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Abstract

Bacillus Calmette-Guérin (BCG) has been in use for nearly 100 years and is the only licensed TB vaccine. While BCG provides
protection against disseminated TB in infants, its protection against adult pulmonary tuberculosis (PTB) is variable. To achieve
the ambitious goal of eradicating TB worldwide by 2050, there is an urgent need to develop novel TB vaccines. Currently, there
are more than a dozen novel TB vaccines including prophylactic and therapeutic at different stages of clinical research. This
literature review provides an overview of the clinical status of candidate TB vaccines and discusses the challenges and future
development trends of novel TB vaccine research in combination with the efficacy of evaluation of TB vaccines, provides insight
for the development of safer and more efficient vaccines, and may inspire new ideas for the prevention of TB.
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Introduction

Tuberculosis (TB), caused by the human pathogens
Mycobacterium tuberculosis (MTB), has plagued humanity
for millennia and remains the deadliest infectious disease in
the modern world [1]. Causes of TB resurgence are complex
and include the emergence and prevalence of drug-resistant
strains, low early detection rates, latent infection, poor public
health care conditions, and population movements [2, 3]. In
2018, there were more than 1.2 million TB deaths worldwide
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and an additional 251,000 deaths of TB-HIV co-infection.
New TB cases reached 10 million (equivalent to 133 new
cases per 100,000), and about 3.4% of new TB cases and
18% of previously treated cases had multi-drug resistant TB
(MDR-TB) or rifampicin-resistant TB (RR-TB). Adult male
patients accounted for 57% of all new-onset patients, and chil-
dren younger than 15 years old and those with HIV co-
infection accounted for 11% and 8.6% of new-onset patients,
respectively [4].

In 1993, the World Health Organization (WHO) an-
nounced that TB is a global health emergency [5]. With social
and economic development, TB morbidity and mortality in
Western Europe, North America, and other developed regions
began to decline in the early twentieth century. Currently, the
number of new cases and deaths per 100,000 population are
less than ten cases and one case, respectively [6, 7]. However,
for many countries, the major public health issue of ending TB
remains a distant reality. At present, there are an estimated 1.7
billion latent tuberculosis infections (LTBI) worldwide, ac-
counting for about a quarter of the population [8, 9]. Given
the increase of population movements and immigration, the
need for prevention and control of TB worldwide is becoming
more serious. Therefore, the 2017 G20 Leaders’ Declaration
listed the “End TB Strategy” as a key priority for global po-
litical attention.

Crucial strategies for controlling and eradicating TB include
diagnosis, prevention, and treatment. Timely diagnosis and ef-
fective treatment play important roles for controlling the epi-
demic. In order to reduce incidences of TB in 2030 and 2035

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10096-020-03843-6&domain=pdf
http://orcid.org/0000-0001-5542-3375
mailto:zhanlingjun2008@163.com
mailto:qinchuan@pumc.edu.cn

1406

Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

by 80 and 90% compared with levels in 2015, its global inci-
dence will need to decline at an unprecedented rate after 2025.
We therefore need new interventions, including shorter, less
toxic treatments, improved diagnostics, and more effective vac-
cines. The TB vaccination is not only the most cost-effective
method of controlling the disease but also allows TB outbreaks
to be controlled at the source and must be a key component of
any strategy to eliminate TB’s global burden [10].

Classic TB vaccine-BCG

BCG is a live, attenuated vaccine that is obtained by continu-
ous subculture of Mycobacterium bovis and is currently the
only licensed vaccine for human TB prevention [11]. The
BCG vaccine strain was originally distributed by the Institut
Pasteur in France. Due to different passages and culture
methods over the years, more than 14 BCG strains using dif-
ferent phenotypes and genotypes have been developed around
the world [12-14] (Fig. 1). Currently, more than 90% of the
BCG used worldwide has been prepared from four major
strains, which are BCG Pasteur 1173P2, BCG Danish 1331,
BCG Glaxo 1077, and BCG Japan 172 strain. The BCG strain
used for production in China is a progeny strain obtained by
subculture of the BCG Danish 823 strain, introduced from the
Statens Serum Institut in 1948. In 1992, the National Health

and Commission of the People’s Republic of China an-
nounced that the Bacillus D,PB302 strain was the only BCG
strain being produced in China (Fig. 1).

Since the early 1970s, BCG has been used as part of WHO’s
Expanded Programme on Immunization (EPI), which has used
more than four billion doses to date and is the most widely used
vaccine in history. In 1978, China began to carry out child im-
munization work nationwide, using a timely and effective BCG
vaccination for newborn babies in accordance with prescribed
immunization procedures. WHO recommends that newborns
receive a single-dose BCG vaccination in high-burden countries,
while low-burden countries can selectively vaccinate neonates.
It is also recommended that BCG should be given to people who
live in high-endemic areas or exposed to MDR-TB but are
tuberculin-negative and BCG naive.

BCG has been shown to be effective for preventing dis-
seminated TB such as miliary TB and tuberculous meningitis
in children [15]. In addition, BCG is considered to have a non-
specific effect, and it is associated with a decrease in infant
mortality [16, 17]. However, others have found that BCG is
not significant for reducing TB overall incidence worldwide
[18]. The effects of BCG vary widely, with 0-80% effective-
ness in different settings, and vaccine-induced immunity di-
minishes over time. BCG provides 10-20 years of protection
[19, 20], but does not provide adequate prevention of PTB for
adolescents and adults [21-25].
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Fig. 1 History and genealogy of BCG substrains. RD1 was missing from
all BCG substrains and coincides with the attenuated virulence of
M. bovis. From the top to the bottom of the timeline, BCG substrains
are divided into “Early” strains and “Late” strains. In “Early” strains, the
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original characteristics of “authentic Pasteur” were conserved with fewer
deletions, insertions, and mutations in the genome of the bacilli than the
“Late” strains
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In recent years, it has been found that effectiveness evalu-
ation of BCG is influenced by the screening of the tuberculin
skin test (TST) prior to immunization. Higher vaccine efficacy
was obtained for neonates and adult subjects who were
screened by rigorous TST trials. BCG has a 59% protective
effect against PTB in newborns (RR 0.41, 95% CI: 0.29-0.58)
and 74% in adult subjects who have undergone strict TST
screening (RR 0.26, 95% CI: 0.18-0.37). However, the aver-
age protection of PTB was significantly reduced in those who
did not undergo strict TST screening [21].

BCG is suitable for people who are not sensitized by
mycobacteria, although the incidence of LTBI is 60—70% in
adults older than 25 in high-endemic areas [26], explaining
why the BCG protection effect is low in areas with a high
incidence of TB. The early South Indian Chingleput BCG
clinical trial failed as most subjects were sensitized by MTB
and non-tuberculous mycobacteria NTM) [27, 28]. In short,
BCQG is suitable for uninfected people, cannot provide lifelong
immunity, and is not suitable for HIV-infected patients and its
preventive effect on TB needs to be correctly evaluated.
However, so far, no new TB vaccine more protective than
BCG has passed clinical assessment [29, 30]. Therefore,
BCG remains one of the most cost-effective means of
preventing TB in countries with high burden of TB for a long
time.

Candidate TB vaccines

Despite high rates of BCG vaccination as part of the EPI, the
slow decline in global TB highlights the urgency of novel TB
vaccines. Under the “End TB Strategy,” developing new vac-
cines that reduce the prevalence of infection as well as the risk
of TB will be a key element of achieving the goal of eradicat-
ing TB by 2050. By August 2019, more than 14 TB vaccines
had been used in clinical trials, representing a diverse reper-
toire of formulations and mycobacterial antigens and that in-
duce a wide range of immune responses with different char-
acteristics (Table 1).

Viral vector vaccines
Ad5 Ag85A

This is a type 5 serotype replication-deficient adenoviral vec-
tor vaccine, which expresses the MTB Ag85A antigen and is
designed to be a heterologous booster vaccine following BCG
priming [31-34]. The target population is healthy adults fol-
lowing BCG vaccination. In a mouse model, a single intrana-
sal immunization using Ad5 Ag85A induced an effective pro-
tection against the challenge of MTB, while, compared with
an intramuscular injection, Ad5 Ag85A intranasal immuniza-
tion can significantly enhance BCG’s protective effect [35].

Phase I clinical trial (ClinicalTrials.gov Identifier:
NCT00800670) has evaluated the safety and
immunogenicity of Ad5 Ag85A in healthy volunteers who
had a history of BCG vaccination and those BCG naive.
Overall, intramuscular vaccination was well tolerated and
had good safety and immunogenicity for both groups, while
a stronger multifunctional T cell response was observed in
those with a history of BCG vaccination [36-38]. In
September 2017, another phase I clinical trial (ClinicalTrials.
gov Identifier: NCT02337270) is underway to evaluate the
safety and immune responses of peripheral blood and lungs
after one or two doses of Ad5Ag85A administered by aerosol
in healthy volunteers previously immunized with BCG, and
the study is expected to be completed on April 2021.

ChAdOx1 85A-MVA85A

ChAdOx1 85A is a chimpanzee adenovirus [39], while
MVASSA is a modified vaccinia Ankara virus, both of which
express the MTB antigen Ag85A [40]. In preclinical study,
ChAdOx1 85A immunogenicity and protective efficacy
against MTB challenge were assessed in a mouse model.
Researcher found that intranasally administered ChAdOx1
85A induced stronger CD8* than CD4" T cell immune re-
sponses in both lungs and spleens, although it failed to protect
mice against aerosol MTB infection. However, further
boosting with MVASSA improves immunogenicity and pro-
tective efficacy in BCG vaccination [39]. Therefore, novel
viral vector vaccines ChAdOx1 85A and MVA8SA were used
together to form a combined heterologous primary booster
regimen and were administered via the mucosal route.

