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The tuberculosis (TB) pandemic continues to rampage despite widespread use of the BCG
(Bacillus Calmette—Guérin) vaccine. Novel vaccination strategies are urgently needed to
arrest global transmission and prevent the uncontrolled development of multidrug-resistant
forms of Mycobacterium tuberculosis. Over the last two decades, considerable progress
has been made in the field of vaccine development with numerous innovative preclinical
candidates and more than a dozen vaccines in clinical trials. These vaccines are devel-
oped either as boosters of the current BCG vaccine or as novel prime vaccines to replace
BCG. Given the enormous prevalence of latent TB infection, vaccines that are protective
on top of an already established infection remain a high priority and a significant scientific
challenge. Here we discuss the current state of TB vaccine research and development, our
understanding of the underlying immunology, and the requirements for an efficient TB

vaccine.

accination is one of the most successful

medical measures to reduce morbidity and
mortality (Kaufmann 2010). It has liberated us
from the threat of numerous infectious diseases
including polio, measles, hepatitis B, and small-
pox. Increasing accessibility to vaccines of re-
source-poor regions by the Expanded Program
on Immunization (EPI) has reduced child mor-
tality from 20 million in 1960 to less than 10
million in 2005. In 1974, Bacille Calmette—
Guérin (BCG) vaccination against tuberculosis
(TB) was included in the EPI and now covers
80% of all infants on this globe. With more than
4 billion administrations, this vaccine has saved
many infants’ lives by protecting against serious

forms of disseminated TB (Hatherill 2011;
WHO 2013). Yet, the vaccine has had a minor
impact on TB incidences because it fails to pro-
tect against the most prevalent form of this
disease, pulmonary TB. The World Health Or-
ganization (WHO) has proposed to reduce
prevalence by half in 2015, as compared to
1990—a goal that will be largely achieved by
currently available intervention measures (Kau-
fmann et al. 2010; StopTBPartnership and
WHO 2011). The more ambitious goal to elim-
inate TB by 2050, however, can only be accom-
plished if better diagnostics, drugs, and vaccines
become available in due time (Kaufmann et al.
2010; StopTBPartnership and WHO 2011). In-
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deed, the last decade has witnessed the develop-
ment of novel vaccine candidates with more
than a dozen undergoing clinical assessment
(Kaufmann 2011, 2012). Here we describe
general principles underlying TB vaccination,
and the vaccine candidates that have entered
the clinical trial pipeline. We will also discuss
chances of success of current vaccine candidates
and the need for further research and develop-
ment to keep the vaccine pipeline viable. It can-
not be excluded that vaccine candidates cur-
rently in the pipeline will fail, as was the case
for the first vaccine candidate who completed a
phase IIb efficacy trial without evidence of pro-
tection (Tameris et al. 2013) and another can-
didate who dropped out because of serious ad-
verse events (Kupferschmidt 2011).

BCG, THE CURRENT VACCINE
AGAINST TB

Mpycobacterium bovis BCG is the only vaccine
currently available against TB, and it has been
in use for more than 80 years. The vaccine was
developed at the Institute Pasteur, Lille, France,
after more than 13 years of continuous in vitro
passage of M. bovis, the pathogen responsible
for TB in cattle (Calmette et al. 1927; Calmette
and Plotz 1929). The genetic background for
the attenuation of BCG was unknown until
advances in molecular biology allowed direct
comparisons between the genomes of M. bovis
and the various strains of BCG. It became clear
that the long-term in vitro propagation had re-
sulted in the loss of several gene segments clus-
tered in different regions of difference (RDs)
(Behr et al. 1999). The RD1 is the original mu-
tation resulting in attenuation of M. bovis, and
this segment is lacking in all strains of BCG
and encodes important virulence factors and
T-cell antigens, such as early secretory antigenic
6 kDa (ESAT-6) and culture filtrate protein 10
(CEP10).

The efficacy of BCG was studied extensively
in clinical trials during the 1930s and the vac-
cine was widely deployed after World War II.
BCG is one of the most widely administered
vaccines worldwide and has been part of the
EPI since the early 1970s. BCG vaccination pre-

vents disseminated disease (especially military
and meningeal TB) in children, but despite in-
ducing a strong T helper 1 (Th1) response, the
efficacy of BCG is highly variable and the vac-
cine inadequately prevents pulmonary TB in all
age groups, in particular in high-TB-endemic
regions. Some of the hypotheses to explain the
variable performance of BCG relates to the var-
iation to technical factors of BCG itself (Tolder-
lund 1952; Janaszek 1991). However, the fact
that BCG provides protection against extrapul-
monary TB in childhood but not against pul-
monary TB in adults suggests that the major
problem with BCG is not only its efficacy per
se but also waning or changed immune re-
sponses in adolescence. The simple explanation
is that immunological memory after one vacci-
nation does not last lifelong, and being a live
vaccine, BCG is not considered for a secondary
booster immunization later in life. The exis-
tence of abundant atypical mycobacteria in en-
vironmental samples in high-endemic regions
adds to the complexity by providing their own
level of anti-TB immunity to the population
that may mask the effect of BCG or prevent
the necessary vaccine replication (the so-called
blocking hypothesis) (reviewed in Andersen
and Doherty 2005). Although the millions of
doses of BCG administered clearly emphasizes
that this vaccine is generally safe, the WHO
Global Advisory Committee on Vaccine Safety
has changed its recommendations to advise
against the use of BCG in HIV™ children based
on reported cases of disseminated BCG disease
(Hesseling et al. 2004). This new policy obvi-
ously highlights the need for new and safe vac-
cines for both priming and boosting.

In their early studies on BCG vaccination,
Calmette and Guérin already observed that
BCG vaccination not only protected infants
against death due to TB, but also reduced gene-
ral mortality in infants who did not suffer from
TB disease (Calmette et al. 1927). This topic was
largely ignored for decades. More recently, epi-
demiologic evidence has been presented from
several low-income countries that BCG vaccina-
tion is correlated with reduced general infant
mortality (Roth et al. 2006; Benn et al. 2013).
This is an intriguing observation that could in-
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fluence decisions about continuation of BCG,
even after licensure of novel vaccine candidates.

