaccines currently in clinical development.

M?72 is a recombinant protein vaccine consisting of the 32 kDa
and 39 kDa antigens from M tuberculosis, which are also
expressed in the BCG vaccine, delivered with a proprietary
GlaxoSmithKline (GSK) Biologicals’ liposomal-based adjuvant
formulation called ASO1. This is currently being evaluated in
phase 2a trials in South Africa and the Gambia. An adjuvanted
fusion protein of antigen 85B and early secreted antigenic
target-6 (ESAT-6) called Hybrid-1 is being developed by Statens
Serum Institut (SSI). The potential confounding effect of an
ESAT-6-containing vaccine on the diagnostic tests for latent TB
infection has been avoided in the newer SSI vaccine HyVac-4, in
which ESAT-6 is replaced by antigen TB 10.4. A third SSI vaccine
called Hybrid-56, which contains latency-associated protein
Rv2660c, as well as the early expressed proteins 85B and ESATS,
has entered phase 1 trials.

Human adenoviruses and modified vaccinia virus Ankara
(MVA) are increasingly being used as vectors for recombinant
T-cell vaccine constructs, and these two viruses are the basis for
the two most advanced new TB vaccine candidates: AERAS-402
and MVAS5A. AERAS-402 is a replication-incompetent human
adenovirus serotype 35 (AdHu35) that expresses the three

Table 1. Summary of new vaccines against tuberculosis undergoing clinical development to boost the Bacille Calmette-Guérin (BCG) vaccine.

Type of vaccine Product Description Current development phase
Recombinant protein Hybrid-1 + CAF01 Antigens 85B and ESAT-6 plus adjuvant CAFO1 1

HyVac 4/AERAS-404 + IC31 Antigens 85B and TB10.4 plus adjuvant IC31 1

Hybrid 56 + IC31 Antigens 85B, ESAT-6 and Rv2660 plus adjuvant IC31 1

M72 + ASO1 Antigens Rv1196 and Rv0125 (32kDa and 39kDa antigens) 2a

plus adjuvant AS02

Hybrid-1 + 1C31 Antigens 85B and ESAT-6 plus adjuvant IC31 2a
Viral vectored AERAS-402/Crucell Ad35 Adenovirus 35 vector expressing antigens 85A, 85B and TB10.4 2b

MVA85A MVA virus vector expressing 85A 2b

CAF = cationic adjuvant formulation; IC = Intercell; ESAT-6 = early secretory antigenic target 6; AS = adjuvant system; Ad = adenovirus; MVA = modified vaccinia virus Ankara
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antigens 85A, 85B and TB 10.4 in a fusion protein. AdHu35 has
lower background seroprevalence than other adenoviral strains,
which is an important consideration, because pre-existing
human immunity induced by natural exposure to adenoviruses
may affect vaccine utility.!! AERAS-402 is a potent inducer of
antigen-specific, CD8-positive T-cell responses and is currently
in a phase 2a trial in HIV-infected adults in South Africa and a
phase 2b trial in BCG-vaccinated infants in South Africa,
Mozambique and Kenya.

Development of MVA85A

MVA is an attenuated strain of vaccinia virus, which was used as
the smallpox vaccine that was given to more than 100,000 people
during the smallpox eradication campaign. Antigen 85A is an
immunodominant antigen from M tuberculosis, which is con-
served in the BCG vaccine and all other mycobacteria. MVAS5A
is a live, non-replicating, recombinant strain of MVA that
expresses antigen 85A.

Preclinical testing is an essential step in the development of a
new TB vaccine. There are four main animal models of TB:
mice, guinea pigs, non-human primates and cattle. Boosting the
BCG vaccine with MVA85A can improve protective efficacy
compared with the BCG vaccine alone in all four of these
animal models.!>"1> MVAS85A entered phase 1 clinical trials in
September 2002. Safety is the primary outcome in these trials,
and a particular concern in the field of TB vaccines was the
potential for a Koch reaction — an immunopathological phe-
nomenon potentially triggered when strong antimycobacterial
responses are induced in individuals previously sensitised, or
infected with, mycobacteria. The first-in-man trial of MVA85A
was therefore undertaken in healthy, BCG vaccine-naive,
M tuberculosis-uninfected adults in the UK. Safety was subse-
quently evaluated in BCG vaccine-primed adults and then
adults latently infected with M tuberculosis — first in the UK and
then in Africa, where the mycobacterial load from environ-
mental exposure is greater. A similar stepwise method has been
applied for age de-escalation (moving from adults to adoles-
cents to children and then infants) and dose-finding trials.
More than 2,000 individuals (including 47 latently infected with
M tuberculosis and 108 infected with HIV) have now received
MVABS5A in 19 clinical trials. MVA85A has so far been safe and
well tolerated, with no symptoms, signs or radiological evidence
of immunopathology in any trials to date.

