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Summary
The Mycobacterium bovis BCG vaccine was first used in 1921, but has not controlled the global spread of tuberculosis
(TB). There are still no new licensed tuberculosis vaccines, although there much active research and a vaccine devel-
opment pipeline, with vaccines designed to prevent infection, prevent disease, or accelerate TB treatment. These vac-
cines are of different types, and designed to replace BCG, or to boost immunity following BCG vaccination. This
viewpoint discusses why, when it has been possible to develop new vaccines for SARS-CoV-2 so quickly, it is taking
so long to develop new tuberculosis vaccines.
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The Mycobacterium bovis BCG vaccine was first used in
1921 and so has now been in use for more than 100
years.1,2 This attenuated mycobacterial vaccine lost sig-
nificant regions of the M. bovis genome during the 231
successive subcultures that led to its attenuation. Fur-
ther genetic deletions occurred as the new BCG was
shared around the world and then cultured locally, lead-
ing to the BCG strains known as Japan, Pasteur, etc.3

First delivered orally, it was a lifesaver as tuberculosis
killed many infants and children as well as adults.
Administered at birth, BCG delivers good protection
against the disseminated forms of tuberculosis disease
in childhood, such as tuberculous meningitis, and also
miliary tuberculosis.4 Tuberculosis can affect a range of
organs including the bone, kidney, etc, but the most
common form is the pulmonary disease seen in adoles-
cents and young adults, and it is this clinical manifesta-
tion that is responsible for most infections and disease
transmission, spread by coughing but also even breath-
ing. However, the track record for BCG’s ability to pro-
tect against pulmonary disease is more variable, with
clear evidence that although it can protect against the
disseminated forms of disease in childhood,4 it can
either protect, or fail to protect against pulmonary dis-
ease in adolescents and adults, in different settings and
trials.5
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As we approached the Millennium in 2000,
although the BCG vaccine itself was still in widespread
use globally, the BCG vaccine had not controlled the
continued spread of M. tuberculosis or removed tubercu-
losis as a global public health threat. No new tuberculo-
sis vaccines were licensed or even in early clinical trials.
Over twenty years later, despite small improvements,
tuberculosis remains a major global public health chal-
lenge and we still do not have any new licensed tubercu-
losis vaccines other than BCG. We now have a pipeline
of tuberculosis vaccine candidates6 - with a number of
candidates showing good promise or evidence of effi-
cacy in animal studies and human trials. This pipeline
spans early pre-clinical development through to clinical
trials -phase 1 to phase 2b/3 trials (Figure 1). These vac-
cine candidates are varied in type and intended use.7-9

They range from recombinant antigens to be deliv-
ered with adjuvant, antigens to be delivered by viral
vectors, and genetically modified live bacterial vac-
cines � recombinant BCG vaccines designed to
improve on our existing BCG vaccines such as
VPM1002,10 and a live attenuated M. tuberculosis vac-
cine, MTBVAC.11 There are vaccines that could
replace BCG immediately after birth or be given to
boost immunity in a prime boost strategy, as well as
vaccines that might be given to adolescents to pre-
vent the peak of tuberculosis seen in young adults.12

Some vaccines are also designed to be given as an
adjunct to drug therapy, to accelerate cure and
shorten treatment, prevent subsequent relapse, or
help treat drug-resistant tuberculosis.

But given the dramatic progress in developing vac-
cines to protect us against SARS-CoV-2, with new
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Figure 1. The TB vaccine pipeline. The live, whole cell, subunit and viral-vectored vaccine candidates in the TB vaccine development pipeline as at October 2021 are shown, together with
their intended target population.6 Reproduced with permission from TBVI.
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SARS-CoV-2 vaccines licensed within 12 months of the
genome of the virus being sequenced, the question is
why progress developing a more effective tuberculosis
vaccine has been so slow? And what is now required to
accelerate the introduction of new, more effective vac-
cines for tuberculosis? We now know how quickly air-
borne pathogens can spread worldwide, and although
most tuberculosis patients can be successfully treated,
albeit with a long course of antibiotics, we still have the
spectre of increasing numbers of multi and extensively
drug resistant strains of M. tuberculosis, that are resis-
tant to most if not all of our available antibiotics.13 Thus,
we urgently need to prioritise the development of new
tuberculosis vaccines, to prevent a pandemic of drug-
resistant tuberculosis.