IMMUNE EFFECTOR CELLS AND
MECHANISMS: WHAT SHOULD
ATB VACCINE DO?

Immunity against TB is cell-mediated with T
lymphocytes serving as mediators and mono-
nuclear phagocytes as effectors of protection
and pathology (Collins and Kaufmann 2001;
Ernst 2012; O’Garra et al. 2013). Immunity
against TB is a local event focused on granulo-
matous lesions with solid granulomas reflecting
protection and caseous granulomas mirroring
disease (Gengenbacher and Kaufmann 2012;
Reece and Kaufmann 2012). Immune mecha-
nisms involve CD4 T lymphocytes of Th1 type.
These cells produce interferon y (IFN-vy), which
activates increased antimycobacterial activities
in macrophages. Although, the central role of
this axis in protective immunity against TB is
beyond doubt, it has become increasingly clear
that it is insufficient (Kaufmann 2013). Other
T lymphocytes, notably CD8 T lymphocytes,
and CD4 T cells producing interleukin (IL)-17
(Khader et al. 2007; Cruz et al. 2010), are likely
involved in protective immunity (Woodworth
and Behar 2006; Ottenhoff 2012). The Th17
cells seem to participate in the initiation of pro-
tective immunity. CD8 T cells can contribute to
protection by secreting killer molecules (com-
prising perforin and granulysin, which directly
attack macrophages and M. tuberculosis [Mtb],
respectively) and by secreting IFN-vy (Stenger
et al. 1998). Several unconventional T lympho-
cytes have been proposed to participate in
immunity as well including y8 T cells and
CDl1-restricted T cells (Brigl and Brenner 2004;
Bonneville and Scotet 2006). Aside from IFN-y,
other cytokines thought to participate in protec-
tion include tumor necrosis factor (TNF), gran-
ulocyte—monocyte colony-stimulating factor
(GM-CSF), IL-1B, and the small molecule, vita-
min D (Bermudez and Young 1990; Liu et al.
2006; Fabri et al. 2011). Even though the precise
roles of different cells and mediators have not
been fully elucidated, it is likely that the cross
talk between the different elements has to be
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highly regulated, both with respect to timing
and to location. Uncontrolled hyper- or hypo-
reactions of any participant of the cross talk
can lead to disease reactivation of a previously
well-controlled LTBI. Indeed protection and
pathology are likely based on similar mecha-
nisms—protection prevails as long as immunity
is tightly controlled, whereas pathology develops
once this control wanes (Ernst 2012).

Protection and pathology are focused to
granulomatous lesions, which are primarily
composed of T lymphocytes, mononuclear
phagocytes, dendritic cells (DCs), and B lym-
phocytes (Gengenbacher and Kaufmann 2012;
Reece and Kaufmann 2012). As long as the cel-
lular components control each other, the lesion
remains well-structured and contains Mtb suc-
cessfully, even though the pathogen is not erad-
icated. Disturbances in the granuloma result in
exaggerated cell death causing necrosis leading
to liquefaction (Gengenbacher and Kaufmann
2012; Reece and Kaufmann 2012). These case-
ous granulomas not only fail to constrain Mtb
but rather provide a fertile soil for Mtb growth
and expansion. The different stages of granulo-
mas need to be viewed within a continuum
where the different forms coexist in TB patients
(Barry et al. 2009; Gengenbacher and Kauf-
mann 2012). Thus, in one granuloma of a given
patient, Mtb may still be contained, whereas in
another, it may already have taken over.

Activated macrophages primarily inhibit
Mitb growth and rarely eradicate the pathogen
fully. Growth control is achieved by a combina-
tion of reactive oxygen and nitrogen intermedi-
ates supported by lysosomal enzyme attack
(MacMicking et al. 1997). On the other hand,
Mitb is capable of interfering with phagosome
maturation (Rohde et al. 2007). It arrests the
phagosome at an early stage, thus prohibiting
fusion with lysosomes containing antibacterial
enzymes. Aside from mononuclear phagocytes,
neutrophils possess potent antibacterial effector
functions (Amulic et al. 2012; Cooper and Tor-
rado 2012). Yet, these short-lived phagocytes
also have a high intrinsic risk of causing tissue
damage (Kaufmann and Dorhoi 2013).

Mib persisting in macrophages within solid
granulomas enter a stage of dormancy in which
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they shut down their replicative and metabolic
activity. These dormant Mtb express a different
gene profile and therefore different antigens that
may have a role in vaccines targeting LTBI
(Leyten et al. 2006; Andersen 2007). Moreover,
dormant Mtb are highly resistant to immune
attack (Gengenbacher and Kaufmann 2012).
The dormant Mtb does not harm the host but
resists its elimination. Before TB disease re-
activation, Mtb undergoes resuscitation, result-
ing in a highly replicative and metabolically
active stage, which is characteristic for active
TB disease.

Human TB is a spectral disease depending
on the capacity of the immune system to con-
tain Mtb in granulomas or not. In ca. 2 billion
individuals, I'TBI remains lifelong, whereas in
almost 9 million individuals, disease develops
every year (WHO 2013). It is clear that defined
immunosuppressive mechanisms tip the bal-
ance in favor of the pathogen. Thus, HIV in-
fection, affecting CD4 T lymphocytes, is the
driving force for the current TB pandemic (UN-
AIDS and WHO 2013); treatment of patients
with chronic inflammation such as rheumatoid
arthritis with ITBI causes TB reactivation
(Keane et al. 2001; Dixon et al. 2010), and indi-
viduals with genetic deficiency in the IFN-vy
signaling pathways have a heightened risk of
TB (Bustamante et al. 2011). Yet, in the majority
of cases, the subtle changes, which lead to active
disease, remain far from being understood. Bet-
ter understanding of these mechanisms could
provide a blueprint for future vaccine develop-
ment (Kaufmann 2013). Current vaccine can-
didates try to mimic the immune response that
prevails in I'TBI (i.e., stimulation of IEN-y-pro-
ducing CD4 T cells) combined with some acti-
vation of Th17 cells, and of CD8 T cells. This
strategy anticipates that vaccination can induce
a protective immune response in susceptible in-
dividuals prone to risk of active TB in a similar
way as natural Mtb infection does in individuals
with lifelong I'TBI. Ideally, next-generation vac-
cines should do better and not only induce con-
tainment of Mtb but also achieve its eradication
(Kaufmann 2013). Prevention of Mtb infection
by vaccination would be an alternative strategy
(Kaufmann 2013).

