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Introduction

Recent reports indicate that one-third of the world’s population (approximately 1.5 bil-

lion people) is infected with Mycobacterium tuberculosis (Mtb). It is also one of the top 

10 causes of mortality worldwide. This bacterium has been reported in all ages and 

geographical areas; however, most people with active disease are adults (90%), and it 

is more common in men than in women (2:1 ratio). The most recent statistical report 

in 2018 indicated that 57% of males, 32% of women, and 11% of children were infected 

with Mtb, whereas 8.6% of patients had human immunodeficiency virus (HIV). Drug 

therapy is associated with a poor response due to the complexity and long duration of 

treatment protocols. This poor response to treatment seems to be a significant cause of 

multidrug-resistant (MDR) strains. Approximately 50 million cases of MDR-type Mtb 

have been reported. Although many people are exposed to Mtb, only a few develop ac-

tive disease. Among the people considered infected or with a history of exposure to 

Mtb, the disease progresses to the active form in only 10% of the population. According 

to the World Health Organization (WHO), in people who have suffered from both HIV 

and Mtb simultaneously, progression to active disease is more complicated than in 

people who are only affected by Mtb.

 According to reports published in 2004, Mtb infection is most frequently reported in 

developing regions such as Asia (especially Russia, China, and India, with approxi-
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Tuberculosis (TB) is consistently ranked among the deadliest diseases worldwide, causing 
millions of deaths annually. Mycobacterium tuberculosis is the causative agent for this in-
fection. Different antibiotics and vaccines have been discussed as potential treatments and 
prevention. Currently, there is only one licensed vaccine against TB, Bacillus Calmette-Guérin 
(BCG). Despite its protective efficacy against TB in children, BCG has failed to protect adults 
against pulmonary TB, lacks therapeutic value, and can cause complications in immunocom-
promised individuals. In this review, BCG, the most widely administered vaccine, is discussed, 
and the newest vaccines available in medicine are discussed. Based on the restrictions that 
prevent optimal BCG efficacy and the vaccines that are now being tested in various clinical 
studies, some criteria need to be considered in designing future vaccines.
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mately 2 million people with active Mtb disease) and Africa 

[1]. Mtb has proliferative and active metabolic activities, and 

upon entry into the lung alveoli, Mtb is phagocytosed by al-

veolar macrophages and dendritic cells. Compared to most 

bacterial pathogens, Mtb can survive in phagocytes and in-

hibit phagosome-lysozyme maturation in the early stages 

(Fig. 1). Dendritic cells then transfer Mtb to the lymph nodes, 

where T lymphocyte stimulation occurs. Usually, the disease 

cannot be eradicated in patients infected with Mtb because 

of�the�restriction�of�Mtb�to�granulomas�in�the�lungs.�Granulo-

ma is an immune response that prevents Mtb spread [2,3]. 

Although a protective immune response cannot wholly elim-

inate Mtb infection, it prevents the disease in approximately 

90% of the infected individuals. This protective immune re-

sponse causes granuloma lesions at the site of mycobacterial 

accumulation where Mtb is latent. Mycobacteria in the latent 

phase are characterized by inactivity, reduced metabolic lev-

els, and proliferation. Mtb is resistant to immune responses 

[4]. Attenuation of the immune system leads to Mtb reactiva-

tion�during�the�latent�tuberculosis�infection�(LTBI)�phase,�

leading�to�active�tuberculosis�(TB).�Although�the�immune�

system�destroys�Mtb,�it�appears�less�resistant�to�LTBI.�Granu-

lomas occur with caseous necrosis. Host cell death and tissue 

destruction favor Mtb growth and expansion. Damage to 

lung tissue leads to symptoms such as circulation, sweat, fe-

ver, and severe cough [5].

The Immune Response in Patients with  
Tuberculosis

The immune response to Mtb is related to the activation of 

type 1 T helper (Th1) responses and the production of a range 

of cytokines such as tumor necrosis factor-alpha (TNF-α) and 

interferon-gamma (IFN-γ).�Genetic�defects,�such�as�muta-

tions in receptors for cytokines such as interleukin-12 (IL-12) 

or IFN-γ, enhance the differentiation of Th1 cells, resulting in 

Fig. 1. Mycobacterium tuberculosis (Mtb) pathogenesis cycle. Mtb entrance in macrophage, granuloma formation, and Mtb release into the 
respiratory tract or airway (right); licensed and recruiting vaccines (left). Following the phagocytosis of Mtb by alveolar macrophage cells, 
granuloma formation has occurred with Mtb in infected macrophages surrounded by different immune cells (e.g., mononuclear phagocytes and 
lymphocytes). BCG, Bacillus Calmette-Guérin.
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increased susceptibility to progressive mycobacterial disease. 

In addition, the neutralization of TNF-α by monoclonal anti-

bodies (such as those used in treating rheumatoid arthritis) 

can�prevent�LTBI�reactivation.�Hence,�it�is�reasonable�to�de-

velop vaccines that enhance Th1 protective response. This 

has led to the production of vaccines against other infections, 

such as varicella virus infection, which causes chickenpox. In 

the last century, there has been a dramatic increase in the de-

sign of new vaccines against Mtb. Although vaccines can elic-

it an immune response that helps reduce bacterial load in the 

lungs, they do not entirely eradicate the disease.

� Th1�cells�are�thought�to�be�insufficient�in�patients�with�TB�

because peripheral T cells often respond weakly to Mtb-de-

rived antigens. Recently, it was suggested that this problem 

may be due to regulatory T-cell activity [6].

