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Abstract

Pulmonary tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is one of the worst microbial diseases of

humankind and an awful societal problem, especially in underdeveloped countries. The enormous TB-infected
individuals were in the Southeast Asian Region (46%), about 23% in the African Region, 18% in the West Pacific
region, and the rest in other regions. While TB is often effectively treatable, untreated cases can lead to drug-
resistant forms that are harder to manage and may kill the infected sooner after the disease flares up. In 2021,
approximately 1.6 million individuals succumbed to TB worldwide. Although the Bacillus Calmette—Guérin (BCG)
vaccine is currently the only approved anti-TB vaccine, its effectiveness in adolescents and adults is limited.
Globally, several vaccines are in the developmental stage. This review narrates the progress made in developing
23 candidate anti-tuberculosis vaccines (including developing more immunogenic and safer recombinant Mtb
strains) by different scientific groups worldwide. Additionally, the incidence of TB in India, along with the Indian
initiatives and activities in controlling the disease, has been briefly discussed.
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INTRODUCTION

Tuberculosis (TB) is an infectious bacterial disease caused
by Mycobacterium tuberculosis (Mtb). Mtb usually infects the
lungs but can infect any part of the body; among these
are Mtb infections of the kidney, spine, brain, and heart.
Tuberculosis can also infect the skin. Mtb infecting the lungs
is termed pulmonary tuberculosis. TB-infected individuals
can carry the microorganism but may not have active disease
symptoms. Those having pulmonary tuberculosis spread
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the disease to others through aerosol droplets, transmitted
through cough. Those infected with Mtb but not having
clinical symptoms of the disease are classified as having
latent tuberculosis (LTB). In individuals having LTB, the
immune system fights the infection and can suppress
the disease to a great extent. Persons suffering from LTB
cannot transmit the disease to others. LTB is a complex
immunologic issue. In LTB in pulmonary tuberculosis, the
Mtb initially gets entry through the nostrils duting breathing,
inhaling microscopic germ droplets generated from the
cough of an Mtb-infected individual who may be physically
close to the non-infected. The size range of the infectious
cough droplets can be from 0.65 to over 7.00 pm."
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The size range of Mtb in length and width allows the
cough droplets to accommodate one or more microbes
within their space, thereby causing the generation of
infectious aerosols, stabilized by the action of surface
active amphiphilic biological substances secreted by the
lung tissues at the infection site. Once the Mtb entrapped
into microscopic droplets reach the lower respiratory tract
of the lungs of the healthy individual with the inhaled air
and touch the lung surface, the contents in the aerosol open
up and diffuse inside, reaching the lungs tissues where the
resident macrophages or the white blood cells which are the
professional phagocytes meant for defending the invaders,
engulf the Mtb and internalize it inside a vesicular body
formed by itself. Pathogen-associated molecular designs
on M. tuberculosis are recognized via diverse receptors on
the macrophages that mediate opsonic and non-opsonic
bacterial uptake into these immune cells. The internalized
vesicular body within the cytoplasm of the macrophages is
called a phagosome. It is formed as a vacuole. Phagosome
formation enhances reactive oxygen species (ROS)
production by activating the NADPH oxidase (NOX)
enzyme complex. Entrapped Mtb develops capacities to
withstand the aggressive and destructive environment
of the phagosomes by mechanisms that are not yet
fully understood. After creating phagosomes, they draw
the resident lysosomes within the macrophage toward
them. These lysosomes adhere to the outer surface of
the phagosomes, poised for fusion when the appropriate
conditions are met. This fusion forms a digestive structure
called a phagolysosome, where the lysosomal contents are
delivered into the phagosome.

During the maturation process of phagosomes, among
other biochemical changes, the lowering of the phagosomal
pH is obligatory. Phagosome-lysosome fusion occurs after
the phagosome’s membrane-surface pH changes to acidic
pH. Lysosomes contain degradative enzymes that hydrolyze
DNA, RNA, proteins, polysaccharides, and lipids. Once the
contents of the lysosome are delivered into the phagosome,
the released contents destroy the Mtb entrapped therein.
In summary, in hosts having strong immune systems, the
phagosome maturation involves biochemical activities
of turning the phagosome and its outer membrane into
acidic pH, followed by fusion with the lysosomes forming
a phagolysosome and destruction of entrapped invading
agents by the released contents from the lysosomes are
thought to be the mechanism for clearing the infection by
the healthy hosts.”

In relatively weaker immune hosts, a few of the engulfed
Mtb residents inside the phagosomes can survive within
the adverse conditions and are in a position to direct the

reprogramming of the membranes of the phagosomes,
preventing these from getting acidic, thereby preventing
fusion with the adhered lysosomes. In such situations,
the captured Mtb remains alive with minimum nutrient
uptake within the phagosomes. In such immunity hosts,
TB remains latent for years. During the initial phase of
infection, the infected macrophages and other infected
cells transmit chemical signals that attract neutrophils,
lymphocytes, and monocytes towards the infected cells.
However, the bacteria remain hiding within the infected
macrophage and remain unapproachable to the surrounding
neutrophils, lymphocytes, and monocytes, subverting the
immune response of the host by the mechanism, which
is not fully understood, thereby facilitating the formation
of granulomatous focal lesions (which are inflammatory
cell infiltrates) that provide a survival niche, and enable
limiting growth and spread of Mtb. The bacilli, in a few
numbers, survive inside granulomas. Of all the Mtb-
infected individuals in the LTB stage, only about 10% of the
infected eventually get the clinically identifiable TB disease,
which implies that phagosomes also have a protective
role,’! in preventing and delaying the advancement of the
disease. The onset of the disease is characterized by an
initial low rise in body temperature, gradual but advancing
weakness, weight loss, persistent cough accompanied by
sputum production, and night sweats. A well-observed
phenomenon in Mtb infection is that apoptosis of infected
host macrophages is inhibited, much of the mechanism of
which has been unveiled, although a great deal of it is yet
unclear; virulent Mtb induces as well as inhibits infected
host macrophage cell death.*”!

Granulomas are considered highly dynamic and are held
in place in a dynamic equilibrium until the immune system
of the infected is relatively strong. Individuals can remain
disease symptoms-free if the immune system can stop
the rapid multiplication of the Mtb, and may even win
the situation by therapeutic interventions at this stage and
may get free from the disease if treated with appropriate
anti-tubercular chemotherapy. It is estimated that nearly
30% of the global population has LTB. Mtb cannot be
detected in such infected individuals, but their blood test
for interferon-y release assays or the tuberculin skin test
can provide evidence of LTB infection.!""

The LTB-infected individuals, if untreated, and if the
immune system further deteriorates for various reasons,
including inadequate intake of nutritious foods and the
aging process, then at the opportune time, the Mtb shall
dissolve the granulomatous focal lesions and multiply
by using the dissolved host-cellular materials as food for
multiplication, and shall invade the non-infected lungs
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tissues as also other body parts, and would eventually kill
the host.'"

In all types of pathogenic microbial attacks on humans,
the first line of defense is the innate immune response
where the macrophages, the neutrophils, and the NK cells
mount an attack together, trying to destroy the invader
by engulfing it after recognizing it as an invader through
the recognition of the protruding patterns of the protein
substances on the outer surface of the invader. After
engulfing the intruder in a phagosome, its destruction
follows phagosome maturation, fusion with lysosomes,
and disintegration with lysosomal enzymes. Concomitantly,
biochemical signals are sent through the immune cells,
such as the dendritic cells and neutrophils, to the other
macrophages for getting activated for sending molecular
signals to the inactive CD4" T cells through MHC class 11
pathways to activate the adaptive immunity tracts through
Th-1 and Th-2 modes of cellular pathways of immunity
responses, to produce activated CD8" T cells and plasma B
cells respectively. Multiple cytokines such as IL-8, IL-12, I11-
17, TNF-alpha, and IFN beta get secreted by the immune
cells as Mtb enters the human body. However, the Mtb
cannot be fully cleared as it has developed the mechanism
to hide inside the phagosome complex of the infected
macrophages of relatively weaker immunity-possessing
hosts, as already outlined.

In countries with a high incidence of active TB, many
individuals with LTB who ate otherwise healthy remain and
exist. The innate immune system (IIMS) of such individuals
capacitates a large percentage of such individuals to get
their own IIMS activated, learning to sense more precisely
the presence of multiple foreign disease-producing antigens
and to fight more numbers of microbial invaders, including
multiple viruses with increased efficiently. It was observed
by the author!">!“l that in countries where the incidence of
tuberculosis was higher, there was statistically less number
of deaths from COVID-19 flu when compared with
deaths in countries with less incidence of tuberculosis.
The author hypothesized that in such countries with a
high incidence of tuberculosis, there would also be a high
percentage of Mtb-sensitized healthy individuals exposed
to tuberculosis, and such individuals would have motre
competent innate immune capabilities to resist COVID-19
flu. A recent study on a small number of Danish healthcare
workers concluded"” that Bacille Calmette-Guérin (BCG)
vaccination did not affect the incidence of COVID-19 and
other infectious disease episodes. The Danish population
has a very low incidence of tuberculosis,' so the results
obtained on the effects of BCG vaccination on the
incidence of other infectious diseases are not surprising.

Further, the immune response from Mtb exposure is
anticipated to be much more intense as the antigens
expressed by Mtb are much more diverse than those
expressed by BCG. More studies are necessary to ascertain
how the immune system in both innate and adaptive
pathways gets modulated on exposure to Mtb and what
roles such immune activation plays in postponing TB
disease syndromes’ development. In this context, the role
of the phagosomes in immune activation, protecting the
hosts in cases of LTB individuals, may also need to be
understood more precisely, which may have a bearing on
elevating the IIMS.

Although tuberculosis infection caused by Mtb is often
curable and preventable, about 1.6 million people died
in 2021, of which some 187,000 had HIV. Tuberculosis
disease is presently the 13th leading cause of death and
the second leading cause of kill by microbial infection
after COVID-19. Worldwide, some 10.6 million people
fell ill with tuberculosis in 2021. The most significant
number of TB-infected individuals were in the Southeast
Asian Region (46%), about 23% in the African Region,
and about 18% in the West Pacific region."”! The regions’
classification is based on the World Health Organization
(WHO) classification. India, Pakistan, Bangladesh, China,
Indonesia, the Philippines, the Democratic Republic of the
Congo, and Nigeria are the regions where people are more
infected with the disease.

For the treatment of tuberculosis infection, the first line of
treatment of Mtb is with rifampin, isoniazid, pyrazinamide,
and ethambutol; the second line of treatment is with
combinations of kanamycin (discontinued use in some
countries like the USA), streptomycin, capreomycin,
amikacin, levofloxacin, moxifloxacin and gatifloxacin; while
treatment of multidrug-resistant tuberculosis is with one
ot more of the therapeutic substances such as bedaquiline,
delamanid, linezolid and pretomanid.*!

The Mtb strains causing tuberculosis are systematically
classified based on their susceptibility to the disease-treating
drugs. The disease can be had from Mtb strains which are
resistant to one of the first line of treatment drugs, namely
rifampicin, isoniazid, pyrazinamide, and ethambutol, and
the disease caused by such Mtb strain is then called Mono-
resistance tuberculosis (mono-resistant TB). When the Mtb
strain is resistant to more than one first-line anti-TB drug, other
than both isoniazid and rifampicin, the disease caused by the
strain is classified as poly-resistance tuberculosis (poly-tesistant
TB). Multidrug resistance tuberculosis (MDR-TB) is caused by
Mtb strains resistant to at least both isoniazid and rifampicin.
TB can be had from Mtb strains that are multidrug-resistant
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(MDR-TB) and also resistant to any fluoroquinolone (used in
tuberculosis treatment) and at least one of three second-line
injectable drugs (capreomycin, kanamycin, and amikacin).
Tuberculosis from such Mtb strains is called extensive drug
resistance tuberculosis (XDR-TB).?"

REASONS FOR WRITING THE PAPER

The evolved research and developmental strategies on
tuberculosis management through vaccination have
shifted gradually towards improving the BCG strains by
recombinant DNA technology and developing safe and
more effective live recombinant Mtb strains for use as
candidate anti-tuberculosis vaccines. Efforts are also directed
towards boosting the BCG vaccine-based immunity with
recombinant subunit vaccines such as viral-vectored- or
protein-based vaccines. Inactivated Mycobacterium strains
of different types are also on the menu. Further, the research
strategy is to boost the efficacies of the protein and peptide-
based subunit anti-tuberculosis antigens formulated with
novel adjuvants. Knowledge of genomic sequencing of
M. tubercnlosis strains, advances in molecular genetics, and
expertise in bioinformatics enables the identification of
more potent protein and peptide-based Mtb antigens. Several
recombinant DNA-based viral-vectored constructs ate
also being used to develop stronger adaptive immunity.****!
M. tuberculosis bacteria undergo mutations in their genome
to resist the therapeutic drugs discovered over time,
although understanding resistance-conferring mutations is
incomplete.” Nevertheless, since resistance development to
therapeutic substances is a feature of tuberculosis, one of the
ways to keep the infection away in disease-prone countries is
to have effective vaccines for developing an immunologically
strong self-defense system in innate and acquired immunity
pathways in every individual. This paper is yet another update
in the form of a gist of the research work being carried out
globally towards the development of one or more effective
anti-tuberculosis vaccines, along with an analysis of strategies
and recommendations that are thought to be beneficial
towards containing the disease in various countries, and
especially in India. The Indian government has plans to
contain the disease on a time-bound scale. This effort is to
find more scientific clues for the abatement of tuberculosis
through the invention and/or use of potent anti-tuberculosis
vaccines. The author has long-term experience in handling
novel adjuvants based on Mycobacterium w (Mw) and novel
p38 MAPK inhibitors involving Mw."*

TUBERCULOSIS INCIDENCE IN INDIA

The Indian Ministry of Health and Family Welfare
(MOH&FW) notified that in 2021, India had a load of

2.14 million TB cases, about 18% higher than in 2020.
In 2021, over 220 million people across the country were
screened for TB for eatly detection and treatment of the
disease. The pooled prevalence of bactetiologically positive
pulmonary tuberculosis in India was reported™ to be 295.9
(at 95% confidence interval (CI): 201.1-390.6) per 100,000
population, and the disease was higher among males than
among females. The National TB Prevalence Survey India
2019-2021 Report has more details.*!

The Indian government continues to support, free of cost,
the treatment of over 1.045 million TB patients nationwide
under the new initiative named Pradhan Mantri TB Mukt
Bharat Abhiyan (PMTBMBA).'' PMTBMBA is an initiative
of MOH&FW, primed by the Prime Minister, and the
program aims to eliminate tuberculosis from India by
2025. PMTBMBA was launched* virtually by the Hon’ble
President Smt. Droupadi Murmu on September 9, 2022.
Elimination of TB would mean reaching!™! a target of
no more than 44 new TB cases or 65 total cases per one
hundred thousand of the Indian population by 2025.

The present estimatel* is that about 40% of the Indian
population is infected with Mtb bacteria and that the vast
majority of such population have latent TB rather than
clinically manifested TB disease. The incidence of TB cases
(including HIV + TB) was estimated at 2590,000 in 2022,
about 188 per one hundred thousand population. To reach
a figure of 65 total cases per one hundred thousand of the
Indian population by 2025 is considered to be an enormous
task to accomplish.