LONG-LIVED IMMUNOLOGICAL
MEMORY —A DESIRABLE QUALITY
FOR ATB VACCINE

The purpose of vaccination is to establish a
long-lived state of immunological memory,
and for a chronic infection like I'TBI, this is ob-
viously a central goal. The most important ob-
stacle with the current vaccine, BCG, is the lack
of protection in adults, which may be related to
insufficient immunological memory resulting
in waning of immunity during childhood.
What do we know about immunological mem-
ory against TB? The basic foundation was estab-
lished in early animal studies that showed that a
primary infection cleared by antibiotic treat-
ment provided long-lived immunologic mem-
ory immunity, and various levels of increased
resistance against secondary infection (Orme
1988; Andersen and Heron 1993; Mollenkopf
et al. 2004). Protection was mediated by a CD4
T-cell population that was rapidly recruited to
the site of infection, and if the CD4 T-cell sub-
set was purified from memory immune ani-
mals, they could adoptively transfer protection
against subsequent TB in recipient mice (Orme
and Collins 1984; Andersen and Smedegaard
2000). CD4 T cells are not one homogenous
population and can be subdivided based on
their anatomical location, expression of various
cell surface markers, and cytokine secretion into
effector and memory T-cell subsets (Sallusto
et al. 2004; Seder et al. 2008). Effector memory
T cells (T,y,) have low expression of CD62L and
CCRY7. They are found in peripheral tissues and
produce effector cytokines like IFN-y and TNF-
a, often together with IL-2. In their final stage of
differentiation, they lose their ability to prolif-
erate and produce IL-2, and at this stage are
referred to as terminal or short-lived effector T
cells (Teg). Recent data suggest that for both
CD4 and CD8 T cells, the T, subset can be
phenotypically defined by their expression of
the killer cell lectin-like receptor G1 (KLGR1)
(Joshietal. 2007; Reiley et al. 2010; Lindenstrom
et al. 2013). Central memory T cells (T.y,), are
opposite to T based on most of these funda-
mental parameters. They are characterized by a
high expression of CD62L and CCR7 (which
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direct them through lymph nodes), and pro-
duce abundant IL-2 (Sallusto et al. 2004; Seder
et al. 2008). The T, subset is of particular im-
portance for the maintenance of immunologic
memory after vaccination because of its contin-
uous proliferation, and it was shown by adop-
tive transfer studies in the TB mouse model to
mediate a highly efficient protection in the lung
against an aerosol challenge with Mtb (Ander-
sen and Smedegaard 2000).

In addition to phenotypic markers, the
breakthrough in the definition of T-cell subsets
based on their cytokine profile defined by intra-
cellular (IC) flow cytometry (Seder et al. 2008)
has resulted in the functional characterization of
T cells based on the expression of different com-
binations of cytokines. Data from animal mod-
els as well as human clinical trials have led to the
paradigm that the quality (i.e., protective poten-
tial) of T cells correlates with the number of
cytokines coexpressed by the vaccine-promoted
CD4 T cells. Moreover, if more than two cyto-
kines are expressed, they are defined as high-
quality multifunctional T cells (Darrah et al.
2007). Several independent reports of TB sub-
unit vaccines have correlated enhancement of
such multifunctional Th1 cells with growth re-
duction following aerosol Mtb infection of mice
(Forbes et al. 2008; Derrick et al. 2011). Howev-
er, for the discussion of these data in relation to
immunological memory, the use of the term
“multifunctional” can be misleading. For exam-
ple, in an intracellular cytokine staining (ICS)
assay where IFN-vy, TNFa, and IL-2 coexpres-
sion are compared, defining CD4 T cells with
two functions as multifunctional would com-
bine IFN-y/TNFa, IFN-y/IL-2, and TNFa/
IL-2 producers. However, IFN-y/TNFa cells
are T,g, whereas TNFa/IL-2 cells are T, and
these two subsets have markedly different roles
in the maintenance of immunological memory.
In comparative studies of an adjuvanted subunit
vaccine and BCG, the subunit vaccine very effi-
ciently maintained a population of IL-2" T,
for up to 2 years postvaccination, whereas this
population was only transiently expressed after
BCG vaccination (Lindenstrom et al. 2009).

This pattern was also seen in chronically
infected mice, where mice boosted with the sub-
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unit vaccine maintained a robust T, popula-
tion in the infected organs in contrast to BCG-
vaccinated animals that were characterized by
terminally differentiated effector T cells and
failure to control bacterial replication (Linden-
strom et al. 2013). A lack of long-lived T, may
therefore represent one of BCG’s major short-
comings (Orme 2010; Lindenstrom et al. 2013).
In a recent study of BCG vaccination in humans
it was observed that although the T-cell re-
sponses had phenotypic markers that resemble
T o their cytokine profiles (mostly IFN-vy) and
their lack of proliferation had T, characteristics
(Soares et al. 2013). That the IL-2" T, popu-
lation is of importance for long-term contain-
ment of Mtb infection in humans is also sug-
gested by a direct comparison of IFN-vy and IL-2
release in a modified QuantiFERON test, where
IL-2 was characteristic for I'TBI in contrast to
active TB patients that produced IFN-vy only
(Biselli et al. 2010). Of importance for the dis-
cussion of vaccine-promoted memory, the in-
duction of T, is dependent on both vector/
adjuvant delivery (Billeskov et al. 2013) and vac-
cine dose (Aagaard et al. 2009). Low doses of
antigen in a slow-release vehicle seem to main-
tain T, and memory responses very efficiently.