� Patients�with�TB�and�those�who�are�anergic�show�an�ad-

verse reaction to tuberculin skin testing, T cells cytokines such 

as IL-10, and express small amounts of IL-2 or IFN-γ against 

Mtb.�Many�T�cells�in�the�lungs�of�TB�patients�secrete�IL-10,�

which may be Treg cells. These cells also express both T-bet 

and�forkhead�box�P3�(FOXP3)�[7].�Although�patients�with�TB�

are likely to develop IL-10-producing Tregs, the importance of 

these�Tregs�remains�unknown.�Most�TB�patients�show�signifi-

cant amounts of IFN-γ, recruitment of T cells to the infection 

site, and their considerable destruction, leading to the forma-

tion of cavitation (referred to as the cavity in the lung, which 

contains large amounts of bacilli and releases them into the 

respiratory tract) and facilitates bacterial proliferation [8]. 

Thus, although the importance of Treg cells cannot be ignored, 

most�TB�cases�do�not�appear�to�result�from�the�suppression�of�

Th1 response activity by over-regulation of regulatory T cells. 

Overexpression of regulatory T cells in the early stages of infec-

tion may lead to the delayed development of Th1 cell activity, 

as has been observed in malaria. Although malaria prolifer-

ates very quickly and has a delayed Th1 cell response, it ap-

pears�to�be�less�similar�to�TB,�which�proliferates�more�slowly,�

especially in developing countries, where the Th1 response is 

enhanced by other mycobacterial spp. [9].

Mtb latent disease
Following exposure to Mtb, the Th1 response increased. The 

ability of T lymphocytes to release IFN-γ in response to Mtb 

antigen has been used as an indicator of Mtb exposure. In 

90% of infected people, this response causes the bacilli to en-

ter the latent phase, resulting in no symptoms of the disease. 

A study was designed using in situ polymerase chain reaction 

(PCR) to find DNA of the Mtb organism in the tissues of peo-

ple who were killed by accident or by heart attack or who had 

no�signs�of�TB.�In�an�investigation�of�tissues�from�endemic�ar-

eas�of�TB�patients,�Mtb�DNA�was�frequently�found�histologi-

cally in healthy tissues. In comparison, no DNA was found in 

samples from people like Norway, which is not endemic for 

TB�[10].

Association of humoral response with cellular immune  
response
Specific Mtb antibodies and professional phagocytes must be 

treated to provide complete protection against Mtb entering 

alveolar lungs. Antibodies can eliminate Mtb by disrupting 

metabolism, such as inhibiting the absorption of essential 

nutrients. These antibodies can facilitate Mtb removal and 

induce mechanical mechanisms such as respiratory explo-

sion and toxic oxygen and nitrogen species formation in pro-

fessional phagocytes [11]. Antibodies prevent Mtb uptake by 

epithelial cells, thus making them a safe niche for Mtb up-

take. It is believed that this initial attack could eradicate all 

organisms that have not yet established a primary infection. 

In such cases, the immune response can inhibit the Mtb infec-

tion. Although many Mtb organisms may escape the first line 

of immune defense through antibodies, they require T lym-

phocytes to eliminate Mtb from the macrophages. When Mtb 

can escape from the second line of defense of the immune sys-

tem,�it�can�stabilize�LTBI�and�enter�the�latent�phase.�The�coor-

dinated performance of the adaptive immunity is essential for 

latent Mtb liquidation. Achieving this goal is challenging be-

cause latent Mtb is resistant to immune responses. This situa-

tion is further complicated by factors such as co-infection 

with worms. Infection with worms diverts the immune re-

sponse to type 2 T helper (Th2), limiting and weakening Th1 

protective reactions. HIV infection complicates this situation 

because it directly destroys TCD4 lymphocytes. Mtb organ-

isms can remain in the latent phase for long periods. However, 

these bacteria may become reactive when the body has a 

weakened immune response [11].

Impact of IL-4 on TB Disease and Mortality

Although an investigation of Mtb in vivo has shown that IL-4 

gene deletion has a low effect on bacterial growth pre-immu-

nization�of�BALB/c�mice,�IL-4�responses�induced�before�Mtb�

infection can lead to an increase in injury and mortality [12]. 

Following deletion of the IL-4 gene, significant decreases in 
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fibrosis and TNF-α�toxicity�were�observed�in�BALB/c�mice,�

both�of�which�are�essential�in�human�TB�but�have�been�ne-

glected in previous studies [13]. TNF-α is crucial for the induc-

tion�of�protection;�however,�in�patients�with�progressive�TB,�it�

causes toxic effects, so the symptoms of the disease can be re-

duced by reducing TNF-α levels. Researchers have shown that 

the harmful effects of TNF-α depend on the presence of IL-4 

[14]. The involvement of IL-4 in TNF-α toxicity has also been 

observed in inflammatory lesions caused by Th1 cells in oth-

er infectious diseases (such as schistosoma-induced fibrosis). 

This phenomenon may explain the high mortality rate during 

TB�treatment�in�developing�countries�(where�IL-4�is�the�dom-

inant immune response) [15]. In addition to IL-4 role in toxic-

ity and induction of fibrosis, it can also decrease inducible ni-

tric oxide synthase expression and activate macrophages via 

an alternative pathway with minimal antimicrobial effects. 