The secondary outcome, which is immunogenicity, is meas-
ured by an ex vivo IENy ELISpot assay. This detects the number
of antigen-specific, IFNYy-secreting T cells in the blood of vacci-
nated individuals. Boosting the BCG vaccine with MVA85A
induces strong and durable immune responses that are higher
than those induced by the BCG vaccine or MVAS85A alone.!®
This finding mirrors the data from preclinical challenge models
and demonstrates the potential added value of the heterologous
prime—boost approach. More detailed immunological assess-
ment is conducted on samples from the clinical trials using
multiparameter flow cytometry.

© Royal College of Physicians, 2012. All rights reserved.

Global progress in tuberculosis vaccine development

The principal target populations for MVA85A are infants vac-
cinated with the BCG vaccine at birth, adolescents and young
adults in whom the effects of childhood BCG are waning, and
adults living with HIV. It has therefore been important to con-
duct phase 1/2a trials in each of these groups. MVAS85A is safe
and induces durable immunity in South African adolescents,
children and infants and in M tuberculosis- and HIV-infected
subjects. No clinically significant effect of MVA85A on HIV viral
load or CD4-positive T-cell count has been observed.!”

Another important issue for any new infant vaccine is the
potential effect of coadministration with vaccines in the current
expanded programme on immunisation (EPI). A clinical trial in
the Gambia showed no effect of MVA85A on the existing
licensed vaccines in the EPI but did show a reduction in the
immunogenicity of MVA85A.!® The clinical significance of this
reduced immunogenicity is unclear, as the coadministered
group still developed antigen 85A-specific immune responses.
Such interference may be overcome by using a higher dose, as a
relatively low dose was used in this trial. Finally, this may be a
generic effect for many T cell-inducing vaccines, and further
studies are needed to assess this.

Although MVAS85A seems to be inducing a desirable cellular
immune response, the only way to evaluate vaccine-induced
protection against TB is through efficacy trials. Demonstration
of preclinical efficacy by M tuberculosis challenge is an important
proof of concept before moving into clinical trials, yet we do not
know if these animal models are predictive of human efficacy.
Furthermore, there are no validated immunological correlates of
protection with which to select vaccine candidates. Efficacy trials
must take place in a region of high TB incidence and by groups
with experience and knowledge to conduct clinical trials.
MVAS5A is currently in two phase 2b efficacy trials: the first, in
the Western Cape of South Africa, has now fully enrolled 2,797
BCG-vaccinated infants who were randomised at 18-26 weeks
of age to receive MVA85A or placebo (NCT00953927); the
second, a two-site trial in Senegal and South Africa, is currently
enrolling 1,400 HIV-infected adults randomised to two doses of
MVAS85A or placebo (NCT01151189).

The infant efficacy trial is due to be unblinded in late 2012. For
the first time, protection (or lack of protection) afforded by a
new TB vaccine will be analysed alongside markers of the
immune response to establish which, if any, are correlates of
protection (or susceptibility). The findings could also better
inform the usefulness of our current animal models. Bridging
the knowledge gap between protection and immunity is undoubt-
edly necessary to achieve the overall aim of tackling the global
burden of TB disease.

Summary

The BCG vaccine alone is an inadequate vaccine platform to
achieve the targets of the WHO’s Global plan to stop TB
previously noted.? Significant progress has been made in TB vac-
cinology in the last decade. More than a dozen new vaccine can-
didates designed to replace, improve on or boost the BCG vaccine
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have entered the clinical development pipeline. Many more
novel vaccine candidates are undergoing preclinical evaluation.
Through advanced translational research and international col-
laborative efforts, two of these candidates have now reached
phase 2b efficacy trials. Whether or not these vaccine candidates
will protect against TB remains to be seen, nevertheless the
findings from these trials are expected to bring us closer to a
universally effective TB vaccination programme.

References

1 World Health Organization. Global tuberculosis control 2011. Geneva:
World Health Organization, 2011. www.who.int/tb/publications/
global_report/2011/gtbr11_full.pdf [Accessed 17 June 2012].