HOW CAN WE TARGET TB WITH VACCINES
(PRE/POST AND THERAPEUTIC)

Principally, TB vaccines can be administered at
three different stages of infection/disease (Table
1; Fig. 1). Preexposure vaccines are administered
prior to infection with Mtb. The current vaccine
BCG, the recombinant (r) viable vaccine can-
didates, and most subunit vaccines that will be
used to boost BCG have been designed as
preexposure vaccines (Kaufmann 2012; Frick
2013). The target population is infants, vacci-
nated soon after birth. BCG is given during the
first weeks of life, and whereas the viable vaccine
candidates are supposed to replace BCG, the
subunit vaccines are considered as boosters of
priming with BCG or with a replacement vac-
cine. Postexposure vaccines target adolescents
and adults with I'TBI. More recent subunit vac-
cine candidates have been tailored for this strat-
egy as so-called multistage vaccines by integrat-
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Table 1. Overview of tuberculosis vaccines in clinical trial

Antigen name or

Vaccine name Target indication Rv number Antigen function Delivery system Descriptive notes  Phase Reference(s)
MTBVAC Preventive NA NA Live mycobacteria ~ Attenuated MTB with I Arbues et al. 2013
two gene deletions
VPM 1002 Preventive NA NA Live rBCG strain Improved antigenicity  IIa  Grode et al. 2005, 2013
expressing due to perforation of
listeriolysin, phagosome
urease-deleted membrane
Ad5 Ag85A Preventive Ag85A Mycolyltransferase ~ Adenovirus 5 vector Replication-deficient I Smaill et al. 2013
viral delivery system
Ad35/MVA85A  Preventive Ag85A, Ag85B Mycolyltransferase ~ Adenovirus 35 and  Prime boost I Radosevic et al. 2007; Abel
TB10.4 Virulence factor modified vaccinia ~ combination of two etal. 2010
Ankara vector viral delivery
systems
Ad35/AERAS- Preventive Ag85A, Ag85B Mycolyltransferase ~ Adenovirus 35 Replication-deficient IIa  Radosevic et al. 2007; Abel
402 TB10.4 Virulence factor vector + viral delivery system et al. 2010
modified vaccinia
Ankara virus
H4/1C31 Preventive Ag85B Mycolyltransferase  IC31 Formulation of IIa  Dietrich et al. 2005;
TB10.4 Virulence factor cationic peptide and Aagaard et al. 2009;
a synthetic TLR-9 Billeskov et al. 2012
agonist
MVAS5A Preventive Ag85A Mycolyltransferase =~ Modified vaccinia  Replication-deficient IIb  McShane et al. 2004;
Ankara viral delivery system Beveridge et al. 2007;
Verreck et al. 2009;
Tameris et al. 2013;
White et al. 2013
M72 Preventive; Rv1196 PPE family protein ASO1E Liposomes ITa  Reed et al. 2009; Day et al.
postexposure  Rv0125 Peptidase incorporating the 2013; Leroux-Roels
TLR-4 agonist MPL etal. 2013
1D93 Preventive/ Rv2608 PPE family protein GLA-SE Synthetic TLR-4 I Bertholet et al. 2010; Coler
Postexposure/  Rv3619, Rv3620  Virulence factor agonist in oil-in- etal. 2013
Therapeutic Rv1813 Latency-associated water emulsion

protein

Continued
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Table 1. Continued

Antigen name or
Vaccine name Target indication Rv number

Antigen function

Delivery system

Descriptive notes

Phase

Reference(s)

H1/H56/1C31 Preventive/ Ag85B
Postexposure/  ESAT-6
Therapeutic Rv2660c

RUTI Therapeutic N/A

Mpycobacterium ~ Therapeutic N/A
vaccae

Mpycobacterium ~ Therapeutic N/A
indicus pranii

Mycolyltransferase

Virulence factor

Latency-associated
protein

N/A

N/A

N/A

IC31

Whole fragmented
Mtb

Whole killed
mycobacteria

Whole killed
mycobacteria

Formulation of
cationic peptide and
a synthetic TLR-9
agonist

Ila

1

1II

Weinrich Olsen et al. 2001;
van Dissel et al. 2010;
Aagaard et al. 2011

Cardona 2006

deBruyn and Garner 2010;
von Reyn et al. 2010;
Yang et al. 2011

Gupta et al. 2012a

NA, not applicable.

