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Coronavirus disease (Covid-19) has not only shaped awareness of the impact of

infectious diseases on global health. It has also provided instructive lessons for

better prevention strategies against new and current infectious diseases of major

importance. Tuberculosis (TB) is a major current health threat caused by

Mycobacterium tuberculosis (Mtb) which has claimed more lives than any

other pathogen over the last few centuries. Hence, better intervention

measures, notably novel vaccines, are urgently needed to accomplish the goal

of the World Health Organization to end TB by 2030. This article describes how

the research and development of TB vaccines can benefit from recent

developments in the Covid-19 vaccine pipeline from research to clinical

development and outlines how the field of TB research can pursue its own

approaches. It begins with a brief discussion of major vaccine platforms in

general terms followed by a short description of the most widely applied

Covid-19 vaccines. Next, different vaccination regimes and particular hurdles

for TB vaccine research and development are described. This specifically

considers the complex immune mechanisms underlying protection and

pathology in TB which involve innate as well as acquired immune mechanisms

and strongly depend on fine tuning the response. A brief description of the TB

vaccine candidates that have entered clinical trials follows. Finally, it discusses

how experiences from Covid-19 vaccine research, development, and rollout can

and have been applied to the TB vaccine pipeline, emphasizing similarities

and dissimilarities.

KEYWORDS

tuberculosis, COVID-19, vaccines, correlate of protection, protective antigen,
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1 Introduction

The Severe Acquired Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) has had an

unprecedented impact on our understanding and awareness of the continuous threat of

emerging infectious diseases. Coronavirus disease 2019 (Covid-19), caused the death of

more than seven million individuals (1, 2) The World Health Organization (WHO) has
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estimated mortality rates to be approximately 15 million deaths

over three years (3). In addition, Covid-19 led to a sudden increase

in incidences of numerous other communicable and non-

communicable diseases (4). One disease that was been profoundly

affected is tuberculosis (TB) (5). This was due to multiple factors,

notably the disruption of laboratory services, shortages of drug

supply, and deviation of funding and personnel to diagnosis and

care of Covid-19 patients. During the height of the Covid-19 crisis,

TB morbidity and mortality increased for the first time in the 21st

century to 10-11 million new cases and 1.6 million deaths in 2021

(5). It has been estimated that over the last 200 years, TB has been

the cause of one billion deaths averaging annual mortality in the

order of five million deaths over 200 years, similar to the estimated

five million annual deaths caused by Covid-19 over three years (5–

9). It is now clear that TB patients after successful therapy can

develop post-TB, which not only affects the lungs but can also lead

to other disabilities, notably neurological and cardiac impairments.

The Covid-19 crisis led to reduced case findings and therapy for TB.

This coincidence will likely lead to the increased appearance of

post-TB. Thus, the consequences of the Covid-19 TB syndemic will

have a much greater impact on health and consequently on

economic losses in the years to come (10, 11). Yet, to my

knowledge, there is no direct information regarding the impact of

Covid-19 on post-TB.

As soon as the pandemic potential of SARS-CoV-2 became

apparent, multiple efforts were undertaken to develop and deploy

Covid-19 vaccines at unprecedented speed (6). Research and

development (R&D) of Covid-19 vaccines could build on

knowledge gathered in the aftermath of the emergence of SARS-

CoV-1 and the Middle East Respiratory Syndrome (MERS) virus,

even though these coronaviruses had been brought under control by

conventional public health measures (12). Through these efforts, it

became clear that the Spike protein mediates virus attachment to

and entry into host cells and that blocking the viral attachment by

neutralizing antibodies represents a key protective mechanism (13).

Supported by virtually unlimited funding, the research and

development (R&D) of SARS-CoV-2 vaccines was pursued at

accelerated speed through remarkable collaborations between

scientific communities across continents (14). Furthermore,

adoptive trial design, streamlined regulatory processes, expedited

regulatory review and rapid emergency use approval made vaccine

rollout possible within less than one year (15). Complemented by

scaled-up manufacturing capacities, millions of lives could be saved.

The mRNA encapsulated in lipid nanoparticles (LNP) turned out

the most efficacious vaccine platform (16). Although this platform

was a new aspect of the vaccine portfolio, its manufacturing could

be scaled up rapidly. In total, more than 13 billion doses were

deployed in record time, nearly fulfilling the demands of the

industrialized world. This scenario, however, was overshadowed

by inequitable access to vaccines in low- and middle-income

countries (17).

Vaccine R&D in general has benefited from the example of the

Covid-19 vaccine pipeline in several instances. First, virtually

unlimited investment into novel vaccines in the very beginning

does not only save lives but also generates a return on investment

(14, 18, 19). A study in New York provides an illustrative example
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by showing that 10 US$ was saved for every 1 US$ invested in

vaccination against Covid-19 (19). Second, adoptive trials

combining safety and efficacy assessments are feasible (20). Third,

accelerated regulatory processes as well as provisional authorization

for emergency use act as accelerators. Fourth, vaccine rollout at a

large scale in high-income countries proved that logistic,

manufacturing, and deployment hurdles can be overcome. Fifth,

the speed of vaccine development can be markedly accelerated by

sharing data and samples. Sixth, vaccines need to be made available

across continents including low- and middle-income countries (17).

As a corollary, R&D centers as well as manufacturing facilities,

complemented by an infrastructure that guarantees adequate

education, trust, and expertise in the global south are needed to

ensure a robust supply chain for equitable access to vaccines

(17, 21).

Applying the lessons learned in recent vaccine R&D will enable

a more rapid response against future emerging diseases with

pandemic potential. This will also promote vaccine R&D against

diseases that already pose an enormous threat and for which

efficacious vaccines are not yet available, such as Human

Immunodeficiency Virus/Acquired Immunodeficiency Syndrome

(HIV/AIDS), malaria, Hepatitis C, Dengue, and TB. There will be

no strategy that fits all; thus, specific modifications are critical for

each vaccination strategy under development. It is also unclear

whether the newmRNA : LNP vaccine type, which was so successful

in the case of Covid-19, can be applied to infectious diseases that are

chronic and controlled by complex cell-mediated rather than

humoral immunity, such as TB.

This article briefly discusses the major vaccine platforms in

general terms (section 2), summarizes the major Covid-19 vaccines

(section 3), and reviews immunity in TB (section 4). It then

discusses different vaccination regimes and hurdles for vaccine

R&D relevant to TB (section 5) before describing the pipeline of

TB vaccines in clinical trials in more detail (section 6). The final

sections examine which lessons from Covid-19 vaccine R&D could

benefit the TB vaccine portfolio and what approach TB research

needs to undertake (sections 7 and 8).
2 Major vaccine platforms

Vaccines can be divided into subunit vaccines or whole-cell

vaccines (22). To ensure induction of adequate immunity, major

subunit vaccine platforms comprise: (i) well-defined antigen(s)

formulated in adjuvant, (ii) mRNA encoding such antigen(s) and

packaged in LNP (mRNA : LNP), or (iii) bacterial or viral vectors

expressing such antigen(s). Whole-cell vaccines are either

inactivated non-viable or attenuated viable vaccines. They more

or less comprise all antigens of the pathogen independent of their

role in protective immunity.
2.1 Subunit vaccines

The most successful subunit vaccines target pathogens that are

primarily controlled by neutralizing antibodies (22). These types of
frontiersin.org
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vaccines depend on one or a few protective antigen(s) that either

cause disease directly or are critical for the establishment of stable

infection, e.g. by mediating entry into host cells. These include

antiviral vaccines (e.g. Hepatitis B), antitoxin vaccines (diphtheria

and tetanus), or conjugate vaccines (pneumococci). Further

improvement can be accomplished by generating virus-like

particles in which the protective antigen forms structured

particles resembling the viral pathogen. First-generation

adjuvants, notably aluminum salts primarily stimulate the

production of neutralizing antibodies.