Therefore, IL-4 regulates macrophage-retaining Mtb during 

the latent phase [16]. Several components of Mtb appear to 

modulate antigen presentation by enhancing the Th2 re-

sponse.�The�ability�of�Mtb�Beijing’s�highly�infectious�genotype�

strain to express IL-4 in human monocytes was observed.

 Similarly, Mtb heat shock protein crystallineα contains epi-

topes�detected�by�Th2�cells�in�patients�with�TB.�These�studies�

have demonstrated the involvement of specific lymphocytes, 

which, in addition to pharmacological bystander effects, can 

also identify antigens and epitopes that elicit Th2 responses. 

They may be used to design new adjuvant vaccines, inhibit-

ing IL-4 responses by either enhancing specific regulatory 

cell proliferation, inhibiting Th2 cell proliferation, or divert-

ing Th1 responses [17].

Robert Koch and Immunopathology

Koch�[18]�has�shown�animal�and�human�TB�in�response�to�

the several components of Mtb. Six weeks after infection in 

guinea pigs, intravascular injection of a live organism or su-

pernatant of the organism cultured at different sites induces 

necrosis at the injection site and the primary lesion [18]. Koch 

[18] tried to use the supernatant as a substance to treat pa-

tients�with�TB.�High�doses�of�old�tuberculin�in�the�skin�can�

lead to necrosis and spread to areas beyond the skin lesions, 

which can also induce necrosis in the spinal cord and lung 

lesions with more dangerous outcomes [19].

Vaccination

The�most�important�antibiotics�for�TB�are�isoniazid,�rifampi-

cin, pyrazinamide, streptomycin, and ethambutol. However, 

the treatment duration is long (6 months to 1 year), and the 

probability of antibiotic resistance is high [20]. Approximately 

50�million�TB�patients�are�infected�with�drug-resistant�strains.�

However, this treatment is expensive. For this reason, some 

countries�may�not�be�able�to�treat�TB�patients;�therefore,�it�is�

essential to develop effective and inexpensive vaccines. His-

torical�efforts�to�create�an�effective�TB�vaccine�have�been�un-

dertaken within this timeline (Fig. 2). The development of 

vaccines can be divided into stages from discovery to imple-

mentation.�The�TB�Vaccine�Development�Pathway�proposes�

an assessment process to track progress and make decisions 

on�advancing�a�TB�vaccine�candidate�to�its�next�stage�of�de-

velopment (Fig. 3).

BCG vaccine
The vaccine commonly used in the world’s health program, 

Bacillus�Calmette-Guérin�(BCG),�is�attenuated�by Mycobacte-

rium bovis. It is administered more than 3 billion times and 

has a total of 100 million newborns annually. Robert Koch, Al-

bert�Calmette,�and�Camille�Guérin�are�research�pioneers�on�

Mtb. Robert Koch, who first described the etiological agent of 

Mtb in 1882, can be considered the father of subunit vaccines. 

He introduced the first subunit vaccine in 1890 and named it 

tuberculin. He believed that this vaccine protects guinea pigs 

against Mtb infection. Although this claim was rejected in an 

extensive study of more than 1,700 patients, it did not suc-

ceed�in�treating�patients�with�cutaneous�and�pulmonary�TB.�

Therefore, tuberculin has never been used as a prophylactic 

vaccine [4].

� Albert�Calmette�and�Camille�Guérin�introduced�the�first�

live�vaccine�against�TB�due�to�the�culture�of�M. bovis on pota-

to�slices.�Then�they�soaked�in�Ox�Gall�(the�secretion�from�the�

gall bladder of one that was previously used to emulsify lipid–

water mixtures, for example, to modify the lipid nature of my-

cobacteria).�BCG�was�introduced�in�1906�with�continuous�

passages on M. bovis, which lasted 14 days. After the 30th pas-

sage in 1908, weakened M. bovis was examined to evaluate its 

function in an animal study. Owing to the positive feedback 

received in 1919, it was used on a larger scale for different spe-

cies of animals. These experiments showed that M. bovis is 

completely weakened so that it does not lead to disease and 

induces a protective effect against infections caused by Mtb 
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Fig. 2. The current global tuberculosis vaccine development pipeline was last updated in 2019 (https://www.tbvi.eu/what-we-do/pipeline-of-
vaccines). Mtb, Mycobacterium tuberculosis; TB, tuberculosis; M. bovis, Mycobacterium bovis; BCG, Bacillus Calmette-Guérin; BMRC, British 
Medical Research Council; USPHS, U.S. Public Health Service; M. microti, Mycobacterium microti; WHO, World Health Organization; rBCG, 
recombinant BCG; MVA85A, modified vaccinia virus Ankara vector expressing antigen 85A of Mtb; HIV, human immunodeficiency virus; MDR, 
multidrug-resistant.

Vaccine efficacy of BCG established in newborns.
Lübeck disaster: 77 of 251 newborns die from TB 
after accidental administration of Mtb instead of BCG.

Robert Koch reports on the discovery of Mtb and expounds 
his “Koch postulates.”

Robert Koch’s tuberculin fails as a therapeutic subunit 
vaccine against TB.

BCG is incorporate into WHOs expanded programmed on 
immunization.

Biomarkers of TB protection tentatively established.
Head to head’ phase II clinical trial of different vaccine 
candidate combinations.

Optimal vaccination regimen on basis of biomarkers 
introduced into phase II clinical trial.

A new BCG-booster vaccine MVA85A shows no efficacy in 
a clinical trial in African infants.

WHO declares TB a global emergency.