g1 surede sa139)el1S UOIJRUIDIBA [OAON



m Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

P. Andersen and S.H.E. Kaufmann

Infection Y /

1 Preexposure vaccine:
Prevent TB disease
VPM1002
MTBVAC
MVA85A
H4/H56
M72
1D93

SOLID /

GRANULOMA

Postexposure vaccine:
Prevent TB disease
H56

M72

1D93

CASEOUS |
GRANULOMA |

Therapeutic vaccine:
Cure TB disease
RUTI

M. indicus pranii

M. vaccae

H56

1D93

Transmission

Figure 1. Novel vaccination strategies in the context of tuberculosis (TB) immunology and pathology. The three
stages of TB are shown: infection, latent TB infection (LI'BI), and active TB. Soon after Mycobacterium tuber-
culosis (Mtb) has entered a lung alveolus, it will be taken up by alveolar macrophages (blue) and neutrophils
(orange) in the alveolar space and dendritic cells interspersed in the epithelial layer. These dendritic cells
transport Mtb into draining lymph nodes where acquired immunity is stimulated. During I'T'BI solid granulo-
mas contain Mtb inside mononuclear phagocytes. These solid granulomas are highly structured under the
orchestration of T lymphocytes. During active TB, granulomas deteriorate and become caseous. As a conse-
quence, Mtb multiplies in an unrestricted way and is spread through capillaries to other organs and through
ruptures into the alveolar space, to the environment. Preexposure vaccines (fop) to prevent TB disease are given
before infection. VPM1002 and MTBVAC are live replacement vaccines given for prime instead of BCG and
MVA85A; H4/H56, ID93, and M72 are booster vaccines on top of BCG. MVA85A is viral-vectored, whereas H4/
H56, ID93 and M72 are protein adjuvant formulations; the target population is infants. Postexposure vaccines
(middle) to prevent TB disease are given during I'TBI as booster of a BCG prime. H56, M72, and ID93 are protein
adjuvant formulations; the target population is adolescents and adults. Therapeutic vaccines (bottom) are given
to patients with active TB in adjunct to or following chemotherapy, to cure TB or to prevent recurrence. RUTT is
a semipurified preparation of Mtb, and Mycobacterium indicus pranii and Mycobacterium vaccae are killed
preparations of atypical mycobacteria; the target population is TB patients, notably coinfected with HIV
and/or suffering from multidrug or extensively drug-resistant TB.
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ing latency antigens of Mtb (Andersen 2007)
(see Table 1, Fig 1). Again, these vaccines are
considered as booster vaccines of BCG (or
BCG replacement) prime given at infancy. Ther-
apeutic vaccines target patients with active TB
in adjunct to (and to shorten) chemotherapy
or patients suffering from extensively or totally
drug-resistant (XDR and TDR, respectively) TB
(Frick 2013; Prabowo et al. 2013). A candidate of
this type is a killed Mycobacterium vaccae prep-
aration that was used to treat patients with HIV
coinfection suffering from miliary TB, with
ambiguous outcome (von Reyn etal. 2010). An-
other M. vaccae vaccine has also failed to prove
therapeutic benefit (deBruyn and Garner 2010;
Yang et al. 2011; Frick 2013). RUTI, a semipuri-
fied preparation of killed Mtb, has completed
phase IT assessment in HIV-infected and -unin-
fected individuals with ITBI (Cardona 2006).
Killed Mycobacterium indicus pranii was origi-
nally designed as vaccine against leprosy but
found to have potential effects against TB.
This vaccine has been licensed in India and is
currently undergoing clinical phase III testing
for TB treatment (Gupta et al. 2012a,b). In the
following we will focus on preventive vaccines.

LIVE VACCINES

Currently, two types of live vaccines are under
clinical assessment, an rBCG and an rMtb dele-
tion mutant (Grode et al. 2005; Arbues et al.
2013; Grode et al. 2013). The rBCG VPM1002
(rBCGAUreC::hly) expresses listeriolysin (hly)
from Listeria monocytogenes. Moreover, the ure-
ase C (ureC) gene was deleted in this construct.
Theabsence of ureC allows stronger acidification
of the phagosome in which VPM1002 resides.
The more acidic pH in turn provides the opti-
mum for biological activity of hly, a membrane-
perforating molecule (Palmer 2001). Perfora-
tion allows egression of rBCG-derived antigens
into the cytosol resulting in apoptosis of macro-
phages harboring the vaccine. These two alter-
ations likely cause improved immunogenicity of
the vaccine. Moreover, hly is only active at acidic
pH and contains a PEST sequence comprised of
proline (P), glutamate (E), serine (S), and thre-
onine (T), which induces rapid aggregation and
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degradation of this molecule in the cytosol (De-
catur and Portnoy 2000). These two features
contribute to the safety of the vaccine candidate.
VPM1002 has successfully passed two phase I
trials and completed the direct observational
stage of a phase Ila trial, in infants in South Af-
rica (Grode et al. 2013; Kaufmann et al. 2014).
The other live vaccine candidate MTBVAC is a
double-deletion mutant of Mtb with deleted
PhoP and FadD26 (Arbues et al. 2013). PhoP
actsasatranscription factor in Mtb, which covers
a broad range of some 80 genes, many of which
are involved in virulence. Because of the request
by WHO that Mtb-based live vaccine should
comprise at least two mutations (Walker et al.
2010), FadD26, which encodes a critical en-
zymes in the biosynthesis of phthiocerol dimy-
cocerosates, was deleted in addition. This vac-
cine is currently undergoing a phase I trial
(Arbues et al. 2013).

SUBUNIT VACCINES

The first successful attempts to develop a non-
viable subunit vaccine against TB were based on
complex culture filtrate preparations, and these
vaccines were found by several groups to impart
considerable protection in various animal mod-
els (reviewed in Andersen 1994). Subunit vac-
cines for boosting BCG-induced responses can
be divided into adjuvanted recombinant pro-
teins or viral vector systems. Both strategies de-
pend on the induction of immune responses to
a single or a few antigens that are immuno-
dominant during infection.

Viral Vectors

Viral vectors are replication-deficient variants
of virus that, in their virulent form, are patho-
gens for humans or closely related nonhuman
primates. Vaccinia and adenovirus are the most
clinically advanced and both have proved im-
munogenic for boosting BCG responses in clin-
ical trials (McShane et al. 2004; Abel et al. 2010).
Both adenovirus and vaccinia virus are potent
mucosal vaccines that give improved protection
when administered through the mucosal route
compared to conventional parenteral routes

Cite this article as Cold Spring Harb Perspect Med 2014;4:a018523 9



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

P. Andersen and S.H.E. Kaufmann

(Goonetilleke et al. 2003; Wang et al. 2004;
White et al. 2013).