2 Koul A, Arnoult E, Lounis N et al. The challenge of new drug discovery
for tuberculosis. Nature 2011;469:483-90.

3 World Health Organization. The global plan to stop TB 2011-2015:
transforming the fight towards elimination of tuberculosis. Geneva: World
Health Organization, 2011. www.stoptb.org/assets/documents/global/
plan/TB_GlobalPlanToStopTB2011-2015.pdf [Accessed 17 June 2012].

4 Colditz GA, Berkey CS, Mosteller F et al. The efficacy of bacillus
Calmette-Guerin vaccination of newborns and infants in the preven-
tion of tuberculosis: meta-analyses of the published literature.
Pediatrics 1995;96:29-35.

5 Barreto ML, Pereira SM, Pilger D et al. Evidence of an effect of BCG
revaccination on incidence of tuberculosis in school-aged children in
Brazil: second report of the BCG-REVAC cluster-randomised trial.
Vaccine 2011;29:4875-7.

6 Black GE, Weir RE, Floyd S et al. BCG-induced increase in interferon-
gamma response to mycobacterial antigens and efficacy of BCG vacci-
nation in Malawi and the UK: two randomised controlled studies.
Lancet 2002;359:1393-401.

7 Brandt L, Feino Cunha J, Weinreich Olsen A et al. Failure of the
Mycobacterium bovis BCG vaccine: some species of environmental
mycobacteria block multiplication of BCG and induction of protective
immunity to tuberculosis. Infect Immun 2002;70:672-8.

8 Wilson ME, Fineberg HV, Colditz GA. Geographic latitude and the
efficacy of bacillus Calmette-Guerin vaccine. Clin Infect Dis
1995;20:982-91.

s20

9 van Pinxteren LA, Cassidy JP, Smedegaard BH et al. Control of latent
MycobacteriuM tuberculosis infection is dependent on CD8 T cells.
Eur ] Immunol 2000;30:3689-98.

10 Ottenhoff TH, Verreck FA, Hoeve MA, van de Vosse E. Control of
human host immunity to mycobacteria. Tuberculosis (Edinb)
2005;85:53-64.

11 Abbink P, Lemckert AA, Ewald BA et al. Comparative seroprevalence
and immunogenicity of six rare serotype recombinant adenovirus vac-
cine vectors from subgroups B and D. J Virol 2007;81:4654—63.

12 Goonetilleke NP, McShane H, Hannah CM et al. Enhanced immuno-
genicity and protective efficacy against Mycobacterium tuberculosis of
bacille Calmette-Guerin vaccine using mucosal administration and
boosting with a recombinant modified vaccinia virus Ankara. J
Immunol 2003;171:1602-9.

13 Williams A, Goonetilleke NP, McShane H et al. Boosting with poxvi-
ruses enhances Mycobacterium bovis BCG efficacy against tuberculosis
in guinea pigs. Infect Immun 2005;73:3814-6.

14 Verreck FA, Vervenne RA, Kondova I et al. MVA.85A boosting of BCG
and an attenuated, phoP deficient M. tuberculosis vaccine both show
protective efficacy against tuberculosis in rhesus macaques. PLoS One
2009;4:e5264.

15 Vordermeier HM, Villarreal-Ramos B, Cockle PJ et al. Viral booster
vaccines improve Mycobacterium bovis BCG-induced protection
against bovine tuberculosis. Infect Immun 2009;77:3364-73.

16 McShane H, Pathan AA, Sander CR et al. Recombinant modified vac-
cinia virus Ankara expressing antigen 85A boosts BCG-primed and
naturally acquired antimycobacterial immunity in humans. Nat Med
2004;10:1240—4.

17 Minassian AM, Rowland R, Beveridge NE et al. A Phase I study evalu-
ating the safety and immunogenicity of MVA85A, a candidate TB vac-
cine, in HIV-infected adults. BMJ Open 2011;1:¢000223.

18 Ota MO, Odutola AA, Owiafe PK et al. Inmunogenicity of the tuber-
culosis vaccine MVA85A is reduced by coadministration with EPI vac-
cines in a randomized controlled trial in Gambian infants. Sci Transl
Med 2011;3:88ra56.

Address for correspondence: Dr H McShane, Jenner Institute,
University of Oxford, Old Road Campus Research Building,
Roosevelt Drive, Oxford 0X3 7DQ.

Email: helen.mcshane@ndm.ox.ac.uk

© Royal College of Physicians, 2012. All rights reserved.