Albert Calmette and Camille Guérin begin sub culturing 
Nocards M. bovis on potato-bile-glycerin medium at 
roughly 3 weeks intervals. After 230 passages, they 
designated the attenuated BCG in 1920. Finally, first 
newborn is vaccinated with the attenuated viable vaccine 
BCG, developed by Calmette and Guérin in 1921.

Major BCG vaccine trials are started by BMRC and USPHS. 
BCG shows 80% protective efficacy in BMRC trials and  
M. microti vaccine shows a comparable protective efficacy. 
Seed lots of BCG are stablished under the direction of the 
WHO following identification of several BCG daughter 
strains in 1956.

2 million deaths annually due to TB; 30% of the world’s 
population infected with Mtb; 15 million co-infected with 
HIV and Mtb; 50 million infected with MDR Mtb; MVA85A 
passes phase I clinical trial.

MVA85A introduced into phase II clinical trial.
Mtb72F fusion protein in AS02A adjuvant introduced into 
phase I/II clinical trial.
Ag85B–ESAT-6 fusion protein in IC 31 adjuvant introduced 
into phase I clinical trial.

First organized BCG vaccine trials in infants which 
later demonstrate long term BCG efficacy.

Distribution of BCG to several countries for worldwide 
application. Change of route of administration to 
mainly via skin.

Four strains (Glaxo, Danish, Pasteur, and Tokyo) 
account for 90% of the BCG vaccine administrated 
worldwide.
Higher vaccine efficacy of rBCG30 established in an 
animal model.

The revised WHO guidelines: infants at risk for HIV 
infection should no longer be vaccinated with BCG.
ΔureC Hly+ rBCG introduced into phase I clinical trial.

A worldwide shortage of BCG vaccine with a deficit 
of more than 17 million doses.

Efficacy signals are observed in phase 2b trials of 
M7201 and BCG reactivation in Africa.

The WHO BCG guidelines: a single dose of BCG should be given to all 
healthy infants in high-TB-burden countries as soon as possible after 
birth.
Vaccine efficacy of Mtb72F fusion protein established in an animal model.
rBCG30 and Mtb fusion protein in AS02A adjuvant pass phase I clinical 
trial.

Finally, it reveals no efficacy of BCG against adult 
pulmonary TB.
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and virulent M. bovis [1]. Newborn infants were subsequently 

vaccinated�with�BCG�between�1921�and�1924.�In�1927,�infor-

mation on more than 20,000 newborns was collected and 

evaluated.�Although�BCG�has�been�commonly�administered�

orally in the past, topical administration to the skin is more 

important because it is more immunogenic and induces few-

er severe side effects than oral administration. Most vaccines 

are injected before and after infection.

� The�first�group�of�vaccines�against�Mtb�includes�BCG,�re-

combinant Mtb, and other genetically modified mycobacteria 

associated with increased efficacy and immunity [1]. In the 

case�of�TB,�a�vaccine�similar�to�polio,�tetanus,�diphtheria,�mea-

sles, or rubella cannot prevent the disease. T lymphocytes that 

are�activated�following�administration�of�BCG�cannot�prevent�

Mtb because they do not react directly with microbial anti-

gens and only detect the presence of infected cells [21]. Al-

though T lymphocytes can eradicate microorganisms, in the 

case�of�TB,�pathogens�escaping�from�T�lymphocytes�into�cells�

such as macrophages are less frequent, resulting in the forma-

tion of a granulomatous structure surrounded by a wall of fi-

brotic cells that do not eradicate the disease [22]. The specific 

response of T lymphocytes to mycobacteria may also be un-

able to control the infection, which is associated with an in-

creased Mtb reactivation risk in patients with HIV and Mtb [4].

Fig. 3. TB Vaccine Development Pathway. The TB Vaccine Development Pathway serves as a guidance tool to help developers consider all the 
functions of development and advance a vaccine to its next stage of development. This chart was established by a team of scientific and tech-
nical experts from the Tuberculosis Vaccine Initiative (TBVI) and International AIDS Vaccine Initiative (IAVI) with the input of the tuberculosis 
vaccine community.
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Limitation of BCG and the need to develop new vaccines
According�to�several�studies,�although�the�side�effects�of�BCG�

are�tolerable�and�the�only�available�vaccine�against�TB,�they�

have generally been reported to have disadvantages. Although 

BCG�can�prevent�severe�forms�of�TB�in�young�children�and�

infants, some factors have led to the development of new vac-

cines. This vaccine cannot induce a protective response against 

advanced�TB�diseases,�such�as�pulmonary�TB,�in�young�adults/

elderly and Mtb-endemic countries. In addition, based on the 

results�of�Mahmoudi�et�al.�[23],�BCG�vaccination-related�ad-

verse reactions and consequences could include supportive 

lymphadenitis, localized abscess, and, in rare instances, dis-

seminated�BCG,�which�is�especially�important�for�HIV-posi-

tive�patients�or�infants�who�cannot�be�vaccinated�with�BCG.�

Generally,�the�BCG�is�(1)�most�effective�in�preventing�severe�

forms�of�TB�in�children,�such�as�TB�meningitis;�(2)�of�limited�

effectiveness�against�pulmonary�TB�in�adults—the�only�form�

of�infectious�TB;�(3)�of�limited�effectiveness�when�given�to�

people over the age of 35 years; and (4) less effective when 

administered to HIV-infected infants in equatorial regions.