More recent advances have led to the creation of adjuvant

formulations that also stimulate cell-mediated immune responses

including CD4 and CD8 T cells (23–26). These novel adjuvants

include surface-active components such as saponins (e.g. QS21, an

active compound from the bark of Quillaja Saponaria), ligands for

pattern recognition receptors, notably toll-like receptors (TLRs), and

aqueous and oleaginous formulations that ensure continuous antigen

release over prolonged periods of time. The choice of TLR ligands

depends on the type of pathogen targeted by the specific vaccine, e.g.

TLR-7/TLR-8 ligands for viral and TLR-9 ligands for bacterial

pathogens. Examples of T- cell stimulating adjuvants are AS01E
(adjuvant system 01E) and ISCOM (immune stimulating complex)

based adjuvants (23–25). Alternatively, recombinant viral vectors

expressing vaccine antigen(s) have been generated, which are mostly

replication-deficient (27–31). The recently licensed Ebola vaccination

scheme is based on a prime/boost scheme comprising adenovirus

(Ad) 26 and Modified Vaccinia Ankara (MVA) virus as vectors, both

expressing Ebola antigen (32). Another example is the chimpanzee

adenovirus Oxford (ChAdOx) vector expressing the Spike protein of

SARS-CoV-2 against Covid-19 (Vaxzevria by Oxford/AstraZeneca).

The major breakthrough in mRNA : LNP vaccine development

was the encoding of modified Spike protein (mRNA: LNP) (16, 33,

34). These vaccines exploit Methyl-Pseudouridine modifications of

mRNA leading to superior vaccine efficacy compared to unmodified

mRNA. The higher efficacy of modified mRNA over unmodified

mRNA is likely due to the more rapid inactivation by an innate

immune response (35). Principally, LNP are composed of long-

chain fatty acids, cholesterol, and polyethylene glycol. The latter

may be substituted by polysarcosine with a lower risk of adverse

events. In short, LNP (i) protect RNA from rapid degradation; (ii)

facilitate introduction into host cells; and (iii) provide a certain

degree of adjuvanticity.
2.2 Whole cell vaccines

Whole cell vaccines are preferred when protective antigens do

not exist or have not been identified. They are given in inactivated

form or as attenuated live vaccines. Several inactivated vaccines

have been successfully deployed for viral infections such as the

inactivated vaccines against Hepatitis A, Polio (Salk vaccine), and

Influenza. Yet, only a few inactivated vaccines have been introduced

for control of bacterial infections such as the Cholera vaccine. To

improve the protective immune response, adjuvants may be

required. In contrast, attenuated viable vaccines generally get by

without adjuvant. Attenuated vaccines have been most successfully
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deployed against viral pathogens including measles, mumps,

rubella, or polio (Sabin vaccine). The most widely distributed

attenuated vaccine against a bacterial pathogen, Bacille-Calmette-

Guérin (BCG), targets TB, but with limited success (36).
3 A short primer on Covid-19 vaccines

Roughly one year after the introduction of the first vaccines

against Covid-19, numerous vaccines had been rolled out in different

regions of the globe and more than 11 vaccines have been granted

emergency use listing (EUL) by the WHO (37). These include

inactivated whole cell vaccines, viral-vectored vaccines, protein:

adjuvant vaccines, and mRNA : LNP vaccines. Some of these

vaccines had been approved in a large number of states, notably for

emergency use; others had received approval in only a few countries.

In the following, a brief description of the most widely used vaccines

granted EUL by the WHO is provided (Figure 1).

The inactivated whole cell vaccines Covilo and CoronaVac by

Sinopharm or Sinovac, respectively, had been approved rapidly in

China and received permission for emergency use in other countries

(38, 39). Both vaccines had been inactivated with beta-propiolactone

and formulated in alum salt as adjuvant to stimulate neutralizing

antibodies (40). These vaccines probably possess low T cell

stimulatory activity because of the exclusive use of alum and they

would likely benefit from a T cell stimulating adjuvant. In contrast,

the inactivated vaccine VLA2001 of Valneva is formulated in alum

salt plus CpG as a TLR-9 agonist, thereby stimulating both humoral

and cellular immune responses (41). Similarly, Covaxin from Bharat

Biotech contains inactivated SARS-CoV-2 formulated in alum

adsorbed TLR-7/TLR-8 agonist (42).

Ad has been the preferred vector system for the expression of the

Spike protein. These include human Ad26 and Ad5 as well as the

chimpanzee Ad, ChAdOx (30). These Ad serotypes were chosen to

avoid rapid inactivation of the carrier by pre-existing antibodies

induced by circulating Ad serotypes. The prevalence of Ad26 and

Ad5 in humans is low and ChAdOx does not circulate in humans. To

avoid the generation of novel virus particles in the immunized host,

the Ad vectors have been rendered non-replicative. The ChAdOx

vaccine (Vaxzevria from Oxford AstraZeneca, COVISHIELD from

Serum Institute of India) given as homologous prime/boost, has been

broadly deployed (42, 43). The Ad26-based vaccine JCOVDEN from

Janssen (Johnson & Johnson) and the Ad5-based vaccine Convidecia

from CanSino Biologics are considered single shot vaccines (44, 45).

The protein:adjuvant vaccine (Nuvaxovid from Novavax,

COVOVAX from Serum Institute of India) had received emergency

use in several countries (40, 46). This vaccine is composed of protein

nanoparticles (similar to virus-like particles) incorporated in the

Matrix-M adjuvant containing saponin and based on ISCOM.

Within less than a year, the mRNA : LNP vaccines turned out to

be most efficacious with the frontrunners produced by Pfizer/

BioNTech (Comirnaty) and Moderna (Spikevax) (34, 47, 48). The

mRNA : LNP vaccines comprise a modified mRNA encoding part

of the Spike protein as an antigen. The mRNA : LNP vaccines do

not only stimulate neutralizing antibodies but also T cell responses

that recognize conserved epitopes in the Spike protein, which are
frontiersin.org
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broadly shared with various coronaviruses including circulating

viruses and novel variants of SARS-CoV-2. Hence, they elicit

protective immunity against severe disease even in cases in which

the highly specific antibodies fail to adequately neutralize new

mutations in the Spike protein.

In summary, the major lessons learned from the R&D of the

Covid-19 vaccines can be summarized as follows:
Fron
• Neutralizing antibodies specific for the receptor binding

domain (RBD) within the Spike protein directed at the

angiotensin converting enzyme 2 (ACE-2) receptor reduce

infection by blocking attachment to and entry into host cells

of SARS-CoV2 (49). Because of the intracellular lifestyle of

Mtb, which primarily resides in macrophages, neutralizing

antibodies against protective antigens do not exist in TB

(see 4). This represents the Achilles’ heel of TB vaccine

development. These neutralizing antibodies are highly

specific and hence cause immune pressure favoring viral

mutations to evade protective immunity. Selection of such

mutated strains can rapidly lead to the emergence and

spreading of novel strains which render available vaccines

partially ineffective.

• Aside from neutralizing antibodies, non-neutralizing

antibodies, and T lymphocytes specific for epitopes
tiers in Immunology 04
located outside of the RBD of the Spike protein are being

generated (50–52). Non-neutralizing antibodies contribute

to protection via additional effector mechanisms, notably

complement activation, attraction of inflammatory cells,

and arming of NK cells for antibody-dependent cellular

cytotoxicity (ADCC).