Even compared to the COVID pandemic, the num-
bers dying from tuberculosis make sobering reading.14

By mid-January 2022, there had been over 5.5 million
deaths from COVID, but there are »1.4M deaths from
tuberculosis each year � which had until the arrival of
SARS-CoV-2 been the leading infectious killer. And this
is before the deterioration in tuberculosis control pro-
grammes because of the COVID pandemic are taken
into account �estimates are that COVID itself could
lead to a 36% increase in deaths from tuberculosis over
the next 5 years.15 So why it is taking so long to make a
vaccine that is better than the 100-year-old BCG vac-
cine?

A number of M. tuberculosis animal challenge mod-
els have been developed to expedite vaccine develop-
ment. Candidate vaccines are usually first evaluated in
mouse models, which are often criticised as not being
fully representative of the pathology of human disease.
Guinea pigs are considered a better model and are more
sensitive toM. tuberculosis infection, but their use is lim-
ited by a lack of immunological reagents. BCG vaccina-
tion is highly effective in both mice and guinea pigs and
is used as a gold standard positive control in challenge
studies. Candidate vaccines have to be at least as good
as BCG, and usually better, to progress. There are new
murine models that better represent human pathol-
ogy16 and ultra-low dose infection models look promis-
ing17 but non-human primates (NHP) are undoubtedly
the best model18 even if the cost of experiments and
restrictions on their use limits their availability. The
lack of good small animal models, and the costs of using
non-human primates has undoubtedly slowed success-
ful vaccine development, as has uncertainty as to which
animal model, if any, best represents the human situa-
tion.

A further challenge to establishing representative
animal models for tuberculosis vaccine development is
that exposure to, and co-infection with, other pathogens
may alter both susceptibility to M. tuberculosis and BCG
vaccine efficacy, in humans. Exposure to non-tubercu-
lous mycobacteria is the most likely explanation for the
varying immunogenicity of BCG closer to the equator,19
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co-infection with HIV increases susceptibility to tuber-
culosis even in the presence of anti-retroviral therapy,20

and more recently co-infection with CMV can increase
susceptibility to tuberculosis.21 Exposure to these patho-
gens varies across TB endemic countries and modelling
these co-infections in animal models is extremely
difficult.22

Another common reason given for the slow progress
in tuberculosis vaccine R&D is the slow growth of myco-
bacteria. Whereas many extracellular bacteria can divide
every 20 minutes, the intracellular mycobacteria are
slow growing. This means it takes mycobacteria about
24 hours or longer to divide, and so tuberculosis devel-
ops slowly. Animal models of tuberculosis are time-con-
suming, with timelines of 3-6 months for many
experiments. What such protracted experimental work
needs is longer term funding, and here the slow grow-
ing mycobacteria can contribute to a lack of rapid prog-
ress. Even clinical efficacy trials require a timescale of at
least 3 years if progression to disease (POD) is the pri-
mary endpoint.

Despite these problems, as noted above there has
been recent progress with a number of vaccine candi-
dates of different types reaching phase 2 /3 trials, and
more at earlier stages of development6 (Figure 1).

If COVID vaccines can be developed so quickly, why
are new tuberculosis vaccines different? Here there are
a number of important factors (Table 1), although they
are not insurmountable. Firstly, despite tuberculosis
being declared a global emergency by the World Health
Organisation in 1994, tuberculosis research has lacked
the urgency that the COVID pandemic brought about.
The situation with tuberculosis has been so bad for so
long, that either people think that tuberculosis is a his-
toric disease that no longer poses a threat to human
health - or being a chronic problem with higher
endemicity in low- and middle- income countries
(LMIC), there has been no sense of urgency in terms of
funding priorities. Funding is limited and there has
been no sense of a crisis, or that we might only have 1-
2 years to deliver an effective vaccine, as there was with
SARS-CoV-2.

