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Introduction: To comprehensively identify and provide an overview of in vivo or

clinical studies of nucleic acids (NA)-based vaccines against TB we included

human or animal studies of NA vaccines for the prevention or treatment of TB

and excluded in vitro or in silico research, studies of microorganisms other than

M. tuberculosis, reviews, letters, and low-yield reports.

Methods: We searched PubMed, Scopus, Embase, selected Web of Science and

ProQuest databases, Google Scholar, eLIBRARY.RU, PROSPERO, OSF Registries,

Cochrane CENTRAL, EU Clinical Trials Register, clinicaltrials.gov, and others

through WHO International Clinical Trials Registry Platform Search Portal, AVMA

and CABI databases, bioRxiv, medRxiv, and others through OSF Preprint Archive

Search. We searched the same sources andGoogle for vaccine names (GX-70) and

scanned reviews for references. Data on antigenic composition, delivery systems,

adjuvants, and vaccine efficacy were charted and summarized descriptively.

Results: A total of 18,157 records were identified, of which 968 were assessed for

eligibility. No clinical studies were identified. 365 reports of 345 animal studies were

included in the review. 342 (99.1%) studies involved DNA vaccines, and the remaining

three focused on mRNA vaccines. 285 (82.6%) studies used single-antigen vaccines,

while 48 (13.9%) usedmultiple antigens or combinations with adjuvants. Only 12 (3.5%)

studies involved multiepitope vaccines. The most frequently used antigens were

immunodominant secretory antigens (Ag85A, Ag85B, ESAT6), heat shock proteins,

and cell wall proteins. Most studies delivered naked plasmid DNA intramuscularly

without additional adjuvants. Only 4 of 17 studies comparing NA vaccines to BCG after

M. tuberculosis challenge demonstrated superior protection in terms of bacterial load

reduction. Some vaccine variants showed better efficacy compared to BCG.

Systematic review registration: https://osf.io/, identifier F7P9G.
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1 Introduction

Every year, ~10 million people become ill with tuberculosis

(TB) and 1.5 million die. These data make TB the leading infectious

cause of death in the world, despite being a preventable and

treatable disease (1). Unfortunately, the treatment of TB

is complicated by the growing antibiotic resistance of

Mycobacterium tuberculosis (Mtb), which is the causative agent of

TB (1). At the moment, the WHO TB Strategy is in effect,

stipulating a 95% reduction in TB mortality and a 90% reduction

in TB incidence worldwide by 2035. To achieve these goals, a new

vaccine effective for all age groups, especially for adults and

adolescents, will be required. Vaccines also offer the best chance

of stopping the accelerating spread of multidrug-resistant TB (1).

The first step for the development of anti-TB vaccines was made

in 1882, when Robert Koch described the TB etiological agent (2),

which has served as a platform for the creation of vaccines,

diagnostics, and therapies. Furthermore, Koch in 1890 attempted

to vaccinate against TB for the first time and developed so-called

“tuberculin” (3). The latter did not show effectiveness as either a

therapy or as a vaccine against TB but turned out to be an excellent

diagnostic tool. It was a subunit vaccine consisting of protein

antigens and various glycolipids that was administered

subcutaneously, and those infected with TB had a characteristic

reaction after 2–3 days (delayed hypersensitivity reaction) (4). For

the modern diagnosis of TB, an improved version of tuberculin is

used: a tuberculin skin test (TST) based on a purified protein

derivative (PPD).

After many attempts to create a vaccine against TB, Calmette and

Guérin concluded that subunit vaccines and killed whole-cell

vaccines would not provide sufficient protection because the

attenuation of the pathogen was unstable. The first and only

effective anti-TB vaccine was the Bacillus Calmette–Guérin vaccine

(BCG), originally developed at the Pasteur Institute in France in 1921

to reduce infant mortality from TB and was used in newborns. BCG

is a live attenuated strain of Mycobacterium bovis obtained by

continuous cultivation under debilitating conditions (5). Previous

attempts to create a vaccine for tuberculosis, such as thermal or

chemical inactivation of the tuberculosis bacillus, have proven

ineffective. It appears necessary to use a live vaccine. Work

conducted by Nobel laureate Emil von Behring in 1902 showed

that inoculation with human tuberculosis strains could protect cattle

from bovine tuberculosis. However, subsequent research revealed

that potentially infectious, viable bacilli were excreted in milk (5).

Based on this knowledge, Calmette and Guérin began searching for a

vaccine for humans. While trying to cultivate the tubercle bacillus for

experimental use, they noticed that using a standard potato-glycerin

nutrient medium led to an undesirable accumulation of bacteria.