• T lymphocytes directed at conserved epitopes in the Spike

protein can contribute to protection at later stages, notably

through lysis of infected cells, which ultimately blocks viral

replication (53, 54). Aside from these direct effector

functions, mostly executed by CD8 T cells with cytolytic

activity (cytolytic T lymphocytes, CTL), CD4 helper T cells

(Th cells) are activated. Neutralizing antibodies depend on

Th2 cells, whereas non-neutralizing antibodies require help

from both Th1 and Th2 cells. Th1 cells are also required for

activation of CTL and mononuclear phagocytes and Th17

cells can attract inflammatory cells to the site of viral

replication.
The development of effective Covid-19 vaccines was an

outstanding success story. Yet, in the long-term, a universal pan-

corona vaccine providing long-term protection would be extremely

valuable. Such next generation vaccines should induce an immune

response comprising:
FIGURE 1

Overview of Covid-19 vaccines granted Emergency Use Listing (EUL) by the World Health Organization (WHO) by platform.
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Fron
• neutralizing antibodies to the Spike RBD;

• trained immunity for rapid dampening of infection (55);

• broadly reactive antibodies for conserved epitopes with low

selection advantage (50, 51, 56);

• CD4 and CD8 T cells to conserved Spike epitopes and perhaps

other viral components with low selection advantage;

• additionally, unconventional T cells such as mucosal-

associated invariant T (MAIT) cells should be considered.
Figure 2 schematically summarizes protective immunity elicited by

SARS-CoV-2 infection and by mRNA : LNP vaccines against Covid-19.
tiers in Immunology 05
4 Immunity in TB: protection
and pathology

Establishment of infection (Figure 3): TB is primarily a disease

of the lung that also serves as the main port of entry for the

causative agent, Mycobacterium tuberculosis (Mtb) (57, 58). TB is

transmitted via aerosols, coughed up by a patient with active TB

although other modes of transmission are possible. Pathogens

transmitted via the aerogenic route enter the lung alveoli within

small aerosol particles which provide some shield for Mtb. Bacteria

are engulfed by alveolar macrophages, tissue-resident mononuclear
A B

C

FIGURE 2

Immune response elicited by SARS-CoV-2 infection and by mRNA : LNP vaccination. (A) Infection with SARS-CoV-2. (B) Immunization with mRNA:
LNP. (C) Protective immune response against SARS-Cov-2. ACE-2 receptor, Angiotensin converting enzyme 2 receptor; B, B cells; CTL, Cytolytic T
lymphocytes; Ig, Immunoglobulin; PMN, Polymorphonuclear neutrophils; Th1, T helper 1 cells; Th2, T helper 2 cells.
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phagocytes with the capacity for self-renewal. In addition, notably

after the onset of inflammation and attracted by chemokines and

other attractants, neutrophils, and monocytes enter alveoli from the

blood circulation, which are capable of engulfing Mtb (59). The

pathogen is transported to different sites of the lung parenchyma by

mononuclear phagocytes. At the site of Mtb deposition, granulomas

begin to develop independently from each other (60, 61). Some Mtb

may be killed by the phagocytes soon after infection, notably in

individuals who have been immunized with BCG and/or carry

latent TB infection (LTBI). In this situation, macrophages could

develop trained immunity based on epigenetic changes (62).

Evidence for the participation of natural killer (NK) cells in early

defense against Mtb has been presented (63). These NK cells are

rapidly attracted to the Mtb-infected lung. It is a matter of

discussion whether early infection control can lead to sterile

eradication in so-called non-converters (see 5.1).

Initiation of the acquired immune response (Figure 3):

Interstitial dendritic cells (DC) transport Mtb to draining lymph
Frontiers in Immunology 06
nodes and chemokines attract additional DC as well as T

lymphocytes and B lymphocytes into specialized structures in the

lymph node, where the acquired immune response is activated (64–

66). CD4 T cells of Th1 type, which produce multiple cytokines, are

considered of critical importance (67). The role of CD4 T cells in

controlling TB is probably best illustrated by the aggravated

outcome of HIV-Mtb coinfection (68). HIV impairs CD4 T cells

and people living with HIV (PLWH) are highly susceptible to TB

(69). Interferon-g (IFN-g) and tumor necrosis factor a (TNFa) are
of major importance as they activate mononuclear phagocytes

directly (70, 71). The critical role of TNFa in controlling Mtb in

infected individuals became obvious when patients with

rheumatoid arthritis treated with anti-TNF monoclonal

antibodies frequently progressed to active TB (72). IL-2 could

contribute to protection by activating other lymphocyte subsets,

notably CD8 T cells. In addition to Th1 cells, also Th17 producing

cells are considered important, notably at the early stage of infection

(73, 74). CD4 T cells are restricted by the major histocompatibility
FIGURE 3

Immunity to tuberculosis (TB): from infection to active disease. Upper part shows cell interactions induced by infection with Mtb; the middle section
describes interactions during latency; the lower part describes cell interactions underlying active TB. Characteristic granuloma stages are depicted
on the right side. AEC, Alveolar epithelial cells; AM, Alveolar macrophages; B, B cells; CD4, CD4 T helper cells; CD8, CD8 T helper cells; CTL,
Cytotoxic T lymphocytes; CTLA-4, Cytotoxic T-lymphocyte-associated protein-4; Epi, Epithelial cell; g/d, Gamma/delta cells; IFN-g, Interferon-g; ILC,
Innate lymphoid cells; IL, Interleukin; KLRG1, Killer cell lectin-like receptor G1; MAIT, Mucosal-associated invariant T cells; MDSC, Myeloid derived
suppressor cells; MHC, Major histocompatibility complex; Mj, Macrophage; NK, Natural killer cells; PD-1, Programmed cell death protein 1; PD1-L,
Ligand for PD1; PMN. Polymorphonuclear neutrophils; T, T cells; Teff, T effector cells; Treg, T regulatory cells; TGF, Transforming growth factor; Th1,
T helper 1 cells; Th2, T helper 2 cells; Th17, T helper 17 cells; TIM-3, T-cell immunoglobulin and mucin domain-containing protein 3; TIM-3L, Ligand
for T-cell immunoglobulin and mucin domain-containing protein 3; TM, Memory T cells; TNF, Tumor necrosis factor.
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complex class II (MHC II) and hence are primarily focused on

macrophages and DC. CD8 T lymphocytes contribute to protection

via the secretion of IFN-g and TNFa. In addition, they also directly

attack infected host cells by means of perforin and granzyme.

Moreover, human CD8 T cells produce granulysin which has

been shown to directly kill Mtb (75–77). Because of their MHC I

restriction, CD8 T cells possess a much broader target spectrum

than CD4 T cells (78, 79). Hence, they monitor virtually all

nucleated cells, e.g. epithelial cells surrounding alveoli, which can

harbor Mtb.

Unconventional T cells are potential contributors to defense

against Mtb including (80, 81):
Fron
• g/d T cells which recognize so-called phospho-antigens and

have been found to produce IL-17 (74, 80, 82, 83);

• CD1-restricted T cells which recognize glycolipids

prevalent in Mtb and are potent cytokine producers (84);

• MAIT cells which recognize non-peptide antigens and are

prevalent in the respiratory tract (74, 78, 85, 86).
These populations are considered donor-unrestricted since they

recognize non-peptidic epitopes in the context of unconventional

presentation molecules that lack the heterogeneity of canonical

MHC molecules that restrict conventional T cell responses (87).

The innate lymphoid cells (ILC) are characterized by the absence of

T cell receptor (TCR) and hence do not recognize antigens at all (88,

89). They are present in mucosal surfaces and at tissue sites such as

the lung and likely participate in the early defense against Mtb.