Secondly, there are critical differences between a
virus such as SARS-CoV-2 and M. tuberculosis. SARS-
CoV-2 has a 29.9kB genome with 12 expressed genes,
open reading frames encoding »30,000 nucleotides
and with a single Spike protein that is required for cell
invasion.23 M. tuberculosis has a genome with
»4.4 million base pairs encoding »3906 protein
genes,24 and although a number of proteins play a role
in its pathogenicity, there is no consensus on the best
single antigen or even antigens that would be most pro-
tective in a vaccine. The tuberculosis vaccines currently
in the development pipeline use both M. tuberculosis
specific or cross-reactive antigens shared with other
mycobacteria. Some candidate vaccines have aimed to
improve the existing BCG vaccine (or vaccines as there
3



SARS-CoV-2 Tuberculosis Notes

Key protective antigen Spike protein Number of key specific and

cross-reactive antigens

identified

M. tuberculosis genome encodes

»4000 genes

Antigenic variation Mutations common Antigenic variation limited Both SARS-CoV-2 and M. tuberculosis

show strain variation in

transmissibility

Immune correlates of protection Neutralising antibodies consid-

ered key although T cells likely

to play a role

Cell-mediated immunity critical

although precise definition

unclear. Role of humoral

immunity also unclear.

Was not needed for the develop-

ment of effective SARS-CoV-2 vac-

cines but would be game-

changing in the development of a

new TB vaccine

Categories of infection Subclinical, clinical Latent (incipient/subclinical) and

clinical

In both infections, transmission may

occur from subclinical infection

Time to develop disease 1-2 weeks Can be years/decades/lifespan

Identification of pathogen 2019 with resulting pandemic 1882 WHO declared TB a global health

emergency in 1994

Licensed vaccines by January 2022 4 (UK) 1 (BCG) BCG first used in 1921

Vaccine candidates in Preclinical and

clinical development

195 pre-clinical

146 clinical

Unknown but <50

14 clinical

SARS-CoV-2: WHO as at 02/2022; TB:

TBVI as at 11/2021.

Table 1: Comparison of key issues for development of vaccines for SARS-CoV-2 and Mycobacterium tuberculosis infection.
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are a number of BCG vaccine strains in current use,
which differ in the genes and antigens they express).
However, M. tuberculosis does have a major advantage
for vaccine developers in that although the M. tuberculo-
sis strains in circulation and causing human tuberculo-
sis vary genetically, there is very limited evidence of
antigenic variation, and moreover some evidence that it
is the human T cell epitopes that are most highly con-
served.25 This means that there is no issue with
immune evasion resulting from mutations, as seen
with SARS-CoV-2.

Differences in the clinical course of infection also
help explain why progress with tuberculosis vaccine
research and development is slower than for SARS-
CoV-2. The natural history of infection with M. tubercu-
losis is complex. Most people who are infected with M.
tuberculosis do not develop primary disease but mount a
sufficient immune response to control, but not eradicate
infection, called latent tuberculosis infection
(LTBI).26,27 When host immunity breaks down, because
of co-infection with HIV, treatment with biological
agents such as monoclonal antibodies against Th1 cyto-
kines such as TNFa28 or simply when immune senes-
cence occurs with aging, this latent infection can
reactivate and cause disease. We now consider there is a
continuous spectrum of tuberculosis, rather than dis-
crete binary outcomes of infection or disease, and new
intermediate states of incipient (without detectable live
mycobacteria) and subclinical disease in which asymp-
tomatic transmission may occur, as well as “resistors”
who may clear infections without induction of a persis-
tent detectable immune response have been
proposed.29,30 It is clear that the outcome of M. tubercu-
losis infection is a complex interplay between the patho-
gen and the host immune response. For SARS-CoV-2,
as with other Corona viruses, there is no latent and reac-
tivation stage. The incubation period is relatively short.
Not everyone develops disease, and asymptomatic trans-
mission can occur.31