The modified vaccinia virus Ankara ex-
pressing Ag85A (MVA85A) was the first novel
BCG booster vaccine to reach the stage of clin-
ical testing and evaluated to be safe and immu-
nogenic in naive healthy individuals and in vol-
unteers vaccinated with BCG (McShane et al.
2004). In terms of immunogenicity, MVA85A
markedly boosted the preexisting BCG-induced
immune responses and promoted strong boost-
ing of IFN-y measured by ELISPOT and poly-
functional immune responses (Beveridge et al.
2007). Since these initial promising results, a
very ambitious clinical program that culminat-
ed with the first efficacy trial of a novel vaccine
since BCG was developed (Tameris et al. 2013).
In this trial, 2797 BCG-vaccinated infants were
enrolled, and although MVA85A was found to
induce immune responses with a similar profile
as in previous studies, the magnitude of re-
sponses in infants was more modest. Using a
series of end points for TB disease and a Quan-
tiFERON conversion as a measure of Mtb-infec-
tion, the efficacy of MVA85A against TB was
17.3% (—31.9 to 48.2) and against infection
—3.8% (—28.1 to 15.9), showing no evidence
of protection against TB disease or Mtb infec-
tion (Tameris et al. 2013). When discussing les-
sons learned from this trial, it is important to
bear in mind that MVA85A may simply have
been unable to improve on the protection pro-
vided by BCG in infants, where BCG provides
its best protection (which is, however, still in-
sufficient to eliminate the TB in children). In
this regard the clinical data from the MVA85A
trial are in agreement with the modest and non-
significant added value when this vaccine was
evaluated as a BCG booster in nonhuman pri-
mates (Verreck et al. 2009; Beverley 2013). The
vaccine is currently under evaluation in a phase
IIb clinical trial in HIV " adults. Independent of
the underlying reason for the failure, the trial
can provide valuable insights when the immune
data are scrutinized in greater detail and corre-
lated with clinical outcome.

Replication-deficient adenoviral systems
have either used Ad5 or Ad35 platforms. The
replication-deficient Ad35 vector expressing

Ag85A, Ag85B, and TB10.4 (AERAS-402) (Ra-
dosevic et al. 2007) was chosen to avoid preex-
isting and neutralizing antibody responses often
found with Ad, but to which extent such anti-
bodies represent a real problem for vaccine take
is questioned by recent data that found no evi-
dence that preexisting immunity significantly
dampened the potency of an Ad5-based TB vac-
cine in a clinical phase I trial (at least over the
duration of the trial) (Smaill et al. 2013). Ade-
novirus-based vaccines differ from the majority
of the other vaccines by inducing an immune
response biased toward the induction of CD8 T
cells observed in both preclinical studies as well
as in BCG-vaccinated adults in South Africa
(Radosevic et al. 2007; Abel et al. 2010). How-
ever, the extent to which adenovirus promoted
CD8 epitopes are available for recognition
during natural Mtb infection and involved in
protective immunity is the subject of ongoing
debate (Bennekov et al. 2006; Elvang et al.
2009). The AERAS-402 vaccine is currently un-
dergoing clinical phase Ila, but has in addition
recently entered clinical trials in prime—boost
combinations with MVA85A. The negative out-
come of the STEP trial (where a recombinant
adenovirus increased the risk of HIV/AIDS)
(News in Brief 2007), however, makes it ques-
tionable if an adenovirus-based vaccine will ever
be recommended for widespread use in the ar-
eas of the globe where Mtb and HIV coexist.

Adjuvanted Vaccines

When the first fusion proteins (H1 from SSI and
M72 from GSK) were ready for clinical testing,
only alum and MF59 were approved for human
use, and both of these adjuvants are known to
induce antibodies exclusively and have very
limited protective potential in TB vaccines
(Doherty and Andersen 2005). This has recently
changed and today we have several novel adju-
vant formulations in clinical trials (Table 1).
Significant progress has been made in the con-
struction and testing of recombinant proteins,
mostly fusion proteins that combine two or
more immunodominant antigens of Mtb. The
first fusion protein-based vaccine was the Hy-
brid 1 (H1) fusion protein which consists of
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Ag85B fused to ESAT-6 (Weinrich Olsen et al.
2001). This molecule has been tested with var-
ious adjuvants and has been taken into clinical
trials formulated in the IC31 adjuvant, which
activates human Toll-like receptor (TLR)9, fa-
cilitates antigen uptake by DCs and provides a
slow release depot (Lingnau et al. 2007). IC31
stimulates robust IFN-y production by CD4
Thl cells in humans and its most striking fea-
ture is its ability to maintain long-lasting mem-
ory immune responses still detectable 2.5 yr af-
ter the last vaccination (van Dissel et al. 2010).
The H1 fusion protein in IC31 adjuvant is cur-
rently in a phase Ila trial. A novel molecule,
H56, based on the H1 backbone but incorpo-
rating the late-stage Rv2660c antigen (com-
bined into a so-called multistage vaccine—see
below) is currently in clinical phase I and may
take over the role of H1 as the leading subunit
vaccine for adolescent boost (Aagaard et al.
2011). Another polyprotein called H4 consists
of Ag85B fused to the antigen TB10.4 (which in
contrast to ESAT-6 is expressed also by BCG)
(Dietrich et al. 2005; Billeskov et al. 2012) and
is developed by Sanofi in a parallel clinical de-
velopment program (Table 1). Both the H1/
H56 and H4 fusion molecules have (in addition
to the IC31 adjuvant) been extensively evaluat-
ed in preclinical animal models together with
the CAFO01 adjuvant (Weinrich Olsen et al.
2001; Lindenstrom et al. 2009). This lipo-
some-based formulation combines the cation-
ic surfactant dimethyldioctadecylammonium
(DDC) with trehalose-dibehenate (TDB), a
synthetic analog of the mycobacterial cord fac-
tor. This adjuvant signals through the innate
immune receptor monocyte-inducible C-type
lectin (Mincle) and has strong adjuvant prop-
erties comprising long-lived memory Thl and
Th17 responses (Lindenstrom et al. 2009, 2012;
Desel et al. 2013) in adult as well as in neonatal
mice (Kamath et al. 2009). The CAF01 adjuvant
combined with the HI molecule has recently
successfully completed a clinical phase I trial.
The M72 fusion protein, consisting of Mtb
antigens Rv1196 and Rv0125 originally devel-
oped as a collaboration between Corixa and
GSK, has been successfully evaluated in various
preclinical models including nonhuman pri-
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mates (Reed et al. 2009). A phase I/11 trial com-
paring the adjuvants ASO1 (monophosphoryl
lipid A [MPL] combined with the saponin de-
rivative QS21 in liposomes) and AS02 (based on
the same components in an oil-in-water emul-
sion) identified the liposomal formulation as
the most immunogenic form in terms of induc-
ing a CD4 T-cell response and led to the selec-
tion of ASO1 for further clinical development in
high endemic regions (Day et al. 2013; Leroux-
Roels et al. 2013). Currently, a multicenter
phase IIb trial involving vaccination of adults
in the 18- to 50-yr age range is projected to start
in early 2014.