Combatting drug-resistant tuberculosis in India is a
considerable challenge,* although India has improved in the
situation over the years. It was estimated that in 2008, India
had the second-highest number of MDR-TB cases after
China, accounting for 24% of the 5.7 million TB cases (new
and relapse) notified globally in 2010. There existed multiple
obstacles to combat the disease, such as “too few laboratories,
slow diagnostic tools, inadequate management of treatment,
insufficient supplies of second-line drugs, and shortages
of trained personnel,” which situation has only marginally
improved up to the present time. Thetre were 88060 deaths!*!
in India from tuberculosis in 2021, compatred to 1.6 million
deaths globally.*”! The deaths from tuberculosis in India in
2021 were about 5.5% of global deaths.

An estimated 3.5 million TB deaths occurred in 2000
globally,* of which approximately 0.5 million were also
associated with HIV infection. In India during that time,*”
some 0.5 million died annually from the disease. When
compared with these figures of 2000, while globally there
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had been an improvement in the control of deaths from
the disease from the year 2000 to 2021, India had made an
overall improvement in the control of the disease both in
terms of actual numbers of reduction in total deaths (88060
deaths in 2021 compared to 0.5 million in 2000) as well as,
in terms of percentage of total death globally (5.5% in 2021
compared to 14.3% in 2000).

Indian strategy, in brief, is to vaccinate the newborn
with BCG and to treat effectively the active tuberculosis
cases using therapeutic medication; to adopt and use all
the treatment lines of drugs, namely the first line of TB
treatment for diagnosed Mtb infection; to treat MDR-TB
patients; to treat Rifampicin-resistant TB cases; and to treat
all the other kinds of tuberculosis-infected individuals by
providing medicines free of cost through the government
programs. BCG vaccines are available freely to the newborn
through the Indian Expanded Immunization Program
(EPI). BCG is abundantly available from the supplies
of locally manufactured, WHO-prequalified industrial
establishments for BCG vaccine production, namely Serum
Institute of India, Pune; B C G Vaccine Lab, Guindy; and
Green Signal Biopharma, Chennai.

Except for BCG vaccines, there is no other approved
vaccine against tuberculosis. It is already well-known that
the efficacy of the BCG vaccine to prevent pulmonary
tuberculosis in adolescents and adults is very limited.
It costs the government heavily to provide therapeutic
substances to treat the affected free of cost. The financial
burden on individuals due to out-of-pocket healthcare
expenses is notably high, and frequently, the impoverished
individuals who ate afflicted cannot afford to cover these
costs when they are expected to do so from their funds.
More resistant tuberculosis strains develop in such
situations, making the diseased more troubled. Therefore,
there is an urgent need to develop a more effective vaccine
against tuberculosis. If appropriate vaccines ate available,
often the government would provide such vaccines free
of cost to the residents. Using an effective TB vaccine
shall also reduce the expenditure burden on the national
tuberculosis eradication programs. The availability of
an effective anti-tuberculosis vaccine is, therefore, highly
desirable in the country.

India has no unique lead in developing a novel anti-
tuberculosis vaccine. Nature has provided multiple viruses.
Viruses are essentially proteins-expressing nucleic acid
assemblies, wrapped with protective protein coats. Viruses
that can infect human cells are potential opportunities for
scientists to choose and pick up from, modify, and use
the modified nucleic acid stretches for expressing chosen

antigens for developing novel anti-tuberculosis vaccines.
Such modified viruses would lose the capacity to infect
human cells. Several novel recombinant DN A-based viral-
vectored constructs exist globally for anti-tuberculosis
vaccine development, none of which have been invented in
India. India has acquired competence in expressing multiple
recombinant DNA-based antigen proteins in transgenic
hosts. Indian research can, therefore, be directed towards
inventing novel and competent viral vectors and packaging
such vectors for expressing Mtb antigens to develop novel
anti-tuberculosis candidate vaccines.

Further, as high levels of expression of antigens admixed
with suitable adjuvants can make novel protein and peptide-
based anti-tuberculosis vaccines, India can also venture to
develop such adjuvanted novel vaccines. In doing so, India
needs to develop novel adjuvants where Indian expertise is
presently feeble. However, the country is highly competent
in expressing multiple kinds of recombinant DNA-based
antigens in different hosts.

VACCINATION: A COST-EFFECTIVE WAY OF
KEEPING THE POPULATION HEALTHY

There is a lot of rich literature to show that the economic
benefits of effective vaccination are much more when
compared with the costs of treatment of a disease. The
impact of effective vaccines is broad and far-reaching.
Vaccination reduces morbidity and mortality from
infections. Effective vaccination is the cost-effective
method for societies preparing to prevent infectious disease
outbreaks at all levels, but it is most useful for the socially
underprivileged poor. The cost-effectiveness and other
economic benefits of vaccination against infectious diseases
are extensively reviewed.>"*

The efficacy of the only approved anti-tuberculosis vaccine
namely bacillus Calmette—Guérin (BCG), with limited
fruitfulness in preventing pulmonary tuberculosis in adults,
urges the need for the availability of one or more new,
novel, effective, broad-spectrum anti-tuberculosis vaccines
for controlling the disease.

Tuberculosis caused by Mtb infection is one of the most
threatening infectious diseases in the world. The diseases
cause high mortality in high-burden regions, where
large sections of people residing there are weakened by
poverty, such as Asian countries including India, China,
Pakistan, Bangladesh, and other neighboring countries;
African countries; and a large stretch of South American
countries. The disease may be curable if diagnosed early,
the recommended anti-tuberculosis therapeutic substances
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are used for the recommended period, and the patients are
adequately fed with nutritious foods. Research carried out
during the decades of 2000 and 2010 has enabled us to
understand more about the immune responses against the
disease. With increased knowledge, several vaccines yet in the
developmental stage have been devised. A couple of vaccines
to prevent the disease are anticipated to be soon available.

ANIMAL MODELS IN TUBERCULOSIS RESEARCH

Each research strategy for developing a vaccine includes
the determination of immunogenicity of the chosen
antigens, their adequate safety on usage, and their adorable
efficacy, tested and determined in preclinical animal
models, followed by moving through phases I, Ila, 1Ib,
and 111 clinical trials. Preclinical immunogenicity, safety,
and efficacy have been determined in various kinds of
animals by different investigators. Although Mtb can cause
infection in several species of animals besides humans,
no animal model of the disease can completely simulate
the occurrence and development of human tuberculosis.
Animals like mice, guinea pigs, rabbits, rats, pigs, goats,
cattle, and nonhuman primates have been used under
different experimental settings to generate information,
which provides insights into understanding the immune
responses, pathogenesis, and pathological changes.’ The
use of mice requires incurring less expenditure, a short
experimental cycle, mature immunological evaluation
indicators, and the availability of inbred strains. BALB/c
and C57BL/6 mice strains have most frequently been used.

Guinea pigs ate also commonly used in many studies. Guinea
pigs are more susceptible to tuberculosis caused by Mtb.
Granulomas similar to humans are formed in guinea pigs.

Several investigators have used pigs to study the response
of antigen-specific T cells to mycobacterium lipids and
lipopeptide-rich antigen preparations. Due to their high
similarity to humans in terms of anatomy, genetics,
and immune response, these animals have been used in
numerous studies where the mechanism of the spread of
tuberculosis is being studied to understand several safety
aspects of vaccines, particulatly in infants.

Immunological responses to nonhuman primates are
thought to be closer to human responses, and therefore,
assessments of safety and efficacy have been carried out
in these animals too.

Other animals, such as zebrafish, drosophila, certain
humanized animal models, and ameba have also been used
in some studies.

None of the above animals are ideal for predicting the
precise host-immune correlates, except that studies in
specific animal models provide considerable immunological
insights, based on which studies can be elaborated further
during the phase trials. Humanized animals must be
developed in this context to obtain more precise insights into
host-immune correlates. Nevertheless, the present methods
of advancements are based on various animal studies of the
chosen new antigens along with comparative evaluations
using the long-approved BCG vaccines, based on which
intelligent conclusions are drawn to end animal studies and
move into phases of clinical trials on human subjects.

TB VACCINES DEVELOPMENT PATHWAYS AND
MAJOR SUCCESS IN R&D

Certain nonclinical studies must be carried out for a
vaccine to be competent for clinical phase studies. Based
on the results of such studies, investigators must seek the
regulators’ permission to conduct preclinical and clinical
phase studies and proceed step by step. While research on
the development of effective vaccines has initially been
empirical in the context of understanding the basis of
protection immunologically, the comprehension of the
molecular basis of protection through vaccination has
been gradual, and the scientific knowledge of protection
through vaccination continues to grow.

Vaccination against an infection aims to generate efficient
and long-lived immune memory to shorten the time gap
between the infection and the onset of adaptive immune
response at the site to control the infection and its
dissemination to the secondary areas. Vaccination aims
to prevent Mtb infection and ward off the microbes to
advance up to the stage of clinical disease manifestation
from the L'TB stage. The target vaccines can be prophylactic
vaccines administered to healthy individuals to prevent Mtb
infection, which may be used singulatly or with booster
doses as determined experimentally.

Another type of vaccine development includes therapeutic
vaccines where the recipient individuals are administered
with processed disease-causing inactivated pathogens
(antigens) admixed with suitable adjuvants. Such composite
formulations primarily target host macrophage response
modification and activation, resulting in successful
phagosome maturation.” The macrophages and the innate
immune cells are the first lines of host defense against
any infection, and the Mtb infection is no exception.
Incidentally, the macrophages are also the hosts of Mtb,
providing them as the residence of the infecting pathogens.
The Mtb infection passes through several complex stages,
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maintaining an asymptotic status in the infected after being
phagocytosed and remaining in the patient macrophage-
phagosome assembly as LTB.

One can assume thatif a very low dose of the recombinant
Mib cells (orits killed form or even the inactivated wild strain,
inactivated at low temperature) or its identified antigens®>*!
are used to sensitize the macrophage-phagosome assembly
with an added immunomodulator known to induce
strong phagocytosis, then there might be priming of the
macrophages, both infected and non-infected, activating
these cells to proceed further to switch on themselves to act
as antigen-presenting cells (APCs) for vaccination.

The phagosomes are formed at the lungs-resident
macrophages. The phagosomes tending to change to late
phagosomes with lowering of their pH undergo maturation
after being fused with lysosomes present in the cell cytosol
and finally form phagolysosomes, leading to digestion and
clearance of the infection, thereby making the host free
of tuberculosis. This process is rendered inactive by Mtb
infection. It is thought that the blood-borne non-infected
macrophages on being primed as above may assist in
phagosome maturation. To achieve the goal in the vaccinated
individuals with the new vaccines by the aforesaid priming
process, the fate of granuloma formation must be assessed
with careful monitoring of the new vaccine recipients
through rigorous monitoring of diagnostic signatures and
clinical validation. If such a concept can be established then
a number of therapeutic vaccines might also emerge.

Live-attenuated vaccines are created using safe live
microbes, which are similar to the natural infective microbes.
Therefore, it is thought that the immune response by using
such microbes shall be strong and long-lasting, Attenuated
strains activate the recipients’ immune system through well-
defined and unmistakable subsets of T helper cells in the
Th-1, Th-2, and Th-17 pathways to create clonal antibodies,
cytotoxic CD 8+ T cells, and memory immune cells. BCG is
the only live-attenuated anti-tuberculosis vaccine approved
for vaccination against tuberculosis. However, many live-
attenuated Mtb strains are in the R&D stage.

Inactivated or killed microbes-based vaccines are created using
different types of killed Mycobacterium species as recombinant
Mtb strains. The advancements in the understanding of the
fundamentals of the role of the innate immune system in
recognizing the antigenic patterns from the evolutionary
knowledge and communicating the immune system in the
adaptive pathways for creating preparedness through the
Th-1 and Th-2 routes on a structured mode are the basis
of immunization while using inactivated microbes-based

vaccines. Innate immune cells cannot precisely recognize a
specific invader but possess knowledge of pattern recognition
through evolutionary development. Specific adjuvants assistin
intensifying the propagative and promotional roles of the innate
immune system to be more effective. The immune evasion
strategies of M. tuberculosis have not been fully understood
yet. Identifying key protective epitopes against Mtb strains is
a complex issue that has not yet been satisfactorily resolved,
although much knowledge has been gained. Investigators have
focused on precisely identifying potent antigens that stimulate
the CD8" T cells through the CD4" T helper cells in the Th-1
pathways for destroying the invading M. fuberculosis strains
and also for identifying other potent antigens to effectively
neutralize the disease-causing M. tuberculosis strains, again for
enabling the activated macrophages to clear such microbes
from the body of the infected.

Itis well-established that the structure of an effective antigen
would determine the specificity, affinity, and accessibility
of the binding sites to major histocompatibility complex
(MHC) proteins involved in antigen presentation to T
cells or the sensitized antibodies and, thereby, the specific
immune response can be facilitated. Using the present
knowledge in immunology and the advancements in protein
structures, primarily through crystallography, structural
biology, bioinformatics, and genomic analysis of multiple
M. tuberculosis strains, several of the more potent protein
antigens have been identified, many of which have been
produced either singulatly or a number of these have been
biologically recombined and joined, and after that produced
by recombinant DNA technology, purified and formulated
with more potent adjuvants. For an antigen to efficiently
work, the antigen admixed with an efficient adjuvant work
complements one another. The combined effect should
elicit immune responses in innate and adaptive immunity
pathways to identify and eliminate pathogens efficiently.
Protein and peptide antigens often require selecting more
effective adjuvants for the cohort to be more effective,
highlighting the importance of selecting adjuvants. Several
such novel combination-based formulations have been
tested as potent anti-tuberculosis vaccine formulations.

In viral vector-based vaccines, a genetically modified
harmless piece of a virus constructis created to smuggle the
pre-packed nucleic acid instructions that code for making
antigens from the disease-causing microbes into human cells
so that on being translated into proteins (antigens) within
the cytoplasm of the recipient, these are secreted out of the
cytoplasm, and are available to the immune cells, thereby
triggering protective immunity against it. Viral vectors can
be replicated, in which case multiple copies of the vectors
are produced upon entry into cells. Consequently, because
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of replication, more cells can be infected and therefore
more antigens shall be produced. In certain situations such
properties are disadvantageous, causing concerns of safety
for the recipients. The viral constructs can be non-replicating
types of viral vectors also. Vaccine formulations can be
designed using non-replicating types of vectors also. In such
situations, the antigen production is limited, but is enough
for eliciting immune responses within the recipients. The
anti-tuberculosis viral vector-based vaccines are developed
in non-replicating types of viral vectors. These vectors
cannot integrate into the genome of the recipient cells.

In summary, it can be said that the vaccine development
strategies by adopting the use of live-attenuated microbes
as well as the inactivated microbes admixed with adjuvants
are considered to be rather blind shots for protection,
though experimentation-based because enough precise basis
of understanding of protection at the molecular level of
immunological pathways are not fully understood nor the clonal
developments of protective T and B cells can be controlled
precisely. The development of proteins and peptides-
based adjuvanted vaccines as well as the viral vector-based
developmental strategies are more knowledge-based in the
context of more immunological insights at the molecular level.
Numerous Mtb membrane and cell wall glycolipoproteins,
crucial for novel vaccine discovery, are heavily glycosylated
(at N and O sites). Selecting judiciously from these diverse
menus and combining a few through recombinant DNA
technology is a daunting task. New TB vaccine candidates
are believed to be identified from such studies. Viral cassettes
expressing such optimized combinations of TB antigens
are thought to be coming out as novel future anti-TB
vaccines. The present stage of knowledge is yet not adequate
however, for conquering the invasion of Mtb.