Similar to Th lymphocytes, ILC segregates into subtypes according

to their cytokine profile. Hence, by producing IFN-g and TNFa or

IL-17, ILC contributes to protective immunity in TB, notably

during the early stages. NK cells can be viewed as ILC since they

lack the TCR and are of lymphoid origin (63). Yet, they are not

tissue resident and circulate through the blood stream. In

conclusion, the role of conventional T cells in TB is well accepted,

whereas the participation of unconventional T cells and ILC

remains less well understood.

B lymphocytes first play a role in TB by regulating immune

responses, mostly by means of cytokines (90, 91). Second, they are

the cellular source of antibodies (92). Antibodies can support

protective immunity by facilitating phagocytosis, formation of

phagosome/lysosome fusion, and stimulation of reactive oxygen

and nitrogen intermediates (92–96). Indeed, evidence had already

been presented in the 1970s that antibodies mediating the uptake of

Mtb through the FcR promote phagosome/lysosome fusion for

bactericidal activities (97, 98). Another role of antibodies in TB is

the arming of NK cells. Evidence has been presented that NK cells

can kill infected cells via ADCC (63).

Immunity during LTBI (Figure 3): The description of the

different cell populations should not be interpreted to mean that

these cells act independently; rather, they crosstalk with each other

and it is this complex interplay between the different cells of the

innate and acquired arm of immunity and their secretion products

(notably cytokines, chemokines, and antibodies), which results in

protective immunity capable of containing Mtb and thus preventing

progression to active TB (99–102). At the risk of oversimplification,
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fine-tuned immunity controls the infection and at the same time

keeps inflammation at a minimum. This is the case with LTBI

which affects one quarter of the world population. Maladapted

immunity fails to control infection and inflammation, thereby

allowing progression to active TB (Figure 3). This complex

immune response is highly sensitive to perturbations. Notably, in

the absence of correlates of protection (see 5.5.2), the mechanisms

underlying effective host control in 90% of individuals infected with

Mtb and progression to active TB disease in 10% of these remain

elusive. Notably, it is unclear whether this failure is due to

exhaustion or active downregulation of the protective immune

components (Figure 3). Obviously, efficacious vaccines against TB

need to induce a fine-tuned immune balance (58, 103, 104).

Because Mtb interferes with the buildup of protective

immunity, it takes several weeks before granulomatous lesions

develop into solid granulomas that contain Mtb. Within these

granulomas, different populations of Mtb-specific lymphocytes,

mononuclear phagocytes, DC, and other cell types exist in a well-

organized structure. T lymphocytes will develop into memory T

cells, which segregate into effector memory T cells, central memory

T cells, and resident memory T cells (105–107). Resident memory T

cells seem to be of particular importance (108). Active granulomas

can induce the formation of lymphoid follicles in their vicinity,

which participate in the orchestration of the solid granuloma (99,

109, 110).

Progression to necrotic and caseous granulomas (Figure 3): A

maladapted immune response promotes the transition of solid

granulomas to necrotic and then caseous granulomas (59, 103,

104). This progression from LTBI to active TB disease can occur

months to years after infection. The maladaptation may be caused

by exogenous factors such as coinfection with HIV or helminths or

through endogenous factors, which can be summarized as

suppression and exhaustion. The latter mechanisms are still

incompletely understood. It is l ikely that suppressive

mononuclear phagocytes, the myeloid derived suppressor cells

(MDSC), regulatory B cells, and regulatory T cells contribute to

the transition into necrotic/caseous granulomas (90, 111–113).

Moreover, evidence has been presented for the role of checkpoint

control in TB, e.g. through interactions between programmed cell

death protein 1 (PD-1) and ligand for PD-1 (PDL-1) or between T-

cell immunoglobulin and mucin domain-containing protein 3

(TIM-3) and ligand of TIM-3 (TIM-3L) (114, 115). Evidence

suggests that blocking checkpoint control in TB causes excessive

immunity characterized by elevated TNF-a production further

emphasizing the importance of fine-tuned immunity in TB

control and of maladapted immunity as a critical factor of active

TB disease (116). The deteriorating immune response in the

granulomas causes marked cell destruction, leading to loss of

structure and function. In parallel, the lack of granuloma

structure allows access of Mtb to capillaries that facilitate

transmission to other organs in the body and to alveoli, which

promote spread into the environment. At this stage, patients suffer

from active TB and are contagious.

During their residence in the solid granuloma, Mtb organisms

are mostly in a dormant stage, i.e. they show low to absent

metabolic and replicative activity (64, 117, 118). Once the
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immune response worsens and caseous granulomas develop Mtb

‘wakes up’ and transits into a replicative and metabolic active stage.

The cellular detritus in the caseous granuloma favors Mtb growth.

The switch from dormant to active Mtb could have consequences

for the selection of vaccine antigens (117, 119). Vaccines targeting

the prevention of infection (PoI) in naïve individuals could benefit

from active Mtb antigens, whereas vaccines targeting the prevention

of disease (PoD) in LTBI would exploit dormant Mtb antigens.

Consistent with this, a preponderance of dormancy associated

antigens has been identified in individuals with LTBI (120).

Vaccines for both PoI (reinfection) and PoD in individuals with

LTBI will require both types of antigens.

The granuloma landscape in the lung is heterogeneous (61, 99).

During the early stages of LTBI, lesions of different developmental

stages coexist which will then mature into solid granulomas (121).

During progression to active TB, granulomas transit into the

necrotic and then caseous stage. Hence, during incipient/pre-

clinical TB, necrotic lesions emerge. This seems to induce an

increased inflammatory response which can be determined in the

blood by means of transcriptomic and metabolomic biosignatures,

which can be harnessed for prognosis of active TB (122–126).
5 Vaccination strategies

Figure 4 describes the major stages from infection to disease in

TB, which serve as targets for intervention by TB vaccines currently
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under clinical assessment. In the following, different vaccination

strategies relevant to TB control, and the value of correlates and

surrogates of protection, which are still missing for TB, but

availability for Covid-19 will be discussed (119).
5.1 Prevention of what?

Principally, vaccines induce a protective immune response

against the targeted pathogen with different outcomes that are not

mutually exclusive. These are: (i) PoI, (ii) PoD, (iii) prevention of

transmission (PoT), and (iv) prevention of recurrence (PoR).
• PoI also leads to PoD and PoT. Infection is best diagnosed

by detecting the pathogen or its components. This is feasible

as long as the pathogen or its components are present in

body sites that are easily accessible, e.g. sputum, urine, or

blood. In the case of TB, detection of Mtb or its components

generally fails in individuals with LTBI. These individuals

are healthy but considered infected with Mtb. Even in

patients with active TB, detection of Mtb by sputum

microscopy can be missed due to insufficient sensitivity.

Diagnosis of LTBI is mostly performed indirectly by

measuring the cellular immune response, e.g. by so-called

IFN-g release assays (IGRA) which measure IFN-g release
from white blood cells after antigen-specific stimulation

(127–130). Individuals with LTBI have been termed
FIGURE 4

Major stages from infection to active disease in tuberculosis (TB) and target points for different vaccine types. Colors indicate different vaccine
platforms. For further details on vaccine types, see Figure 5.
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converters. Note that about 10% of close contacts of TB

patients do not respond by IGRA and accordingly have

been termed nonconverters or resistors (119, 121, 131–133).