They tried adding bovine bile as a solution and, by happy

coincidence, found that it not only reduced the formation of

clumps but also decreased virulence during subsequent cultivation

(6). In 1908, starting with the Mycobacterium bovis strain, the

causative agent of bovine tuberculosis, researchers began a

cultivation process that led to the creation of BCG. They used

potato medium, glycerin, and bovine bile to create new subcultures
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every three weeks. This process, known as passivation, continued for

30 passages before a strain was created that was no longer lethal to

guinea pigs. In 1913, plans were made to conduct a vaccination trial

on cattle, but these were interrupted by the outbreak of the First

World War. Despite difficulties in obtaining potatoes and bovine bile

due to the German occupation of Lille, the researchers managed to

preserve their research. By 1919, the “bile rod” had been passed

through 230 generations without causing tuberculosis in rabbits,

guinea pigs, or cattle. At this point, Calmette and Guérin believed

that the bacteria were sufficiently weakened not to cause disease in

humans, but instead could stimulate an immune response that would

provide immunity against tuberculosis. The opportunity to conduct

the first human trial presented itself in 1921 thanks to Doctors Weil-

Halle, H. Morrison, and H. McShane, who worked at the Charité

Hospital in Paris. They contacted Calmette about a healthy newborn

whose mother had died of tuberculosis soon after giving birth. On

July 18, 1921, the infant became the first person to receive a dose of

BCG (5). Calmette believed that the natural route of Mycobacterium

tuberculosis infection was through the gastrointestinal tract, so BCG

was administered orally at first. No adverse effects were observed, and

the child lived without tuberculosis (7).

Even a century after the development of BCG, it is still the only

licensed vaccine for the prevention of TB and successfully precludes

severe forms of TB in children. The most recent data indicate that

153 countries have a policy of BCG vaccination for the whole

population: 87 of these countries have reported coverage of at least

90% of residents (1), http://www.bcgatlas.org/. Unfortunately, BCG

has multiple drawbacks, which greatly affect its protective

properties. First of all, its effectiveness is estimated at 0% to 80%

in different geographic regions (8), and in tropical countries, the

protection is much lower than at higher latitudes. Additionally,

there are many other factors that determine the immunogenicity of

BCG: differences in the effectiveness of the vaccine may be caused

by residence in rural or urban areas (9), the sex of the vaccinated

(10), the risk of TB in a study population (11), the content of

mycobacteria in the environment (12), and other determinants.

Another disadvantage of BCG is its heterogeneity: each of the 22

strains used for vaccination (13) varies within a substrain obtained

from different sources (14), and these dissimilarities lead to

variability of immunogenicity (6). In addition, BCG lacks several

immunodominant antigens, such as ESAT6, CFP10, and the type

VII ESX-1 system, because of the loss of the RD1 region (15–17).

Moreover, in spite of BCG-mediated protection against miliary and

meningeal forms of TB in children, the effectiveness of BCG

decreases 20 years after vaccination (18, 19), and BCG does not

provide protection from pulmonary TB in adults (20, 21). Although

BCG revaccination has an efficacy of 45.4% in the prevention ofMtb

infection (22), it is not recommended by the WHO for use. Another

disadvantage is that the effectiveness of BCG is affected by

insufficient induction of CD8+ T cells (23), which play an

important role in the protection against TB, as well as CD4+ T

cells. Furthermore, BCG vaccination is not applicable to people with

HIV because the risk of BCG disease in HIV-infected people has

increased several-hundred-fold (24). Finally, there is no strong

evidence that BCG is effective as a therapeutic vaccine.
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Despite all the disadvantages, BCG has remained one of the

most cost-effective means of TB prevention in countries with high

incidence of TB for a long time (25), because so far, no new anti-TB

vaccine has been licensed. Currently, there is no vaccine that would

be effective at the prevention or treatment of TB in adults (24); these

properties may affect the number of TB cases in the future.

The new class of therapeutic vaccines are nucleic acid (NA)-

based vaccines (hereafter: NA vaccines), which consist of genes

encoding Mtb antigens. The specific feature of NA vaccines

compared to BCG is that they do not contain a potentially

infectious agent, and therefore they can take advantage of

antigens sourced directly from a target species. Vaccines should

be specific to a certain pathogen, and thus available DNA vaccines

are mostly based onMtb antigens, but there is an example of a DNA

vaccine expressing the Mycobacterium leprae HSP65 protein to

provide immunity against Mtb in a mouse model (26).

The purpose of our review was to perform the first systematic

examination of the literature in the area of NA synthetic TB

vaccines. Moreover, here we present a discussion of approaches

that can improve the effectiveness, immunogenicity, and stability of

an RNA vaccine against Mtb.

The use of systematic methodology has become a standard

approach to synthesizing evidence about health interventions, e.g.,

preventive vaccines for COVID-19 (27). The applicable systematic

methodology varies by purpose of synthesis (28). We employed a

free Web-based tool (29) to choose the most appropriate type of

evidence synthesis for the purpose of this review, and the tool

suggested a rapid scoping review (30, 31). Nonetheless, after

carefully weighing ref (32). against our timeframe and resources

and because of the success of the recent “2-week review” initiative

(33), we opted for conducting a full scoping review via a modified

2weekSR approach.

There is a striking difference in how the systematic

methodology is prevalent in the syntheses of clinical evidence but

not within reviews of preclinical research. With some focus and

recent initiatives pertaining to systematic reviews of animal studies

(34, 35), few examples of other types of evidence synthesis or

systematically synthesized in vitro research (36) can be found in the

literature. As a rough measure of prevalence as of March 25, 2024,

PubMed returned only 5 records mentioning “tuberculosis,”

“vaccines,” and “scoping” (“tuberculosis”[tw] AND “vaccine*”[tw]