The gist of present global developments in search of
effective anti-tuberculosis vaccines is provided below:

LIVE-ATTENUATED TB VACCINES

The following are, in gist, the global developments in live-
attenuated anti-tuberculosis vaccines:

Bacillus Calmette—Guérin (BCG), the only approved
live-attenuated vaccine

The bacillus Calmette—Guérin (BCG) is the only vaccine to
humankind to prevent tuberculosis by vaccination. While live
BCG was used for the first time in July 1921 by the oral route
to immunize people against the disease, the microbial strains
of BCG thatare used presently have undergone change over
the years in the hands of scientists. The present-day route
of administration of BCG vaccination in the Expanded

Program of Immunization (EPI) for the countries using
BCG is intradermal, injected into the left upper arm in
the deltoid region. The vaccine is reconstituted with the
appropriate diluent before administration. The vaccine is
given within a few days of birth and can be given up to six
months of age and even later. In countries where TB is more
common, one dose is recommended in healthy babies soon
after birth. There is, however, no universal uniform BCG
global vaccination policy. In some countries with rampant
tuberculosis, BCG vaccination is included in their EPI. In
many countries, BCG vaccination is only optional.

The attenuated BCG strains are derived from Mycobacterium
bovis. The BCG vaccine’s initial live-attenuated microbial
strains are reportedly derived from M. bovis through 230
successive passages of the wild strain (M. bovis) grown
on media-impregnated beef bile.’”" Presently, several
attenuated BCG strains are used for vaccination in different
settings, the major ones among which are the BCG-
Denmark strain, BCG-Russia strain (genetically identical
to the BCG-Bulgarian strain), and BCG-Japan strain. In
India, at least three manufacturers® are WHO-prequalified
for the supply of the vaccine, namely Serum Institute of
India, Pune (use Russian 368 strain); B C G Vaccine Lab,
Guindy, Chennai (Danish 1331 strain); and Green Signal
Biopharma, Chennai (Danish 1331 strain).

All the approved BCG vaccines do not perform as similar
in enhancing immunity; some are more efficacious than
others. In a relatively recent study,®” for the comparative
efficacy of different BCG vaccines, using three widely
used BCG vaccines, namely the BCG-Denmark strain,
BCG-Japan strain, and BCG-Russia strain on a pool of
209 infants immunized with these BCG vaccines, the
data from 164 infants were included in the final analysis,
consisting of BCG-Denmark, #» = 54; BCG-Japan, #» = 54;
and BCG-Russia, # = 57. The results indicated that the
BCG-Denmark or BCG-Japan vaccine induced higher
frequencies of mycobacterium-specific polyfunctional
and cytotoxic T cells and higher concentrations of Th-1
cytokines. The results were indicative of the fact that there
were differences in protection levels of different BCG
vaccines against tuberculosis, although no differentiation is
made by the WHO or by any agency between and among the
WHO-authorized BCG vaccines and their immunization
effects on the children; all the children immunized by
the deployment of a WHO-authorized BCG vaccine is
assumed to have been equally protected from tuberculosis.

The BCG vaccine is one of the most widely used of
all current vaccines and has existed for over 100 years,
immunizing a very high percentage of neonates and infants
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in countries where the incidence of tuberculosis is very
high, such as in Southeast East Asian Countries, African
countries, and certain South American countries through
their national childhood immunization program. However,
BCG vaccination does not adequately prevent primary
tuberculosis or latent pulmonary infection reactivation.!
Itis now established that the current BCG vaccines cannot
induce sufficient CD8" T cell responses, especially in the
lung, implying that the immune response in the Th-1
pathway is weak. Therefore, the impact of BCG vaccination
on the prevention or transmission of tuberculosis is limited,
especially among adolescents and adults. There is a need to
invent more effective anti-tuberculosis vaccines. However,
BCG vaccination just after birth effectively protects!® from
tuberculous meningitis.

LIFE-ATTENUATED CANDIDATE TB VACCINES IN
R&D

The significant number of candidate live-attenuated
vaccines in the R&D stage is given below:

VPM1002

VPM1002 is a live-attenuated, recombinant BCG vaccine
(rBCG). At Max Planck Institute for Infection Biology,
Berlin, the BCG was genetically modified by replacing the
urease C encoding gene with the listeriolysin encoding gene
obtained from [Listeria monocytogenes. The evolved rBCG
disrupted the phagosomal membrane at acidic pH. The
depletion of the phagosomal membrane allows for rapid
phagosome acidification. It promotes phagolysosome
fusion, resulting in the release of mycobacterial antigens
into the cytosol, thereby enabling the killing of the hiding
Mtb microbes therein.

Further developments into a vaccine formulation were
done by the Hannover-based Vakzine Projekt Management
GmbH (VPMG). The tBCG, VPM1002, was used as
a candidate anti-tuberculosis vaccine. In preclinical
studies, VPM1002 was far more efficacious and safer than
BCG. VPM1002 was subjected to phases I, I1a, and IIb
evaluation in Germany and South Africa, demonstrating
its safety and immunogenicity.*”! The intricacies of TB’s
fundamental immunology and pathology, with a focus on
the involvement of T cells in triggering both Th-1 and Th-2
pathways, have been expounded upon. These complexities
play a significant role in shaping acquired immunity against
tuberculosis and have implications for infection prevention,
disease prevention, and recurrence prevention. These
discussions are presented in the context of VPM1002 and
other potential vaccine candidates. VPM1002, a vaccine
candidate, was created by Kaufmann and his research

team at the Max Planck Institute. The candidate vaccine
VPM1002 had completed phases I and Ila clinical trials
establishing the safety and immunogenicity of the candidate
vaccine in adults and neonates. Max Planck Society licensed
the VPM1002 vaccine to the company Vakzine Projekt
Management (VPM), and the latter with VPMG had
teamed up with Serum Institute of India Pvt. Ltd, Pune,
and together conducted a phase II trial in South Africa,
evaluating the candidate vaccine as a prime vaccine in
healthy HIV-exposed and HIV-unexposed infants. A phase
IIT trial is undertaken in India."*! The Department of
Biotechnology of the Government of India supported the
Indian phase III clinical trial project. A phase I1I clinical
trial is currently underway in another location to evaluate
the vaccine’s efficacy in safeguarding the elderly against
various infectious respiratory illnesses.”

MTBVAC

MTBVAC, developed by the University of Zaragoza, Spain;
Institut Pasteut, France; and Biofabri,!®® Spain, is a live-
attenuated Mtb strain currently in clinical development,
and its discovery, construction, and characterization have
followed the principles of Pasteur.[7? Biofabri and IAVI,
an international nonprofit research organization, signed an

agreement!” in May 2023 for end-to-end development of
the candidate vaccine MTBVAC.

rBCGAaisl /zmpl

The anti-tuberculosis vaccine by the name tBCGAais1/
zmpl is a recombinant live BCG developed by the
University of Zurich. The proof of concept of the
candidate vaccine on immunogenicity, safety, and protective
efficacy was successfully performed in mice, guinea
pigs, and cattle.”™ The vaccine aims to replace BCG in
newborns who are HIV-exposed. The protective efficacy
of BCG zmp1 deletion mutants in a guinea pig model of
tuberculosis infection was studied. It was found that the
zmp1 deletion mutants of BCG could provide enhanced
protection by reducing the bacterial load of tubercle
bacilli in the lungs of infected guinea pigs. The results
were independent of the BCG sub-strains (BCG Pasteur
and BCG Denmark).” Another study also found that
the zzp1-deleted BCG mutants were more immunogenic
in the mouse model; however, the gzp! deletion did
not affect the survival of mice with severe combined
immunodeficiency."” The candidate vaccine was in the
preclinical stagel” of development till 2016 and is included
in the active anti-tuberculosis programs of TAVI along
with other candidate anti-TB vaccines of TAVI. TBVI"
is a nonprofit making foundation in the Netherlands.
TAVI is involved in discovering and facilitating new, safe,
and effective anti-tuberculosis vaccines that are affordable.
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Several anti-tuberculosis vaccines are in various stages
of development!™ with TAVI initiatives, which include
recombinant BCG vaccine where the gene g7 is deleted
from the strain; a combination of H64 (a fusion protein
of six antigens) and CAF01, an adjuvant which induces
strong CMI responses; a therapeutic anti-tuberculosis
candidate vaccines platform based on Modified Vaccinia
Ankara (MVA); a recombinant replication-deficient
chimpanzee adenovirus constructed in Oxford, UK,
expressing the mycobacterial protein PPE15, and named
as ChAdOxPPE15, and which is to be used towards a
booster BCG vaccination regimen; and a combination of
a TB antigen CysVac2, which is a fusion protein of the
M. tuberenlosis antigens Ag85B and CysD along with an
adjuvant, delta inulin (a naturally-derived carbohydrate),
where the combination had shown good safety profile and
induction of significant T and B cell responses in animal
models. The latest stage of development of the candidate
vaccine rBCGAais1/zmpl is not known.

Mtb sig E Mutant

An attenuated mutant strain of Mtb H37Rv lacking the
sigma factor E was evaluated as a potential live vaccine
strain against TB.*l Mtb strains are thought to code 13
sigma proteins encoded in the M. tuberculosis genome, where
several of these are known to be important for the virulence
of the bacterium.®#4 In a mouse model, the Mtb mutant
strains lacking the sigma factor E (sig/Z mutant) were found
to secrete more gamma interferon (IFN-y), tumor necrosis
factor-alpha (TNF-¢), inducible nitric oxide synthase
(iNOS), and B-defensins than in animals infected with the
parental or complemented mutant strains. The conclusions
were that the sig/Z mutant strain could be used as a potential
candidate for developing an anti-tuberculosis vaccine. In
the guinea pig model of tuberculosis, the strain was shown
to induce a strong Th-1 immune response, reduce colony-
forming units, and prolong survival®™ on the challenge. The
strain has not yet been used in clinical trials.

Sig H (Mtb deleted sigH)

It was shown that aerosol immunization of macaques with
sig H-deleted mutant Mtb strain, designated as Sig H (Mtb
deleted szg/d) mutant, resulted in significant recruitment
of inducible bronchus-associated lymphoid tissues and
elevated expression of CD4" T cells and CD8" T cells
indicating that immunization of macaques led to elevated
pulmonary protection of these animals. Vaccinated
animals could resist significant lethal TB challenges. It was
thought that anti-tuberculosis vaccine candidates could
be developed® using sig F-deleted mutant Mtb strains.
However, the research results for developing a candidate
vaccine have not been adequately pursued.

Deleted lysA deleted pan CD mutants

The safety and immunogenicity of a double lysine and
pantothenate gene mutant of Mtb strain were studied
in immunocompromised SCID and gamma interferon
knockout mice. It was found that single-dose subcutaneous
vaccination of the auxotrope in the experimental mice
induced short-term and long-term protection.® The
Mtb strain is an unlinked double deletion mutant of Mtb
H37Rv, where both the primary attenuating mutation of
BCG (DeltaRD1) and two genes required for synthesizing
pantothenate (Delta pan CD) are deleted. The genes panC’
and panD are necessary for the biosynthesis of pantothenic
acid (vitamin B5), which is essential for enabling the
metabolism of fatty acids through synthesizing enzymes
such as coenzyme A and acyl carrier protein. Therefore,
their deletions should result in a strain of less virulence.
Safety and efficacy of two live-attenuated M. tuberculosis
double deletion vaccine strains designated as mc?6020
(AlysA ApanCD) and mc?*6030 (ARD1 ApanCD) wete
evaluated in cynomolgus macaques. It was observed that
both the mutants were safe and well tolerated in macaques.
After vaccination, following a high-dose intrabronchial
challenge with virulent M. tuberculosis, on macaques
vaccinated with mc?6020 (AlysA ApanCD), the results
showed alevel of protection that was intermediate between
those elicited by BCG vaccination and no vaccination.®!
Further developments on the me2 6020 (AhysA ApanCD)
(deleted lysA and deleted pan CD) mutant are unknown.

INACTIVATED OR KILLED CANDIDATE TB
VACCINES

The following summarizes the more prominent ones, either
in the R&D stage or the inconclusive experimental results:

DAR-901

SRL172, an inactivated, whole-cell mycobacterial vaccine,
was safe and immunogenic and reduced the incidence
of culture-confirmed tuberculosis in a phase III trial in
HIV-infected and BCG-immunized adults in Tanzania.*’!
Using the same seed, a vaccine formulation by the name
DAR-901 was developed. The process for large-scale
vaccine formulation manufacture would be accessible by
this process.

DAR-901 formulation was tested among the BCG-
immunized adolescents in Tanzania, a randomized
controlled, double-blind phase IIb trial. The vaccine is also
termed the Dartmouth TB Vaccine. The formulation was
evaluated as a three-dose product to find if the formulation
in 3 three-dose regimen was well tolerated, safe, and
immunogenic. The results®™ were appealing; therefore,
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DAR-901 shall move to the next phase for evaluation in
Phase I1I to determine its efficacy.

Primary phase IIb trial funding came from the Global
Health Innovative Technology Fund, Japan; the Jack and
Dorothy Byrne Foundation, USA; and Oxford Immunotec,
England.®

Mycobactevium indicus pranii (MIP) [ Formerly known
as Mw]

Mycobacterinm indicus pranii (MIP), also known as Mw, shares
T cell and B cell epitopes with Mtb and Mycobacterium
leprosy. Mw formulations were approved for use as
an immunomodulator for leprosy treatment, and the
technology was procured” by Cadila Pharmaceuticals,
Ahmedabad, in the early 1990s. In a prospective,
randomized, double-blind, placebo-controlled, multicentric
clinical trial using a heat-killed formulation based on MIP as
an adjunct to anti-tubercular treatment in Cat 11 pulmonary
TB (PTB) patients, the sputum smear conversion did not
show a statistically significant difference.’ MIP or Mw
formulation, or IMMUVAC, is presently in phase 11 clinical
trials” (CTR1/2019,/01,/017026) for treating tuberculosis;
it targets adolescents and adults. Depending on the
results of phase 111 trials, the utility of the formulation in
tuberculosis management in India shall be assessed.

Mycobactevium vaccae (Mv) vaccine

Mycobacterinm vaccae (Mv) vaccine formulation is used for
treating Mtb infection of specific types. It contains heat-
killed Mv microorganisms, similar to the MIP formulation,
which treats patients suffering from multidrug-resistant
tuberculosis (MDR-TB). The Mv formulation has also
been used as an adjunct therapy and anti-TB therapeutics,
with the idea of enhanced clearing of Mtb from patients
suffering from TB. It was observed in a couple of studies
that Mv formulations were safe and had considerable
positive effects in clearing Mtb from MDR-TB patients.
However, the results were inconclusive while using Mv
formulations alone for treating MDR-TB.? In mice—model
evaluation of the M. vaccae vaccine formulation, it was found
that the formulation up-regulated some 2326 genes and
downregulated some 2221 genes in vaccinated mice, which
were linked to changes in the expression (up-regulation and
downregulation) of some 123 signaling pathways, implying
thereby that the impact of M. vaccae vaccine formulation was
very complex.” The Mv formulations based on heat-killed
Mycobacterium vaccae were being evaluated as a multi-country
(Ukraine and Mongolia), placebo-controlled, randomized
phase III trial in patients with drug-sensitive, multidrug-
resistant tuberculosis (MDR-TB) and tuberculosis patients
who were also infected with HIV (TB-HIV). This study

was to be followed by trials in other countries like China,
Russia, and South Africa. The results of the phase 111 trials
have not yet been published.”