 For these reasons, fundamental advances in establishing 

safer�and�more�effective�new�vaccines�against�MTB�are�ur-

gently�required�in�line�with�WHO’s�“End-TB�Strategy.”�TB�

vaccine development is slow and laborious (Fig. 3). Although 

all age groups and patients with HIV can be targeted to de-

velop the next generation of vaccines, epidemiologically, pro-

ducing a vaccine that targets young adults and the elderly re-

sults in a more effective reduction in disease transmission. In 

contrast, other age groups did not induce such a significant 

effect.�Many�vaccines,�such�as�BCG�and�attenuated�Mtb,�are�

currently being tested in clinical trials and are being designed 

as�substitutes�for�conventional�BCG�vaccination�(Fig.�4).�Sub-

unit vaccines have also been designed to boost the efficacy of 

neonatal�BCG�vaccinations.

BCG in developing countries versus developed country
Vaccination�with�BCG�in�developing�countries�may�be�asso-

ciated�with�failure�to�protect�humans�against�TB.�TB-related�

mortality rates are unusually high during the first two months 

of standard treatment initiation with appropriate antibiotic 

administration in developing countries [24]. Increased mortal-

ity rates are associated with co-infection factors such as HIV, 

long-distance treatment centers, and diagnostic problems [8]. 

Healthy people in developing countries may have a predis-

Fig. 4. Tuberculosis (TB) vaccination timeline in history. BCG, Bacilli Calmette-Guerin; MVA85A, modified vaccinia virus Ankara vector express-
ing antigen 85A of Mtb; M72:AS01E, a recombinant fusion protein of Mtb 39a (Rv1196) and Mtb 32a (Rv0125) in the AS01E adjuvant; Mtb, 
Mycobacterium tuberculosis.
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posing response to mycobacteria and may cross-react with 

Mtb, resulting from exposure to environmental strains of my-

cobacteria. These strains contain one or more saprophytic 

strains that are abundant in the soil and water. In developing 

nations, most individuals have a positive skin test response to 

all mycobacterial antigens, according to research involving 

reagents produced by the same strains [25].

 Interestingly, this is unusual in developed countries be-

cause of lifestyle differences and widespread chlorination of 

water resources. The predisposing response in developing 

countries is not Th1. This result was observed in African 

blood samples, in which purified protein derivatives induced 

IL-5 secretion via Th2 responses. However, very little IL-5 was 

observed�in�the�UK�samples.�Vaccination�with�BCG�in�African�

countries cannot reduce the production in IL-5 responses to 

Mtb. The induction of Th2 response may be due to exposure 

to helminth infections, which typically induce a Th2 re-

sponse.�Administration�of�BCG�to�newborn�infants�exposed�

to Th2-inducing helminth antigens elicits a Th2 cell response, 

which is thought to result from congenital infection (e.g., 

Schistosoma haematobium) [25]. Helminth infections in 

these individuals can modulate their cross-reactivity with en-

vironmental mycobacteria. Therefore, a combination of Th1 

and Th2 responses to mycobacteria is observed in develop-

ing countries.

 This response might also be protective under various con-

ditions. Initial studies failed to demonstrate an increase in IL-

4�concentrations�in�patients�with�TB�living�in�northern�coun-

tries, and claimed to be absent in infected primates. Recent 

data suggest that these findings may result from technical er-

rors during cytokine expression, resulting in deficient copy 

number and half-life of messenger RNA (mRNA). This is fur-

ther complicated by stimulus variants, which have been ig-

nored in previous studies. IL-4 mRNA copy numbers in un-

stimulated�BAL�cells�from�TB�patients�in�the�United�Kingdom�

were evaluated using reverse transcription-PCR. They showed 

that�IL-4�levels�were�twice�as�high�as�those�in�BAL�cells�in�the�

control�group�[26].�Patients�with�TB�in�impoverished�nations,�

where�BCG�is�ineffective�and�helminth�infections�are�preva-

lent, have high IL-4 levels. This cytokine can be easily detect-

ed in patient serum or monocyte supernatants cultured with 

Mtb-derived antigens [27]. The importance of IL-4 is derived 

from studies of the IL-4δ2 variant. This variant, which is not 

usually detected, lacks exon 2 and is 48-fold shorter than IL-4 

[28].�In�patients�with�TB,�IL-4�and�IL-4δ2 are increased simul-

taneously with the expression of IL-4δ2 coding mRNA in la-

tent�TB�cells�compared�to�that�in�non-TB�patients�[29].�This�

suggests that the inhibition of IL-4 through increased pro-

duction of IL-4δ2 may have protective effects. Whether IL-4 

levels�are�associated�with�the�failure�of�BCG�vaccination�and�

treatment and increased mortality in developing countries 

requires further information.

Introducing a new vaccine candidate
Vaccination against Mtb can be given as prophylaxis (to pre-

vent infection) or after exposure (for treatment and treatment 

clinical�trials).�TB�vaccine�candidates�can�be�classified�as�ei-

ther subunit vaccines (Table 1) [30-54] or mycobacterial 

whole-cell-derived vaccines (Table 2).

 Immune response is essential for the protection and patho-

genesis�of�Mtb�[2].�Because�the�specificity�of�an�antigen�deter-

mines the quality and efficacy of the immune response, it helps 

to better understand the escape and survival strategies of the 

bacterium. For example, microorganisms can escape detec-

tion through their immune systems by modifying and induc-

ing mutations in their epitopes. Therefore, these antigens can 

be considered as targets for inducing immune responses fol-

lowing vaccination. Accordingly, it is necessary to focus on 

protective epitopes that, while essential and not variable, are 

also protected among the genotypes of Mtb family members. 