It is unclear whether nonconverters are true resistors that

have cleared or prevented infection or are false

nonconverters, which harbor Mtb, but fail to generate an

immune response that is measured by IGRA. PoI is mostly

accomplished by preventing the pathogen from establishing

itself in the host. Frequently, PoI is based on rapid

eradication of the pathogen after short-term infection and

hence should be more precisely defined as prevention of

stable infection. In summary, the precise determination of

PoI as a clinical endpoint poses challenges in TB (134).

Hence, delineation of the underlying immune mechanisms

could provide guidelines for the design of vaccines that

target PoI.

• PoD needs to be further subdivided according to the

severity of disease, i.e. mild disease, severe disease

(hospitalization, intensive care unit), and lethal disease. In

the case of Covid-19, vaccines only induce partial PoI but

are highly effective in preventing severe disease and

lethality. In naïve individuals, PoD is a consequence of

PoI. In already infected individuals, PoD can be achieved by

pathogen eradication during LTBI or by preventing the

pathogen from causing disease, e.g. by its containment in an

innocuous stage through maintenance of LTBI. Although

Mtb infection is thought to last lifelong, so-called reverters

have been described, i.e. individuals who reverted from

IGRA+ to IGRA- remaining negative over long periods of

time (133, 135). The underlying mechanisms remain elusive

and false IGRA- due to desensitization cannot be excluded.

Given that this reversion reflects the eradication of Mtb,

information on the underlying mechanisms could provide

helpful guidelines for vaccines aimed at sterilizing PoD.

• PoT is a consequence of PoI and PoD since both directly

impact the transmission of Mtb. Although LTBI has long

been considered non-contagious, more recent evidence

suggests that it can be a major source of transmission.

Transmission during LTBI likely occurs during the sub-

clinical stage (136–139). Future vaccination strategies need

to consider whether vaccines aimed at PoD induce

sufficient immune control to prevent Mtb transmission by

healthy individuals with sub-clinical TB.

• PoT by itself can serve as a target for future vaccination

strategies, notably if vaccine-induced PoD only achieves

prevention of severe disease, allowing infection and mild

disease.

• PoR targets reinfection or relapse (140). Some individuals

who have been cured of TB remain susceptible to

reinfection since protective immunity induced by natural

Mtb infection is insufficient. In addition, a few Mtb

microorganisms may persist even after drug treatment

and then cause relapse. PoR is considered a valid target

for vaccination. However, it is unlikely that post-TB lung

damage is tractable by vaccination.
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5.2 Preventive and therapeutic vaccination

The major scope of vaccines is to prevent healthy individuals

from developing the disease. Yet, therapeutic vaccination in adjunct

to chemotherapy is being considered, notably for TB patients

suffering from multi- or extensively resistant TB (140).

Frequently, vaccines for PoR are grouped as therapeutic vaccines

even though recurrence can be caused by reinfection.
5.3 Pre- and post-exposure vaccination

By definition, vaccines targeting PoI are administered pre-

exposure with the pathogen. Complete PoI also causes PoD and

PoT; incomplete PoI may ameliorate disease and transmission. As

Covid-19 vaccination campaigns have shown, partial PoI reduces

viral load and pathogenicity resulting in efficacious PoD, notably by

reducing disease severity. This is likely due to a direct quantitative

relationship between viral load and virulence. In the case of TB,

such a quantitative relationship is less likely, and partial PoI may

delay, but not prevent progression to active TB disease.

Theoretically, two options exist that are difficult to differentiate

mechanistically. A TB vaccine could either induce PoD or cause

containment of Mtb resulting in long-term LTBI. Generally, post-

exposure vaccination aims at (i) sterile pathogen eradication before

progression to active disease or (ii) long-term maintenance of LTBI.

Secondary infection of an individual with LTBI can further

complicate the situation.
5.4 Prime/boost

Vaccines may need a booster if the prime immunization is

insufficient or wanes over time. Even though only little evidence

exists, it is often assumed that heterologous prime/boost schemes

induce stronger effects, either because the two vaccines cause

different immune responses or comprise different antigens. Both

effects are considered beneficial if they complement each other. In

the case of TB, most vaccine candidates are considered boosters for

BCG primed individuals, and only a few as prime vaccines instead

of BCG (119).
5.5 Surrogates and correlates of protection

5.5.1 Surrogates
A surrogate of protection (SoP) elicited by vaccination is

defined as a biologic parameter that in a clinical phase III efficacy

trial statistically correlates with vaccine-induced protection (141–

143). Typically, SoP is determined by a comparison between the

vaccine and the placebo group. SoP, notably if they can be easily

determined, facilitates early determination of vaccine effectiveness

prior to clinical outcome. Neutralizing antibodies against Spike

protein of SARS-CoV-2 are SoP, whereas for TB SoP have not

been identified.
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5.5.2 Correlates
A correlate of protection (CoP) elicited by vaccination is defined

as a biological mechanism, typically an immune mechanism that is

induced by immunization and serves as an indicator of protective

immunity (142–146). CoP is statistically related to vaccine-induced

protection. Comparison of immunized vs. unimmunized (control)

individuals will be confounded by the fact that the majority of

controls will not develop disease. Given that a vaccine induces

protection in some, but not all vaccinees, a comparison of the two

immunized groups, i.e. protected vs. unprotected vaccinees provides

a strong basis for the definition of a robust CoP. CoP can be used for

the definition of surrogate endpoints, i.e. an endpoint that precedes

or can be more easily measured than the clinically defined endpoint.
Two groups of CoP need to be distinguished, including direct and

indirect CoP. Moreover, CoP induced by infection need not

necessarily be identical to CoP induced by vaccination. This is

particularly relevant in situations where natural infection does not

cause complete protection as in TB. Global gene expression profiling

of blood cells and metabolomic analyses of serum led to the design of

biosignatures that can potentially predict the progression from LTBI

to active TB disease (122–126). Such biosignatures are composed of

biomarkers that may or may not be causally linked to the sustenance

of LTBI or progression to active TB disease. Biosignature studies on

the progression from LTBI to active TB disease as well as on

differences between responders and non-responders (see 5.1) can

provide important guidelines for the characterization of vaccine-

induced CoP. Biosignature studies have provided evidence for a sub-

population with sub-clinical TB amongst the LTBI population.

Increasing epidemiologic evidence suggests that this healthy sub-

population serves as a source of Mtb transmission (136–139).
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More recently, biomarkers associated with specific immune

responses have been employed for the prediction of TB disease.

First, efforts are being made to characterize Mtb-specific antibody

profiles comprising Ig isotypes with unique FcR types to identify

individuals that progress from LTBI to active TB (91, 93, 147–149).

Antibody isotypes related to protection could become promising

targets for future vaccines. Second, the identification of Mtb-specific

TCR repertoires associated with the outcome of LTBI have been

characterized (150). In this study, three groups could be identified

based on similarities in TCR sequences: The first group was

associated with progression to disease, the second group with

maintenance of LTBI, and the third group did not show any

association with disease progression or control. Antigenic

epitopes related to each group could be identified. PE13, a

variable antigen present in both Mtb and BCG as well as CFP10,

a cognate of the region of difference (RD)-1 present in Mtb and

absent in BCG, were characteristic for infection control.

Reciprocally, EspA which is associated with CFP10 was associated

with TB progression. Numerous antigens were present in both

controllers and progressors, suggesting that they had no direct

impact on the course of infection. It should be noted that

these analyses focused on CD4 T cells without characterization of

their cytokine profile. Future studies extending to functional

characterization and other T cell populations, notably CD8 T cells

could provide important guidelines for the identification of antigens

to be included in, or omitted from, future subunit vaccine

candidates. In the long run, an association of functional

activities and antigen specificities of B cells and T cells could

become important tools for the design of next-generation

vaccine candidates.
FIGURE 5

Clinical pipeline of major tuberculosis vaccines from Phase I to Phase III. Colors indicate different vaccine platforms. For further details, see article
discussion.
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5.5.2.1 Indirect CoP

Indirect CoP are induced by vaccination either directly and

independently from direct CoP, or they are indirect sequelae of

direct CoP. They correlate with but are not causally linked to,

protection. An example of such indirect CoP is provided by the list

of the biomarkers included in biosignatures which potentially

predict progression from LTBI to active TB disease (see above).