RUTI

Archival Farma, a company based in Spain, developed a
novel anti-tuberculosis RUTI vaccine. This vaccine consists
of heat-inactivated, fragmented, and purified components
derived from Mycobacterium tuberculosis bacilli (FC Mtb) and
is delivered in a liposomal formulation.

The active ingredients contain cell wall-based nano
tragments of Mtb. FC Mtb was manufactured under good
manufacturing practices. In a phase I study, RUTI was
evaluated at each of the four tested doses, namely 5, 25, 100,
and 200 pg, and placebo, a double-blind, randomized, and
placebo-controlled trial conducted in healthy volunteers.
The RUTT formulations were well tolerated, and the
results were satisfactory? for further trials. Production of
antigen-specific response toward the antigen is measured
over time, and production of IFN-v is traced and followed
by ELISA tests. In the following phase II trials to test
tolerability and immunogenicity of 4 increasing doses (5,
25, 100, and 200 pug of FC Mtb), RUTI was administrated
to volunteers (randomized, placebo-controlled phase 11
clinical trial in healthy volunteers with latent tuberculosis
infection), it was found that the vaccination was reasonably
well tolerated®” for further trials. A phase IIb study was
also conducted in India.

CANDIDATE PROTEIN/PEPTIDE-BASED
SUBUNIT TB VACCINES ADJUVANTED WITH
APPROPRIATE ADJUVANTS

The following provides several candidate protein/peptide
subunit vaccines adjuvanted with appropriate accessary
attendants:

H4:IC31 (AERAS-404)

H4:1C31 (AERAS-404) is a peptide—based anti-tuberculosis
vaccine candidate composed of a fusion protein of
M. tuberculosis antigens Ag85B and TB10.4, combined with
an adjuvant by the name IC31. The adjuvant IC31 combines
an 11-mer antibacterial peptide [KLKLLLLLKILK-NH?2]
and a synthetic oligodeoxynucleotide (ODN1a). The
ODNT1a is a Toll-like receptor nine agonists without
containing cytosine phosphate guanine (CpG) motifs.”!
H4:1C31 was demonstrated to have an acceptable safety
profile. It was immunogenic,'" which was capable of
triggering multifunctional CD4* T cell responses in
previously BCG-vaccinated healthy individuals in doses
of fusion protein combinations of 5, 15, or 50 pug of H4
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antigen (purified fusion protein of M. tuberculosis antigens
Ag85B and TB10.4) and 500 nmol of IC31 adjuvant.""! The

adjuvanted subunit vaccine was in phase 2b clinical trials.!""”
The phase 2b results were satisfactory,'”” encouraging the

candidate vaccine to move to phase I1I clinical trials.

H56:1C31

The candidate vaccine formulation H56:1C31 is an
adjuvanted subunit vaccine, where three M. tuberculosis
antigens, namely Ag85B, ESATO6, and Rv2660c, were
combined as a fusion protein and formulated with the
adjuvant IC31. Statens Serum Institut, Germany, had
developed the vaccine.l'" The vaccine candidate was
used in several phase I and II trials in Africa (South
Africa and Tanzania) and was found to be safe with
good immunogenicity characteristics."”! Details about its
entering into phase 111 trials are not known.

AEC/BC02

AEC/BCO02 is a formulation consisting of two antigens:
a subunit protein, Ag85B, and a fusion protein, ESATG6-
CFP10, which is admixed with an adjuvant BCO2. The
formulation is finished as a freeze-dried material. BC02,
also known as BCG CpG DNA compound adjuvants
system 02, comprises BCG CpG DNA biological adjuvant
with aluminum hydroxide. The vaccine formulation was
developed by the National Institutes for Food and Drug
Control, China, and is manufactured by Anhui Zhifei
Longcom Biologic Pharmacy Co., Ltd, China.l'" The
formulation triggered enduring, antigen-specific cellular
immune responses in mice and guinea pigs. It proved
effective in challenge tests conducted on vaccinated
guinea pigs.'"! In April 2018, a phase I clinical trial*
was initiated for this vaccine (INCT03026972). There is
currently no information available regarding the most
recent developments.

GamTBvac

The candidate anti-tuberculosis vaccine GamTBvac is made
up of two Mtb antigen fusions Ag85A and ESAT6-CFP10
(combined with dextran-binding domain immobilized on
dextran) and formulated with an adjuvant, made up of
DEAE-dextran core, and with CpG oligodeoxynucleotides.
The CpG oligodeoxynucleotides ate TLR9 agonists. The
candidate vaccine was assessed for immunogenicity and
protective efficacy in murine and guinea pig TB models.
In both models, the candidate had strong protective
and immunogenic effects against challenges with Mtb
strain H37Rv under aerosol and intravenous challenge
1991 A phase 1II clinical study was conducted!"!"!
in healthy adults to evaluate the safety and immunogenicity
in 180 previously vaccinated with BCG vaccine in healthy

conditions.

volunteers (without M. zuberculosis infection). The results
were satisfactory, encouraging the candidate vaccine for
turther clinical testing.

M72/AS01E candidate vaccine

The tuberculosis candidate vaccine M72/AS01E contains
a recombinant fusion protein by the name M72, which
is derived from two Mtb antigens, namely Mtb32A and
Mtb39A, and this recombinant fusion protein is combined

and formulated with the proprietary adjuvant system,
ASO1E of GlaxoSmithKline plc (GSK), UK.

In the composite experimental vaccine formulation of
M72/ASO01E, one adult dose!"" is a 0.5-mL sterile liquid
containing 10 pg M72 protein and ASO1E Adjuvant System.
The Adjuvant System in 0.5-mL injection contains 25 pg
monophosphoryl lipid A and 25 pg “QS-21 Stimulon,”
all in a liposomal suspension. GSK had teamed up with
Agenus Inc, USA, and obtained its adjuvant QS-21, which
is registered as a trademark of Agenus Inc [by the trademark
notation “QS-21 Stimulon”] for use in vatious formulations
requiring enhanced immune response.l''? Using QS-21,
GSK modified the adjuvant and named it the ASOTE
adjuvant system, a proprietary substance.

QQS-21 is chemically an acylated 3, 28-bisdesmodic triterpene
glycosides (1,3) or “saponin” with a molecular formula of
C92046H148, obtained from the bark of a Chilean tree,
|Quillaja Saponaria) as an active fraction using a reverse-phase
chromatography (RP-HPLC), where QS denotes Quillaja
Saponaria, and the number 21 stands for the identity of the
RP-HPLC peak]." QS-21 has been widely used as a potent
adjuvant in elucidating an antigen to the immune system,
thereby manifesting increased immune response in both
Th-1 and Th-2 pathways.

GSK developed the composite vaccine formulation
candidate M72/AS01E in association with Aeras and IAVI
up to the stage of proof-of-concept phase.

Aeras, USA is a nonprofit product development
organization. Aeras is extensively working to develop
effective biologics and vaccines to prevent TB across all
age groups affordably and sustainably.""* On October 01,
2018, Aeras announced™™ the transfer of all its TB vaccine
clinical research programs and assets to the International
AIDS Vaccine Initiative (IAVI). Later, IAVI and Aeras
collaborated with GSK to develop the vaccine up to the
proof-of-concept phase.

The M72/AS01E vaccine candidate has been under
development since the early 2000s. The proof-of-concept phase
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(phase 1Ib) is stated to have been partly funded by the Gates
Foundation. A randomized, double-blind, placebo-controlled,
phase IIb trial was conducted by GSK and its collaborators
using the M72/AS01, tuberculosis vaccine of GSK and its
collaborators in Kenya, South Africa, and Zambia on human
immunodeficiency virus (HIV)-negative adults 18-50 years of
age with latent AL tuberculosis infection (by interferon-y release
assay) where the vaccine recipients and the placebo were
randomly assigned (ina 1:1 ratio) to receive two doses of either
M72/AS01_ or placebo intramuscularly one month apart.

After a mean follow-up of 2.3 years, the results showed
that among the recipients of M72/AS01,, the vaccine
efficacy"® was 54.0% (90% CI 13.9 to 75.4; 95% CI
2.9-78.2; P=0.04). The final data analysis showed!""” that
the vaccine had protected against progression to active
pulmonary tuberculosis among the recipients for three
years. Tuberculosis-infected but HIV-negative adults had
shown a vaccine efficacy at month 36 as 49.7% (90% CI,
12.1 to 71.2595% CI, 2.1-74.2).

Following the results of the publication of phase IIb
investigation on the candidate tuberculosis vaccine M72/
ASO1E TB of GSK and its collaborators, the WHO
became more interested® in getting itself involved in
further development of the formulation and to explore
its use to contain tuberculosis using this candidate vaccine.
The interest of WHO emanates from the developments
of the high level meeting of the General Assembly of the
United Nations on the all-country fight against tuberculosis,
held on 26 September 2018, where a Resolution!"” A/
RES/73/3 was adopted by the United Nations General
Assembly on October 10, 2018, which was an essential
resolution of the global community together to fight the
menace of tuberculosis jointly in every possible way in
different parts of the world. The Resolution identified
multiple strategies and factors, including making effective
therapeutic substances and vaccines available to combat
the disease. The World Health Organization (WHO)
started taking further actions to implement the Resolution
step by step after that. WHO convened!*” its meetings in
Geneva on July 30-31, 2019 to generate consensus among
its stakeholders on the clinical development pathway
for the M72/ASO1E TB vaccine candidate developed
by GSK and its collaborators. The participants included
stakeholders involved in tuberculosis and other diseases
research on vaccines, financing organizations, regulators
and the policy-makers of different countries, manufacturing
establishments, and many other relevant stakeholders. It
was agreed that WHO would take an active part, to the
extent feasible, to promote the development of an effective
anti-tuberculosis vaccine to benefit the global community.

In the meantime, two organizations interestingly came
forward for further developing the candidate tuberculosis
vaccine M72/AS01E TB after the phase IIb efficacy
information was published to take the project further
forward, one of which was the Wellcome Trust and the
other was the Bill & Melinda Gates Foundation. The
Wellcome Trust (Trust) was founded in 1936. Henry
Wellcome made a will to improve people’s health by
supporting scientific research and study in medicine, based
on which the Trust was founded."”! The Bill & Melinda
Gates Foundation (Foundation) is an American private
foundation established by Bill Gates and Melinda French
Gates."” The Foundation is based in Seattle, Washington;
It is one of the most extensive charitable foundations in
the world.

On June 28, 2023, Wellcome and the Foundation together
announced!"* that the Trust and Foundation together shall
fund a phase I1I clinical trial testing of the M72/ASO1E
vaccine in several countries where there are high rates of
tuberculosis, such as in Africa and South East Asia. People
with and without latent tuberculosis, as well as those living
with HIV, will be included in the trial. Wellcome further
announced that the phase III clinical trial may cost an
estimated US$550 million, of which up to US$150 million
shall be funded by the Trust, and the Foundation will fund
the remainder, of about US$400 million. The study intends
to ascertain if the experimental anti-tuberculosis vaccine
M72/ASO1E shall be effective for deployment to treat
tuberculosis worldwide.

VIRAL VECTOR-BASED CANDIDATE TB
VACCINES

The following s the gist of the significant viral vector-based
anti-tuberculosis vaccines in development:

AdAg85A

The viral vector-based candidate vaccine AdAg85A was
developed by McMaster University, Hamilton, Ontario,
Canada. In preclinical trials, the safety and protective
efficacy of the vaccine delivered via the respiratory mucosal
route in thesus macaques was established.!"™ The safety and
immunogenicity of the candidate vaccine were evaluated
in both BCG-naive and previously BCG-immunized
healthy adults using the vaccine through the intramuscular
immunization route in phase I only. The results were
satisfactory,'*! necessitating further evaluation. In another
clinical trial (phase Ib), the safety and immunogenicity of
the vaccine, delivered to humans via inhaled aerosol or
intramuscular injection route, were found to be a safe and

better way of eliciting respiratory mucosal immunity.!'*
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The investigators believed that the prevailing notion that
preexisting anti-AdHu5 immunity might significantly
dampen the potency of the AdHu5Ag85A vaccine was
inexact.

AERAS-402

The vaccine formulation AERAS-402 based on the
AdHu35 construct is being developed jointly by Crucell,
Netherlands, and Aeras organization, USA. Crucell is a
biotechnology company which specializes in vaccines
and biopharmaceutical technologies. Aeras is a nonprofit
biotechnology organization involved in developing new
anti-tuberculosis vaccines. The recombinant fusion
protein-based construct of M. fuberculosis antigens Ag85A,
Ag85B, and TB10.4, designated as AdHu35, is formulated
as AERAS-402 was shown to confer protection!"”” against
M. tuberculosis in a mouse model when the animals were
sensitized through vaccination in either an intranasal or an
intramuscular route. The protection also correlated with
the manifestation of multiple immunological parameters.
The safety and immunogenicity of the vaccine delivered
to the lungs in nonhuman primates were evaluated, and
the results were also satisfactory!"™ with the manifestation
of immunological protective parameters. Following these
results, a phase I clinical trial under multiple conditions was
undertaken at different places, and the candidate vaccine
129134 After these assessments, phase II clinical
trials were successfully conducted on diverse populations,

was safe.

as indicated by the clinical trial registration numbers
NCT01017536, NCT02414828, and NCT01198366.
The candidate vaccine was found to be safe. The vaccine
candidate is expected to soon progress into phase 111 trials.

ChAdOx1 85A prime-MVAS85A

ChAdOx1.85A is a replication-deficient chimpanzee
adenovirus expressing the antigen Ag85A. MVAS5A
refers to a genetically altered form of Vaccinia Ankara that
additionally expresses Ag85A. ChAdOx1.85A alone, as
well as in combination with MVAS85A, had been tested for
safety, immunogenicity, and protective efficacy against an
M. tuberculosis challenge in mice, where the animals were BCG-
primed and vaccinated or boosted with ChAdOx1.85A and
MVASS5A. Later, the evaluation of safety, immunogenicity,
and protective efficacy were carried out in chimpanzee. The
results were satisfactory.'> The safety and immunogenicity
of the candidate vaccine ChAdOx1 85A prime — MVAS5A
was carried out in healthy UK adults in phase I, and the
results demonstrated™” that the vaccine was well tolerated,
was immunogenic, and safe for further studies.

Further study in phase I was extended to a wider range
of participants, where participants included adults aged

138 were also

70 years and older. This study’s results
similar, if not better, indicating that the vaccine was better
tolerated in older adults than younger ones. Further clinical

evaluation is anticipated to be taken up soon.

CMV-vectored MCMVA 85

Oxford University, UK, developed the candidate vaccine
MCMVS85A expressing Ag85A. When tested in mice,
this vaccine showed that the animals vaccinated with
the candidate could reduce the mycobacterial load™*!
after challenge with M. tuberculosis. MCMV85A is a
cytomegalovirus (CMV)-vectored viral cassette of non-
proliferating type. CMV-cassettes can induce high levels
of responses of host CD8" T lymphocytes against
pathogens and are therefore considered an added advantage
for developing candidate anti-tuberculosis vaccines as
M. tubercnlosis infection creates a chronic disease syndrome
in the infected where more and prolonged activated CD8*
T lymphocyte-responses are needed. The candidate vaccine
has not yet entered into clinical studies.