Currently, phase I trial (ClinicalTrials.gov Identifier:
NCT01829490 and NCT03681860) of intramuscular
injection of ChAdOx1 85A either alone or in combination
with MVASSA for prime-boost regimen have been completed
in the UK. Another phase I clinical trial (ClinicalTrials.gov
Identifier: NCT04121494) designed to assess the safety and
immunogenicity profile of ChAdOx1 85A given by aerosol
inhaled versus intramuscular in adult healthy volunteers was
also launched in January 2019 in Switzerland.

TB/FLU-04L

TB/FLU-04L is a replication-deficient attenuated influenza
virus mucosal vector vaccine, which expresses the MTB anti-
gens Ag85A and ESAT-6 and was developed by the Research
Institute for Biological Safety Problems, Kazakhstan, in col-
laboration with the Research Institute on Influenza, Russia. It
was designed as a preventive booster vaccine for infants, ad-
olescents, and adults. In a preclinical mouse model, an intra-
nasal boost of TB/FLU-04L can significantly improve the
protective efficacy of BCG [41]. In phase I clinical trial
(ClinicalTrials.gov Identifier: NCT02501421), 36 healthy
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Table 1 Summary of TB vaccine candidates currently under clinical assessment
Strategy Vaccine candidate Vaccine type Phase Sponsor
Prime MTBVAC Live genetically attenuated Ia University of Zaragoza; Biofabri; Tuberculosis
Mycobacterium tuberculosis Vaccine Initiative
VPM1002 Live recombinant 111 Serum Institute of India; Vakzine Projekt
Mycobacterium bovis Management; Tuberculosis Vaccine Initiative;
Max Planck Institute for Infection Biology
Prime-boost AdS Ag85A Viral vector 1 McMaster University; Canadian Institutes of
Health Research; CanSino
ChAdOx1 85A-MVABS5SA  Viral vector I Oxford University
1D93 + GLA-SE Protein/adjuvant Ila Infectious Disease Research Institute; Aeras;
Wellcome Trust; International AIDS Vaccine
Initiative
TB/FLU-04L Viral vector JIE] Research Institute for Biological Safety Problems;
Ministry of Health, Kazakhstan; Research
Institute of Influenza, Russia
BCG revaccination Live attenuated Mycobacterium bovis 1lb Bill & Melinda Gates Medical Research Institute
(Gates MRI-TBVO01-201)
DAR-901 booster Mycobacterium obuense— IIb Dartmouth University; Global Health Innovative
whole cell or extract Technology Fund; Aeras
H56:1C31 Protein/adjuvant 1Ib Statens Serum Institut; Valneva; Aeras
M72/AS01g (GSK 692342)  Protein/adjuvant 1Ib Glaxo-SmithKline; Aeras
Immunotherapeutic AEC/BC02 Protein/adjuvant I AnHui Zhifei Longcom
RUTI® Mycobacterium tuberculosis— i Archivel Farma S.L.
whole cell or extract
MIP/Immuvac Mycobacterium indicus pranii— i Indian Council of Medical Research; Cadila
whole cell or extract Pharmaceuticals
Vaccae™ Mpycobacterium vaccae— I AnHui Zhifei Longcom

whole cell or extract

Viral vectors: Ad5 adenovirus 5, ChAd chimpanzee adenovirus, MVA modified vaccinia Ankara virus, FLU replication-deficient influenza virus (HIN1)
Adjuvants: GLA-SE oil in water emulsion/TLR4 agonist, /C3/ cationic peptide/TLR9 agonist, ASO!; liposome/TLR4 agonist, BC02 BCG-CpG-DNA

and Al (OH); compound adjuvant/TLR9 agonist

adults aged between 18 and 50 were vaccinated with TB/FLU-
04L on days 1 and 21, respectively, and results showed good
safety and immunogenicity. Currently, the vaccine is undergo-
ing phase Ila clinical trial for LTBI.

Protein/adjuvant subunit vaccines
AEC/BC02

AEC/BCO02 is a freeze-dried recombinant TB vaccine devel-
oped by the National Institutes for Food and Drug Control,
China, and manufactured by Anhui Zhifei Longcom Biologic
Pharmacy Co., Ltd. It is composed of MTB subunit protein,
Ag85B; fusion protein, ESAT6-CFP10; and a compound ad-
juvant, BC02, based on BCG-derived unmethylated cytosine-
phosphate-guanine (CpG) DNA fragment and aluminum salt.
It is mainly used for preventive treatment of LTBI. Preclinical
studies have found that AEC/BCO02 can induce long-term an-
tigen-specific cellular immune responses in mice, produce a
therapeutic effect, and reduce the risk of Koch phenomenon in
guinea pig LTBI model [42]. In April 2018, AEC/BC02 began
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a phase I clinical trial (ClinicalTrials.gov Identifier:
NCT03026972) of human tolerance in four different
populations. (1). Population I has 25 subjects who received
TB-PPD skin test and IFN-y detection whose results are both
negative. (2). Population II has 30 subjects who received TB-
PPD and ESAT6-CFP10 skin test in different arms and [FN-y
detection whose results are all negative. (3). Population III as
uninfected TB-PPD positive population, this group screened
30 subjects whose ESAT6-CFP10 skin test and IFN-y detec-
tion results are both negative, but TB-PPD skin test positive.
(4). Population I'V has 50 subjects whose three kinds of detec-
tion results are all positive (TB-PPD, ESAT6-CFP10, and
IFN-y). Currently, clinical volunteers are being recruited.

H56: 1C31

H56: 1C31 (AERAS-456) is a protein adjuvant vaccine
consisting of MTB early secretory proteins Ag85B and
ESAT-6 and latent infection-associated protein Rv2660c in
combination with IC31 adjuvant. It is designed to induce im-
munity against new infections and reactivation of LTBI [43].
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When compared with BCG, H56/IC31 vaccine can signifi-
cantly reduce lung pathological damage and MTB
extrapulmonary transmission while inducing a strong memory
immune response. More importantly, H56: 1C31-vaccinated
non-human primates did not reactivate host latent-infected
MTB following anti-TNF antibody treatment [44]. The vac-
cine has been used in three phase I clinical trials. Two of these
were carried out with adults who were HIV-negative, with or
without latent TB infection (ClinicalTrials.gov Identifier:
NCTO01967134 and NCT02378207) [43, 45, 46]. Another
was conducted with HIV-negative, post-treatment patients
with drug-susceptible PTB (ClinicalTrials.gov Identifier:
NCT02375698), and it was found that the vaccine is safe
and has good immunogenicity at all study doses. In addition,
phase II trial (ClinicalTrials.gov Identifier: NCT03512249)
assessing H56:1C31 for reducing the rate of TB disease
recurrence in HIV-negative adults successfully treated for
drug-susceptible PTB is ongoing in South Africa and the
United Republic of Tanzania.

ID93 + GLA-SE

This is a protein adjuvant vaccine developed by the American
Infectious Disease Research Institute in collaboration with
Aeras. It consists of four MTB antigens that are associated
with virulence (Rv2608, Rv3619, and Rv3620) or latent
(Rv1813) as well as TLR-4 ligand GLA-SE adjuvant [47,
48]. In preclinical studies, the ID93 + GLA-SE vaccine has
been found to be effective for preventing infection of sensitive
and resistant MTB in mice and guinea pigs [49-52]. As a
therapeutic vaccine, it can significantly improve the effect of
anti-TB antibiotics in mice and non-human primates [53].
Additionally, the study also found that guinea pigs immunized
with ID93 + GLA-SE showed a negative DTH response to
intradermal PPD, which, in turn, did not interfere with the
auxiliary diagnosis of a PPD skin test [54].

The vaccine has been used in two phase I clinical trials in the
USA and South Africa. A phase I clinical trial (ClinicalTrials.
gov Identifier: NCT01599897) in the USA included 60 healthy
adults with no history of BCG vaccination who were negative
for QuantiFERON-TB Gold and were intramuscularly injected
with 3-needle ID93 and ID93 + GLA-SE vaccine. Researcher
found that all dose levels of ID93 and ID93 + GLA-SE were
acceptably safe. Compared with ID93 alone, this vaccine elicit-
ed higher titers of ID93-specific antibodies, preferentially in-
creasing IgG1 and IgG3 antibody subclass and significantly
inducing a multifunctional cytokine profile of CD4™ T cells
[55]. Another phase Ib trial (ClinicalTrials.gov Identifier:
NCT01927159) from South Africa also found that ID93 +
GLA-SE was well tolerated, with no serious vaccine-related
adverse events and vaccination-induced long-lasting antigen-
specific IgG and Th1 cell responses, and that effects peaked after
a second vaccination. At the same time, vaccine doses did not

affect the frequency or severity of adverse events, while mild
injection-site adverse reactions and flu-like symptoms were
common in MTB-infected subjects compared with those not
infected with MTB [56]. In addition, the USA (ClinicalTrials.
gov identifier: NCT03722472) and South Korea (ClinicalTrials.
gov identifier: NCT03806699) are also undergoing two phase I
clinical trials in healthy adults and BCG-vaccinated adolescent,
both of which are expected to be completed in 2020. In January
2017, a phase Ila clinical trial (ClinicalTrials.gov Identifier:
NCT02465216) of the ID93 + GLA-SE vaccine was carried
out in South Afica to assess the safety and immunogenicity of
TB-HIV co-infected adults following treatment completion.
Phase IIb clinical trial in the same population intended to prevent
TB recurrence are being prepared.