The most recent TB vaccine entering clinical
trial is ID93 from the Infectious Disease Re-
search Institute (IDRI) (Bertholet et al. 2010).
This vaccine combines a novel set of antigens
(Rv2608, Rv3619, Rv3620, and Rv1813) not
previously tested in humans and synthetic
MPL formulated in a glucopyranosyl lipid sta-
ble emulsion (GLA-SE) and is designed to tar-
get both active and latent TB. In preclinical
studies, this vaccine was protective almost at
BCG levels in mice and the combination of
BCG with an ID93 booster was able to reduce
mortality in guinea pigs compared to BCG
alone (Bertholet et al. 2010). In nonhuman pri-
mates the administration of ID93 on top of con-
ventional anti-TB treatment reduced the lung
pathology associated with disease (Coler et al.
2013). In an ongoing phase I trial, the safety and
immunogenicity will be tested in healthy adults.

VACCINES AGAINST LATENT TB

An estimated 2 billion individuals are already
infected with Mtb; they represent a huge reser-
voir for disease reactivation. With a reactivation
rate of ~5% —10%, this is an incredible number
of people who are at risk of developing TB dis-
ease and can infect other individuals. Thus, pre-
venting latently infected individuals from reac-
tivating disease is a high priority for any novel
TB vaccination strategy. Mathematical model-
ing has shown that the most effective way to
accelerate the global control of TB is a con-
ventional preexposure vaccine combined with
an efficient postexposure vaccine (Abu-Raddad
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et al. 2009). A late BCG booster (to be given to
adolescents) will frequently be administered
postexposure because of the high prevalence
of latent TB in this age group. Over the years
there has been much debate on safety of a post-
exposure vaccine strategy, stimulated by the
original failure (and death of several patients)
of Koch’s tuberculin as a therapeutic vaccine
(Guttstadt 1891; Kaufmann and Winau 2005).

However, based on both animal data and
recent clinical data there is so far no evidence
to support this theoretical concern. Vaccination
with 12 different vaccine preparations in a low-
bacterial-burden mouse model developed to re-
flect LTI'BI did not induce any reactivation or
worsening of pathology (Derrick et al. 2008),
and by now several of the new experimental vac-
cines have been in clinical trials in individuals
with LI'BI with no apparent safety problem
(Scriba et al. 2012; Day et al. 2013; Grode et al.
2013). Yet, there are still significant scientific
challenges to overcome before an efficient
post-exposure vaccine to prevent TB reactiva-
tion has become a reality. As Mtb adapts to the
conditions in the immune host, the current data
suggest that the bacteria transform from a grow-
ing metabolically active state to nonreplicating
persistence with low metabolic activity (Ander-
sen 2007; Barry et al. 2009; Gengenbacher and
Kaufmann 2012; Reece and Kaufmann 2012). In
this process the bacteria change their gene ex-
pression profile, which results in a different or
modified antigenic repertoire where, for exam-
ple, the genes encoding the Ag85 family are
down-regulated to very low levels (Shi et al.
2004; Bold etal. 2011; Aagaard et al. 2011; Com-
mandeur et al. 2013). The changed antigen rep-
ertoire has been confirmed in human studies
showing that the antigens preferentially recog-
nized by the immune system in latently infected
healthy individuals differed from patients with
active TB disease (Demissie et al. 2006; Leyten
et al. 2006; Schuck et al. 2009). Mimicking con-
ditions thought to reflect the environment in-
side the granuloma in vitro and evaluating the
transcriptional response has thus been the sub-
ject of intensive research in recent years. The
antigens under consideration are (i) DosR reg-
ulon and the enduring hypoxic response—both

sets of overlapping genes are up-regulated in
response to hypoxia (Park et al. 2003; Rustad
et al. 2008); (ii) starvation antigens—up-regu-
lated by Mtb upon depletion of nutrients (Betts
et al. 2002); and (iii) resuscitation antigens
that are produced as the bacteria resumes
growth (Gupta et al. 2010; Commandeur et al.
2011). Addition of late-stage antigens to the
well-established prophylactic vaccines may pro-
vide the basis for multistage TB vaccines with
activity against all stages of infection (Andersen
2007). A multistage vaccine (H56) that com-
bined the H1 (Ag85B ESAT-6) backbone and
the Mib starvation /latency antigen Rv2660c in-
duced superior protection against late-stage in-
fection in the mouse model of long-term per-
sistent TB (Aagaard et al. 2011). The vaccine
also prevented TB reactivation in a nonhuman
primate model where animals received immu-
nosuppressive anti-TNF treatment (Lin et al.
2012). The role of Rv2660 in the improved pro-
tection promoted by the H56 vaccine is the sub-
ject of ongoing evaluation. The antigen encoded
by this gene is recognized in individuals with
LTBI (Govender et al. 2010), and strong re-
sponses are found after TB challenge in nonhu-
man primates (Lin et al. 2012). The protein was
identified in a high-resolution proteomic anal-
ysis of BCG (Zheng et al. 2012), but a recent
strand-specific PCR analysis suggests that the
gene is not translated into a protein in the Mtb
strains analyzed (Houghton et al. 2013). It is
therefore presently not clear if the Rv2660c
gene product mediates its beneficial influence
on the H56 molecule directly as an antigen or
has an indirect influence of the overall immune
profile of the H56 polyprotein fusion. A phase I
clinical trial of H56 has just been completed and
an ongoing phase Ila trial will optimize the dose
of H56 in individuals with IT'BI in South Africa.