5.5.2.2 Direct CoP

Direct CoP have also been termed absolute or mechanistic CoP.

A direct CoP is not only related to but also responsible for

protection. An instructive example of such a causal link is

neutralizing antibodies directed against so-called protective

antigens, e.g. the Spike protein of SARS-CoV-2 (see also

Figure 2). An increase in neutralizing antibody titers against the

RBD of the Spike protein is not only directly related to the strength

of vaccine-induced immunity, but can also be harnessed for

measuring vaccine efficacy. Advantageously, neutralizing

antibodies express both relevant functions (blocking of viral entry

into host cells) and relevant specificity (targeting the RBD of the

Spike protein). Accordingly, the omission of the Spike protein from

a vaccine against Covid-19 will fail to produce a protective immune

response mediated by neutralizing antibodies. Neutralizing

antibodies that prevent Mtb from infection do not exist because

Mtb is engulfed by mononuclear phagocytes through a variety of

active uptake mechanisms involving numerous receptors. Antigen-

specific CD4 T cells are directly involved in protective immunity

against TB. Yet, their biological functions depend on mediators

such as cytokines and chemokines that act on other immune cells,

e.g. stimulation of CD8 T cells to express cytolytic activity, B cells to

secrete antibodies or mononuclear phagocytes to express

bacteriostatic or bactericidal activity. Moreover, antigen specificity

of T cells need not be directly linked to T cell function. In TB

immunity that sustains LTBI and therefore prevents active TB

disease may differ from immunity that prevents infection or

causes sterile eradication of Mtb.

5.5.3 Relevance to vaccine development
For discussion here, it is clear that rational vaccine development

will enormously benefit from the identification of direct CoP (151).

The most straightforward CoP are antigen-specific antibodies with

neutralizing activity, which cause PoI by preventing pathogen entry

into host cells. This activity becomes more complex in situations, in

which antibodies contribute to protection via FcR-mediated effector

functions of antibodies, such as complement activation,

opsonization, or ADCC. The most complex situation arises when

infection is primarily controlled by cell-mediated immunity. First,

the measurement of antigen specificity of T cells is more

challenging, and second, the function of T cells is ultimately

mediated by effector molecules or effector cells. CD8 T cells,

which contribute to protection as CTL are relatively

straightforward because they act directly via their ‘own’ effector

molecules (e.g. granzyme, granulysin, perforin). The most complex

situation arises for CD4 T cells, which primarily act through soluble

mediators such as chemokines and cytokines to stimulate other cells
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to perform effector mechanisms including mononuclear

phagocytes, granulocytes, B cells, and CD8 T cells.
6 TB vaccine candidates

6.1 BCG: from early testing to
most recent trials

BCG is one of the most widely used vaccines globally only

exceeded by Covid-19 vaccines. Some four billion doses have been

rolled out since its first human use in the 1920s (36, 152). The term

BCG stems from the two developers, Albert Calmette and Camille

Guérin, who succeeded in attenuating M. bovis, the causative agent

of bovine TB by passaging it > 230 times in vitro using ox bile to

promote attenuation (153). This vaccine has been designed for the

prevention of TB in neonates with a high risk of progression to

severe extrapulmonary disease including miliary TB due to

dissemination of Mtb to diverse organs. BCG accomplishes this

goal, at least in part, but fails to protect against pulmonary TB,

notably in adolescents and adults (154). The vaccine was originally

administered in three doses given orally and this regimen was later

changed to intradermal administration of a single dose. In some

countries, revaccination with BCG has been performed, notably in

neonates and infants lacking signs of vaccine take and sometimes

also in adolescents and adults. Generally, however, BCG boosters

are not recommended because of the potential risk of

adverse events.

A recent study assessed BCG revaccination of adolescents and

adults without signs of Mtb infection (see Figure 5). This study

(NCT02075203) found ca. 45% protection against stable Mtb

infection indicated by IGRA (155). It is noteworthy that stable,

but not transient, infection was prevented by BCG revaccination. It

has been argued, therefore, that in the BCG immunized group, Mtb

was able to establish itself for a short time period, but was

subsequently eliminated by mononuclear phagocytes expressing

trained immunity (see 4) (62). Consistently, BCG revaccination

caused significant protection against upper respiratory viral

infections over controls (note that lower respiratory infections

were not observed in either group). A larger confirmatory trial

with BCG is underway (NCT04152161). Another study with BCG,

which is currently in phase III, assesses the value of BCG for pre-

travel vaccination (see Figure 5). The clinical endpoint is PoI in

healthy adult travelers from low incidence countries who are at risk

of exposure to Mtb in high burden countries (NCT04453293).

Completion of this study is expected in 2025.
6.2 Experimental BCG studies as
the first step towards CoP

A breakthrough study in which non-human primates (NHP)

had been immunized with BCG by intravenous administration

resulted in the sterile eradication of Mtb in the majority of

animals. Whilst this way of administration is hampered by the
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risk of adverse events, it provides proof of concept that sterilizing

immunity can be induced even though the underlying mechanisms

have to be fully revealed (156). This model was harnessed for the

identification of immune mechanisms and biosignatures relevant to

protective immunity. By using a lower dose of BCG given

intravenously, sterile protection could be induced in about half of

the experimental animals. Comparison of protected and

unprotected NHP revealed that an abundance of polyfunctional T

cells that co-express TNF together with IFN-g or with IL-17 as well

as an abundance of NK cells correlated with protection two months

after immunization and before challenge with Mtb (157). In

parallel, blood transcriptional correlates were determined.

Biosignatures determined two days after immunization correlated

with the pulmonary immune responses measured after one to two

months (see above) and could predict protection against Mtb

challenge after six months (158). These modules included type I

IFN as well as Rag-I-like signaling pathways. These studies in NHP

both on the cellular and transcriptional level provide the first

evidence that vaccine-induced CoP can be defined. As a caveat, it

should be noted, however, that the transcriptional module can be

affected by viral infections occurring during vaccine trials which

induce similar biosignatures. Furthermore, in adolescents and

adults, a high proportion of individuals already have LTBI

demanding post-exposure vaccination with Mtb which may differ

from the pre-exposure situation studied in NHP. Finally, it needs to

be clarified whether the gene expression profiles represent direct or

indirect CoP. Direct CoP could be harnessed for further refinement

of novel vaccine candidates.
6.3 Vaccine candidates in clinical trials

Currently, more than a dozen vaccine candidates against TB are

progressing through the clinical trial pipeline and have advanced to

different stages, phase I, phase II, or phase III (Figure 5). These

include five protein adjuvant vaccines and three viral vectored

vaccines as cognates of subunit vaccine candidates as well as three

inactivated and two attenuated vaccines as members of whole cell

vaccine candidates. Most recently mRNA : LNP vaccines have

entered phase I safety assessment as the latest addition to the

group of subunit vaccine candidates.