M72/AS01¢ (GSK 692342)

This is a protein adjuvant vaccine developed by Glaxo-
SmithKline Biologicals, USA from MTB recombinant fusion
protein (Mtb32 and Mtb39) and ASO1g, AS024, or ASO1g ad-
juvant, which is designed to promote BCG-induced immune
responses [57-62]. In preclinical studies, GSK 692342 has been
shown to induce more efficient immune responses in animal
models than either Mtb32 or Mtb39 alone [63] as well as more
efficient protection than BCG alone in mice, guinea pigs, and
non-human primate [63, 64]. In clinical phase II trials, GSK
692342 has been shown to have clinically acceptable safety
and to induce strong humoral and cellular immunity in healthy
and HIV-infected populations (ClinicalTrials.gov Identifier:
NCTO01262976), TB-infected adults (ClinicalTrials.gov
Identifier: NCT01424501), and adolescents with PPD negative
or positive skin reactivity (ClinicalTrials.gov Identifier:
NCT00397943, NCT00621322 and NCT00950612) [58,
65-72]. At present, M72/AS01g has been tested in completed
phase IIb clinical trial (ClinicalTrials.gov Identifier:
NCT01755598) in Kenya, South Africa, and Zambia. HIV-
negative LTBI adults were randomized to receive two doses of
M72/AS01g or placebo to study the occurrence of active PTB
unrelated to HIV infection and its safety or immunogenicity. Ten
patients in the vaccine group were confirmed to have active PTB
by bacteriology compared with 22 from the placebo group. The
primary analysis of this trial showed a 54% (90% CI: 14-75; P =
0.04) point estimate of vaccine efficacy over about 2 years of
follow-up [73].

Whole cell/extract vaccines

RUTI®

This is an inactive, multi-antigen vaccine based on MTB
whole cell extracts [74]. It is hoped that this could be used

as a therapeutic vaccine in combination with short-term anti-
tuberculosis chemotherapy for prophylactic treatment of
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patients with MDR-TB. In preclinical experiments, short-term
chemotherapy in mice and guinea pigs using RUTI® can ef-
fectively control LTBI, significantly induce the Th1/Th2/Th3
complex immune response, and enhance local accumulation
of specific CD8 T cells [74]. Phase I studies with healthy
volunteers (ClinicalTrials.gov Identifier: NCT00546273)
[75] and phase II studies with LTBI (ClinicalTrials.gov
Identifier: NCTO01136161) [76] have found that the vaccine
is safe and tolerable and has good immunogenicity at all study
doses. Currently, a phase Ila clinical trial (ClinicalTrials.gov
Identifier: NCT02711735) is being conducted by the
University Medical Center Groningen to investigate the
safety and immunogenicity of a RUTI® therapeutic
vaccination for patients with MDR-TB following successful
intensive-phase treatment.

DAR-901 booster

This is a whole-cell, heat-killed NTM vaccine produced from
a large-scale broth growth culture method from the SRL-172
master cell bank [77]. In animal models, using DAR-901 as a
heterologous booster significantly induced a strong cellular,
humoral immune response in C57BL/6 mice and enhanced
aerosol challenge protection against MTB when compared
with BCG homologous potentiation [78]. Phase I study
(ClinicalTrials.gov Identifier: NCT02063555) from the
Dartmouth-Hitchcock Medical Center in the USA found that
subjects (BCG-immunized adults with or without HIV) were
safe and able to tolerate three doses of DAR-901 and that this
effectively induced the formation of cellular and humoral im-
mune responses [79-81]. A randomized, placebo-controlled,
double-blind phase IIb clinical trial (ClinicalTrials.gov
Identifier: NCT02712424) has recently been initiated with
adolescents who had previously received BCG in the United
Republic of Tanzania.

MIP/Immuvac

MIP, also known as Immuvac, is a heat-killed Mycobacterium
indicus pranii (Mycobacterium w) vaccine. It has been ap-
proved by the drug controller general of India and the FDA
as an immunotherapeutic and immunoprophylactic agent for
treating multibacillary leprosy patients (as an adjunct to stan-
dard multidrug therapy), and for preventing the development
of leprosy among close contacts of leprosy patients [82—84].
Mpycobacterium w shares an antigen with both Mycobacterium
leprae as well as MTB and is also found to be useful in the
prevention of TB in experimental animals [85, 86]. Previous
studies on the efficacy of Mycobacterium w as an immuno-
modulator in PTB patients have shown higher sputum conver-
sion rates in patients given Mycobacterium w as an adjuvant
therapy along with standard anti-TB treatment, and it has
faster and remarkable sputum converting capacity [87].
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Similar studies conducted in PTB category-II patients have
shown improved cure rates [88]. As of now, the investigators
are investigating MIP for its efficacy in category-1I PTB
(ClinicalTrials.gov Identifier: NCT00265226) and category-I
PTB (ClinicalTrials.gov Identifier: NCT00341328) patients in
a “double-blind placebo-controlled randomized clinical con-
trol trial.”

Vaccae™

This is a non-cell lysate of Mycobacterium vaccae, which was
jointly developed by National Institutes for Food and Drug
Control, China, and the 309th Hospital of the People’s
Liberation Army (Beijing, China) and is manufactured by
Anhui Zhifei Longcom Biologic Pharmacy Co., Ltd. (Anhui,
China). In 1999, Vaccae™ got the “New Drug Certificate”
and approved by the National Medical Products
Administration of China (NMPA) as an immunotherapeutic
agent [89], which played an important key role in improving
immunity, promoting phagocytosis, regulating bidirectional
immunoreaction, and reducing pathological damage. It is
therefore used as a combination therapy for the adjuvant treat-
ment of TB chemotherapy and to shorten anti-tuberculosis
treatment for patients with drug-sensitive TB. As a new indi-
cations for Vaccae™, NMPA approved of the plan “Phase III
clinical study of efficacy and safety of Vaccae™ to prevent TB
in high risk groups of TB infection” in December 2012.
Currently, Vaccae™ was evaluated in phase III clinical trial
(ClinicalTrials.gov Identifier: NCT01979900) as an LTBI
immunopreventive vaccine in 2018, and data on its safety
and efficacy of TB prevention are being summarized.

Attenuated/recombinant live vaccines
MTBVAC

This is a live attenuated vaccine derived from the clinical
isolate of MTB by deletion of phoP and fadD26 genes [90].
It was developed by the University of Zaragoza, Pasteur
Institute, and Biofabri with support from TBVI. MTBVAC
is the only TB vaccine based on attenuated MTB, which is
entering clinical trials [91, 92]. It is intended to serve as a
preventive vaccine for newborns and replace BCG as well as
to be a booster vaccine for adolescents and adults. However, it
is likely to be subject to the same interference caused by prior
immunological sensitization by NTMs as reported for BCG.
Phase I clinical trial (ClinicalTrials.gov Identifier:
NCT02013245) conducted in Switzerland in 2013 found
that, among 18- to 45-year-old healthy adults, the MTBVAC
vaccine had similar levels of safety to BCG and that no sig-
nificant adverse events were caused by different doses. All
vaccinated people were negative for IGRA at follow-up after
210 days of inoculation [93]. In May 2018, phase Ib clinical
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trials (ClinicalTrials.gov Identifier: NCT02729571) were
completed in adults and infants. The first stage includes 18
HIV-uninfected, QFT-negative, BCG-vaccinated adult partic-
ipants, randomized 1:1 to receive BCG Vaccine SSI or
MTBVAC at equivalent dose, and the second stage was com-
mence in 36 HIV-unexposed, BCG-naive newborn infants,
randomized 1:3 to receive BCG Vaccine SSI or MTBVAC at
one of three different dose levels. Two phase Ib/Ila clinical
trials (ClinicalTrials.gov Identifier: NCT03536117 and
NCT02933281) and epidemiological studies (ClinicalTrials.
gov Identifier: NCT03536117) have recently been carried
out by Aeras and Biofabri with adults and/or infants in
South Africa.