Another challenge for tuberculosis vaccine design is
that M. tuberculosis remains latent in many people in
part because of an ability to evade and subvert the host
immune response, and this complicates vaccine
design.32 From delaying phagolysosomal fusion and
preventing acidification of the vacuole, through to
downregulating Class II MHC presentation on antigen
presenting cells, there are a variety of mechanisms by
which M. tuberculosis can persist in the human host.
Whilst some of the long-term sequelae and serious dis-
ease caused by SARS�CoV-2 may be in part mediated
by the host immune response, there is no evidence of
immune evasion caused by the virus manipulating its
intracellular milieu, although mutant strains can escape
pre-existing immunity. The ability to suppress the devel-
opment of protective immune responses is one of the
reasons why M. tuberculosis has been such a successful
pathogen over centuries.

Controlled human infection models, whereby small
numbers of healthy volunteers are deliberately exposed
to the pathogen in question, have been used very suc-
cessfully for other globally important but complex
pathogens such as Plasmodium falciparum.33 Malaria
human challenge models have expedited both vaccine
development and the identification of immune
www.thelancet.com Vol 79 Month May, 2022
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correlates of protection. Developing a controlled human
infection model for tuberculosis raises issues including
which pathogen to use, whether it is acceptable to delib-
erately infect with a fully virulent strain, and which
route of infection to use in such models.34,35 Whilst vari-
ous attempts have been made to develop such models,
these are not yet routinely used for vaccine evaluation
and prioritisation. Interestingly there are now studies
underway to establish a controlled human infection
model for SARS-CoV-2.36

Those designing the new Covid vaccines have had
another advantage. Not only has it been clear that the
Spike protein would be an obvious target, but the ability
to measure antibody concentrations to the Spike protein
provides a straightforward correlate of protection,37

even though there is evidence that T cell-mediated pro-
tection may also be important.38 This is something the
tuberculosis community has struggled with over deca-
des, despite the involvement of many leading immunol-
ogists worldwide. Being an intracellular pathogen, the
assumption has always been that T cell immunity to M.
tuberculosis, and likely a Th1 T cell response was the key
to protection. T cells, and Th1 cytokines such as IFN-g
are necessary for protection, but may or may not corre-
late with protection.39,40 Measuring T cell responses to
M. tuberculosis is more complex than measuring anti-
body titres and as yet there is no confirmed correlate of
protection. Recent work with multi-omics, single cell
analyses, multiplex bead arrays, CYToF and more have
confirmed the complexity of T cell responses and their
plasticity. There may even be a role for antibodies.41 But
more work is still needed, and this will include identify-
ing biomarkers that predict vaccine efficacy in the
lung.42 Developing an effective vaccine will be acceler-
ated once a vaccine-specific correlate of protection or
protective biosignature is identified.

All 4 UK-licensed vaccines against SARS-CoV-2 have
demonstrated high levels of efficacy in phase III studies,
less than one year after first being tested in human clini-
cal trials. Although this success was only possible
because of significant prior investment in R&D into the
platform technologies for adenovirus vectored vaccines
and mRNA vaccines, it remains the case that to develop
new vaccines against COVID disease so quickly was
extraordinary. In contrast, the most promising candi-
date tuberculosis vaccine, M72, a fusion protein of two
M. tuberculosis antigens administered together with a
potent adjuvant, AS01, was first tested in clinical trials
in 200443; it took until 2019 for the final results of a
phase IIb trial which showed this vaccine provided 50%
protection against tuberculosis disease in young, M.
tuberculosis latently infected adults.44 This result needs
confirming in a larger phase III trial which has yet to
start, despite the phase IIb trial reporting in 2019. Key
questions remain about this vaccine candidate includ-
ing whether it would also confer protection in those
with prior BCG but uninfected with M. tuberculosis.
www.thelancet.com Vol 79 Month May, 2022
Ideally, we would have a tuberculosis vaccine that dem-
onstrated the kinds of levels of efficacy seen with the
SARS-CoV-2 vaccines. Progress with complex patho-
gens such as M. tuberculosis is slower and more iterative
than vaccines for respiratory viruses such as SARS-CoV-
2, but can be accelerated; for example, the mRNA tech-
nologies that have proved so effective for SARS-CoV-2
are now being applied to M. tuberculosis, and would
make it possible for new vaccines to be produced in
Africa. It is worth noting here that the first report of a
RNA vaccine for tuberculosis was published in 2004.45