6.3.1 Subunit vaccines
6.3.1.1 Protein:adjuvants
Fron
• H56:IC31 is a fusion protein of three antigens (ESAT-6, a

prominent Mtb antigen in the RD-1 region + Ag85B, a

member of the Ag85 family of mycolyl-transferases +

Rv2660c, a dormancy antigen) in the IC31 adjuvant

(cationic peptide + TLR9 agonist) (159). It has

successfully completed several phase I trials for safety and

immunogenicity and is currently being tested in a clinical

phase II trial (NCT03512249) for therapeutic purposes

(PoR).
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• ID93:GLA-SE is based on a fusion protein of four antigens

(Rv2608, a PPE family member + Rv3619, a virulence factor

+ Rv3620, another virulence factor + Rv1813, a dormancy

antigen) in the GLA-SE adjuvant (an oil-in-water emulsion

+ TLR4 agonist) (160). It is considered for preventive and

therapeutic purposes (PoR) and has successfully completed

a phase IIa trial (NCT03806686).

• AEC : BC02 comprises three antigens (Ag85B, a member of

the Ag85 family of mycolyl-transferases + ESAT-6 +

CFP10, two important antigens in the RD-1 region) in the

BC02 adjuvant (TLR-9 agonist CpG in alum) (28). It has

reached a phase II clinical trial (NCT05284812).

• GamTBvac is composed of ESAT-6 + CFP10 (two

important antigens in the RD-1 region) + Ag85A (a

member of the Ag85 family of mycolyl-transferases) with

a modified Dextran-binding domain formulated with the

TLR-9 agonist CpG as adjuvant (161). This vaccine

candidate has entered a phase III trial for the prevention

of TB in adolescents and adults (NCT04975737).

Completion is expected in 2025.

• M72:AS01E comprises a fusion protein of two antigens

(Rv1196, a PPE family member + Rv0125, a peptidase) in

the AS01E (liposome + TLR4 agonist). The M72:AS01E
showed ca. 54% protection against progression to active TB

from LTBI in a phase IIb prevention trial (162, 163). In this

trial (NCT01755598), M72:AS01E was given as a post-

exposure boost vaccine in adults and adolescents with

LTBI who had been BCG primed as infants. This vaccine

is planned for a larger phase II/III trial to validate its

protective efficacy in PLWH (NCT04556981).

• Two similar mRNA : LNP vaccines against TB have entered

the clinical trial pipeline. BNT164a1 and BNT164b1

encoding multiple Mtb antigens of undisclosed identity

are in phase I trials in BCG-vaccinated HIV-negative

individuals (NCT 05547464) and in IGRA-negative, BCG

naïve individuals (NCT 05537038). Thus, the two mRNA :

LNP vaccine candidates are considered both as a prime

vaccine in Mtb-uninfected and BCG-unvaccinated

individuals and as a boost vaccine in BCG-immunized,

Mtb-infected (LTBI) and naïve individuals.
6.3.1.2 Viral vectors
• Ad5Ag85A is based on a nonreplicating Ad vector

expressing Ag85A (a member of the Ag85 mycolyl-

transferase family) (164). It has completed a phase I trial

for safety and immunogenicity after aerosol inhalation

(NCT02337270). Work with this vaccine candidate has

been discontinued.

• TB/Flu04L comprises a non-replicating influenza virus as a

vector expressing Ag85A (a member of the Ag85 mycolyl-

transferase family) and ESAT-6 (a prominent Mtb antigen

in the RD-1 region) (31). It has successfully completed a
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phase I clinical trial for safety after intranasal and

sublingual administration (NCT03017378).

• ChAdOx1.85A/MVA is given in a heterologous prime/

boost scheme, where ChAdOx serves as the prime and

MVA as a boost. Both vectors express Ag85 and thus differ

in the vector, not in the antigen (165). This heterologous

vaccination regimen has recently entered a phase IIa trial

(NCT03681860). The ChAdOx1.85A vaccine has also

completed a comparative phase I trial for aerosol versus

intramuscular vaccination (NCT04121494). Previously, a

completed phase IIb trial with MVA85A alone had failed to

provide evidence for protective efficacy (NCT00480558)

(166–168).
6.3.2 Whole cell vaccines
6.3.2.1 Inactivated
• RUTI which is exclusively targeted for the therapy of TB,

notably multidrug-resistant (MDR) or extensively drug-

resistant (XDR)-TB in adjunct to chemotherapy has

reached phase IIb stage (NCT04919239). RUTI is a killed

and detoxified Mtb preparation in liposome suspension

(169).

• DAR-901 has been tested for the prevention of TB in

adolescents and adults. A phase IIb trial has been

completed without evidence for protective efficacy

(NCT02712424). This vaccine comprises a killed M.

obuense preparation (170).

• Immuvac, the most advanced inactivated vaccine is based

on killed M. indicus pranii (171). This vaccine provided

some evidence for therapeutic protection when given in

adjunct to chemotherapy (NCT00265226). It is currently

tested head-to-head with VPM1002 (CTRI/2019/01/

017026) in a phase III trial for PoD with estimated

completion in 2024.
6.3.2.2 Attenuated
• MTBVAC is a viable vaccine candidate which is tested for

TB prevention in infants and adolescents/adults. It has

reached a phase III trial in infants (NCT04975178), and

completion is expected in 2029. It is a live Mtb vaccine

candidate that had been attenuated by genetic deletion of

two independent loci that regulate more than 100 genes in

Mtb (172).

• VPM1002 is an improved BCG vaccine candidate, in which

the urease C gene has been replaced by the listeriolysin gene

(152, 173). It is currently undergoing three phase 3 trials: (i)

PoI and PoD in neonates in comparison to BCG

(NCT04351685) with expected completion by 2025; (ii)

PoD in adolescent and adult household contacts of

recently diagnosed TB patients head-to-head with

Immuvac (CTRI/2019/01/017026) with estimated
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completion in 2024; (iii) PoR in individuals who had

completed TB chemotherapy (NCT03152903) with

estimated completion in 2024.
6.4 Concluding remarks on TB
vaccine candidates

Globally an estimated 1.7 billion individuals live with LTBI, of

whom approximately 10% develop active disease, the majority

within the first year, but others after decades. Therefore, vaccines

need to be considered for pre- and post-Mtb exposure and for

induction of long-lasting protection not only in individuals who

develop active TB within less than 12 months but also in those who

become ill much later.

As outlined in the above review, the genome of Mtb comprises

some 4000 protein-encoding genes, which in principle could all be

target antigens for vaccine-induced immunity (174). Several of

these antigens are regulated, with some proteins being more

abundant during active TB disease and others during LTBI. Post-

exposure vaccination of individuals with LTBI carrying dormant

Mtb, therefore, may depend on antigens different from those in a

vaccine that prevents infection with active Mtb.

In contrast to SARS-CoV-2, where neutralizing antibodies are of

critical importance, evidence is missing as to whether neutralizing

antibodies are generated in TB. Accordingly, protective antigens are

absent. Increasing evidence suggests a role for non-neutralizing

antibodies in protective immunity which activate different effector

functions. Moreover, T cells are essential for protection and

pathology and strong evidence exists that a fine-tuned balance

between innate and acquired immune cells is critical for protective

immunity. Based on these features neither surrogates nor direct

correlates of protection against TB have been identified thus far.
7 Lessons from Covid-19 for TB
vaccine R&D

The devastating health crisis created by Covid-19 provided

pivotal lessons for future epidemic, endemic, and pandemic

control measures at all levels including vaccine R&D for TB.

Lessons of general relevance include the need for stronger

healthcare systems, improved infection control measures, better

preparedness and resilience to emerging and existing health threats,

and better public health education.