BCG revaccination (Gates MRI-TBV01-201)

BCG vaccine is given at or shortly after birth in many devel-
oping countries to prevent TB. However, it does not provide
protection against PTB. For unknown reasons, a BCG revac-
cination or “booster,” while not toxic, does not provide much
additional protection. In 1995, the WHO issued the “Global
Tuberculosis Program and Global Program on Vaccine:
Statement on BCG Revaccination for the Prevention of
Tuberculosis,” which concluded that the revaccination effect
of BCG could not be confirmed. WHO does not advocate to
revaccinate, and it is not necessary to vaccinate anyone for
multiple times [94]. After the announcement of the statement,
the countries that implemented the BCG revaccination policy
stopped the strategy, and China also stopped the revaccination
policy of BCG in 1997. At present, only a few countries in the
world still implement revaccination strategies, and some even
inoculate many times. With the emergence of a large number
of MDR-TB and TB-HIV co-infection at the end of the twen-
tieth century, WHO issued another position paper on BCG in
2004 [95]. The position paper states that revaccination of
BCG in individuals who are positive for TST (whether or
not the positive result is caused by NTM, MTB infection, or
BCG vaccination) does not improve its immunity against TB.
But, if the TST is negative and inevitably close to MDR-TB,
BCG may be considered. However, the 2018 [96] position
paper replaces the 2004 WHO position paper on BCG vaccine
and the 2007 [97] WHO revised BCG vaccination guidelines
for infants at risk for HIV infection. It incorporates recent
developments in the TB field, provides revised guidance on
the immunization of children infected with HIV, and re-
emphasizes the importance of the birth dose. The 2018 posi-
tion paper shows minimal or no evidence of any additional
benefit of repeat BCG vaccination against TB or leprosy.
Therefore, revaccination is not recommended even if the
TST reaction or result of interferon-yrelease assays (IGRA)
is negative. In addition, the absence of a BCG scar after vac-
cination is not indicative of a lack of protection and is not an
indication for revaccination. But, BCG vaccination of

unvaccinated, TST-negative or IGRA-negative school chil-
dren is recommended for those coming from or moving to
high incidence/burden settings, as well as older groups at risk
through occupational exposure.

In the mouse model, mice vaccinated with a repeat dose of
BCG demonstrated an increased titer of anti-BCG IgG [98,
99], as well as revaccination of cattle with BCG 2 years after
first vaccination restored protection from M. bovis challenge
compared with calves receiving only a single vaccination
2.5 years previously [100]. Interestingly, Use of an in vitro
model of human PBMC induced with a repeat dose of BCG
at 24 and 72 h of cell culture demonstrated increased anti-
BCG IgG levels in supernatants compared with the pre-
boost and control groups [101]. Several human clinical studies
have performed an analysis of the effects of BCG revaccina-
tion in the HIV-1-uninfected (ClinicalTrials.gov Identifier:
NCT02378207 and NCT02075203), BCG-naive healthy
adults (ClinicalTrials.gov Identifier: NCT03175380), and
LTBI (ClinicalTrials.gov Identifier: NCT01119521). Now, a
phase 1Ib (Clinical Trials.gov Identifier: NCT04152161) study
of the vaccine by Aeras, in collaboration with partners
including the South African Tuberculosis Vaccine Initiative
(SATVI) and the Emavundleni Research Centre found that,
while BCG revaccination did not demonstrate efficacy in
preventing initial MTB infection (defined as QFT conversion
atan IFN-y level of> 0.35 TU per ml after day 84), it did result
in significantly reduced rates of sustained QFT conversion
(defined as three consecutive positive QFT results after day
84) [102]. These findings have fuelled renewed interest in the
potential utility of BCG revaccination and prompted consid-
eration of BCG revaccination in certain settings as part of an
overall improved TB vaccination strategy, although it is not
clear to what extent cellular and/or humoral immunity contrib-
ute to this protection.

VPM1002

VPM1002 (rBCG AUTreC:: hly) is a recombinant BCG vac-
cine developed by the Max Planck Institute for Infectious
Biology, which uses the Listeriolysin O (LLO)-encoding gene
of Listeria monocytogenes (Hly) to replace the urease C
encoding gene (UreC) and so improve BCG immunogenicity
[93,103]. LLO is a cholesterol-dependent cytolysin that forms
a transmembrane [3-barrel-like pore in the phagocytic lyso-
somal membrane, allowing Listeria monocytogenes to escape
to the cytosol [104, 105]. Urease inhibits Phagocytic lysosome
maturation and improves the survival of MTB in macrophages
[106, 107]. Studies have found that the elimination of urease C
promotes phagocytic lysosomal fusion while providing opti-
mal pH for LLO stability [104]. Therefore, expression of LLO
in VPM1002 leads to the release of bacterial antigens and
DNA into the cytosol, ultimately triggering autophagy and
apoptosis [103].
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In preclinical studies, the VPM1002 vaccine showed supe-
rior protection to BCG in MTB aerosol challenge mice and
was safe in animal models including immunodeficient mice,
guinea pigs, rabbits, and non-human primates [108]. In 2009
and 2011, phase I and phase Ib clinical trials of safety and
immunogenicity were carried out with adults in Germany
(ClinicalTrials.gov Identifier: NCT00749034) and South
Africa (ClinicalTrials.gov Identifier: NCTO01113281). It was
found that VPM1002 is safe and can effectively stimulate
the proliferation of IFN-y-secreting multi-factor T cells
[109]. Phase II clinical trials to assess safety and immunoge-
nicity in healthy neonates (ClinicalTrials.gov Identifier:
NCTO01479972) as well as HIV exposed and unexposed
neonates (ClinicalTrials.gov Identifier: NCT02391415) have
also been carried out in South Africa [110]. Additionally, a
phase I/II1 trial (ClinicalTrials.gov Identifier: NCT03152903)
of the vaccine for the prevention of TB recurrence in adults
has been initiated in India.

Evaluation of TB vaccines’ efficacy
Preclinical evaluation

Preclinical evaluations of the efficacy and safety evaluation of
novel TB vaccines are the most direct means of determining
whether a vaccine can enter a clinical trial. Different types of
novel TB vaccines have different preclinical evaluation
methods, meaning there is no unified preclinical efficacy eval-
uation standard for novel TB vaccines.

Researcher who are preclinically evaluating BCG typically
immunize tested animals with BCG, then infect them with
MTB, and finally evaluate the number of bacteria and lesion
index of liver, spleen, and lung MTB as well as animal sur-
vival within a certain period. However, the types of animals
used, infected strains, doses of infection, and routes of infec-
tion vary. Similar to preclinical efficacy assessment for mater-
nal BCG, the preclinical efficacy of the recombinant BCG
vaccine VPM1002 was assessed as an aerosol infection of
BALB/c or C57BL6 mice by H37Rv or Beijing/W genotype
family clinical isolates. Bacteriological and immunological
parameters of infected mice are assessed, such as lung bacte-
rial load, type 1 and 17 cytokine responses, YT cells, central
memory cells (TCM), follicular helper T cells (TFH), and anti-
mycobacterial antibodies [111-116]. Safety evaluations were
simultaneously performed in mice (including RAG1 ™~ immu-
nodeficient mice [112], severely combined immunodeficiency
mice [112, 116]), guinea pigs, rabbits, and non-human pri-
mates [108, 117] to assess rates of VPM1002 dissemination
between the lungs, spleen, and other tissues as well as the
ability to resist lymph node dissection [114, 116].

M72/AS01% is one of the novel TB vaccines of subunit
protein adjuvant that has been highly expected in clinical
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trials. Its preclinical evaluation method differs from recombi-
nant live vaccine VPM1002. Researcher of a mouse model
evaluated the number of Mtb72F-specific CD8 T cells, secre-
tion level of y-interferon and granzyme B, and expression
abundance of CD45RB and interleukin-7 receptor « chain
on cell surfaces in the lungs of mice after immunization with
M72/AS01 vaccine [118]. In the guinea pig model, effects of
the M72/AS01g vaccine on survival rate, PTB granuloma, and
airway remodeling and reconstruction were evaluated [119].
The rabbit model of tuberculous meningitis evaluates the pro-
tective effect of the M72/AS01g vaccine on the central ner-
vous system through clearance rates of TB in cerebrospinal
fluid, leukocyte level in cerebrospinal fluid, and pathological
damage in brain and lung, as well as changes in body weight
[120]. For the cynomolgus monkey, the clinical parameters,
pathology, long- and short-term survival rates, Th1 cytokines
(IFN-y, TNF, IL-2, and so on), and innate cytokine IL- 6
changes were mainly evaluated [121].

However, there is a consensus that the international evalu-
ation of preclinical efficacy and safety of novel TB vaccines
using mouse, guinea pig/rabbit, and non-human primate three-
level evaluation models is consistent, although evaluation of
different animal types has its advantages and limitations
(Table 2).

Clinical evaluation

Clinical trials are the only way to research and develop vac-
cines. Vaccines that have been preclinically evaluated need to
undergo phase I, II, and III clinical trials before obtaining
registration approval. It may even be necessary to design
phase IV clinical trials to comprehensively evaluate the safety
and efficacy of post-marketing vaccines in practical popula-
tions. The clinical evaluation of novel TB vaccines is based on
TB incidence in phase III clinical results. Vaccine efficacy is
evaluated by comparing the difference in TB incidence be-
tween the vaccine and placebo groups. The WHO required
novel TB vaccines to have a protective power of at least
50%. Phase I and I clinical trials are a relatively simple means
of evaluating the safety and immunogenicity of novel TB
vaccines. However, due to long-term and delayed recurrence
of MTB infection, efficacy evaluation of TB vaccines in phase
III clinical trials typically requires a follow-up of at least 2—
5 years for large samples.