CMV-vectored RhHCMV /TB and HCMYV cassette-based
vaccines

The recombinant CMV vector vaccine by the name
RhCMV /TB encoding nine M. tuberculosis antigens, namely
Ag85A, Ag85B, ESATO (acute phage antigens), Rv1733,
Rv2626, Rv3407 (latency antigens), and RpfA, RpfC,
RpfD (antigens coded by resuscitation promoting factor
[tpf] genes) combined and expressed through recombinant
DNA technology, on vaccination on rhesus macaques
showed high levels of T cells mediated immune responses.
They petformed well on the M. tuberculosis challenge."*!
RhCMV/TB is a vaccine for rhesus monkeys. Rhesus
cytomegalovirus (RhCMV) and human cytomegalovirus
(HCMYV) have closely conserved homologous gene
sequences.!""] Therefore, recombinant RhCMV viral
cassettes are anticipated to work efficiently and closely
related to developing human anti-tuberculosis vaccines.
CMYV cassettes can harbor significantly larger segments
of foreign DNA at many different genomic sites, and
therefore, multiple antigen-coding genes can be inserted.
More on the advantages of using CMV cassettes can be seen
in recent reviews."**'*I It is anticipated that the candidate
vaccine RhCMV /TB and/or HCMV cassette-based
candidates, when developed, are likely to be explored to
ascertain if these could be used for developing candidate
human anti-tuberculosis vaccines.

MVAS5A

The genetically MVA virus-vectored candidate anti-
tuberculosis vaccine called MVASSA expresses M. tuberculosis
immunodominant antigen Ag85A. The vaccine was
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developed by the University of Oxford, UK. Intradermal
ot intramuscular immunization with this vaccine in animals,
starting with mice, and followed by other animal models
such as guinea pigs, cattle, and rhesus monkeys, resulted
in induction of a high level of antigen-specific immune
response in all the animal models, and responded efficiently
to M. tuberculosis challenges.'"**'*! Significantly higher levels
of IFN-gamma secretion and the boosting of CD4(+)
and CD8(+) T cell responses in these experiments were
positive indications of the utility of the candidate vaccine.
additionally, the beneficial indications in the data generated
in macaque, which has a close phylogenetic relationship
with humans, reinforce hopes for further candidate
development.

SeV85AB
SeV85AB is a recombinant Sendai virus (SeV)-vectored
anti-tuberculosis candidate vaccine. It expresses two
M. tubercnlosis immunodominant antigens, namely Ag85A
and Ag85B. SeV does not cause human disease. In a mouse
model, the immunogenicity and protective efficacy of the
candidate were established!™ through the measurement
of T, ,-mediated immune response in mucosal tissues.
Tissue-resident memory T cells (T, )

responses mediated by tissue-adapted memory T cells,
[151]

foster the site-specific

enhancing tissue immunity and preventing infection.
Such T, -mediated responses are the first line of defense in
the lung against M. tuberculosis infection. To ascertain if using
SeV85AB singularly or combined with a prime-boost agent
can be more beneficial, experiments were mounted using
a recombinant DNA vaccine encoding the same antigens
expressed by SeV85AB. The DNA vaccine was constructed
in bacterial plasmids that encode the target antigens
sequence and placed under a strong eukaryotic promoter.
The two vaccine cassettes (SeV85AB and the DNA vaccine)
were used one after the other in forward and reverse order,
and the effects resulted in improved protective efficacy.'*?
While using the SeV85AB for future developments, the
above strategy could be considered.

TB/FLU-04L and PR8.p25

Two recombinant influenza virus-vectored vaccine
candidates are described,**"¥ namely, TB/FLU-04L,
which expresses the antigen ESAT6, and the other expresses
Ag85B and is named PR8.p25. The first one, the TB /FLU-
04L, expetimented in a mouse model, showed that after two
intranasal immunizations, the animals had manifested high
levels of Th-1 CD4" T cell immune responses. The use of
the vaccine, along with treatment with isoniazid, resulted in
a heavy reduction in the load of M. tuberculosis in the lungs
of infected mice, depicting strong synetgistic effects of the
vaccine. Intranasal immunization of mice with the second

one, namely the PR8-p25 vaccine, resulted!™ in boosting
BCG-induced protective immunity. Further developments

in these two candidate vaccines are awaited.

THE WAY FORWARD AND CONCLUDING
REMARKS

The experimental anti-tuberculosis vaccine M72/ASOE1 is
set to enter a phase I1I trial in high incidence tuberculosis
discase areas across Africa, aiming to enroll an estimated
26,000 participants. The assessment will include people
never infected with tuberculosis and people with the latent
form of the disease. The trial is anticipated to take three
years for recruitment of the participants and 5 years for
follow-up. The trial’s final results are anticipated to come
by 2030.19If the results are significantly and unstintingly
positive, this anti-tuberculosis vaccine is anticipated to be
available to humankind as the second vaccine after BCG. In
the meantime, other measures of containing tuberculosis
are anticipated to be stepped up globally, including
compulsory vaccination of children at birth with a potent
BCG vaccine and deployment of the available therapeutic
substances to treat the disease in the infected.['™

In the Indian context, there are a few new tuberculosis
vaccine development initiatives from Indian entrepreneurs.
However, the use of the M72/AS01, vaccine when
approved by the regulators and available in India seems
to be one important anticipation in the background for
containing the disease during the future years!® because
vaccination with M72/AS01_ in phase IIb trials had
protected about 50% of the recipients against progression
to pulmonary tuberculosis disease for at least three years
during phase IIb trials, bringing considerable hopes.

In the global context, in addition to the above anti-
tuberculosis candidate vaccine M72/ASOEI1, it is
anticipated that several other candidate vaccines may
also evolve from other research and developmental
establishments if government support is generously
available for their turning out from the research stage
to applications. These candidates include live-attenuated
VPM1002 and MTBVAC; inactivated whole-cell vaccine
DAR-901 and RUTI; the protein/peptide subunit
adjuvanted candidate H4:1C31 (AERAS-404); and the
viral-vectored AERAS-402. The primary goal of using new
vaccines would be to protect the adults from contracting the
disease that Mtb did not previously infect. Concomitantly, it
would also be explored if any one or more of the approved
vaccines could also be used as an immunomodulator along
with chemotherapeutic substances to make the infected
Mtb free faster.
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The development of effective tuberculosis vaccines is
anticipated to be reliant more on promoting T-cell-mediated
Th1 responses over Th2 pathways. Macrophages and
innate immune cells are crucial in early defense against
infections. In Mtb infected T-cells, perhaps the immune
cells have exhausted their source of energy demand through
glycolysis in the cytoplasm and mitochondria, and therefore
are unable to draw energy to reach phagosome maturation.
The hiding Mtb has either learnt through signals about it
or are able to intervene and prevent the process, of which
enough is not known. The author proposes an innovative
method before using a target TB vaccine: sensitize non-
infected macrophages and other immune cells with a
low dose of either of the below-mentioned antigens (a)
recombinant Mtb cells, (b) wild Mtb strains, inactivated at
80 degrees Centigrade or (c) identified more potent Mtb
antigens, each with an effective immunomodulator. At
least one sensitization session of one week before start
of vaccination. Anticipated outcome: activation of non-
infected macrophages, neutrophils and other immune cells
generating cytotoxic CD8+T cells, and multiple cytokines
such as IL-8, I1.-12, II. 17, TNF-alpha, IFN beta and others
secreted by the immune cells, leading to either destruction
of macrophage-phagosome assembly and destruction of
hiding Mtb by the activated immune cells and/or activation
of macrophage-phagosome assembly, phagosome
maturation, pH lowering, fusion with lysosomes, and
clearance of infection. Monitoring granuloma kinetics
and diagnostic signatures in vaccine recipients is crucial
for clinical validation and potential therapeutic vaccine
development.

India has a high-class infrastructure in research,
development, diagnosis, treatment, and surveys of
tuberculosis in the country, which includes among others
the ICMR-National Institute for Research in Tuberculosis
[formerly Tuberculosis Research Centre (TRC)], Tamil
Nadu; the National JALMA Institute for Leprosy &
Other Mycobacterial Diseases, Agra, under ICMR; and
the National Tuberculosis Institute, Bangalore under the
Directorate General of Health Services, Ministry of Health
and Family Welfare, New Delhi. However, the incidence
of tuberculosis patients has remained high. The total
number of TB patients, including new and relapse cases,
notified™” by the Government in 2021 was 1,933,381,
while in 2020, it was 1,628,161. The total number of
bacteriologically positive pulmonary tuberculosis continues
to be much more, close to 300 per one hundred thousand
population. There exist several barriers to winning the war
against the disease; some among these are the existence
of a sizable portion of the nutritionally under-fed poor
population, inadequacy in terms of social support to the

diseased, compelling the patient to work to earn to meet
both ends; the chemotherapeutic treatment causes multiple
toxic syndromes among the treated; a sizable number of
diseased remain unidentified; treatment of resistant cases
is centralized and is not easy to avail of the facilities, while
healthcare of individuals is a state subject matter.

Further, the government budget for researching
newer developments in diagnosis, therapy, and vaccine
development is considered low. Private investment from
the industry side for newer developments is also low. Under
these circumstances, while several clinical trials in multiple
aspects of therapy have been carried out in India, enabling
the generation of more knowledge for cost-effective
rational treatment of the disease, no breakthroughs,
either in chemotherapy or in vaccine development, have
yet been achieved. Under such circumstances, achieving
breakthrough success in containing the disease would
not be easy. However, much may be achieved because of
the strong attention of the Prime Minister to contain the
disease through the PMTBMBA program.

For India, in the intervening period from 2023 onwards,
new and novel anti-tuberculosis vaccine development
strategies based on novel viral vectors should be explored,
and packaging such vectors for expressing one or more of
the already established Mtb antigens to develop novel anti-
tuberculosis candidate vaccines, originating out of Indian
research. Proceeding with more advanced knowledge in
immunology in choosing the effective Mtb antigens and an
in-depth understanding of immunity development through
the activation of the immune cells into and out of innate
and adaptive immunity pathways for vaccine development
would be more desired rather than exploring blind shots of
vaccine development through attenuated live or inactivated
non-disease-producing mycobacterium species. Instead
of only relying on and using the BCG vaccine at birth,
which provides inconsistent protection against pulmonary
Mtb infection in adolescents and adults, a more durable,
knowledge-based development or access to one or more
effective anti-tuberculosis vaccines is thought to be the
long-term right pathway to choose.

Long-term financing for basic and application-oriented
research needs to be guaranteed for tuberculosis research in
the country with sizable assurance of spending. Multilateral
cooperation for knowledge development and fund-seeking
should be explored. Further, as the country has expertise in
high levels of expression of antigens in transgenic host cell
lines and purifying such antigens in high order of purity,
such purified antigens can be admixed with suitable novel
adjuvants to make novel protein and peptide-based anti-
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tuberculosis vaccines. In doing so, India needs to develop
novel adjuvants, where Indian expertise is feeble, although
the country has high competence in chemistry and chemical
technologies.

Acknowledgment

The author thanks Dr Ranjan Bhadra, Ex-Coordinator,
Immunology Division (Ex-Deputy Director), CSIR Indian
Institute of Chemical Biology, Kolkata, India, for reading the
manuscript and making helpful suggestions. The author also
thanks Mrs Deepali Ghosh, Partner at Sompradip Publishers
and Consultants, located at Block: C2B, Flat: 5A, Janakpuri,
New Delhi 110058, for her encouragement and assistance.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Bussi C, Gutierrez MG. Mycobacterium tuberculosis infection of host
cells in space and time. FEMS Microbiol Rev 2019;43:341-61.

2. BhadraR. Macrophage as the game changer of the (future) therapeutic
paradigm. In: Macrophages: Celebrating 140 Years of Discovery.
Kumar V. editor. Rijeka, Croatia: IntechOpen. 2022.

3. Ehlers S, Schaible UE. The granuloma in tuberculosis: Dynamics of
a host-pathogen collusion. Front Immunol 2013;3:411.

4. Keane J, Remold HG, Kornfeld H. Virulent Mycobacterium
tuberculosis strains evade apoptosis of infected alveolar macrophages.
J Immunol 2000;164:2016-20.

5. Riendeau CJ, Kornfeld H. THP-1 cell apoptosis in response to
Mycobacterial infection. Infect Immun 2003;71:254-9.

6.  Sly LM, Hingley-Wilson SM, Reiner NE, McMaster WR. Survival of
Mycobacterium tuberculosis in host macrophages involves resistance
to apoptosis dependent upon induction of antiapoptotic Bcl-2 family
member Mcl-1. ] Immunol 2003;170:430-7.

7. Lee ], Remold HG, Ieong MH, Kornfeld H. Macrophage apoptosis
in response to the high intracellular burden of Mycobacterium
tuberculosis is mediated by a novel caspase-independent pathway. |
Immunol 2006;176:4267-74.

8. Hinchey J, Lee S, Jeon BY, Basaraba RJ, Venkataswamy MM, Chen B,
¢t al. Enhanced priming of adaptive immunity by a proapoptotic mutant
of Mycobacterium tuberculosis. ] Clin Invest 2007;117:2279-88.

9. Briken V, Miller | L. Living on the edge: Inhibition of host cell apoptosis
by Mycobacterium tuberculosis. Future Microbiol 2008;3:415-22.

10.  Mufoz L, Stagg HR, Abubakar I. Diagnosis and management of latent
tuberculosis infection. Cold Spring Harb Perspect Med 2015;5:a017830.

11. Amaral EP, Vinhaes CL, Oliveira-de-Souza D, Nogueira B, Akrami KM,
Andrade BB. The interplay between systemic inflammation, oxidative
stress, and tissue remodeling in tuberculosis. Antioxid Redox Signal
2021;34:471-85.

12. Smith I. Mycobacterium tuberculosis pathogenesis and molecular
determinants of virulence. Clin Microbiol Rev 2003;16:463-96.

13. Keikha M, Karbalaei M. Overview on coinfection of HTLV-1
and tuberculosis: Mini-review. | Clin Tuberc Other Mycobact Dis
2021;23:100224.

14. Morrison H, McShane H. Local pulmonary immunological biomarkers
in tuberculosis. Front Immunol 2021;12:5-10.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ghosh PK. Tuberculosis-prone countries and resistance to COVID-19.
MGM ] Med Sci 2000;7:31-4.

Ghosh PK. Exploring clues for wide variations in COVID-19 fatality
rates among countries. MGM | Med Sci 2022;9:202-14.

Madsen AMR, Schaltz-Buchholzer F, Nielsen S, Benfield T,
Bjerregaard-Andersen M, Dalgaard LS, ¢f /. Using BCG vaccine to
enhance non-specific protection of health care workers during the
COVID-19 pandemic: A randomized controlled trial. ] Infect Dis
2023;29:jiad422.

Statens Serum Institut. Annual Reports on Disease Incidence. Central
Copenhagen: Statens Serum Institut; 2018. Available from: https://
en.ssi.dk/surveillance-and-preparedness/surveillance-in-denmark /
annual-reports-on-disease-incidence. [Last accessed on 05 Oct 2023].
World Health Organization. Tuberculosis. Geneva: WHO; 2023.
Available from: https://www.who.int/news-room/fact-sheets/detail /
tuberculosis. [Last accessed on 27 Aug 2023].

Inderbir S. Padda IS, Muralidhara Reddy K. Antitubercular Medications.
StatPearls. Treasure Island (FL): StatPearls Publishing; 2023. Available
from: https://www.ncbi.nlm.nih.gov/books/NBK557666/. [Last
accessed on 27 Aug 2023].

World Health Organization. Global Tuberculosis Programme: Types of
drug-resistant TB. Geneva: WHO; 2023. Available from: https://www.
who.int/teams/global-tuberculosis-programme/diagnosis-treatment,/
treatment-of-drug-resistant-tb /types-of-tb-drug-resistance. [Last
accessed on 05 Sep 2023].