More specific guidelines from the Covid-19 crisis that are relevant

for TB vaccine R&D include, financial support for TB vaccine R&D is

of critical importance. At present, support is still insufficient despite a

slight increase over the last decade, costing approximately $1 billion US

dollars per year (175). The immediate support by public, philanthropic,

and private partners for Covid-19 vaccine R&D up to $100 billion US

dollars (14). This unprecedented funding demonstrates the impact that

early financial investment can have on vaccine R&D for health. It has to

be voiced more clearly that in the long run, investment in TB vaccine
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R&D will pay back (176). The current financial burden of TB has been

estimated in the order of $100 billion US dollars annually. Hence,

public-philanthropic-private partnerships should be formed if the

industry hesitates to invest in TB vaccines because of assumed low

profit. A recent example of a philanthropic-private partnership is the

handing over of the TB vaccine, M72:AS01E, for phase II/III clinical

trial testing from GlaxoSmithKline to the Bill and Melinda Gates

Foundation and the Wellcome Trust (177).

The global response to the Covid-19 crisis fostered a stronger

collaborative spirit among researchers from both public and private

entities, which profoundly accelerated vaccine development. This

lesson should be applied to improve joint research and resource

mobilization for TB vaccine R&D. A recent example is the head-to-

head phase III clinical trial performed by the Indian Council of

Medical Research to compare protection against TB by the

attenuated vaccine, VPM1002, and the inactivated vaccine,

Immuvac (178). In a similar vein, late stage vaccine trials should

not only aim to provide information on the vaccine candidate under

trial but also to generate information for the informed design of

next-generation vaccine candidates.

The transition from preclinical to clinical studies has frequently

been termed the ‘valley of death’ due to the many obstacles that can

occur. During the Covid-19 crisis, the regulatory processes for

vaccines were markedly expedited by streamlined regulatory

processes to mitigate such obstacles, at least partially. TB vaccine

R&D could similarly benefit from streamlined regulatory processes

without any curtailment in safety and efficacy standards (20).

Related to this, adaptive clinical trial design can further

contribute to accelerated clinical vaccine testing (15, 134). Both

strategies can speed up the clinical development pipeline without

compromising safety and efficacy standards.

Once a better efficacy and/or safety profile for a novel TB vaccine

over BCG has been established, vaccine manufacturing capacity will

become a critical factor (179). Hence, appropriate manufacturing

capacities need to be established early on: at the latest, in parallel to a

phase III vaccine trial. Since this is best accomplished by facilities with

high manufacturing capacity meeting global demands, appropriate

partnerships need to be established and investment into expanded

manufacturing capabilities needs to be mobilized. The Covid-19

pandemic provides lessons, some of which should be followed and

others modified or avoided. A positive example is the agreement

between the startup company BioNTech and the big pharma

company Pfizer to develop, test, and deploy Comirnaty as fast as

possible. On the other hand, the COVAX enterprise ultimately failed

to achieve equitable vaccine distribution across the globe (180, 181).

Another important aspect of this topic is equitable access to TB

vaccines at low cost, which needs to be guaranteed for low- and

middle-income countries, not the least because they face the highest

TB burden (17, 182). One step towards this could be the

establishment of vaccine manufacturing capacities in regions

where TB vaccines are needed most. This strategy includes not

only manufacturing capacities but also strong educational and

training activities to ensure successful TB vaccine production and

deployment from local manufacturers (21). The largest vaccine

manufacturer by dose is the Serum Institute of India Pvt. Ltd.,

which is based in India, a country with a high prevalence of TB. For
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regions without manufacturing capacities, the founding of WHO

mRNA vaccine hubs on the African continent provides precedent

from the Covid-19 field for this strategy (183).

Covid-19 vaccination campaigns have highlighted the

importance of robust surveillance and monitoring systems that

track the effectiveness and adverse events of the newly deployed

vaccines. These lessons need to be adopted in modified form for TB

from rollout to long-term surveillance of vaccines, notably since

long-term protection is essential for TB control.

The impact of Covid-19 vaccination programs has saved

millions of lives. Yet, in a small proportion of the global

population, in both the North and the South, vaccine hesitancy

and even aggressive vaccine opposition arose (184). Many diverse

reasons account for vaccine hesitancy and denial including distrust

of traditional political authorities (185). Hence, multidimensional

approaches will be required to mitigate these challenges (186, 187).

Successful TB vaccine rollout needs to be accompanied by a build-

up in public trust through engaging and educating communities

that suffer from high TB burden and addressing their concerns.

Amajor game changer emerged during the Covid-19 vaccine crisis,

namely the creation of viral-vectored and mRNA : LNP vaccines as

novel vaccine platforms. Whilst vector-based vaccines have already

been included in the TB vaccine R&D portfolio, mRNA : LNP vaccines

represent a novelty. This versatile platform must be included in the TB

vaccine R&D pipeline. A major vaccine developer, BioNTech, already

started a phase I safety trial for mRNA : LNP vaccines that encode

various TB antigens. Assuming that subunit vaccines covering a small

number of antigens can target Mtb with sufficient efficiency to provide

long-term protection it is likely that mRNA : LNP vaccines can become

major players for TB control.
8 Conclusion

TB has been around for centuries, claiming more than a billion

lives (9). Despite its threat, the TB crisis has remained largely silent.

Indeed, TB morbidity and mortality have been on the decline over

recent decades; yet this decline is far too meager and alone it will not

enable us to reach the goal of ending TB by 2030 as proposed by the

Stop TB Partnership and the WHO (188, 189). This decline even

reversed with the emergence of SARS-CoV-2 with an estimated 10-11

million people acquiring active TB and 1.6 million people dying. In

2018, a High-Level Meeting of the United Nations (UN) General

Assembly made a strong commitment to end TB by 2030 (190–192).

To achieve the goal, the UN is committed to creating “an

environment conducive to research and development for new tools

for TB”. Accordingly, the commitment was made “to mobilize

sufficient and sustainable financing with the aim of increasing

overall global investments to 2 billion US dollars [ … ] in funding

annually for tuberculosis research” (191). This noble goal was

interrupted by Covid-19. Hence, in 2023, a second High-Level

Meeting on TB will be convened by the UN (193).

A strong commitment to ending TB is urgently needed.

Otherwise, the WHO goal of reducing TB incidence by 50% and

the numbers of TB deaths by 75% between 2015 and 2025 will be

missed, notably because by 2021 only 10% reduction in TB
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incidence and 5.9% reduction in TB deaths had been accomplished.

In 2023, 30,000 people develop active TB every day and

approximately 4,200 of them will die of this disease. By 2050, four

million deaths will occur leading to an economic loss of $13 billion

US Dollars (192). Better intervention measures are urgently needed

and TB vaccines play a major role in this endeavor.

As has been discussed in this review, TB vaccine R&D cannot

replicate the success story of Covid-19 vaccine R&D. Yet, by building

on the experience gathered during the Covid-19 pandemic, the

conditions for TB can be changed for the better. In the aftermath of

the Covid-19 crisis, a working group had been established under the

leadership of E.J. Sirleaf, former President of Liberia, and H. Clark,

former Prime Minister of New Zealand, on ‘How an Outbreak Became

a Pandemic’ under the ethos, ‘Covid-19: Make it the Last Pandemic’ (7,

8). Their concluding comment stated that their “message for change is

clear: no more pandemic. If we fail to take this goal seriously, we will

condemn the world to successive catastrophes”. They go on to outline

how the demands of this task are “large and challenging, but the price is

even larger and more rewarding. With so many lives at stake, now is

the time to resolve ”. This call to prevent the next pandemic can be

rephrased as task for future control of the ongoing TB pandemic: the

“message for change is clear: No more TB. If we fail to take this goal

seriously, we will condemn the world to continued catastrophes. The

ask is large and challenging, but the price is even larger and more

rewarding. With so many lives at stake, now is the time to resolve”.
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