The lack of intertrial harmonization or standardization for
the clinical evaluation of different novel TB vaccine candi-
dates (Table 3) precludes a direct comparison of those immu-
nological outcomes. Researcher of phase I and phase II clin-
ical studies of vaccines for neonates or uninfected individuals
have tended to find that vaccine groups can induce cytokine
production as well as enhancing anti-TB immune response.
However, when clinically evaluating the LTBI adult prophy-
lactic vaccine, immunized subjects were infected with MTB,
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Table2  Advantages and disadvantages of animal models in preclinical evaluation of TB vaccine

Animal Advantages Disadvantages
model
Mouse » Small size, easy to operate and low purchase and feeding » Without obvious clinical manifestation of TB infection [126].
costs [122]. * Produces a weak late-type hypersensitivity reaction and induces TB
* Rich in immunoassay reagents and has a clear genetic granulomas, but the structure of TB granulomas is different from that
background and can be used to study the pathogenesis of TB of humans [127, 128].
[123, 124]. * The sensitivity to MTB is low, and the pathological changes and
* Humanized mouse model can be constructed for the study of ~ bacterial load in the organs are uneven [129].
TB-HIV co-infection [125].
Guinea pig  * Susceptibility to MTB and low dose infection can cause * Lack of general clinical manifestations of TB infection [132].
significant TB lesions [130]. * Limited availability of immune reagents [130, 132].
* Producing a strong delayed type hypersensitivity response  * Easy to form a wide range of diffuse lesions and cannot spontaneously
and inducing caseous necrosis [130]. latent infection [130].
* Miliary nodules are observed in the lungs, liver, and spleen,
and TB granulomas are very similar to humans [130, 131].
* Anti-TB drugs and vaccines respond well and are commonly
used models for TB skin test assays [132].
Rabbit » TB granulomas with caseous necrosis and liquefaction, and * Higher purchase and feeding costs [133].
easy to form cavitation [133]. * Limited availability of immune reagents [133].
» Pathological model of bone TB, TB meningitis, and skin TB ¢ Easy to form haematogenous spread and death [133].
liquefaction can be constructed [134—139].
Non-human e General clinical manifestations of TB are consistent with * Higher purchase and feeding costs and containment facilities [142].
primate humans (low fever, emaciation, cough, and dyspnea) * Limited availability of immune reagents [142].

[140-143].

» Can mimic LTBI and various forms of active TB [144, 145].

« Structure of TB granuloma is similar to human [142].

* High variation within groups, making it difficult to evaluate the
effectiveness of vaccines [142].

and sensitization states and immune markers of the body were
found to differ from those who were uninfected. A series of
immune indicators commonly used to evaluate vaccines for
neonates or uninfected individuals have been positive prior to
vaccination. Whether changes in these indicators following
vaccination can be applied to the clinical evaluation of LTBI
anti-vaccination vaccines remains unknown. Therefore, it is
even more rare if a standard set of parameters allows accurate
comparisons between studies and vaccines to determine
whether this is a reproducible in clinical trials. At present,
novel vaccines for TB in phase III clinical trials are MIP/
Immuvac, Vaccae™, and VPM 1002, and no relevant research
data have been published [146, 147].

Challenges of researching TB vaccines

The ideal TB vaccine will have a strong protective efficacy,
stable and long-lasting immunogenicity, and no adverse reac-
tions. It would prevent TB by single or several immunizations.
However, there is no vaccine that is more protective or sus-
tainable than BCG. While some novel vaccine candidates
have achieved certain effects in animal models, how to apply
them to humans and whether they can replace BCG still re-
quires a long period of experimentation, follow-up, and dem-
onstration. MVASSA is the first new TB vaccine to receive
much attention in the past 90 years. In preclinical animal
models, MVAS5A was found to significantly enhance BCG

immunogenicity priming in guinea pigs, rhesus monkeys, and
cattle [148]. Its safety and tolerability have also been validated
in phase I and phase Ila clinical trials in healthy adults and TB-
and HIV-infected infants, children, and adolescents [40,
149—156]. However, in a phase IIb clinical trial conducted in
South Africa in 2013, it was found that healthy infants who
had been vaccinated with BCG and immunized with
MVASSA did not have additional protection [157]. This result
was a great disappointment to both the TB vaccine research
community and funders and a call to action for researchers in
basic and applied vaccine development. At the same time, this
lesson suggests that some of the results obtained in preclinical
animal models do not align with results of clinical trials.
Therefore, the development of novel TB vaccines continues
to face many challenges.

(1) Lack of clear protective antigens: MTB has approximate-
ly 4000 genes encoding thousands of proteins [158]. The
proteins used in TB vaccine design are mainly
proliferation-associated antigens (that is, six of the eight
subunit vaccines entering clinical studies contain Ag85A
or Ag85B proteins). Critical and unresolved questions in
TB vaccinology are how to select the best antigens and
how many antigen to include in a vaccine. However,
limited clinical trial data makes it difficult to support
the effectiveness of this antigen or any other single anti-
gen against TB. It is therefore necessary to select more
effective antigens to construct a vaccine from the

@ Springer



Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

1414

"g688V 103 osuodsad [ OSITH A-NAI

"SOI Aq paInseatt 9 g\ Ul SHVS 10 SV [pim
S[[09 [ 9102ds-9 [V SH Pue ¢85y JUa19 ] siuedronred jo o3ejuoorad pue soquiny . NI snpe 1gIT ST €10T un(—[ 10T 'AON I 1€01:9SH
"uonoAIp
Ke1-¥ 15970 pue ‘AySeISorpieoonds)d
“aunuwy ‘uonony AQupny| pue IOAI] ‘poo[q AULNOI
oy Ioye pue a10joq gM U SOI £q ‘sudIs [e)1A Aq paInseaws SV [BJ0] pue
paInseaw 9q [2A9] Apoquue pue A-NA urys ym syuedionred jo soquinu oy « NI s)npe Aypesy Sel —8107 1dy 1 2009/0av
"UOTJEUIOOBA [EeSEUBHUI [)IM
PILID0SSE AJUOUIIOD SHY JIA)SAS
IO [€J0] POYIDIOSUN PUE POYII[OS o
*9s0p Aue Jo uonensIuIwpe Jo [ g synpe
QUON » uIIA SULLINOJ0 SUONOBAT JJRIPIWIU] »  [BYU] PAJEUILA-D)E A[EoH 9¢ S10T "924—€10T PO I Tr0-N'1d/dL
‘Kesse urp[y
qLN pue Aele uoIssaidxo ouor) « "V683Vy uodnue
"SIOSTEW [[99 03 asuodsar ] OJSITH A-NAT 100 L » S)UQOSI[OpE pue
ooeyIns s[rydonnau pue s[[o9-¢ « "Apnys o) JO uoneInp ) 10 POPIOIAI synpe
“winies ul y¢gay 0} saIpoquuy 9Q SHV padljosun pue pajidljog « NI pejeuodeA-DDg A[esH L —610C Tf I
"SIOMTEW SUNIILUI [IOWNY ‘SVS pue sgy Jo NI synpe
PUB PajeIpaul [[29 JO UONHRZIINOBIRYD) « 2INjeu PUB ‘QoUPIOUT ‘Aousnbal] « 29 [BYU] PjeUIddeA-DDE AP[edH 6€ —610C "uef 1
am
ur AJIunuIt pajerpol [0 JO SIoMTeu
K1ore10qe] Sulredwos Aq AyoruoFounuruy "Apmys oy Jo uoneImp ) JoJ pApIOdal synpe VSSVAIN-VSS
TE[[[0D [ESOONUI PUE OIUAISAS 9Q SHV pajdljosun pue pajidljog « NI poreutodeA-n)g AY[esH [44 910T 1dv—€10T "Tf I [XOPVUD
‘sorpoquue
[enAouspe-pue Sunsrxoeard pue asop
ym
P2JL[21I09 AUIIORA 0} dsuodsar sunwwy «
‘gL 10} Aesse 9seo[al UOIJIUI
aamsod
& Surdojoasp syuedroned jo zoquiny «
Tvd ym paredwod wnnds
PIONPUI WOJJ PAINSLIW SASUOdSAT duNUI] o
NI (s pareduwiod
UONJEXSIUTWIPE PI[BYUI JO Ayorudgounuuu] «
‘Kesse gD pue ‘uononpoid
QUI0IAD
‘LOdSITd uoIajIour Aq paInseaut s)npe
9q g\ PUe TV Ul S[[99 I, 9510ads-y 683V « sy Suntodar syuedronied Jo roqunN «  [eYU] PajRUIdORA-D)F APTEOH Y4 —£ 107 "dos 1
“Kesse [OdSI'TH pue
VSIT UOISLIAIUI Aq PAINSEIW 9q S[[0 ], *Ay101X0) AI0jJRIOqR] pUE synpe
o10ads-y¢g3y Jo Anuenb pue [9A9] YT, « swojdwAs JTQISAS pue [800T » NI pareurdoeA-n)g AyiesHq Sy €10Z ‘TN[—600C ‘unfg I VS83V Spv
9ep uonadwod
SOINSLAW OUWIOINO ATBPUOIIS SOINSLAW OWIOONO ATRWLI]  9IN0Y spolqng JuowyjoIuy pue 1IelS 9Seyd 9JepIpuLd JUIOIBA

QUIDJBA ¢ ], [SAOU JOJ Salnseall SWOdINO [edruI]) € 9|qel

pringer

Qs



1415

Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

‘syurodowm paygroads 1e HS-VID + £6AT
0} sosuodsar Je[n[[od pue [eIOWNH «

‘siutodawn paygroads je 4S-VID + £6dl
0} sosuodsaI Ie[n[[od pue [EIOWN] «

"SOI Aq pamsedw sONEJ Ut

T-11 pue ANLL ‘A-NAI Suronpoxd
S[[99 1. 8D PUe D JO 9FeIUd0I1 ] »

"LOdSITd 4q

pamseawr 9q SOINGJ UI S[[29 Surjo1des
QUD03Ad (O1-TI pue A-NJ JO Ioquiny] «
opmyudew pue dyel asuodsar Apoquue DI «

SONdd
ur uononpoid aun0IAd 7Y L pue [y e
'SOI Aq pamseawr
T-11 Pue AN “A-NAT Swonpoxd
S[199 I 8D PUe D) JO 05eju0d1od «
€61 01 sosuodsar Apoquue D3] «
‘syurodowm pagroads je sasuodsar [[29-],
pue Apoquue D3] Junen[ead Aq ouofe
€6A1 Y paredwod gS-vID + €61 »
‘sordwes ewserd Jo vSITH
D3] Aq sesuodsar sunuwl [eIOWNH e
"Kesse SO poo[q s[oym Aq sasuodsar
QUNUIWT POJRIPAU [[90 dJ10ads uenuy «
SHVS 10 SV Jm
syuedronied jo a3ejusored pue oquiny .