However, a recent study reported that antigens with a protect-

ed sequence contribute to the survival of organisms. It has 

more benefits for the pathogen than for the host. These find-

ings suggest that future studies on protective antigens should 

focus on proteins that differ among different Mtb species. As 

a result, different vaccines are needed in areas where Mtbs 

predominate [11]. According to some studies, no unique anti-

gen can lead to complete Mtb sterilization and none of the 

vaccines can induce such an effect. Mtb activates the response 

of T-cells to a wide range of epitopes on the antigen, which 

does not lead to the induction of a protective state. Analysis of 

the relationship between T cells and specific antigens did not 

reveal the presence of dominant antigens similar to those ob-

served in viral infections [55]. Immunogenic compounds and 

antigens can induce sterile immune responses. Strong stimu-

lants of the immune response include adjuvants, recombi-

nant vectors (such as recombinant mycobacterium or viral 

vectors), and the use of prime-boost heterologous compounds 

[56,57].

 Multiple mutations in genes encoding copying factors or 

Mtb-related�components,�including�sigH,�rpoV,�and�whiB3,�

result in loss of control over mycobacterium regulatory genes. 
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The genes essential for Mtb have not yet been identified. Al-

though these mutated mutant strains usually reproduce, they 

have fewer immunopathological effects than wild species. 

Animals infected with the wild-type strain of Mtb died of se-

vere lung damage. However, the mutated sigH strains sur-

vived despite having a similar number of bacilli in the lungs. 

Therefore, the pathology induced by wild-type strains of Mtb 

was not observed in the sigH mutant, which depends on the 

response of T cells. Studies have shown that only a relatively 

small number of Th1 cells are sufficient to control bacterial 

proliferation, and the remaining 90% are concerned about 

the occurrence of immunopathological properties [11].

Subunit vaccine
Subunit vaccines target six or fewer antigens. The main chal-

lenge in the development of protein subunit vaccines is the 

identification of the optimal antigens. Recently, some anti-

gens were selected that were expressed from nearly 4,000 

genes related to Mtb that could induce a protective immune 

response against Mtb [58]. These antigens have been tested 

in animal studies for their ability to elicit a protective immune 

response against Mtb. Most of these induce the release of 

IFN-γ, and TNF-α activates Th1 responses [59]. Subunit vac-

cines can be classified into two general groups: adjuvant pro-

tein subunits, and recombinant viral vector vaccines. Nota-

Table 2. The adjuvant used in TB vaccine candidate

Adjuvant/delivery system Components Antigen Mechanism of action Function

Advantix Delta inulin particle Ag85B, CysD (CysVac2) Enhanced phagocytosis, immune cell 
recruitment and low reactogenicity

Th1, Th17

AS01 MPLA and QS21 Mtb32, Mtb 39 (M72) TLR4 activation (MPLA), liposomal 
disruption and Syk activation, 
CD2 activation on T-cells, 
NLRP3 inflammasome (QS21)

Th1

CAF01 DDA and TDB Ag85B, ESAT-6 (H1) TDB activates Mincle, 
MyD88-dependent Th1/Th17 
polarising cytokines. DDA forms 
cationic liposomes that TDB stabilizes.

Th1, Th17

Chitosan and derivatives Ag85B, ESAT-6 (H1) Activates cGAS-STING pathway, 
mucoadhesive and mucosal epithelial 
penetration properties, suitable for 
mucosal administration

Th1, low Th17

Cyclic dinucleotides Synthetic dinucleotide analog of cyclic 
diguanylate

Ag85B, ESAT-6, Rv1733c, 
Rv2626c, RpfD (5Ag)

STING activation (IRF-3 type I IFN 
production, NF-kB, STAT-6 chemokine 
expression)

Th1, low Th17

Dextran Ag85A, ESAT-6-CFP10 Activates DC-SIGN receptor family, 
mannose receptor, langerin

Th1/Th2

GLA-SE GLA in squalene emulsion Rv2608, Rv3619, Rv3620, 
Rv18183 (ID93)

GLA is a synthetic TLR4 agonist in 
squalene in water emulsion that 
activates NLRP3 inflammasome.

Th1

IC-31 KLK and ODN1a Ag85V, ESAT-6 (H1); Ag85B, 
ESAT-6 and Rv2660c (H56) 
and Ag 85B, TB10.4 (H4)

ODN1a binds TLR9, KLK forms 
aggregates with ODN1a and 
enhances translocation into cells.

Th1

ISCOMs Immune stimulatory complexes 
(saponin, cholesterol, and phospholipid)

Ag85B, ESAT-6 (H1); Ag85A TLR independence may be inflammasome 
mediated (under investigation).