Agger EM. Novel adjuvant formulations for delivery of anti-
tuberculosis vaccine candidates. Adv Drug Deliv Rev 2016;102:
73-82.

Scriba TJ, Kaufmann SH, Henri Lambert P, Sanicas M, Martin C,
Neyrolles O. Vaccination against tuberculosis with whole-cell
mycobacterial vaccines. | Infect Dis 2016;214:659-64.

Kaufmann SH, Weiner J, von Reyn CF. Novel approaches to
tuberculosis vaccine development. Int J Infect Dis 2017;56:263-7.
Singh R, Dwivedi SP, Gaharwar US, Meena R, Rajamani P, Prasad T.
Recent updates on drug resistance in Mycobacterium tuberculosis. J
Appl Microbiol 2020;128:1547-67.

Martin C, Aguilo N, Marinova D, Gonzalo-Asensio J. Update on TB
vaccine pipeline. Appl. Sci 2020;10:2632.

Bellini C, Horvati K. Recent advances in the development of protein-
and peptide-based subunit vaccines against tuberculosis. Cells
202059:2673.

Whitlow E, Mustafa AS, Hanif SNM. An overview of the development
of new vaccines for tuberculosis. Vaccines (Basel) 2020;8:586.

Scriba TJ, Netea MG, Ginsberg AM. Key recent advances in TB vaccine
development and understanding of protective immune responses
against Mycobacterium tuberculosis. Semin Immunol 2020;50:101431.
Kaufmann SHE. Vaccine development against tuberculosis over the last
140 years: Failure as part of success. Front Microbiol 2021;12:750124.
Dijkman K, Lindenstrom T, Rosenkrands I, See R, Woodworth JS,
Lindestam Arlehamn CS, ez al. A protective, single-visit TB vaccination
regimen by co-administration of a subunit vaccine with BCG. NPJ
Vaccines 2023;8:606.

Zhang'Y, Xu JC, Hu ZD, Fan XY. Advances in protein subunit vaccines
against tuberculosis. Front Immunol 2023;14:1238586.
Nadolinskaia NI, Kotliarova MS, Goncharenko AV. Fighting
tuberculosis: In search of a BCG replacement. Microorganisms
2022;11:51.

da Costa C, Onyebujoh P, Thiry G, Zumla A. Advances in development
of new tuberculosis vaccines. Curr Opin Pulm Med 2023;29:143-8.
Srivastava S, Dey S, Mukhopadhyay S. Vaccines against tuberculosis:
Where are we now? Vaccines (Basel) 2023;11:1013.

Nimmo C, Millard ], Faulkner V, Monteserin ], Pugh H, Johnson EO.
Evolution of Mycobacterium tuberculosis drug resistance in the
genomic era. Front Cell Infect Microbiol 2022;12:954074.
US8277778B2—Vaccine adjuvants, Google Patents. https://patents.
google.com ) patent

778 MGM Journal of Medical Sciences | Volume 10 | Issue 4 | October-December 2023


https://en.ssi.dk/surveillance-and-preparedness/surveillance-in-denmark/annual-reports-on-disease-incidence
https://en.ssi.dk/surveillance-and-preparedness/surveillance-in-denmark/annual-reports-on-disease-incidence
https://en.ssi.dk/surveillance-and-preparedness/surveillance-in-denmark/annual-reports-on-disease-incidence
https://www.who.int/news-room/fact-sheets/detail/tuberculosis
https://www.who.int/news-room/fact-sheets/detail/tuberculosis
https://www.ncbi.nlm.nih.gov/books/NBK557666/
https://www.who.int/teams/global-tuberculosis-programme/diagnosis-treatment/treatment-of-drug-resistant-tb/types-of-tb-drug-resistance
https://www.who.int/teams/global-tuberculosis-programme/diagnosis-treatment/treatment-of-drug-resistant-tb/types-of-tb-drug-resistance
https://www.who.int/teams/global-tuberculosis-programme/diagnosis-treatment/treatment-of-drug-resistant-tb/types-of-tb-drug-resistance
https://patents.google.com › patent
https://patents.google.com › patent

SMIAGZIUMIPXZOBBAeOATIAEIOVIASALLIAIPOOAEIEAHIOINI/AOAU

MY TXIMADUOINXYOHISABZIYT10+erNIOITWNOFZTARY HARSHINAUG Ag [wbw/woo mm| sjeuinoly/:dny woly papeojumoq

¥20¢/60/50 uo

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

MGM Journal of Medical Sciences | Volume 10 | Issue 4 | October-December 2023

Ghosh: TB control by novel vaccines development

P38 inhibitors-https://patents.google.com/patent/
US20100104536A1/en

Sathiyamoorthy R, Kalaivani M, Aggarwal P, Gupta SK. Prevalence of
pulmonary tuberculosis in India: A systematic review and meta-analysis.
Lung India 2020;37:45-52.

Central TB Division, Ministry of Health and Family Welfare,
Government of India. India TB Report, 2020: National Tuberculosis
Elimination Programme: Annual Report. New Delhi: MH&EFW; 2020.
p. 266 Available from: https://tbcindia.gov.in/WriteReadData,/1892s /
India%20TB%20Report%202020.pdf. [Last accessed on 10 Sep 2023].
Ministry of Health and Family Welfare, Government of India. WHO
Global TB Report 2022. Press Release page. Posted on 28 October
2022. New Delhi: MH&FW; 2022. Available from: https://pib.gov.
in/PressReleasePage.aspx?PRID=1871620. [Last accessed on 31 Aug
2023]

Press Information Bureau. Government of India. Home page. The
site is hosted by the National Informatics Centre (NIC). New Delhi:
Press Information Bureau; 2023. Available from: https://pib.gov.in/
indexd.aspx. [Last accessed on 20 Aug 2023].

Explained Health News. In: Indian Express website. Availabale form:
https://indianexpress.com/section/explained/explained-health/.
[Last accessed on 11 Sept 2023].

TB Statistics India. Information About Tuberculosis. Website
Maintained and Updated by GHE — A Registered and Regulated by
the Charity Commission in the UK; 2023. Available from: https://
tbfacts.org/tb-statistics-india/. [Last accessed on 10 Sept 2023].
Institute of Medicine (US). Facing the Reality of Drug-Resistant
Tuberculosis in India: Challenges and Potential Solutions: Summary
of aJoint Workshop by the Institute of Medicine, the Indian National
Science Academy, and the Indian Council of Medical Research.
Washington (DC): National Academies Press (US); 2012. 2, Drug-
Resistant TB in India. Available from: https://www.ncbi.nlm.nih.gov/
books/NBK100386/.

Varshney K, Patel H, Kamal S. Trends in tuberculosis mortality across
India: Improvements despite the COVID-19 pandemic. Cureus
2023;15:¢38313.

Wortld Health Organization. Fact sheets. Geneva: WHO; 2023.
Available from: https://www.who.int/news-room/fact-sheetstopics
[Last accessed on 31 Aug 2023].

Centers for Disease Control and Prevention. Morbidity and Mortality
Weekly Report (MMWR).Atlanta, Georgia: Centers for Disease Control
and Prevention; 2023. Available from: https://www.cdc.gov/mmwt/
index.html. [Last accessed on 31 Aug 2023].

Centers for Disease Control and Prevention. Morbidity and Mortality
Weekly Report (MMWR). Washington, DC: U.S. Department of Health
and Human Services; 2023. Available from: https://www.cdc.gov/
mmwr/index.html. [Last accessed on 31 Aug 2023]

Rodrigues CMC, Plotkin SA. Impact of vaccines; health, economic
and social perspectives. Front Microbiol 2020;11:1-15.

U.S. Centre for American Progress. Economy. Washington, D.C.: CAP;
2023. Available from: https://www.americanprogress.org/topic/
economy/. [Last accessed on 31 Aug 2023].

Ministry of Health and Family Welfare, Government of India. News
and Highlights. New Delhi: Department of Health and Family Welfare,
2023. Available from: https://main.mohfw.gov.in/media/news-and-
highlights. [Last accessed on 31 Aug 2023].

WHO Regional Office for Africa. Immunization. Available from:
https://www.afro.who.int/health-topics /immunization. Brazzaville,
Republic of Congo: WHO Africa Region; 2023. Available from:
https://www.afro.who.int/health-topics /immunization.

Gong W, Liang Y, Wu X. Animal models of tuberculosis vaccine
research: An important component in the fight against tuberculosis.
Biomed Res Int 2020;2020:4263079.

Gomez M, Johnson S, Gennaro ML. Identification of secreted proteins
of Mycobacterium tuberculosis by a bioinformatic approach. Infect
Immun 2000;68:2323-7.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

Singh KK, Zhang X, Patibandla AS, Chien P, Jr, Laal S. Antigens of
Mycobacterinm tubercnlosis expressed during preclinical tuberculosis:
Serological immunodominance of proteins with repetitive amino acid
sequences. Infect Immun 2001;69:4185-91.

Luca S, Mihaescu T. History of BCG vaccine. Maedica (Bucur)
2013;8:53-8.

Magdalena J, Supply P, Locht C. Specific differentiation between
Mycobacterium bovis BCG and virulent strains of the Mycobacterinm
tuberculosis complex. ] Clin Microbiol 1998;36:2471-6.

Cernuschi T, Malvolti S, Nickels E, Friede M. Bacillus Calmette-Guérin
(BCG) vaccine: A global assessment of demand and supply balance.
Vaccine 2018;36:498-5006.

Ritz N, Dutta B, Donath S, Casalaz D, Connell TG, Tebruegge M, ez al.
The influence of bacille Calmette-Guetin vaccine strain on the immune
response against tuberculosis: A randomized trial. Am J Respir Crit
Care Med 2012;185:213-22.

World Health Organization. Manufacturing, Safety, and Quality Control
of Vaccines. Geneva: WHO; 2023. Available from: https://www.who.
int/news-room/feature-stories/detail /manufacturing-safety-and-
quality-control?gclid. [Last accessed on 31 Aug 2023].

Thilothammal N, Krishnamurthy PV, Runyan DK, Banu K. Does BCG
vaccine prevent tuberculous meningitis? Arch Dis Child 1996;74:144-7.
Nieuwenhuizen NE, Kulkarni PS, Shaligram U, Cotton MF,
Rentsch CA, Eisele B, ¢# /. The recombinant Bacille Calmette-Guérin
vaccine VPM1002: Ready for clinical efficacy testing. Front Immunol
2017;8:1147.

Kaufmann SHE. Vaccination against tuberculosis: Revamping
BCG by molecular genetics guided by immunology. Front Immunol
2020;11:316.

Max-Planck-Gesellschaf. Newsroom. Munich: Max-Planck-Gesellschaf;
2023. Available from: https://www.mpg.de/en/newsroom. [Last
accessed on 31 Aug 2023].

National Library of Medicine: National Center for Biotechnology
Information. Clinical Trials. Gov. Bethesda, MD: NLM; 2023. Available
from: https://clinicaltrials.gov/study/NCT03152903. [Last accessed
on 31 Aug 2023].

Blossey AM, Briickner S, May M, Parzmair GP, Sharma H, Shaligram U,
et al. VPM1002 as prophylaxis against severe respiratory tract
infections including coronavirus disease 2019 in the elderly: A phase
3 randomized, double-blind, placebo-controlled, multicenter clinical
study. Clin Infect Dis 2023;76:1304-10.

BIOFABRI—Spanish biopharmaceutical Company. Vaccines and
Immunotherapy for a Healthier Plant. Pontevedra, Spain: Biofabri; 2023.
Available from: https://biofabri.es. [Last accessed on 31 Aug 2023].
Spertini F, Audran R, Chakour R, Karoui O, Steiner-Monard V,
Thierry AC, e al. Safety of human immunization with a live-attenuated
Mycobacterium tuberculosis vaccine: A randomized, double-blind,
controlled phase I trial. Lancet Respir Med. 2015;3:953-62.
Gonzalo-Asensio J, Marinova D, Martin C, Aguilo N, MTBVAC.
Attenuating the human pathogen of tuberculosis (TB) toward
a promising vaccine against the TB epidemic. Front Immunol
2017;8:1803.

Tarancon R, Dominguez-Andrés ], Uranga S, Ferreira AV, Groh LA,
Domenech M, ez al. New live attenuated tuberculosis vaccine MTBVAC
induces trained immunity and confers protection against experimental
lethal pneumonia. PLoS Pathog 2020;16:¢1008404.

Martin C, Marinova D, Aguilé N, Gonzalo-Asensio . MTBVAC, a live
TB vaccine poised to initiate efficacy trials 100 years after BCG. Vaccine
2021;39:7277-85.

International AIDS Vaccine Initiative. Available from: https://www.
iavi.org» news-resources » press-releases-https://www.avi.org/news-
resources,/press-releases /2023 /zendal-and-iavi-announce-expanded-
agreement-to-partner-on-development-of-tb-vaccine-candidate-
mtbvac. [Last accessed on 20 Sep 2023].

Tuberculosis Vaccine Initiative (TBVI). Accelerating TB Vaccine
Research & Development Through Partnership: Tuberculosis Vaccine

779


https://patents.google.com/patent/US20100104536A1/en
https://patents.google.com/patent/US20100104536A1/en
https://tbcindia.gov.in/WriteReadData/l892s/India%20TB%20Report%202020.pdf
https://tbcindia.gov.in/WriteReadData/l892s/India%20TB%20Report%202020.pdf
https://pib.gov.in/PressReleasePage.aspx?PRID=1871626
https://pib.gov.in/PressReleasePage.aspx?PRID=1871626
https://pib.gov.in/indexd.aspx
https://pib.gov.in/indexd.aspx
https://indianexpress.com/section/explained/explained-health/
https://tbfacts.org/tb-statistics-india/
https://tbfacts.org/tb-statistics-india/
https://www.ncbi.nlm.nih.gov/books/NBK100386/
https://www.ncbi.nlm.nih.gov/books/NBK100386/
https://www.who.int/news-room/fact-sheetstopics
https://www.cdc.gov/mmwr/index.html
https://www.cdc.gov/mmwr/index.html
https://www.cdc.gov/mmwr/index.html
https://www.cdc.gov/mmwr/index.html
https://www.americanprogress.org/topic/economy/
https://www.americanprogress.org/topic/economy/
https://main.mohfw.gov.in/media/news-and-highlights
https://main.mohfw.gov.in/media/news-and-highlights
https://www.afro.who.int/health-topics/immunization
https://www.afro.who.int/health-topics/immunization
https://www.who.int/news-room/feature-stories/detail/manufacturing-safety-and-quality-control?gclid
https://www.who.int/news-room/feature-stories/detail/manufacturing-safety-and-quality-control?gclid
https://www.who.int/news-room/feature-stories/detail/manufacturing-safety-and-quality-control?gclid
https://www.mpg.de/en/newsroom
https://clinicaltrials.gov/study/NCT03152903
https://biofabri.es
https://www.iavi.org
https://www.iavi.org
https://www.iavi.org/news-resources/press-releases/2023/zendal-and-iavi-announce-expanded-agreement-to-partner-on-development-of-tb-vaccine-candidate-mtbvac
https://www.iavi.org/news-resources/press-releases/2023/zendal-and-iavi-announce-expanded-agreement-to-partner-on-development-of-tb-vaccine-candidate-mtbvac
https://www.iavi.org/news-resources/press-releases/2023/zendal-and-iavi-announce-expanded-agreement-to-partner-on-development-of-tb-vaccine-candidate-mtbvac
https://www.iavi.org/news-resources/press-releases/2023/zendal-and-iavi-announce-expanded-agreement-to-partner-on-development-of-tb-vaccine-candidate-mtbvac

SMIAGZIUMIPXZOBBAeOATIAEIOVIASALLIAIPOOAEIEAHIOINI/AOAU

MY TXIMADUOINXYOHISABZIYT10+erNIOITWNOFZTARY HARSHINAUG Ag [wbw/woo mm| sjeuinoly/:dny woly papeojumoq

¥20¢/60/50 uo

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

780

Ghosh: TB control by novel vaccines development

Initiative, Annual Report 2014. Lelystad, The Nethetlands: 2014. p. 31.
Available from: https://www.tbvi.cu/wp-content/uploads/2015/07/
Annual-Report-2014.pdf. [Last accessed on 20 Sep 2023].