“Kesse L OdSI'Td
pue SDJ Aq pamseawr 9q dsuodsal [[99-], «

"(POLISAI- [ YN PUB PAOLISI-[AD)
sosuodsal [[99-1, PAIINSAI-DHIA
's9)A00[nueId pue ‘sajkoouour
‘s[109 onLIpuop ‘9)KooydwA] Jo sa3uey)) «
SOINdd
pare[nuuns-uagnue
Jo sisATeue [euonduosuel] «
"VSIT4 Jo Aesse Apoquue
xardnnur £q pamseawr asuodsar [eIOWNH «
‘Kessy SO £q pamseawr
9q DINE U! [[99-L 7D JO seSuey) «

‘LA0O Aq painsesw
99 01¢ KB U0 UONOJUT TN 10F FANISOJ «

"Apms oy} JO uoneInp Y} 10§ PAPIOIAI Aq
SHV'S PUE SHV PajIorjosun pue pojidrog «
"Apmjs o) Jo uoneInp oy}

10J POPI0IRI 3q STY'S PUE SFYPIIDIOSUN PUE PIA)IONOS o

"Apms o) Jo uoneInp ay}

10J PAPIOJAI 2q STY'S PUE STV PAIDIOSUN PUE PAJIOI[OS o

"SV OIWQ)SAS pue 9)IS UONd[ur pjIorjos
Surouonadxa s)o02[qns Jo Joquiny «

"HS-VID WA UONEUIQUIOD U 10
auoe €6(11 JO ANIqeIafo) pue A1Jes «

-2mymo wmnds £q

POULIJUOD SeM UONOJuIRI 0 dsdejor aseaIp g, JO ALY «

‘SHVS 10 STV PoMoIjosun pue pajIoIos «

‘Kesse SO oy Sursn sosuodsar
[199-L 8D Pue +H D o51oadg »
SHVS

10 sgV ynm syuedronred jo ogejuoiad pue roquuny «

"SHVS 10 SV PoydIjosun pue pajIoros .

s)npe

I PajeuIodeA-DDe ApesH

SJUQISA[OpE

NI PajeurodeA-DOF ApesH

NI

NI

NI

I

NI

NI

NI

sinpe AgQeoy

synpe Aypresyq

synpe Aypresy

sinpe g.1d

sinpe 19171

SJuQsa[OpE A

sinpe g.1d

99

9¢

8Y

0L

09

006

86

78

[4¢

S10T r—€10T "dos qaI

—610C 1dy I

—810C 0 I

L10T "80v—§10T 0 I

y10¢

‘KBIN—C 10T Sy I dS-VID + g6dl

—610¢C "uef I

$10T AON—€10C S0V [l

910T "920-S10T AeN qar

910T PO—10T AON I

Salnseall awWodNo \A.H.m—uﬂooom

Salnseall awWodNo \A.HNEE&

anoy

spalqng JuowyjoIuy

oyep uonodwos
pUE JIB)S SSBUJ  SJEPIPUBD SUIDIBA

(ponunuod) ¢ I[qeL,

pringer

Qs



Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

1416

"SUOT)EIUQIUOD ApOoqrjue

SHVS 10 sgV
payorjosun pue swojdwiAs [e1ouss 1o [800]

oy10ads-z /N LN-IUY » PANOIOS ¢ OPeIS YIIM $102[qns JO JoquIny NI sinpe gL wl #102 1dV-110T AON I
T-0bAD Pue “e-IN.L ‘S-NAI "S[OAS] [BOTUUAYDOIq PUE [2OIS0[0Jetoy
Z-T1 Surssardxa s[[90-1, 8D [ewIOUqE IO [EUWLIOU )M $)02[qns JO Joquuny «
PUe, $AD-TLIN JO Aouanbaiy . ‘SHVS 10 sgV
'SUOIENUIJU0d Apoqrue payorjosun pue swojdwAs [e1ouss 1o [8o0]
oy10ads-z /N LN-IUY » PNDI[OS € OPBIT 1A $102[QNs Jo Toquuny « NI §1U09sd[0pe AY)EdH 09 010T "doS—600T 22d I
T-0bAD Pue “e-IN.L ‘S-NAI "S[OAQ] [20130[0JEWAY PUB [EIIWUAYO0L] JUISHIP
Z-T1 Surssardxa s[[90-1,, 8D PIm s309[qns Jo roquiny e
PUe, $AD-TLIN JO Aouanbaiy . 'SHYS 10 SV pajorjosun
'SUOIENUIIU0 Apoqrue pue swodwAs [e10ua3 J0 [8O0] POIOI[OS €
oyroads-z/IN LIN-IUY « opeId (A $192[qns Jo Joquuny NI sinpe AQredy 081 600¢ 1dv—-800 1dv I
‘soSueyo Aderoy) [enaonaIue
aAnoe A[ysiy yueoryrudis
M s)oa(qns Jo Joquiny e
T-0¥AD Pue ‘e-IN.L ‘S-NAI "S[OAQ] [BOTWIAYO0Iq PUE [ed150[0jeIIY
“7-1 Suissardxa s[[90-1,,8AD [eULIOUqE JO [EULIOU PIM S309[qns JO Joquuny e
pue, $(ID-TLIN JO Aouanbar] . STVS 10
*SUOIBIUAIUOD sHV paydljosun pue swoydwAs jerousd
Apoqnue syroads-z/ N GLIN-DUY e 10 [B90] PIDI[OS (M S}03[qns JO JOqUINN NI Sinpe AIH LE 600T "KBIN—-800C “unf I
'VSI'Td £q "S[OAQ] [BOIUAYD0Iq PUB [2IISO[0JeWOH «
paInseaws 7/ JA 03 SIo) Apoquuy « SYS 10
"Anowi01£d mofy £q S[1d90 1, , 8D/, ¥AD SV payorosun pue swoydwAs [erouad
o1103ds-z/ JN AqQ uoIssaIdxa aunjol£) « 10 [290] PAJIJI[OS YIIM S102[qNS JO JOqUINN] NI s)npe Ayesy St 800T "92d-800C "9°d I
‘so[dures winias ur
paonpoid A-N.J JO SUOIEIIUIIUO)) o
“1-0vAD PUe “B-INL g urnqojounturwt
B-NAT ‘T-TI Surssaidxa s[99-1,, 81D pue urojoid 9A10BI-) JO S[OAT «
pue, $D-7LIN Jo Aouanbaiyg « "S[OAQ] [BOTWIAYO0I] PUE [2O1S30[0JetaY
‘Apoquiue o1j103ds-7/ A 10} [ewIOUqE IO [EWLIOU )M $}02[qns JO Joquuny «
$100[qns POIIGATO00IIS JO JOqUINN] o SHVS 10 sy
*SUOIIEIUOIUOD payorjosun pue swojdwiAs [e1ouss 1o [8o0] (Tr€T69
Apoquue og1oads-z/ N GLN-IUV « PadIOS ¢ 3peIS M $109(qns Jo aquiny « NI sinpe Ayreoy U8 600C 92d-900¢ "AON 11 MSD) T10SV/ZLIN
"Kesse T ,J0) WO UONOJUL SISO[NOIdqN)
Juoye] J0J 9)er dsuodsar 9ANISOJ «
‘sjurodotm pagroads 18 gS-V IO + €61 "Aprys o} JO uoneInp Y} I0J PAPIOdAI 9q SIONIOM QIBOYEaY
0} sosuodsar Je[nyed pue [eIoWnH « SHVS Pue STV PIOIosun pue PajIdIos NI PpajeudBA-D)g L0T1 —8107 AeIN  e[I
‘syurodown pay10ads 18 4S-v 1D + £6dl "Apnjs o) JO uoneInp oy} 10J PapI0dAI 9q
0} sasuodsar Je[nyjed pue [eIoWn « SHVS Pue STV PaJIoNosun pue pajIoros « NI synpe g1d 09 L10T ‘Ue(—GTQZ Unf [T
9ep uonaduwod
SOINSLAW SWOINO ATBPUOIS SOINSLAW SWIOIN0 ATBWILIJ  9IN0Y spalqng JuswyjoIuy pue 1IelS 9seyq JJepIpuEd JUIOOEA