Th1/Th2

Nanoemulsion Soybean oil phase mixed into the 
aqueous phase

ESAT-6, Ag85B Mucoadhesive, highly tolerated, suitable 
for mucosal administration

Th1/Th17

PLGA 
(poly [lactic-co-glycolic acid])

Microsphere delivery system Ag85B, ESAT-6 (H1); MPT83 Antigen protection, depot formation, 
controlled release, enhanced 
phagocytosis, biodegradable, 
suitable for mucosal administration

Th1/Th17

PolyI: C dsRNA BCG; Ag85B, HspX TLR3 agonist Th1/Th2

TB, tuberculosis; Th1, type 1 T helper; MPLA, 3-O-diacyl-40-monophosphoryl lipid A; TLR, Toll-like receptor; Mtb, Mycobacterium tuberculosis; DDA, dimethyl 
octadecyl-ammonium; TDB, trehalose 6,6-behenate; STING, stimulator of interferon genes; IRF-3, interferon regulatory factor 3; IFN, interferon; NF-kB, nuclear factor 
kappa B; STAT, signal transducer and activator of transcription factor; DC, dendritic cell; SIGN, specific intercellular adhesion molecule-3-grabbing non-integrin; GLA, 
glucopyranosyl lipid adjuvant; NLR, NOD-like receptor; KLK, KLKL5KLK; ODN1a, oligodeoxynucleotide; dsRNA, double-stranded RNA.
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bly, subunit vaccines with secretory antigens can further en-

hance�the�immune�response�after�BCG�administration.�Al-

though these vaccines have few side effects, they should be 

used as adjuvant [60].

TB vaccine adjuvants
Antigen prescriptions alone are insufficient for boosting the 

immune system. In contrast, T cells require co-stimulant sub-

stances, such as cytokines and T-cell receptor signaling, to 

become activated. Similarly, subunit vaccines require stimu-

lants such as adjuvants to boost the immune response. Choos-

ing a suitable adjuvant is vital for obtaining the best results 

from the vaccine. Every adjuvant is critical for triggering part 

of the immune response specific to the pathogen. Pattern rec-

ognition receptors (PRRs), including Toll-like receptors (TLRs), 

NOD-like�receptors�(NLRs),�and�RIG-I-like�receptors,�as�host�

sensors play crucial roles in the proper functioning of the in-

nate immune system, which detects molecules typical of 

pathogens. Adjuvants can activate these PRRs, and each of 

these receptors induces different cytokine signaling [61]. Al-

um is one of the most well-known adjuvants that activates in-

flammasomes and releases inflammatory cytokines, leading 

to�dendritic�cell�activation�[62].�The�adjuvants�used�in�the�TB�

vaccines stimulated a more robust Th1 response (Table 3) 

[33,52,57,63-79]. For example, by releasing IL-12, adjuvants 

can alter the immune response to Th1 responses [80]. How-

ever, researchers have found that combining Th1 and Th17 

responses is more effective in protecting individuals against 

Mtb than inducing Th1 response alone.

 Interestingly, establishing this balance depends on the 

route of vaccine administration and type of adjuvant admin-

istered. To achieve this goal, some adjuvants enhance the 

Th17 response by activating TLR4, TLR7, and TLR8 and oth-

ers by activating C-type lectin receptors [30,81,82]. Since mu-

cosal stimulation provides better immunity, it is better to fo-

cus on designing a vaccine that strengthens mucosal immu-

nity. For example, mucosa-specific cell types, known as M 

cells, are present in nasal-associated lymphoid tissue. Owing 

to their transcytosis properties, these cells rapidly transfer an-

tigens to the dendritic cell submucosa to form an immune re-

sponse as soon as possible. Therefore, these cells are impor-

tant�targets�for�TB�vaccine�development.�In�nasal�vaccination,�

adjuvants such as chitosan can strengthen the immune sys-

tem�response�[31].�The�adjuvants�used�for�TB�vaccines�are�

classified as nano-particulate, delivery system-based, and 

plant-or microbially derived adjuvants. Adjuvants should be 

designed to minimize damage to lung tissue, which is possi-

ble with fewer inflammatory mechanisms of action, to be saf-

er in pulmonary administration [32]. Among the introduced 

adjuvants, Advax, in addition to inducing a better immune 

response and the absence of damage caused by excessive in-

flammation, can activate a wide range of T cell subtypes, such 

as Th1, Th2, Th17, and CD8 memory cells, and is considered 

a significant adjuvant [32].

Whole-cell vaccine
The�whole-cell�vaccine�was�provided�by�the�Mtb,�BCG,�and�

nontuberculous mycobacteria species. For several reasons, 

these vaccines seem to be a good strategy. The main reason 

is�the�reliable�efficacy�of�BCG,�which�provides�a�strong�sense.�

In addition, these vaccines can stimulate a broader range of 

immune responses than subunit vaccines owing to their dif-

ferent protein and non-protein antigens (such as lipids and 

glycolipids in the Mtb membrane). These vaccines are divid-

ed into live-attenuated vaccines and killed or extracted vac-

cines.�BCG�variants�exist�in�varying�degrees�of�attenuation�

that induce severe effects, which differ between vaccines [60]. 

(1) Live attenuated vaccine: These live vaccines, such as 

VPM1002�(a�genetically�modified�BCG)�and�MtbVAC27,�have�

been attenuated through genetic modification [60]. (2) Killed 

or extracted vaccines: These vaccines contain the whole cell 

of an organism, derived from heat-killing modifications of 

Mycobacterium vaccae (M. vaccae), Mycobacterium indicus 

pranii (MIP), and DAR-901 or provided from Mtb fragments 

under stress conditions (RUT1) [60].