AND “scoping”[tw]), and 19 records mentioning both “mRNA”

and “scoping” (“mrna”[tw] AND “scoping”[tw]), with none of these

being relevant to the target subject of the search; therefore, this

study appears to be warranted.
2 Materials and methods

2.1 Review design

A scoping review was conducted from a protocol prospectively

registered on March 31, 2022 (37). The “Right Review” tool was

used to inform the review design (29). The conduct was guided by

The JBI Manual for Evidence Synthesis (38) and a modified

2weekSR approach (39).
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2.2 Eligibility criteria

The populations of interest are patients with TB and animal

models of TB. We excluded studies of bacteria other than M.

tuberculosis , such as M. bovis , M. leprae, or agents of

mycobacterial diseases of humans and animals, as well as any

applications outside of TB prevention or treatment, e.g., in

oncology or veterinary medicine. Therapeutic TB vaccines were a

post-protocol addition because we did not initially anticipate them

to be a sizeable field of study. Any vaccines based on NA (mRNA,

DNA, or other) were eligible. Studies of vaccines based on viruses,

such as modified vaccinia virus Ankara (MVA)-based vaccines,

were excluded. Any in vivo or clinical studies were eligible, but we

abandoned our initial intention to include in vitro and in silico

studies to focus on the many animal studies we identified. We

imposed no limitations on the publication date. Any publication

types were eligible for inclusion. We excluded reports that did not

provide original primary research data or were insufficient to

complete our predefined data chart, such as reviews, letters, or

low-yield conference abstracts. We translated any reports in

languages other than English using DeepL or Google

Translate (Lens).
2.3 Search

We conducted initial searches in databases and registers on May

1-3, 2022. These included academic databases such as PubMed and

Embase, preprint databases, animal or veterinary study databases,

and clinical trial registers. At the protocol stage, we reviewed the

websites of the Tuberculosis Vaccine Initiative, the Virtual Global

Forum on TB Vaccines 2021, and the 6th Global Forum on TB

Vaccines 2022 for any additional sources of evidence but identified

none. All searches were conducted in English only. A

comprehensive listing of the sources of evidence searched, as well

as the associated search strategies, is presented in the protocol (37),

and the list of post-protocol changes is available from the review

repository. Our search strategy for PubMed underwent PRESS peer

review (40) by an information specialist, who declined public

acknowledgment, and was revised accordingly before the protocol

publication. We conducted additional searches across the same

databases and registers and in Google on September 21, 2022, using

the list of vaccine names compiled after record screening. We

manually scanned full texts of literature reviews identified during

screening for relevant references but canceled forward citation

tracking. We did not contact study authors.
2.4 Study selection

Duplicate records were removed using Deduplicator (41),

Rayyan (42), and manually. Two reviewers screened each record

independently and in duplicate, using Rayyan if possible or by hand

otherwise. Before screening, several team members assessed 20

randomly selected records to develop a shared understanding of
frontiersin.org
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how to apply the eligibility criteria. Further, we randomly selected

another 200 records and conducted piloting for all pairs of

screeners. Screening was conducted in two stages: by title and

abstract (if present) and by full text. Disputes were resolved

by discussion.
2.5 Data charting

PDF copies of reports stored in Rayyan were charted using a

custom installation of FormTools (https://formtools.org/). Due to a

large number of included reports, data charting was not conducted

in duplicate as originally planned. A.K., R.S., V.R., and A.M.

completed principal charting, A.M. and V.R. cross-checked charts

for factual errors, and P.Z. validated the data integrity. All form

fields were optional to fill, and the number of sessions was not

limited. A copy of the data charting form is available from the

review repository.
2.6 Synthesis

We descriptively summarized the content of the data charts and

grouped it in a manner naturally emerging from the chart content

and richness. No critical appraisal was performed because evidence

on vaccine efficacy was not formally synthesized, which aligns with

the JBI Manual guidance for scoping reviews (38). Bibliographic

information was collected from OpenAlex (43), and visualizations

were done in Microsoft Excel.
Frontiers in Immunology 04
2.7 Reporting

The review is reported in accordance with PRISMA-ScR (44),

PRISMA-S (the filled-in checklist is reported in Supplementary

Table 2) (45), and a preliminary version of the PRISMA Extension for

Preclinical In VivoAnimal Experiments checklist (the filled-in checklist is

reported in Supplementary Table 1) (34). We consulted PRISMA 2020

for Abstracts (46) and Claude Free plan (https://claude.ai/ accessed on

June 14, 2024) while composing the abstract. The flow diagram was

generated with the PRISMA2020 R package (47). CRediTas 0.2.0.9

was used to generate the authorship statement https://

docs.ropensci.org/CRediTas. An extended version of the methods

report is available from the review repository. A video report is

available from the Write In Stone research transparency system

(https://my.writeinstone.com/public/research/published-3b616e83-

a764-4c18-92fe-88a465604d0e).

2.8 Review updates

We do not plan to update this review but are open to

collaboration with researchers willing to do so.

3 Results

3.1 Study selection and characteristics

The study selection process is summarized in a flow

diagram (Figure 1).

A total of 1081 records were included and sought for full-text

retrieval. We failed to retrieve reports for 113 of them, mostly due to
FIGURE 1

PRISMA 2020 flow diagram.
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our restricted access to Chinese academic databases. Of the 968

reports retrieved, 39 were in languages other than English, all of

which were successfully auto-translated. 17 of these were in

Chinese, 9 in Japanese, 4 in French, and 3 in Spanish. 6 reports

were in a different language each (German, Korean, Persian,

Portuguese, Russian, or Turkish). Following screening, 365

reports of 345 studies were included in the review. The reasons

for exclusion were noted by reviewers as free-text Rayyan labels and

then collated by P.Z. in a hierarchical order: reviews (222 reports),

studies of microorganisms other than M. tuberculosis (170 reports),

irrelevant types of vaccines (158 reports), relevant but not reporting

any animal studies (10 reports), and low-yield abstracts or

commentaries (12 reports).