(ponunuod) ¢ I[qeL,

pringer

Qs



1417

Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

‘uanue JuIdORA A} 0} ‘SHY JIWR)ISAS synpe
sosuodsal [elowny pue Ie[n[o)) « PuE 9IS UONOS[UI PAJIdI[OSUN PUB PAIOIOS « NI, AIH-Pa1RUIdORA DOF 65 910T 'Unf—10¢ ‘924 1 1918009 106-4VA
‘WA)SAS OATA X0 UB ‘Aydex3orper 3soyo pue
ur sDINGd Jo Aesse uoniqryur ‘A10JeI0QR] QUINOI ‘SHY'S ‘UOHBUIUEXD
PMOoIS g N pue 9sea]ar A-NAJ » Ted1sAyd Aq peinseswr oq uonen[ead A1oJes « NI sinpe g1-ddN LT —610C ‘uef i
‘uoneuruexa [edrsAyd pue sugig [eya
‘suadnue g Isurese Joyjo pue ‘sijpwered DO ‘UoneWIURUL
Arunuuar pojeIpaw-Apoquuy e 10 sopou ydwA| Je[1y ‘uoneinpul
‘Kesse 1OJSITd Aq painseowr pue ‘Surjoms ‘ured ‘ssaupar 10 uondafur
0q Ayrunurtr pajeIpawt Je[nj[a)) « JO Q1S :A)[IQRIO[O) OILIASAS PUE [BO0] « NI s)npe 917 pue AIH S6 110T KeN—-010T unf I
“Pa1SA) SUIOIBA ‘SHY JIWRISAS PUR [BI0] JO UOIBUIOIBA 0}
o) JO SOSOP JURIIJIP Y} JO drysuonejar pue ‘A1suojul ‘9oUSLINGIQ) o
Ayorudgounurwul oy} Jo UOHEN[BA e -0100s ured 9[eos oI30[BUR [BNSIA o NI synpe Aypeoy v R00C unf—,00Z dy 1 @LLNY
"110409-gns dunuiwl pue Ajoyes
Q) UI S[IAJ] [BOTWAYD0Iq UL
[ed130[0JeWAY ¢ < 9pLIT JO 9OUALINIIQ)
'sojer Ayanisodoos
pue s10)13 Apoquue d1103ds-7/ A
“T0¥AD PUB ‘T “A-NAT 0-dNL
Surssaxdxa s[[90 [, , 8D/, +AD
o1y109ds-z/ JA Jo Aouanbai] .
SV [eloudd
PuE [800] PAIIJI[OS JO SIUALINIO() o
“UOOPUI-ATH YHUM PJRIOOSSE 10U
oseasip g Arevownd J1Y/9dLIN "UONOJUI-ATH YA PJRIOOSSE JOU 9SBISIP
1ady ouuIop JO SIS JUSPIOU] » d.1 Areuowrnd 9)1uijop Jo sosed JUIPIOU] o NI synpe 1911 S6SE 8107 AON—10Z Sny  qII
T-0vAd
pue ‘e-INL ‘S-NdI ‘T
Surssardxa s[[90-[, 8D pue
PAD-TLIN Jo Aouanbary «
‘Apoquyue *S[OAQ] [BOIWIDYIOIQ PUE [BOIF0[0JeWAY 1
oiy10ads-g/ JN 103 s109[qns pue ¢ opeIs yum s109[qns Jo oquuny «
PAMIOAUOI0IDS JO JIQUUNN] o ‘SHVS 10 sgV
'SUONEIIUIIUO0D Apoqujue payorosun pue swojdwAs [e10uss 10 [890]
oyroads-zLIN LIN-DUY « PaNOIOS ¢ OpeIS YIIM $100[qns Jo ToquIny NI sinpe AIH ove S10¢ "unf—[10¢ "uef I
“T-0vdD PUe “e-ANLL S-NAI
‘Z-1 Surssaxdxa s[[oo-L, L8aD
pue, $AD-TLIN Jo Aouonbai] «
‘Apoqnue
oroads-z/ JA 10§ s109lqns
PILIOAUOI0IOS JO JOQUUNY o
dep uonodwod
SOINSEOUW SUIONO ATEPUOIIS SOINSEOUW QWIOJNO ATBWILL]  9INOY sjoolqng juowfjoIuy pue JIe)S 9Seyq  JepIpuLd JUIIIBA

(ponunuod) ¢ I[qeL,

pringer

Qs



Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

1418

“SUOTIBAI
SnIp 9SI9APE SNOLISS pue ‘STV'S
SV PANSIOSUN pue PajIdI[os

(TwyNI $€°0
JO onfeA Jjo-1nd) 1s3) dAnisod
0} 9AESOU € WO UOISIOATU0D [0

SJUQISA[OpE

i sjuedronted Jo oquiny . paurejsns s syuedronred Jo zoquuiny e Al paeurdeA-D)g Apesy 0081 —6107 90  qII
"LOdSITH 4q
pamnseaw 2q s[[90 ], oy1oads-uadnue
d.LIA JO sarouanbaly 10SINd01d «
"VSITE 10 SOI Aq pamsedw oq
uonounj [[90 I, AIOWAW pue J0309JJH «
"uo1ssa1dXa QU3 OAIA-XH 10211 « UONBUIOIBADI
QUON "SJUSAS/SUONIBAL SSIOAPY o ar Sinpe [d.01 [4: €10T 'IN—010T PO I DOod
‘[euoI3ar pue
"M UI SaUI{03A0 o1j10ads Surssordxo OTWIRISAS ‘YIS uonofur ur SFyS
S[[°9 L 8D PUB +dD pue SV pajlorjosun pue pajoljog . ar SiUBJUl WI0OqMIN 66 —610C 4 I
"Kesse [0 WO s UOISIOAI
PUB UOISIOAUOD OFLIUIIN] o ‘[euoi3a1 pue
"Kesse SO Aq pamnseawr “OTWIRISAS “)1s uono(ur ur SyS
SIam SI[99 L 8D PUE $(dD o PUE STV PajIdl[osun pue pajIdlfog « ar sinpe 14171 0¢l —610¢C "uef ®e[/q1
"G\ SIUBJUI UI SOUD 0K
ogroads Surssardxa s[jeo
L 8AD pue @D Jo suoped sinpe
uo1ssaIdxs-00 pue sarousnbai] « "SHV [euoISaI pue OTuoIsAs )Is uonoauy « ar pue sjuejur Ayesf] ¥S 810 TeIN-ST0T "dos I
"T7I1 PUe AN “ANAT
Jo uorssaxdxa oy Sursyoen Aq ‘[eorwoyo01q pue [esr3ojojeway Aq
sosuodsal [[09-1, (1D JO Sonaury « painseaw 9q A101u050)08a1 pue Ajojes . al synpe Aoy 9¢ 107 AON—€10T "Ue[ 1 JVALLN
‘ddd-9.1 Jo wisAxored pue synsax
1S3} UDYS USIM)AQ UOHEBAI A «
STV PUE SUONOBAI [BOO] PUE OTWIAISAS o
‘syuaned Jo (K31aed ‘s1o3edIpur ‘Wi9BIOBA JO
A30[0LI010Bq) 92159p UOIST uonoa(ur Io1ye d0USPIOUI ¢, « I SNpe IGLT 00001 LI0T AON-€10T WO I WIOBOIBA
‘q.Ld 141030380
Jo syuoned ur asdefar pue ‘ojex
"9IND [LIIUI]D A JO JUSWISSISSE [8qO[T 2INd ‘UOISIOAU0D wmnds Jo own Y «
s,uerorsAyd pue sjuened oy, « SHV [ed1ur) NI SUnpe g1d [-A1088D  00€  TI0T TeN-L00T BN I
"d1d I1-A1039180 Jo syuoned ur asdejor pue
"9IN0 [BOTUI]O A} JO JUSWISSISSE [8qO[T 9]l IND ‘UOISISAUOD Wnds Jo awm Y[ «
s.uerorsAyd pue s juoned oy, « 'SV [eor) NI sinpe g1d [1-410801.) 0701 110T TBN-S00T TeN  TI1  OeAnww]/JN
19)e] sypuowt ¢ < yeadar uo oanisod "VIDI JO UOISIOAUOD S)UQOSI[OpE
os[e ST jet) VDI 2AnIsod MmN « UO poseq g LN M UONOJUL MON o NI pereutodeA-DOY Ap[esH 059 —910C BN qII
9ep uonaduwod
SOINSLAW SWOINO ATBPUOIS SOINSLAW SWIOIN0 ATBWILIJ  9IN0Y spalqng JuswyjoIuy pue 1IelS 9seyq JJepIpuEd JUIOOEA

(ponunuod) ¢ I[qeL,

pringer

Qs



1419

Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

sAesse 9sea[al A-uo1aoul oy ‘snid ploo g1- oNOYH gnuend) 7/0 ‘Surure)s dUD0)Ad Je[njjadenur §Hy ‘Aesse jodsounurur
PUI-OWAZUD JOJSITA ‘AeSSe JUdGIOSOUNUILIT PINUI[-OWAZUD YS775 ‘SHIIA AOUSIDIOPOUNIUILUI Uewny A7 ‘UONIJJUL SISO[NIIdqN) Judle] /g 17 ‘Sisonoraqm) Areuownd g7 g ‘xojdwod Anjiqnedwoso)siy
J0ofel D7y “S[[22 Teajonouow poojq [exyduad sHGJ “POOIq S[0YM gM DSeAR[ IR[OSA]ROYDUOI] TG ‘STUSAD ISIOAPE SNOLISS SFYS ‘SIUSAS OSIOAPR SV [BULISPRIUL (77 “P[RYUL DYy “TRNOSNIURIUL J]