Prime-boost strategy
The prime-boost strategy is based on priming immunization 

with a vaccine such as naked DNA expressing the antigen, fol-

lowed by vaccination with another effective vaccine such as a 

recombinant viral vector expressing the same antigen. Prime-

boost vaccines are also known as heterologous boost vac-

cines.�To�increase�the�protective�immunity�of�BCG,�a�prime-

boost�strategy�involving�priming�with�BCG,�recombinant�BCG,�

and other attenuated mycobacteria followed by a heterolo-

gous booster vaccination can improve the efficacy of the re-

sponse [33]. High-level T cytotoxic cellular responses and the 

induction of long-lasting CD4+ T cell immune responses are 

the most consequential of the prime-boost strategy. In line 

with this strategy, subunit vaccines that include highly im-

munogenic Mtb antigens in formulations with adjuvants are 

under clinical trial investigation for the introduction of boost 
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BCG-primed�vaccines.�Hence,�following�administration�of�

the�recombinant�BCG�vaccine,�the�immune�response�was�ex-

acerbated by the subunit vaccine. This method is also known 

as�the�prime-boost�vaccine.�Before�it�becomes�a�satisfactory�

vaccine strategy against Mtb, several years of repeated vacci-

nations are required. Approximately 10 years of phase 3 clini-

cal trials have described that protection due to the vaccine’s 

long-timescale�capability�should�also�be�examined.�Biomark-

ers�are�excellent�ways�to�achieve�this�goal.�Biomarkers�are�small�

molecules that can be used to evaluate diseases, drug activity, 

and�vaccine�efficacy.�Biomarkers,�also�known�as�biosignatures,�

are often found in samples of biological fluids, such as blood, 

plasma, or urine, in the form of proteins, small molecules, and 

mRNA. Different biomarkers have been described as protec-

tive�against�TB,�the�most�widely�used�of�which�is�IFN-γ. This 

cytokine, secreted by T lymphocytes, is one of the best indica-

tors of protection against Mtb. However, they believe that 

IFN-γ alone is insufficient and that the protective immunity 

against�TB�depends�on�other�factors,�such�as�other�cytokines,�

chemokines, different T cell subtypes, and migration patterns 

of lymphocytes.

Future vaccination strategy
Alternative strategies to eradicate the disease should be con-

sidered if vaccines cannot eliminate infection in patients with 

TB.�One�strategy�is�to�produce�a�specific�generation�of�anti-

bodies that can prevent Mtb [1]. This third generation of vac-

cines focuses on the site of Mtb entry into the lungs. This vac-

cine, administered intranasally, neutralizes and traps Mtb in 

the alveolar space by stimulating local secretion of specific an-

tibodies,�such�as�immunoglobulin�A�(IgA).�Because�Mtb�en-

ters the lungs in small numbers, IgA antibodies, the first de-

fense barrier in the pulmonary areas, can help the immune 

system by inactivating pathogens. Presently, the mechanism 

by which the immune system helps maintain the Mtb in a la-

tent state is abolished. New drugs have been designed to facil-

itate the intracellular elimination of microorganisms. These 

drugs can potentiate signaling pathways within cells and con-

tribute to the increased activation of phagocytic cells, which 

are�typically�impaired�by�Mtb�[34].�The�lack�of�an�optimal�BCG�

quality in humans has raised concerns. Thus, it may increase 

the�protective�output�response�of�BCG�by�priming�the�Th1�

cell response. The protective output of ineffective vaccines can 

be increased by injecting a booster vaccine, which increases 

IFN-γ levels. Studies on animal models have shown that in-

jection�of�the�naked�DNA�vaccine�before�receiving�BCG�in-

creased the Th1 response compared to the group receiving 

BCG�alone,�but�did�not�protect�against�Mtb�infection.

� Similarly,�immunization�with�recombinant�BCG�strain-in-

duced IL-8 expression synergistically with IL-12 resulted in 

the release of IFN-γ from lymphocytes and the Th1 response, 

which did not induce protection following vaccination. These 

findings suggest that it may not be necessary to enhance Th1 

cell�responses�alone�[28].�Behatt�et�al.�[83]�believe�that�the�

proliferation of multifunctional Th1 cells with the ability to re-

lease inflammatory cytokines, such as IFN, TNF, and IL-2, is 

associated with significant protection and immunity against 

TB.�However,�some�believe�they�may�not�provide�substantial�

protection [35,83]. Moreover, some studies have shown that 

excessive Th1 cell differentiation may interfere with the acti-

vation of other T cell subsets, leading to a lack of immune for-

mation. In parallel, Aagaard et al. proved that lower antigen 

doses induce more immunity and suitable long-term protec-

tion�against�TB�than�higher�exposure�to�the�same�antigen�[36].

Conclusion

The�vaccine�used�today,�BCG,�is�an�attenuated�live�vaccine�de-

rived from consecutive passages of M. bovis. Although the only 

vaccine�used�against�Mtb�is�BCG,�it�is�not�protective�against�

adult�TB�or�endemic�areas.�New�vaccines�include�a�variety�of�

recombinant and subunit vaccines introduced to resolve con-

ventional�BCG�complications.�The�most�significant�advantage�

of these vaccines is that they are suitable immunogenic com-

pounds with antigens that can induce a sterile immune re-

sponse. Immune solid response stimulants include adjuvants, 

recombinant carriers (such as recombinant mycobacterium 

or viral carriers), and prime-boost heterologous compounds. 

Among these vaccines, M. vaccae, MIP, and VPM1002, which 

are currently under investigation in phase 3 clinical trials, can 

overcome�BCG�failures�in�HIV�patients.�The�shared�features�of�

these vaccines are safety and good tolerance in immunocom-

promised individuals such as HIV patients and in adults who 

have�not�been�vaccinated�with�BCG�for�a�long�time.�Despite�

the�development�of�various�new�vaccines,�TB�remains�one�of�

the most threatening infectious diseases worldwide.
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