Innovation in clinical trial design has also led to
improvements in our understanding in tuberculosis
vaccine development. Phase IIb clinical trials where the
primary endpoint is clinical disease require extended
periods of follow up and large numbers of subjects.
Unlike malaria, where incidence of infection can be as
high as 60% in a malaria season, incidence of tubercu-
losis disease in even the highest burden settings is often
only 1-2%. Using Prevention of Infection (POI), rather
than Prevention of Disease (POD) as an endpoint
means smaller trials with shorter periods of follow up
are possible,46 but requires vaccination pre-exposure,
either in neonates or in adolescents who are pre-
screened for infection. The first reported POI trial dem-
onstrated that BCG revaccination conferred 45% protec-
tion against sustained infection, as measured by
sustained Quantiferon conversion.47 Whilst there are
caveats with this approach including the fact that the
definition of infection is indirect, and the relationship
between POI and POD is unclear, as a way to demon-
strate a biological signal of efficacy in the target species,
humans, such an approach has merit. Another efficacy
endpoint, Prevention of Recurrence of tuberculosis dis-
ease (POR), is also being explored in some trials, for
example with the subunit vaccine candidate H56:
IC31.48 Further work to explore alternative clinical end-
points along the continuous spectrum of tuberculosis is
needed, in parallel with detailed interrogation of poten-
tial biomarkers as surrogate endpoints to improve the
feasibility of tuberculosis vaccine efficacy trials.

There are now two candidate vaccines designed to
replace BCG currently in late-stage testing. The first
and most advanced, VPM1002, is a recombinant strain
of BCG designed to induce a broader immune response
than BCG.10 After extensive evaluation in preclinical
and clinical studies,49,50 this vaccine candidate is cur-
rently being tested in a POI trial in infants across sev-
eral sites in Africa.51 The second, MTBVAC, works on
the premise that M. tuberculosis is a better starting point
for a rationally attenuated human tuberculosis vaccine
thanM. bovis.11 MTBVAC has also been evaluated exten-
sively in preclinical and clinical studies52,53 and will be
evaluated in a Phase IIb efficacy trial in infants com-
mencing in 2022.54 Whilst it is clear that progress is
being made, it will be several years before the next
tuberculosis vaccine efficacy trial reports, and longer
5
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still before a new tuberculosis vaccine is licensed and
deployed throughout the world.

There are other candidate vaccines in late-stage pre-
clinical development, for example a recombinant CMV-
vectored tuberculosis vaccine which has demonstrated
efficacy against infectious challenge in non-human pri-
mates.55 Animal models also allow alternative routes of
vaccination to be evaluated. There is much recent inter-
est in delivery of BCG and other vaccines by the muco-
sal route.56 A recent study in non-human primates has
demonstrated that mucosally delivered BCG is more
protective than the licensed intradermal route.57 Two
independent studies have demonstrated that intrave-
nous (iv) BCG is much more protective than any other
route; giving BCG iv to NHPs reduced lung pathology
assessed by imaging and at necropsy as well as bacterial
load.58,59 Whilst intravenous BCG may not be an easily
deployable route of vaccination, particularly in infants
in LMIC countries, such studies provide important
proof-of-concept of what is possible. Interrogation of the
immune response to such routes of immunisation can
then allow more easily deployable vaccines that induce
the same immune response to be developed.