Among the included studies, most were published between 2001

to 2015 (first and third quartiles; median: 2008) (Figure 2). The top

three first-author country affiliations, exclusive of unknown and

multiple values, were China, the United States, and Brazil.
3.2 Antigens

Of the 345 studies included in the final analysis, the vast

majority (285) have involved single-antigen vaccines. In 48

studies, researchers have used two or more different antigens or a

combination of an antigen and an encoded adjuvant including

sequences of genes IL12, CD226, GMCSF, IL33, and IL21. Only 12

studies have involved multiepitope vaccines (Figure 3).

There are three distinct groups of antigens that have been most

frequently used in vaccines against Mtb. The first group contains

sequences coding for immunodominant secretory antigens Ag85A,

Ag85B, ESAT6, MPT64, and CFP10. Researchers have most often

employed sequences of genes Rv3804c and Rv1886c, which encode

secreted fibronectin-binding proteins Ag85A and Ag85B possessing

mycolyltransferase activity necessary to maintain the integrity of the

mycobacterial cell wall. The Ag85A protein is conserved across

mycobacterial species including Mtb, BCG, and environmental

mycobacteria, and this situation allows to apply vaccines based on
Frontiers in Immunology 05
them against most of virulent strains of mycobacteria. Sequences of

genes Rv3875, Rv1980c, and Rv3874 coding for highly immunogenic

secreted proteins ESAT6, CFP10, and MPT64 have also been used in

many studies. ESAT6 and CFP10 are a part of the RD1 region of

difference betweenMtb and BCG, are absent in strains used for BCG,

and are widely used in the diagnosis of TB in the clinic (48–50).

Mpt64 belongs to the RD2 region of difference and is present in some

BCG strains (51).

The second group of most popular sequences in DNA or RNA

vaccines against Mtb includes sequences of genes Rv0440, Rv0350,

and Rv2031c, which encode heat shock proteins (HSPs) HSP65,

HspX, and HSP70. HSPs are ubiquitous chaperones that are

induced by heat, pH extremes, oxygen or nutrient deprivation, and

other environmental stressors. HSPs maintain long-term survival of

mycobacteria; besides, in response to stress or after cell death, HSPs

can be actively secreted into the extracellular environment and

activate innate immune responses through different cellular

receptors (52, 53). HSP65 signals through receptor CD14, and

HSP70 through TLR2 and TLR4, thereby stimulating the

production (by monocytes) of such proinflammatory cytokines as

TNF and IL-6.

The third group of sequences most often employed in vaccines

includes genes Rv2873 and Rv0928, coding for cell wall proteins:

lipoproteins MPT83 and PSTS3. MPT83 is a surface-exposed

glycosylated lipoprotein that induces strong T-cell responses and

antibody generation (54). PSTS3 is a component of a putative

phosphate transporter and induces the highest levels of cytokine

secretion (54).
3.3 Delivery systems

Most studies have involved DNA vaccines (342 studies), and

only three studies have dealt with mRNA vaccines. In the

overwhelming majority of studies, naked plasmid DNA has been

employed; only in 34 studies were nanoparticles, liposomes, or

microspheres used to increase the efficiency of DNA delivery. As a
FIGURE 2

Distribution of the included studies by publication year.
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plasmid backbone, a standard set of plasmids used in biotechnology

has been utilized (Figure 4). Although DNAmolecules, unlike RNA,

are stabler and less susceptible to degradation by endonucleases,

research indicates that the use of naked plasmid DNA is very

ineffective, and when such DNA is administered intramuscularly,

more than 95% of plasmid DNA remains in the interfibrillar space

and does not enter the cells (55, 56). A nanoparticle-based NA

delivery system can encapsulate negatively charged NAs, protect

them from degradation by endogenous enzymes, and facilitate

cellular uptake and an intracellular release (57, 58). Some

nanoparticles may also have enhanced affinity for antigen-

presenting cells (APCs) (57, 58).

Delivery systems based on natural polymer (D,L-lactic-co-glycolic

acid) (PLGA) were used in a study by Dalirfardouei et al. (59). PLGA-
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based nanoparticles act as a transfection mediator, enhance the

internalization by macrophages and dendritic cells (DCs), and

protect plasmid DNA from nucleolytic degradation (60, 61).

Polyhydroxy biopolyester nanoparticles, Fe3O4-Glu-polyethylenimine,

or gold nanoparticles induce a stronger immune response, improve

recognition and presentation of antigens, and have also been used in

DNA vaccines against TB (62–64). After entering the cell, PLGA and

Fe3O4-Glu-polyethylenimine nanoparticles slowly degrade, thereby

ensuring long-acting cellular and humoral immune responses (58, 65).