The ID93 vaccine, which incorporates the
latency-associated antigen encoded by Rv1813,
was recently tested in TB-infected nonhuman
primates in combination with conventional
chemotherapy and this treatment was shown
to reduce the duration of treatment compared
with chemotherapy alone (Coler et al. 2013).
Other recent studies have taken the same ap-
proach and combined different classes of anti-
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gens into fusion molecules or cocktails deliv-
ered in adjuvants. In a study by Jeon and col-
leagues, a vaccine based on the early antigen
Ag85A was compared to the late antigen HspX
(Jeon et al. 2011). Whereas the vaccine based on
Ag85A protected best at day 30, the HspX-based
vaccine gave the best protection at 90 d and the
combination protected at both time points.
Reece and Kaufmann (2012) expressed three
different late antigens (Rv3407, Rv1733c¢, and
Rv2659¢) in rBCG (VPM1002 backbone).
Also in this study, a characteristic feature was
an improved late-stage protection with im-
proved survival after 200 d.

A recent study evaluated the potential of
ESAT-6 and the closely related antigen TB10.4
(EsxH) as components in preventive and post-
exposure TB vaccines (Hoang et al. 2013). In
this study four different fusion-protein vaccines
were constructed that only differed in these two
components, and whereas all vaccines induced
protection in a conventional prophylactic vac-
cination model, only the ESAT-6 containing
vaccines had an effect when administered post-
exposure. The vaccine effect was influenced by
the infectious load at the time point of vaccina-
tion and abolished in chronically infected ani-
mals with high bacterial loads at the onset of
vaccination (Hoang et al. 2013). The findings
are in agreement with a previous observation
of postexposure activity of ESAT-6 containing
vaccines in the guinea pig model measured
both by growth and pathology (Henao-Tamayo
et al. 2009). In this study the vaccines were ad-
ministered once on top of early acute infection,
which may explain that only a transient effect
with no impact on long-term survival was seen.
Therefore, although enhancing immunity to TB
in animal models after exposure to Mtb infec-
tion has proved difficult, there are still grounds
for optimism.

CONCLUDING REMARKS

With more than a dozen vaccine candidates
moving forward in the clinical trial pipeline,
comprising replacement vaccines for prime
and subunit vaccines for boost, vaccines for
pre- and postexposure with Mtb, as well as TB

Novel Vaccination Strategies against TB

therapy, a broad TB portfolio has been devel-
oped. Yet, most of the current vaccine candidates
induce immune responses qualitatively similar
to those operative in healthy individuals with
LTBIL. The question remains whether this will
suffice to achieve TB elimination by 2050 as
claimed by the StopTB Partnership of the
WHO (StopTBPartnership and WHO 2011).
The most likely scenario is that this first genera-
tion of vaccines will be succeeded by a second
generation of further improved vaccines. Design
of these second-generation vaccines can benefit
from information generated in ongoing clinical
trials about mechanisms underlying protection.
Biomarker studies, notably global gene expres-
sion profiling, therefore need to become an es-
sential part of such vaccine trials (Maertzdorf
etal. 2012; Weiner et al. 2013; Weiner and Kauf-
mann 2014). Longitudinal studies monitoring
healthy contacts of patients with active TB, who
do or do not develop active TB disease, can add
valuable information. The disappointing out-
come of the MVA85A phase IIb vaccine trial
has stimulated new and innovative ideas on a
number of aspects of TB vaccine development.
First of all, there is now ongoing discussion and
planning of future trials to enable the early mon-
itoring of signs of vaccine efficacy. Some of the
ideas that are currently being discussed build on
either the conversion of the diagnostic IFN-vy
release assay (the QuantiFERON test) as an in-
dicator of ongoing infection (Andersen et al.
2007) or the prevention of recurrence of disease
by vaccination of TB patients following com-
pleted chemotherapy. If successful, these designs
may allow a very cost-effective and accelerated
identification of promising vaccine candidates.

The need to go beyond the most popular
antigens in TB vaccine, such as the Ag85 cog-
nates, is also the subject of renewed interest, and
recent discovery efforts have provided a number
of very promising protective antigens selected
to provide target molecules stably expressed also
in I'TBI (Bertholet et al. 2010; Aagaard et al.
2011; Knudsen et al. 2014), a phase where
Ag85-based vaccines may have their limitations
because gene expression is shut down (Shi et al.
2004; Bold etal. 2011; Aagaard etal. 2011; Com-
mandeur et al. 2013).
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Finally, the fact that the MVA85A through-
out the preclinical and clinical development
program was optimized to promote powerful
Thl responses has reemphasized that we need
to look broader (and beyond IFN-v), in our
optimization of novel vaccines. Studies in both
animal models and human clinical trials have
shown that the IFN-+y response to BCG vaccina-
tion is not predictive of subsequent protection
from TB (Elias et al. 2005; Mittrucker et al. 2007;
Kagina et al. 2010), and recent data suggest that
instead of boosting “more of the same” Thl
response it may be better to promote responses
that are insufficiently promoted by BCG and
mediated by T cells devoid of or low in IFN-vy
expression (Goldsack and Kirman 2007; Lin-
denstrom et al. 2013).

As we gain access to the expanded data sets
from the multiparametric analyses of ongoing
and planned proof-of-concept phase IIb clinical
trials of the candidate vaccines under evalua-
tion, they will hopefully provide the conceptual
basis for the optimal design of vaccines target-
ing a pathogen that has refined its survival strat-
egy for at least 6000 years.
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