Sander P, Clatk S, Petrera A, Vilaplana C, Meuli M, Selchow P, ¢ a/.
Deletion of zmp1 improves Mycobacterium bovis BCG-mediated
protection in a guinea pig model of tuberculosis. Vaccine 2015;33:1353-9.
Johansen P, Fettelschoss A, Amstutz B, Selchow P, Waeckerle-Men Y,
Keller P, ef al. Relief from zmpl-mediated arrest of phagosome
maturation is associated with facilitated presentation and enhanced
immunogenicity of mycobacterial antigens. Clin Vaccine Immunol
2011;18:907-13.

Tuberculosis Vaccine Initiative (TBVI). Pipeline of vaccines: Research
and development services. Lelystad, The Netherlands: 2021. Available
from: https://www.tbvi.eu/what-we-do/pipeline-of-vaccines/. [Last
accessed on 20 Sep 2023].

Tuberculosis Vaccine Initiative (TBVI). Promoting European
Excellence in Vaccine R & D. Accelerating TB Vaccine R &D through
partnership. Lelystad, The Netherlands: 2015. Available from: https://
www.tbvi.eu/. [Last accessed on 20 Sep 2023].

Tuberculosis Vaccine Initiative (TBVI). Preclinical Candidates (Revised
d.d. July 2018). Available from: https://www.tbvi.eu/wp-content/
uploads,/2018 /09 /Preclinical-TB-vaccine-candidates-2018.pdf. [Last
accessed on 20 Sep 2023].

Hernandez Pando R, Aguilar LD, Smith I, Manganelli R. Immunogenicity
and protection induced by a Mycobacterium tuberculosis sigE mutant
in a BALB/c mouse model of progressive pulmonary tuberculosis.
Infect Immun 2010;78:3168-76.

Rodrigue S, Provvedi R, Jacques P-E, Gaudreau L, Manganelli R.
The 0 factors of Mycobacterium tuberculosis. FEMS Microbiol Rev
20006;30:926-41.

Manganelli R, Provvedi R, Rodrigue S, Beaucher ], Gaudreau L,
Smith I. Sigma factors and global gene regulation in Mycobacterium
tuberculosis. ] Bacteriol 2004;186:895-902. Erratum in: ] Bacteriol. 2004
Apr;186(8):2516. Proveddi, Roberta [corrected to Provvedi, Roberta].
Troudt J, Creissen E, Izzo L, Bielefeldt-Ohmann H, Casonato S,
Manganelli R, ¢ al. Mycobacterium tuberculosis sigh, mutant ST28
used as a vaccine induces protective immunity in the guinea pig model.
Tuberculosis (Edinb). 2017;106:99-105.

Kaushal D, Foreman TW, Gautam US, Alvarez X, Adekambi T, Rangel-
Moreno |, et al. Mucosal vaccination with attenuated Mycobacterium
tuberculosis induces strong central memory responses and protects
against tuberculosis. Nat Commun 2015;6:8533.

Sambandamurthy VK, Detrick SC, Jalapathy KV, Chen B, Russell RG,
Morris SL, et al. Long-term protection against tuberculosis
following vaccination with a severely attenuated double lysine and
pantothenate auxotroph of Mycobacterium tuberculosis. Infect Immun
2005;73:1196-203.

Larsen MH, Biermann K, Chen B, Hsu T, Sambandamurthy VK,
Lackner AA, ¢ al. Efficacy and safety of live attenuated persistent
and rapidly cleared Mycobacterium tuberculosis vaccine candidates
in non-human primates. Vaccine 2009;27:4709-17.

Lahey T, Laddy D, Hill K, Schaeffer |, Hogg A, Keeble |, ¢z al.
Immunogenicity and protective efficacy of the DAR-901 booster
vaccine in a murine model of tuberculosis. PL.oS One 2016;11:¢0168521.
von Reyn CF, Lahey T, Arbeit RD, Landry B, Kailani L, Adams LV, ez a/.
Safety and immunogenicity of an inactivated whole cell tuberculosis
vaccine booster in adults primed with BCG: A randomized, controlled
trial of DAR-901. PLoS One 2017;12:¢0175215.

Geisel School of Medicine. Dartmouth TB Vaccine Moves Forward
After Successful Phase 2 Trial. Hanover, NH, USA: Trustees of
Dartmouth College, Higher Education Act Information Dartmouth
Compliance and Ethics Hotline; 2023. Available from: https://
geiselmed.dartmouth.edu/news/2020/successful-dartmouth-tb-
vaccine-moves-forward-after-phase-2-trial /.[Last accessed on 10 Sep
2023].

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ghosh PK. Indian experience in commercializing institutionally
developed biotechnologies. | Sci Ind Res 1996;55:860-72.

Khanna A, Singh U, Kumar §, Sengupta A, Banavaliker JN,
Chauhan DS, ez al. Efficacy and safety of Mycobacterium indicus pranii as an
adjunct therapy in category II pulmonary tuberculosis in a randomized
trial. Sci Rep 2017;7:3354.

ICMR—National Institute of Medical Statistics. Total Number of
Trials Registered in CTRI: 58664. Designed, Developed, and Hosted
by NIC/NICSI, Content provided by the National Institute of Medical
Statistics (NIMS). New Delhi: National Institute of Medical Statistics;
2023. Available from: https://ctri.nic.in/Clinicaltrials /login.php. [Last
accessed on 15 Sep 2023]

Weng H, Huang JY, Meng XY, Li S, Zhang GQ. Adjunctive therapy
of Mycobacterium vaccae vaccine in the treatment of multidrug-resistant
tuberculosis: A systematic review and meta-analysis. Biomed Rep
2016;4:595-600. doi:10.3892/b1.2016.624.

Gong WP, Liang Y, Ling YB, Zhang J X, Yang YR, Wang L, ez a/. Effects
of  Mycobacterium vaccae vaccine in a mouse model of tuberculosis:
Protective action and differentially expressed genes. Mil Med Res
2020;7:25.

Long Island University. Clinical Drug Experience Knowledgebase
(CDEK): A Platform Intended to Explore Every Active Pharmaceutical
Ingredient (API) with Evidence of Clinical Testing. Brooklyn, NY,
USA: Long Island University, 2022. Available from: https://www.cdek.
lin.edu > trial » NCT01977768 [Last accessed on 15 Sep 2023]
Vilaplana C, Montané E, Pinto S, Barriocanal AM, Domenech G,
Torres E, e al. Double-blind, randomized, placebo-controlled Phase
I clinical trial of the therapeutical antituberculous vaccine RUTT.
Vaccine 2010;28:1106-16.

Nell AS, D’lom E, Bouic P, Sabaté M, Bosser R, Picas J, ez al. Safety,
tolerability, and immunogenicity of the novel antituberculous vaccine
RUTI: Randomized, placebo-controlled phase I1 clinical trial in patients
with latent tuberculosis infection. PLoS One 2014;9:89612.

TB Online: Information for Activists, Patients, Health Workers &
Researchers Working to End Tuberculosis. Website of Global TB
Community Advisory Board—Founded with the support of Treatment
Action Campaign (TAC), Treatment Action Group (TAG), HIV i-Base,
European AIDS Treatment Group (EATG), South Africa Development
Fund, and Community Media Trust (CMT). Available from: https://
www.tbonline.info/tbcab/. [Last accessed on 20 Sep 2023].
Olafsdottir TA, Lingnau K, Nagy E, Jonsdottir I. IC31, a two-
component novel adjuvant mixed with a conjugate vaccine enhances
protective immunity against pneumococcal disease in neonatal mice.
Scand ] Immunol 2009;69:194-202.

Geldenhuys H, Mearns H, Miles DJ, Tameris M, Hokey D, Shi Z,
et al; H4:1C31 Trial Study Group. The tuberculosis vaccine H4: IC31
is safe and induces a persistent polyfunctional CD4 T cell response
in South Affrican adults: A randomized controlled trial. Vaccine
2015;33:3592-9.

Norrby M, Vesikari T, Lindqvist L, Macurer M, Ahmed R, Mahdavifar S,
¢t al. Safety and immunogenicity of the novel H4:IC31 tuberculosis
vaccine candidate in BCG-vaccinated adults: Two phase 1 dose
escalation trials. Vaccine 2017;35:1652-61.

National Library of Medicine: National Center for Biotechnology
Information. Clinical Ttials. Gov. Bethesda, MD: NLLM; 2023. Available
from: https://clinicaltrials.gov/study/NCT02075203. [Last accessed
on 31 Aug 2023].

Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N,
et al.; C-040-404 Study Team. C-040-404 study team prevention of
M. tuberculosis infection with H4:1C31 vaccine or BCG revaccination.
N Engl ] Med 2018;379:138-49. doi:10.1056/NEJMoa1714021. PMID:
29996082; PMCID: PMC5937161.

Stop TB Partnership: Working Group of New TB Vaccines.
Copenhagen, Denmark: Stop TB Partnership, hosted by United Nations
Office for Project Services (UNOPS), Department of Economic and

MGM Journal of Medical Sciences | Volume 10 | Issue 4 | October-December 2023


https://www.tbvi.eu/wp-content/uploads/2015/07/Annual-Report-2014.pdf
https://www.tbvi.eu/wp-content/uploads/2015/07/Annual-Report-2014.pdf
https://www.tbvi.eu/what-we-do/pipeline-of-vaccines/
https://www.tbvi.eu/
https://www.tbvi.eu/
https://www.tbvi.eu/wp-content/uploads/2018/09/Preclinical-TB-vaccine-candidates-2018.pdf
https://www.tbvi.eu/wp-content/uploads/2018/09/Preclinical-TB-vaccine-candidates-2018.pdf
https://geiselmed.dartmouth.edu/news/2020/successful-dartmouth-tb-vaccine-moves-forward-after-phase-2-trial/
https://geiselmed.dartmouth.edu/news/2020/successful-dartmouth-tb-vaccine-moves-forward-after-phase-2-trial/
https://geiselmed.dartmouth.edu/news/2020/successful-dartmouth-tb-vaccine-moves-forward-after-phase-2-trial/
https://ctri.nic.in/Clinicaltrials/login.php
https://www.cdek.liu.edu
https://www.cdek.liu.edu
https://www.tbonline.info/tbcab/
https://www.tbonline.info/tbcab/
https://clinicaltrials.gov/study/NCT02075203

SMIAGZIUMIPXZOBBAeOATIAEIOVIASALLIAIPOOAEIEAHIOINI/AOAU

MY TXIMADUOINXYOHISABZIYT10+erNIOITWNOFZTARY HARSHINAUG Ag [wbw/woo mm| sjeuinoly/:dny woly papeojumoq

¥20¢/60/50 uo

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Ghosh: TB control by novel vaccines development

Social Affairs. 2018 Available from: https://newtbvaccines.org/. [Last
accessed on 20 Sept 2023].

Li]J, Zhao A, Tang ], Wang G, Shi Y, Zhan L, ez al. Tuberculosis vaccine
development: From classic to clinical candidates. Eur ] Clin Microbiol
Infect Dis 2020;39:1405-25.

Stop TB Partnership: Working Group of New TB Vaccine. AEC/BCO02.
Copenhagen, Denmark: Stop TB Partnership, hosted by United Nations
Office for Project Services (UNOPS), Department of Economic and
Social Affairs. 2018-2023. Available from: https://newtbvaccines.org/
vaccine/aec-bc02/. [Last accessed on 20 Sept 2023].

Lu JB, Cheng BW, Deng HQ, Su C, Shen XB, Du WX, ¢# a/. Analysis
of Koch phenomenon of Mycobacterium tuberculosis-infected guinea
pigs vaccinated with recombinant tuberculosis vaccine AEC/BC02.
Zhonghua Jie He He Hu Xi Za Zhi 2016;39:524-8.

National Library of Medicine: National Center for Biotechnology
Information. Clinical Trials. Gov. Bethesda, MD: NLM; 2023. Available
from: https://clinicaltrials.gov/study/NCT03026972. [Last accessed
on 31 Aug 2023].

Tkachuk AP, Gushchin VA, Potapov VD, Demidenko AV, Lunin VG,
Ginsburg AL. Multi-subunit BCG booster vaccine GamTBvac:
Assessment of immunogenicity and protective efficacy in murine and
guinea pig TB models. PLoS One 2017;12:¢0176784. doi:10.1371/
journal.pone.0176784.

Tkachuk AP, Bykonia EN, Popova LI, Kleymenov DA, Semashko MA,
Chulanov VP, e al. Safety and immunogenicity of the GamTBvac, the
recombinant subunit tuberculosis vaccine candidate: A phase 11, multi-
centet, double-blind, randomized, placebo-controlled study. Vaccines
(Basel) 2020;8:652.

Gillard P, Yang PC, Danilovits M, Su W], Cheng SL, Pehme L, ¢z al.
Safety and immunogenicity of the M72/AS01E candidate tuberculosis
vaccine in adults with tuberculosis: A phase II randomised study.
Tuberculosis (Edinb). 2016;100:118-27.

Barnes JR. Positive Results Shown With Agenus’ QS-21 Stimulon(R)
Adjuvantin Phase 3 Trial of GlaxoSmithKline’s Malaria Vaccine. EX-99
2 newstrelease.htm Press Release. Media and Investors, Investor Relations
and Corporate Communication; 617-8. Available from: https://www.
sec.gov/Archives/edgar/data/1098972,/000117184311003003/
newstelease.htm. [Last accessed on 28 Aug 2023].

Zhu D, Tuo W. QS-21: A potent vaccine adjuvant. Nat Prod Chem Res
2016;3:e113.

Bionity.com. Aeras Global TB Vaccine Foundation. Rockville, USA:
Lumitos AG; 1997-2023. Available from: https://www.bionity.com/
en/associations,/20656,/ acras-global-tb-vaccine-foundation.html. [Last
accessed on 28 Aug 2023].

International AIDS Vaccine Initiative-https://www.iavi.orgnews-
resourcesypress-releases-https://www.iavi.org/news-resources/
press-releases /2018 /iavi-acquires-aeras-tb-vaccine-clinical-programs-
and-assets, [Last accessed on 28 Aug 2023].

Van Der Meeren O, Hatherill M, Nduba V, Wilkinson R], Muyoyeta M,
Van Brakel E, e a/. Phase 2b controlled trial of M72/AS01E vaccine
to prevent tuberculosis. N Engl ] Med 2018;379:1621-34.

Tait DR, Hatherill M, Van Der Meeren O, Ginsberg AM, Van Brakel E,
Salaun B, e# a/. Final analysis of a trial of M72/AS01E vaccine to prevent
tuberculosis. N Engl ] Med 2019;381:2429-39.