"Ky1011030)0821 [RUOISAI pUE
[B00] PayIoI[Os Aq passasse AJoJes o
‘pasougerp AJ[esrur[o 10 pouLIuod
A[[eo130[0110)08q JOYII JOULINOAX
€1 [[BIPA0 JO 95B)ua0Io  «

QUON] »

‘Kesse SO £q
POINSEaw Sem pue S[[ad [,
8D PUE D JO IoqunN »

"VSI'TH 4q
paInsedw sem uone[nWns g

Jo1e A-NJ JO UONBIUIUO)) »
"gs83Yy 10

dd surede saIpoquue Wnidg «
'SOI
Kq pamseow oq S[[90 [, 8D pue

YD W Z-T1 Pue 0-ANLL “A-NdT »
‘ddd
M uone[nwns xye SOINGd
Funoa109s A-NJ Jo 1oquinu

o4} 10} LOdSI'Td Pue VSITH »

4588V 10
dd sureSe saIpoquue winiog «
"SOI 4q
painseawr dq S[[99 [, 8D pue
YD Ul -1 pue “0-IN.L “A-NAT
‘add
Pim uoneuins _ye sHINGd
3uneIods A-NJ Jo Joquinu
9y} 10} LOdSI'TH PUe VSITH
“(TwyN[ ¥ pue TuyN[ $€°0 Jo anfea
JJo-nd) 1593 oanisod 03 oAnEIoU
© WOIJ UOISISAUO0D [ ) ATewin{ «

"S3SBO OUALINDAL ¢ |, POUWLIJUOD
AJeor3o[on)oeq Jo 938IU00IJ «

‘19)8aI3 10

wut ()] Jo AyredouspeydwA]

paziferouad 1o [eroyeqisd

pajejel-JIA] pue suonoear Snip
9SIOAPE {7 PUR ¢ SpRIS JO SOUIPIOUL Y,

‘SISAJRULIN pUe ‘ANSIWISYD [BOTUI[d
‘A3ojoyeway Surpnjour ‘siojouwrered
Kjayes A101eI0qR] PIEpUE)S pUR
‘sugis [eya ‘uoneurwexa [earsAyd Aq
panseaw 9q AJ[IQRID[O0) Pue AJ9Jes «

‘s1ojowrered Ajoyes A1ojeioqe| pue
‘Ayder3ouos I0AI] ‘WeISorpIeo0nod[d
‘sugs [eya ‘uoneurwexa [earsAyd Aq

painseaw 9q AJ[IqeIo[0) pue AJ9JeS «

*SISATRULIN pUe ‘ANSTUAYO

[edtur]o ‘uone[n3eod ‘AJojojeway

‘Ke1-x 159y ‘Ayderdouos 10A1 ‘DO

‘sugs [eya ‘uoneurwexa [earsAyd Aq
painseawt 9q AJ[IQeID[0) Pue AJ9Jes «

ar sinpe g1d 000C —L10C ™A I/

dr  swegul uiogmou  ATH 91y L10T "AON—C10¢ unf I

alr SJUBJUI UIOGMOIN 8y T10T 'AON—TT0T "AON I
ar sinpe Ayijeoy 144 1102 TN-010C 1dy QI
orewr

dIl pereurdoea-nOg Ayeoy 08 600 "2d-800¢ "dos 1 COOTINIA

Salnseall awWodNo \A.H.m—uﬂooom

Salnseall awWodNo \A.HNEE&

oyep uonodwos

anoy sjoolqng juowfjoIuy pue JIe)S 9Seyq  JepIpuLd JUIIIBA

(ponunuod) ¢ I[qeL,

pringer

Qs



1420

Eur J Clin Microbiol Infect Dis (2020) 39:1405-1425

mechanism of MTB infection and so induce more effec-
tive protective immunity [159].

(2) Lack of credible preclinical evaluation indicators: In ear-
ly evaluation of immunogenicity, the novel TB vaccine
mainly detects specific antibody titers induced by the
vaccine, different types of cytokines produced by CD4*
and CD8", and other T cells following immunization
[160]. However, the correlation between these specific
immune cells or cytokines in the host’s immune protec-
tion against natural TB infection needs further study
[161].

(3) Lack of suitable vaccine evaluation animal model:
Animal experiments have provided evaluation of vac-
cines in terms of immunogenicity, safety, and efficacy.
Mouse models have the advantages of low price, strong
viability, and easy access to detection reagents, meaning
they are the first choice for the evaluating the prelimi-
nary effects of novel vaccines [162]. However, mouse
models do not accurately reflect the authenticity of vac-
cine protection, especially when studying the long-
acting immune protection response. Therefore, the use
of mouse models to evaluate the effect of novel TB vac-
cines may result in a deviation from the actual clinical
application effect [163]. In addition, evaluation results
from the same vaccines in different animal models were
inconsistent, with mice and guinea pigs achieving good
immunoprotective effects, which failed in non-human
primates [164]. Infection and disease manifestations of
MTB vary from species to species, and immune re-
sponse following vaccination is more variable in humans
[23]. Therefore, differences between humans and ani-
mals may be one of the main factors affecting the pre-
dictive ability of animal models.

(4) Lack of emulated exposure methods: A significant dif-
ference exists in the nature of exposure between animal
models and natural human infections. In preclinical ani-
mal models, MTB are initially infected by high-dose,
single-strain, single exposure through various routes of
attack (such as aerosol, tail vein, or intraperitoneal injec-
tion). However, in natural conditions, humans often ex-
perience multiple low doses, and infections are
established following exposure to different strains [165].

(5) Lack ofaunified clinical trial endpoint criteria: Reducing
the incidence of TB and improving the disease status of
patients are the main criteria for evaluating TB vaccines.
In preclinical animal models, the effectiveness of vac-
cines tends to be assessed by improvements in organ
bacterial counts, histopathological damage, and time of
animal death. In contrast, scientists use TB incidence as
an end point of human clinical trials. Obviously, there is
a fundamental difference and lack of relevance between
preclinical trials and clinical trials in determining the
endpoint of vaccine effectiveness.

@ Springer

(6) Lack of consistent evaluation environment: Unlike in a
single laboratory environment, there may be multiple
uncertainties in a human clinical test environment, such
as diet, nutritional status, NTM, worm co-infection, and
host genetic heterogeneity on susceptibility to TB. In
contrast, preclinical animal models tend to use specific
pathogen-free animals with a consistent genetic
background.

(7) Immunization population is complicated: When com-
pared with other infectious disease vaccines, a difficulty
in researching novel TB vaccines is that the immune
status of the vaccination population or infection back-
ground is complicated. The widespread vaccination of
BCG and NTM infections in countries that have high
rates of TB further exacerbates the complexity of vacci-
nation populations. In particular, whether a vaccination
with a strong immunogenic vaccine in the LTBI popula-
tion leads to a Koch response is a safety issue that cannot
be ignored. Therefore, those who are BCG naive, nega-
tive, or maintain positive after BCG vaccination and
LTBI need to be accurately differentiated and accurately
immunized to optimize vaccination effectiveness.

The future of TB vaccine research

Since the first use of BCG, there have been controversies
about its advantages and disadvantages, including its safety,
sensitivity to the diagnostic reagent tuberculin, and especially
the failure of some BCG vaccination trials. Novel TB vac-
cines, which provide effective, sustained protection, have al-
ways been an international priority. Especially in recent years,
given the advantages of novel vaccine research technology,
new methods and ideas for various vaccine research have been
established. A large number of different vaccine candidates
and their advanced stages in clinical development denote a
unique and exciting phase in TB vaccine research. There are
also a large number of novel vaccine candidates in preclinical
development, including more recently developed vaccine for-
mats such as DNA vaccines, new adjuvants and delivery sys-
tems, and combination vaccines. In summary, the develop-
ment of novel TB vaccines remains mostly focused on the
following regimens:

(1) Priming vaccine: Developing a new vaccine with longer
lasting immunoprotective properties and better protec-
tion than BCG to replace the primary vaccination of
BCG.

(2) Booster vaccine following BCG vaccination: Performing
short- or long-term immunization and heterologous or
homologous booster to enhance or prolong BCG priming
protective effects, improving immunogenicity of BCG,
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and making up for the shortcomings of BCG long-term
effects.

(3) Latent infection preventive vaccine: Used to inhibit en-
dogenous re-ignition of infected individuals with MTB
while preventing exogenous re-infection.

(4) Therapeutic vaccine: As an effective supplement to con-
ventional chemotherapy, which can reduce lesions, pro-
mote sputum MTB negative and cavity closure, shorten
the course of treatment, consolidate the effect of chemo-
therapy, and promote the outcome of the disease, effec-
tively treating drug-resistant TB.

Conclusion

TB remains one of the greatest threats to global health, mean-
ing the importance of effective and safer vaccines for control-
ling this epidemic is undisputed, particularly for MDR-TB and
TB-HIV co-infection. In the past 30 years, TB vaccines have
developed greatly, and vaccine candidates for different age
groups and different forms of TB have emerged. Despite dis-
appointing results from some of the clinical efficacy trials,
these experiences are sufficient to remind us to revisit the
design and evaluation of TB vaccines. Today, we are
witnessing immense progress in both preclinical and clinical
TB vaccine research. With the continuous coordination and
cooperation of the TB vaccine community, building a world
free of TB may be just around the corner.
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