A separate field of research and development of NA vaccine

delivery is lipid nanoparticles. Cationic liposomes interact with a

negatively charged NA and surfaces of DCs, thus ensuring effective

delivery of the vaccine into the cell (66). A distinct feature of the use

of lipid nanoparticles is the possibility of their “targeting” via
FIGURE 3

Antigens used in NA vaccines against TB. (A) The number of antigens in a vaccine. (B) Types of antigens. The numbers indicate the number of
studies in which these antigens have been used.
FIGURE 4

Delivery systems used in NA vaccines against TB. (A) Types of NA and delivery system. (B) Types of antigens. The numbers indicate the number of
studies in which these delivery systems have been used.
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modifications of lipid composition and/or inclusion of various

protein macromolecules and antibodies into such nanoparticles

(67, 68). Classic four-component composition of lipid

nanoparticles (an ionizable lipid, helper lipid, cholesterol, and

polyethylene glycol 2000) helps lipid nanoparticles to penetrate

most organs and tissues with predominant localization in the

liver (69).

Moreover, liposomes can be combined with viral vectors, for

instance, with hemagglutinating virus of Japan (HVJ; Sendai virus),

thereby enhancing DNA vaccine immunogenicity against TB (70)

and increasing transfection efficiency—10-fold as compared to the

application of liposomes or naked plasmid DNA—via the HVJ–cell

fusion mechanism (70, 71). Thus, the use of relevant delivery systems

in TB vaccines may significantly improve their effectiveness.
3.4 Adjuvants

Once inside the cell, plasmid DNA is recognized by various

endosomal DNA sensors, such as Toll-like receptor 9 (TLR9) and

multiple cytosolic DNA sensors DDX41, RNA pol III, DNA-PK,

MRE11, cGAS, IFI16, AIM2, and DAI (72). TLR9 specifically

recognizes unmethylated dinucleotide motifs CpG and activates

innate immune responses through the STING–TBK1 signaling

cascade (73, 74). Most of the TB vaccine development studies that

we reviewed did not involve additional adjuvants (Figure 5).

Nonetheless, to enhance immunogenic properties of NA vaccines,

21% of studies (72 articles) involved various adjuvants, which can

create a microenvironment necessary for the formation of innate

and adaptive immunity. Sequences encoding adjuvants have

typically been included in plasmids used for vaccination. The
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most popular adjuvants are cytokines, chemokines, and other

immunostimulatory molecules such as CpG island sequences.

The sequences most popular as molecular adjuvants encode

cytokines IL-2, IL-12, IL-15, and GM-CSF, which specifically induce

the proliferation of NK cells, B cells and T cells and stimulate the

maturation of DCs and the production of interferon-g (IFN-g) (75–77).
IL-2 plays a key part in the control over the differentiation of CD4+ T

helper lymphocytes, enhances the activity of NK cells and of CD8+

cytotoxic T lymphocytes (CTLs), stimulates the proliferation of T cells,

and enhances the production and secretion of IFN-g (78). GM-CSF

plays a critical role in the activation and maturation of DCs (79). IL-12

stimulates the secretion of IFN-g by NK cells and by CD8+ and CD4+ T

cells (80). IL-18 is a proinflammatory cytokine that activates adaptive

cellular (T helper 1 [Th1], Th17, or Th2) and humoral responses (81).

IL-21, IL-15, and IL-33 are cytokines with broad pleiotropic effects, can

act as immunomodulators (depending on the expression of other

proinflammatory and anti-inflammatory factors), and stimulate the

activation of Th1/Th2 cellular and humoral immunity (82–84).

Additionally, as a molecular adjuvant, investigators have used the

sequence of membrane tyrosine kinase of type III (Flt3), which is a

receptor for several cytokines and participates in the expansion and

maturation of DCs (85). Flt3L increases the total number of leucocytes

and mobilizes progenitor cells into peripheral blood (86).

Two other adjuvants (microtubule-associated protein 1-light

chain 3 [LC3] and ubiquitin) enhance proteasomal and lysosomal

degradation of target polypeptides to facilitate their presentation by

MHC I and MHC II complexes (87, 88). Addition of CpG motifs to

a plasmid results in the activation of TLR9, which—through the

STING–TBK1 signaling cascade—activates B cells, promotes

plasmacytoid-DC and monocyte maturation, and promotes the

production of proinflammatory cytokines such as IL-12 (78, 89).

Despite the high effectiveness of molecular adjuvants in NA

vaccines (90, 91), the use of such adjuvants for the development of

vaccines against TB has not yet become widespread. Thus, the

application of molecular adjuvants and their various combinations

to vaccines against TB remains a potentially promising area for

improving the effectiveness of these vaccines.
3.5 Methods for NA vaccine delivery

Our results indicated that in more than 80% of the studies,

intramuscular vaccine delivery has been employed, in the vast

majority of cases by means of a needle and syringe, and only 18

studies have involved intramuscular delivery by electroporation

(Figure 6). Other delivery methods such as subcutaneous injection,

intranasal administration, or the gene gun have been used in only

4–5% of the studies. It is worth noting that each delivery method

has its own advantages and disadvantages, and effectiveness largely

depends on the delivery system utilized in the vaccine.

Intramuscular delivery of naked DNA, which has been used in

most of the studies, is extremely ineffective because more than 90%

of plasmid DNA does not enter cells but remains in the intercellular

space. In addition, a substantial percentage of DNA gets transfected

into myocytes, and only a small proportion reaches target APCs.