Wortld Health Organization. Global strategy on occupational Health for
All: The way to Health at work. Recommendation of the 2nd meeting
of the WHO Collaborating Centres in Occupational Health, 11-14
October 1994, Bejing, China. Geneva: WHO; 1995. p. 68. Available
from: https://apps.who.inbresvbitstreamsretrieve PDFE [Last accessed
on 30 Aug 2023].

Wortld Health Otganization. Global Tuberculosis Programme. Geneva:
WHO; 2023. Available from: https://www.who.int/teams/global-
tuberculosis-programme/data. [Last accessed on 30 Aug 2023].
World Health Organization. M72/AS01E Tuberculosis Vaccine
Candidate - Consensus-Generating Consultation on the Development

Pathway. Geneva: WHO; 2023. Available from: https://www.who.int/

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

MGM Journal of Medical Sciences | Volume 10 | Issue 4 | October-December 2023

publications/m/item/m72-as01e-tuberculosis-vaccine-candidate. [Last
accessed on 29 Aug 2023].

Welcome Trust. History of Wellcome. Henry Wellcome (1853-1930)
Bequeathed his Fortune, Extensive Assortment of Historical Medical
Artifacts, and a Mandate to Enhance Health through Research in his
Last Will and Testament. London: Wellcome Trust; 2023. Available
from: https://wellcome.org/who-we-ate/contact-us. [Last accessed
on 29 Aug 2023]

Bill and Melinda Gates Foundation. We are Committed to Grand
Ideas that Spur Innovation: Learn about the Power of Science and
Innovation. Seattle, Washington: Bill and Melinda Gates Foundation;
Learn about the Power of Science and Innovation. Available from:
https://www.gatesfoundation.org. [Last accessed on 30 Aug 2023].
Wellcome Trust. The World’s First Tuberculosis Vaccine in 100 Years
Could Be in Sight. Available at: https://wellcome.org/news/worlds-
first-tuberculosis-vaccine-100-years-could-be-sight. London: Welcome
Trust; 2023. [Last accessed on 30 Aug 2023]

Jeyanathan M, Shao Z, Yu X, Harkness R, Jiang R, Li ], e# al.
AdHu5Ag85A respiratory mucosal boost immunization enhances
protection against pulmonary tuberculosis in BCG-primed non-human
primates. PLoS One 2025;10:¢0135009.

Smaill F Jeyanathan M, Smieja M, Medina MF, Thanthrige-Don N,
Zganiacz A, e¢f al. A human type 5 adenovirus-based tuberculosis
vaccine induces robust T cell responses in humans despite preexisting
anti-adenovirus immunity. Sci Trans! Med 2013;5:205ra-134.
Jeyanathan M, Fritz DK, Afkhami S, Aguirre E, Howie KJ, Zganiacz A,
¢t al. Aerosol delivery, but not intramuscular injection, of adenovirus-
vectored tuberculosis vaccine induces respiratory-mucosal immunity
in humans. JCI Insight 2022;7:¢155655.

Radosevic K, Wieland CW, Rodriguez A, Weverling GJ, Mintardjo R,
Gillissen G, ef al. Protective immune responses to a recombinant
adenovirus type 35 tuberculosis vaccine in two mouse strains: CD4
and CD8 T-cell epitope mapping and role of gamma interferon. Infect
Immun 2007;75:4105-15.

Hokey DA, Wachholder R, Darrah PA, Bolton DL, Barouch DH,
Hill K, ezal. A nonhuman primate toxicology and immunogenicity study
evaluating aerosol delivery of AERAS-402/Ad35 vaccine: Evidence
for transient t cell responses in peripheral blood and robust sustained
responses in the lungs. Hum Vaccin Immunother 2014;10:2199-210.
Abel B, Tameris M, Mansoor N, Gelderbloem S, Hughes |, Abrahams D,
et al. The novel tuberculosis vaccine, AERAS-402, induces robust and
polyfunctional CD4+ and CD8+ T cells in adults. Am ] Respir Crit
Care Med 2010;181:1407-17.

Kagina BM, Tameris MD, Geldenhuys H, Hatherill M, Abel B,
Hussey GD, ¢# al.; 018-402 Clinical Lab study team. The novel
tuberculosis vaccine, AERAS-402, is safe in healthy infants previously
vaccinated with BCG, and induces dose-dependent CD4 and CD8T
cell responses. Vaccine 2014;32:5908-17.

Hoft DF, Blazevic A, Stanley ], Landry B, Sizemote D, Kpamegan E,
et al. A recombinant adenovirus expressing immunodominant TB
antigens can significantly enhance BCG-induced human immunity.
Vaccine 2012;30:2098-108.

van Zyl-Smit RN, Esmail A, Bateman ME, Dawson R, Goldin J,
van Rikxoort E, e al. Safety and immunogenicity of adenovirus 35
tuberculosis vaccine candidate in adults with active or previous tuberculosis.
A randomized trial. Am | Respir Crit Care Med 2017;195:1171-80.
Walsh DS, Owira V, Polhemus M, Otieno L, Andagalu B, Ogutu B,
et al.; Aeras C-012-402 Study Team. Adenovirus type 35-vectored
tuberculosis vaccine has an acceptable safety and tolerability profile
in healthy, BCG-vaccinated, QuantiFERON(®)-TB Gold (+) Kenyan
adults without evidence of tuberculosis. Vaccine 2016;34:2430-6.
Churchyard GJ, Snowden MA, Hokey D, Dheenadhayalan V,
McClain JB, Douoguih M, ez al. The safety and immunogenicity of
an adenovirus type 35-vectored TB vaccine in HIV-infected, BCG-
vaccinated adults with CD4(+) T cell counts >350 cells/mm(3).
Vaccine 2015;33:1890-6.

781


https://newtbvaccines.org/
https://newtbvaccines.org/vaccine/aec-bc02/
https://newtbvaccines.org/vaccine/aec-bc02/
https://clinicaltrials.gov/study/NCT03026972
https://www.sec.gov/Archives/edgar/data/1098972/000117184311003003/newsrelease.htm
https://www.sec.gov/Archives/edgar/data/1098972/000117184311003003/newsrelease.htm
https://www.sec.gov/Archives/edgar/data/1098972/000117184311003003/newsrelease.htm
https://www.bionity.com/en/associations/20656/aeras-global-tb-vaccine-foundation.html
https://www.bionity.com/en/associations/20656/aeras-global-tb-vaccine-foundation.html
https://www.iavi.org›news-resources›press-releases-https://www.iavi.org/news-resources/press-releases/2018/iavi-acquires-aeras-tb-vaccine-clinical-programs-and-assets
https://www.iavi.org›news-resources›press-releases-https://www.iavi.org/news-resources/press-releases/2018/iavi-acquires-aeras-tb-vaccine-clinical-programs-and-assets
https://www.iavi.org›news-resources›press-releases-https://www.iavi.org/news-resources/press-releases/2018/iavi-acquires-aeras-tb-vaccine-clinical-programs-and-assets
https://www.iavi.org›news-resources›press-releases-https://www.iavi.org/news-resources/press-releases/2018/iavi-acquires-aeras-tb-vaccine-clinical-programs-and-assets
https://apps.who.int›rest›bitstreams›retrieve.PDF
https://www.who.int/teams/global-tuberculosis-programme/data
https://www.who.int/teams/global-tuberculosis-programme/data
https://www.who.int/publications/m/item/m72-as01e-tuberculosis-vaccine-candidate
https://www.who.int/publications/m/item/m72-as01e-tuberculosis-vaccine-candidate
https://wellcome.org/who-we-are/contact-us
https://www.gatesfoundation.org
https://wellcome.org/news/worlds-first-tuberculosis-vaccine-100-years-could-be-sight
https://wellcome.org/news/worlds-first-tuberculosis-vaccine-100-years-could-be-sight

SMIAGZIUMIPXZOBBAeOATIAEIOVIASALLIAIPOOAEIEAHIOINI/AOAU

MY TXIMADUOINXYOHISABZIYT10+erNIOITWNOFZTARY HARSHINAUG Ag [wbw/woo mm| sjeuinoly/:dny woly papeojumoq

¥20¢/60/50 uo

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

782

Ghosh: TB control by novel vaccines development

Stylianou E, Griffiths KL, Poyntz HC, Harrington-Kandt R, Dicks MD,
Stockdale L, ez al. Improvement of BCG protective efficacy with a
novel chimpanzee adenovirus and a modified vaccinia Ankara vitrus
both expressing Ag85A. Vaccine 2015;33:6800-8.

Pinpathomrat N, Bull N, Pasricha J, Harrington-Kandt R, McShane H,
Stylianou E. Using an effective TB vaccination regimen to identify
immune responses associated with protection in the murine model.
Vaccine 2021;39:1452-62.

Wilkie M, Satti I, Minhinnick A, Harris S, Riste M, Ramon RL, ez al. A
phase I trial evaluating the safety and immunogenicity of a candidate
tuberculosis vaccination regimen, ChAdOx1 85A prime - MVAS5A
boost in healthy UK adults. Vaccine 2020;38:779-89.

Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL, Folegatti PM,
Owens DR, ez al; Oxford COVID Vaccine Trial Group. Oxford
COVID vaccine trial group safety and immunogenicity of ChAdOx1
nCoV-19 vaccine administered in a prime-boost regimen in young and
old adults (COV002): A single-blind, randomised, controlled, phase
2/3 trial. Lancet 2021;396:1979-93. Erratum in: Lancet. 2021 Dec
19;396(10267):1978. Erratum in: Lancet. 2021 Apr 10;397(10282):1350.
Beverley PC, Ruzsics Z, Hey A, Hutchings C, Boos S, Bolinger B,
et al. A novel murine cytomegalovirus vaccine vector protects against
Mycobacterium tuberculosis. ] Immunol 2014;193:2306-16.

Hansen SG, Zak DE, Xu G, Ford JC, Marshall EE, Malouli D, e a/.
Prevention of tuberculosis in rhesus macaques by a cytomegalovirus-
based vaccine. Nat Med 2018;24:130-43.

North TW, Sequar G, Townsend LB, Drach JC, Barry PA. Rhesus
cytomegalovirus is similar to human cytomegalovirus in susceptibility
to benzimidazole nucleosides. Antimicrob Agents Chemother
2004;48:2760-5.

Méndez AC, Rodriguez-Rojas C, Del Val M. Vaccine vectors:
The bright side of cytomegalovirus. Med Microbiol Immunol
2019;208:349-63.

Liu J, Jaijyan DK, Tang Q, Zhu H. Promising cytomegalovirus-based
vaccine vector induces robust CD8+ T-cell response. Int ] Mol Sci
2019;20:4457.

McShane H, Brookes R, Gilbert SC, Hill AV. Enhanced immunogenicity
of CDA4(+) t-cell responses and protective efficacy of a DNA-modified
vaccinia virus Ankara prime-boost vaccination regimen for murine
tuberculosis. Infect Immun 2001;69:681-6.

McShane H, Behboudi S, Goonetilleke N, Brookes R, Hill AV.
Protective immunity against Mycobacterium tuberculosis induced by
dendritic cells pulsed with both CD8(+)- and CD4(+)-T-cell epitopes
from antigen 85A. Infect Immun 2002;70:1623-6.

Goonetilleke NP, McShane H, Hannan CM, Anderson R], Brookes RH,
Hill AV. Enhanced immunogenicity and protective efficacy against
Mycobacterium tuberculosis of Bacille Calmette—Guerin vaccine using
mucosal administration and boosting with a recombinant modified
vaccinia virus Ankara. | Immunol 2003;171:1602-9.

Williams A, Goonetilleke NP, McShane H, Clark SO, Hatch G,
Gilbert SC, ¢t al. Boosting with poxviruses enhances Mycobacterium

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

bovis BCG efficacy against tuberculosis in guinea pigs. Infect Immun
2005;73:3814-6.

Vordermeier HM, Rhodes SG, Dean G, Goonetilleke N, Huygen K,
Hill AV, et al. Cellular immune responses induced in cattle by
heterologous prime-boost vaccination using recombinant viruses and
bacille Calmette—Guérin. Immunology 2004;112:461-70.

Verreck FA, Vervenne RA, Kondova I, van Kralingen KW,
Remarque EJ, Braskamp G, ¢z a/. MVA85A boosting of BCG and
an attenuated, phoP deficient M. tuberculosis vaccine both show
protective efficacy against tuberculosis in rhesus macaques. PLoS One
2009;4:¢5204. Erratum in: PLoS One. 2011;6(2).

Hu Z, Wong KW, Zhao HM, Wen HL, Ji P, Ma H, ¢7 al. Sendai virus
mucosal vaccination establishes lung-resident memory CD8 T' cell
immunity and boosts BCG-primed protection against TB in mice. Mol
Ther 2017;25:1222-33.

Szabo PA, Miron M, Farber DL. Location, location, location:
Tissue resident memory T cells in mice and humans. Sci Immunol
2019;4:€2a2s9673.

Hu 7, Jiang W, Gu L, Qiao D, Shu T, Lowrie DB, e/ a/. Heterologous
prime-boost vaccination against tuberculosis with recombinant sendai
vitus and DNA vaccines. ] Mol Med (Betl) 2019;97:1685-94.
Stukova MA, Sereinig S, Zabolotnyh NV, Ferko B, Kittel C, Romanova J,
et al. Vaccine potential of influenza vectors expressing Mycobacterium
tuberculosis ESAT-6 protein. Tuberculosis (Edinb) 2006;86:236-46.
doi:10.1016/j.tube.2006.01.010.

Florido M, Muflihah H, Lin LCW, Xia Y, Sierro F, Palendira M, ez al.
Pulmonary immunization with a recombinant influenza A virus vaccine
induces lung-resident CD4+ memory T cells that are associated
with protection against tuberculosis. Mucosal Immunol 2018;11:
1743-52.

Muflihah H, Flérido M, Lin LCW, Xia Y, Triccas JA, Stambas J, ¢ al.
Boosting BCG with recombinant influenza A virus tuberculosis
vaccines increases pulmonary T cell responses but not protection against
Mycobacterium tuberculosis infection. PLoS One 2021;16:¢0259829.
The tuberculosis vaccine challenge. Bull World Health Organ
2023;101:303-4.

Heemskerk D, Caws M, Marais B, Farrar J. Tuberculosis in Adults and
Children. London: Springer; 2015. Available from: https://www.ncbi.
nlm.nih.gov/books/NBK344409/. [Last accessed on 15 Sept 2023].
Clark RA, Weerasuriya CK, Portnoy A, Mukandavire C, Quaife M,
Bakker R, ¢z al. New Tuberculosis Vaccines in India: Modelling
the Potential Health and Economic Impacts of Adolescent/
Adult Vaccination with M72/AS01 E and BCG-Revaccination.
medRxiv [Preprint]. 2023:2023.02.24.23286406. doi:
10.1101,/2023.02.24.23286406.

Central TB Division. Ministry of Health and Family Welfare.
Government of India. India TB Report 2022. Coming Together to
End TB Altogether. New Delhi: MH&EFW; 2022; p. 263. Available
from: https://tbcindia.govin/WriteReadData/IndiaTBReport2022/
TBAnnaulReport2022.pdf. [Last accessed on 10 Sep 2023].

MGM Journal of Medical Sciences | Volume 10 | Issue 4 | October-December 2023


https://www.ncbi.nlm.nih.gov/books/NBK344409/
https://www.ncbi.nlm.nih.gov/books/NBK344409/
https://tbcindia.gov.in/WriteReadData/IndiaTBReport2022/TBAnnaulReport2022.pdf
https://tbcindia.gov.in/WriteReadData/IndiaTBReport2022/TBAnnaulReport2022.pdf