So what does the tuberculosis vaccine field need to
make more rapid progress and deliver a tuberculosis
vaccine that would give better protection that our cur-
rent BCG vaccines? More funding, including a long-
term commitment from research funders. Despite the
commitment made in the declaration from the 2018
United Nations General Assembly to mobilise 2 billion
dollars/year funding for tuberculosis research,60 there
is still a significant funding gap. An analysis of the
2019 funding data suggests that less than 50% of this
figure was available, and post-COVID, the funding avail-
able for tuberculosis vaccine research is likely to reduce
still further.61 The ready availability of significant fund-
ing, together with the use of pull mechanisms such as
Recommendation

Improved definition of trial endpoints for POI and POD trial designs

and harmonisation across efficacy trials to allow direct compari-

son between vaccine candidates

Head-to-head testing of vaccine candidates in murine and NHP

models in independent laboratories

Identification of biomarkers for use in vaccine trials

Better definition of protective immunity within the lung

Evaluate BCG replacement vaccine candidates for induction of non-

specific protection against non-mycobacterial infections that is at

least equivalent to BCG

Acceleration of vaccine trials

Source more financial support for both laboratory-based research

and for clinical trials

Table 2: Recommendations to accelerate the development of new TB v
Advance Market Commitments was one of the many
factors that expedited the development of vaccines for
SARS-CoV-2. There is often talk of vaccine development
or control of a pandemic such as that with SARS-CoV-2
being “a marathon not a sprint”. Developing a more
effective tuberculosis vaccine feels more like a long-dis-
tance footpath. The tuberculosis field, together with
international agencies and other donors, needs to
understand that there is an urgency, not only to save
many lives and livelihoods, given that tuberculosis
mostly affects those adults in their most productive
years, but because a pandemic of almost untreatable
drug-resistant tuberculosis is a real threat. The eco-
nomic burden created by the ongoing tuberculosis epi-
demic provides a significant impediment to economic
growth in many LMIC countries.

Secondly, progress requires coordination of the
research effort. Vaccinology is a multi-disciplinary team
science and it is critical that academic and industrial
partners with complementary areas of expertise work
together on this endeavour. The global tuberculosis
community is well networked, and efforts have been
accelerated through coordination provided by the Col-
laboration for TB Vaccine Discovery (CTVD) initiated in
2015 that links >375 members in 86 institutions,62 and
in Europe, the TuBerculosis Vaccine Initiative, TBVI,
that has coordinated the European tuberculosis vaccine
effort.63 A succession of research consortia funded by
the European Community’s Framework Programmes
have helped, both by linking researchers, but TBVI has
also provided supportive mechanisms such as contribut-
ing to the development of a pipeline tool,6,64 Product
Development Teams, and direct head-to-head testing of
vaccine candidates in animal models.

Here the COVID pandemic has had a negative
impact on progress. Not only is there a research funding
gap until the new European Community Horizon calls
Comments

Recognition of continuous spectrum of M. tuberculosis infection/dis-

ease including incipient/subclinical disease should replace sim-

plistic categorisation into LTBI and clinical disease

Requires coordination and funding

Must be quantifiable, and include exploration of new platform tech-

nologies including single cell analyses

Most human immunology performed on peripheral blood

Non-specific protection or innate training should be at least equiva-

lent to that given by BCG

Requires funding for trials and site infrastructure

Should provide funding for at least 5 years; coordination mecha-

nisms required

accines.

www.thelancet.com Vol 79 Month May, 2022
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are awarded, but the lack of face-to-face interactions and
too many meetings moved online have reduced oppor-
tunities for this mutually supportive community to do
what it does best � discuss, challenge, and innovate.
We need to work together to encourage early career
researchers into this field and this will be facilitated by
better funding opportunities and tuberculosis specific
calls.

However, the COVID pandemic has shown the
tuberculosis community the way. There is much to do
and a number of priority areas to address (Table 2).
With positivity, commitment and funding, improved
vaccines for tuberculosis will be found and moved
through clinical trials into global use. The tuberculosis
community just needs to make it happen.
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