When administered subcutaneously, plasmid DNA gets transfected
FIGURE 5

Molecular adjuvants used in NA vaccines against TB. The numbers
indicate the number of studies in which adjuvants have been used.
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into keratinocytes, fibroblasts, and various APCs, whose

concentration (% of all cells) is considerably higher than that in

muscle tissue (74). The intranasal delivery technique also has many

advantages over intramuscular and subcutaneous administration

routes (92). In the nasal cavity, the first contact with most

pathogens takes place; this site is enriched with lymphatic tissue,

which contains cells of systemic and mucosal immunity (92). In the

nasal cavity, effective transfection of target APCs with DNA

vaccines against TB is capable of inducing an appreciable

immune response (93).

Improvements in such delivery methods as intramuscular and

intradermal electroporation or the gene gun increase the proportion

of plasmid DNA entering the cell and improve the effectiveness of

vaccines (94–96). Thus, further improvement of the effectiveness of

NA vaccines against TB can be achieved via modern delivery

methods in combination with delivery systems.
3.6 The prime/boost concept and the use
of synthetic NA vaccines

Our analysis of 345 studies showed that only 82 studies have

dealt with homologous prime/boost vaccination or single-dose

administration of an NA vaccine. In most studies, heterologous

prime/boost vaccination has been utilized. Heterologous

vaccination is preferable because it shows greater effectiveness

and immunogenicity, especially in the context of TB vaccines: for

them, an extremely important feature is their ability to stimulate a

cellular immune response because it is most effective against Mtb.

Homologous boosting usually leads to greater humoral, but not

cellular, responses to target antigens, whereas heterologous prime/

boost immunization affords increased efficiency of both humoral

and cellular immune responses (97).
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The most commonly used scheme is heterologous

immunization with a viral vector or DNA vaccine for priming

and with a protein vaccine as a boost; this is because the protein

component causes a humoral immune response, and DNA is an

inducer of both cellular and humoral responses (98, 99), thereby

causing activation of both branches of an immune response.

Nonetheless, there are other approaches too. For example, such

regimens as DNA prime/viral vector boost, protein prime/viral

boost, and viral prime/protein boost promote the induction of T-

cell immune responses. VLP prime/live-vector boost allows to

enhance a CD8+ T-cell response (100). DNA prime/VLP boost is

capable of eliciting both cellular and humoral responses (101).

For an anti-TB prime/boost vaccine, researchers can employ

either combinations of BCG with various synthetic vaccines or BCG-

free combinations with synthetic vaccines as a prime/boost [DNA

prime/protein boost (102), DNA prime/viral vector boost (103), or

viral vector prime/DNA boost (104)]. Most often, regimens involving

BCG prime are considered because BCG in many countries is

administered in the first hours after birth. For regimens based on

BCG, the antigen of the injected boost must be present in all strains of

BCG and be highly conserved among all mycobacterial species;

however, there are effective boosts containing the ESAT6 antigen

absent in BCG. Their immunogenicity is due to the fact that ESAT6 is

administered together with immunodominant antigen Ag85B as a

fusion protein (105).

Prime/boost immunization against TB using BCG and synthetic

vaccines can serve as preventive and therapeutic vaccination (106). A

therapeutic vaccine has certain requirements: it must induce Th1-type

cytokines such as IFN-g and TNF, promote the activation of infected

macrophages, and prevent reactivation of latent infection and

transmission of pathogens to other people (107, 108). That is why,

to create such a vaccine, it is necessary to choose early-expressed and

latent-infection-associated antigens (109). Anti-dormancy antigens

such as RpfB can also be used to control reactivated Mtb (110).

Preventive vaccines against TB carry early-expressed antigens and

factors triggering a T-cell immune response (111–113).

The mechanisms of the immune response that occurs after

administration of the boost depend on the synthetic vaccine that is

administered. Protein boosts promote the development of a

pronounced antibody response, and when supplemented with

adjuvants, they can induce both CD4+ T cells that produce INF-g
and CD8+ T cells, thereby inducing a cellular response (114). BCG

prime/DNA boost results in the activation of CD4+ T cells, elevated

concentrations of IFN-g, TNF, and IL-2, an increase in the number

of CD4+ and CD8+ populations, and a greater level of IgG and

IgG2a antibodies at a ratio indicating a shift toward a Th1 immune

response (115–117).

Thus, a boost is considered the most optimal use of DNA and

RNA vaccines. Nevertheless, there is still no single most effective

protocol for their use. The effectiveness of heterologous prime/boost

anti-TB vaccination is influenced by other factors too (aside from

the nature of the components): the order of administration of the

components, the time interval between injections, the method of

administration, and the presence of adjuvants in the injection

mixture. The intervals between priming and boosting are

important for the induction, maturation, expansion, and
FIGURE 6

Methods of vaccine delivery. The numbers indicate the number of
studies in which various delivery methods have been used.
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enhanced functioning of long-lived memory T cells (118). The route

of administration is important because during infection, mucosal

tissues are the first to encounter Mtb, and parenteral delivery of

immunogens often does not elicit mucosal immune responses. It

has been shown that intranasal booster vaccination of mice with

fusion protein Ag85B–ESAT-6 along with adjuvant LTK63 causes a

strong Th1 response and prevents the spread of infection (119).

Furthermore, to increase the immunogenicity of an anti-TB prime/

boost vaccine, the following approaches are employed: the inclusion

(in the synthetic component) of such proteins as cytokines (120), or

alternatively, inducers of maturation of DCs (121), the addition of

adjuvants (122), and the use of microspheres (123).
3.7 Animals

Choosing a relevant biological model is always a bottleneck in

pharmaceutical research and development. This problem is common

inmost of nosological entities. Most studies assessing the effectiveness

of NA TB vaccines have been performed on female mice, with the

BALB/c strain being used most often and C57BL/6 slightly less

frequently (Figure 7). Other animal species, such as guinea pigs,

pigs, chickens, and nonhuman primates, have been used much less

frequently in research. Only in 12 studies did researchers assess the

effectiveness of vaccines on two animal species.

It is worth noting that differences in the levels of sex steroid

hormones affect the functioning of immune cells, leading to

variations in immune response activity (124). Specifically, clinical

studies indicate that women exhibit higher levels of antibody

production and a more pronounced cellular response following

vaccination, but they also experience more frequent and severe side

effects (124, 125).

The studies on NA-based vaccines included in the analysis were

conducted on adult animals, making it difficult to assess their
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efficacy in offspring and to compare it with the efficacy of the

BCG vaccine. For example, it has been shown that approved mRNA

vaccines against SARS-CoV-2 demonstrate high efficacy in children,

but with lower doses: the COVID-19 vaccine “Comirnaty” by

Pfizer/BioNTech for children aged 6 months to 4 years has a dose

of 3 µg, and for children aged 5 to 11 years, a dose of 10 µg; the

COVID-19 vaccine “Spikevax” by Moderna for children aged 6

months to 4 years has a dose of 2.5 µg, and for children aged 5 to 11

years, a dose of 25 µg (126). Therefore, a more comprehensive

assessment of vaccine efficacy in animals of both sexes and different

ages is necessary to evaluate the effectiveness of these vaccines.

It should be noted that a biological model for testing TB

vaccines should be justified from the point of view of cost-

effectiveness (CE) and biological safety (BS) in addition to

evidence (E). Although nonhuman primates most closely mimic a

human immune response and susceptibility to TB, smaller animal

models such as mice, rats, guinea pigs, and rabbits are often better

for investigating narrower aspects of the immune response to

mycobacteria, e.g., granuloma formation, susceptibility to different

strains, or preclinical reactions to the vaccine. In particular, mice are

more often employed for evaluating acute toxicity and

biodistribution, nonhuman primates for assessing chronic

toxicity, guinea pigs for evaluating skin allergic reactions, and

rabbits for estimating skin irritation (127). Guinea pigs have high

susceptibility to Mtb infection, and when infected, they develop

classic granulomas similar in structure to human ones.
3.8 Comparisons of efficacy between NA
vaccines and BCG

At the next stage, out of 345 studies, we selected 17 that assessed

protective efficacy of vaccines and involved a BCG vaccine as a

control. Out of the selected 17 studies, in six papers, a humoral
FIGURE 7

Vaccinated animals. (A) Species of vaccinated animals. (B) Strains of vaccinated animals. (C) Sex of vaccinated animals. The numbers indicate the
number of studies in which different species and strains of animals have been used.
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immune response was assessed in comparison with BCG, and in five

of them, an IgG titer after the administration of NA vaccines was

higher than after the administration of BCG, and this increase varied

from 1.2-fold (128) to 33-fold (129) (Table 1). Although injection of

NA TB vaccines can induce a humoral response in most cases,

induction of IgG production has not always correlated with a highly

effective cellular response and with a reduction in the bacterial load of

Mtb in the lungs and spleen (128, 130, 131). The absence of a direct

relation between the effectiveness of a vaccine and a pronounced

humoral response has also been documented in comparisons of RNA
Frontiers in Immunology 10
and DNA vaccines: despite the absence of significant differences in an

IgG titer, there have been pronounced differences in the protective

effect (130). DNA vaccine pDNA Rv2660c, despite a high level of IgG,

has been worse than other vaccines at reducing the number of

colony-forming units (CFUs) in lungs (131). Similar effects have

been observed with DNA vaccine pDNA Hsp65, which has

manifested low protective efficacy as compared to DNA vaccines

that have yielded lower IgG titers (128).

In addition to antibody levels, two of the six studies assessed the

IgG2a/IgG1 ratio. High IgG2a/IgG1 ratios indicate a tendency to
TABLE 1 Comparisons of humoral responses after immunization with NA TB vaccines or BCG.

Vaccines IgG titer Reference

Gene sequences Nucleic acid Negative control Positive control (BCG) Experimental

MPT83 DNA IgG (OD450): 0.25 IgG (OD450): 0.5 IgG (OD450): 2.75 (130)

MPT83 RNA IgG (OD450): 2.75

Rv3615c DNA IgG (OD450): 0.3 IgG (OD450): 3 IgG (OD450): 2.32 (131)

Mtb10.4 IgG (OD450): 0.65

Rv2660c IgG (OD450): 1.79

Rv3615c,
Mtb10.4, Rv2660c

IgG (OD450): 2.84

5 T-cell epitopes from
ESAT6, Ag85B, MTB10.4,
PPE25, PE19

DNA IgG (OD450): 0.1
IgG2a/IgG1: 0

IgG (OD450): 1.4
IgG2a/IgG1: 1.2

IgG (OD450): 0.1
IgG2a/IgG1: 0

(128)

Hsp65 IgG (OD450): 1.95
IgG2a/IgG1: 0.9

Hsp65 +
5 epitopes

IgG (OD450): 1.6
IgG2a/IgG1: 1

5 epitopes into
Hsp65 backbone

IgG (OD450): 1.7
IgG2a/IgG1: 1.4

ESAT6, CFP10 DNA IgG (OD490): 0.04 IgG (OD490): 0.05 IgG (OD490): 0.25 (128)

ESAT6, CFP10 BCG prime + DNA boost IgG (OD490): 0.43

CFP21, MTP64 DNA IgG (OD490): 0.08 IgG (OD490): 0 IgG (OD490): 0.24

CFP21, MTP64 BCG prime + DNA boost IgG (OD490): 0.19

Ag85B, ESAT6, HspX DNA IgG (OD450): 0.18
IgG2a/IgG1: 0.9

IgG (OD450): 0.47
IgG2a/IgG1: 1.4

IgG (OD450): 1.05
IgG2a/IgG1: 4

(134)

HspX IgG (OD450): 0.7
IgG2a/IgG1: 2.2

3 epitopes from ESAT6 DNA IgG (OD570): 0.05 IgG (OD570): 0.05 IgG (OD570): 0.5 (129)

3 epitopes from ESAT6 DNA prime + ESAT6 boost IgG (OD570): 0.72

3 epitopes from ESAT6
+ FL

DNA IgG (OD570): 0.75

3 epitopes from ESAT6
+ FL

DNA prime + ESAT6 boost IgG (OD570): 1.35

ESAT6 DNA IgG (OD570): 0.7

ESAT6 DNA prime + ESAT6 boost IgG (OD570): 0.85

ESAT6 + FL DNA IgG (OD570): 0.8

ESAT6 + FL DNA prime + ESAT6 boost IgG (OD570): 1.65
Vaccines that showed better effectiveness as compared to BCG are highlighted in bold.
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activate a Th1-type immune response and in some cases help to

suppress the development of the disease; such ratios also have not

allowed to determine with certainty whether a vaccine will lead to the

synthesis of proinflammatory cytokines and to an enhanced protective

effect. Of note, the level of IgG has also been influenced—aside from

the antigen being administered—by the method of its delivery, the

vaccination regimen, and the applied adjuvants (93, 128, 129, 132).

Vaccines containing different types of NAs have not had a substantial

effect on IgG levels: both RNA vaccines and DNA vaccines have

elicited similar levels of antibody production (130). The antigens within

a DNA vaccine that have caused the greatest humoral response are

Ag85A, Ag85B, and Hsp65 (113, 128, 133, 134).

For instance, in all the six analyzed studies where humoral

immunity was assessed, DNA vaccines in the form of plasmids have

been used, and in one study, an RNA vaccine was employed.

Furthermore, in all the studies, a homobooster vaccination

regimen has been used, and only in two articles have

heterobooster vaccination regimens been tested: a BCG prime + a

plasmid DNA boost and a plasmid DNA prime + a peptide boost. In

one work, a gene coding for the FL adjuvant was utilized, and in

three studies of the six, the ESAT6 antigen has been used.

A cellular immune response has been evaluated with the help of

the following parameters: ELISA measurement of the level of

cytokine production by splenocytes in response to an antigen (i),

quantification of cytokine RNA in lymphocytes by reverse-

transcription quantitative PCR (ii), an assay of CTL activity by an

analysis of CTLs (iii), determination of the frequency of IFN-g–
secreting cells by the ELISPOT method (iv), evaluation of

frequencies of cytokine-producing CD4+ or CD8+ T cells by flow

cytometry (v), and quantitation of splenocyte proliferation by the

MTT assay (vi) (Table 2).

Of the 17 chosen papers, 10 studies have compared cytokine

expression or assessed the frequency of IFN-g–secreting T cells after

NA vaccination and after BCG vaccination; in seven of them, these

parameters after administration of an NA have been higher than

after the administration of BCG. In almost all studies, the ability of

splenocytes to secrete IFN-g in response to stimulation with a

specific antigen has been evaluated to assess the magnitude of a

cellular response. IFN-g is a major cytokine in the anti-TB response

because its overexpression positively correlates with a decline of

bacterial load. The increase in the IFN-g level as compared to BCG

administration has ranged from 1.1- to 15-fold.

Another key cytokine in the fight against Mtb is IL-2. In most

cases, greater synthesis of IL-2 by splenocytes in response to

inactivated H37Rv and antigens Ag85 and HspX has correlated

with the effectiveness of a TB vaccine (131, 133, 134); however, a

comparison with BCG has been made in only two studies, and only in

ref (134). was IL-2 upregulation by 2.3-fold demonstrated. IL-4 and

IL-10—anti-inflammatory cytokines—weaken an anti-TB response,

thereby leading to higher bacterial loads (93, 129, 131, 133, 135). In

three out of the 10 papers, levels of IL-4 and IL-10 have been

measured in comparison with BCG administration, and in two

papers, they were 4.4 and 2.6 times lower (129) and 5 and 4.3

times lower (135), respectively, in NA vaccine groups as compared to

BCG groups. In the same publications, IL-12 was quantified, and fms-

like tyrosine kinase ligand 3 (FL) served as an encoded adjuvant.
Frontiers in Immunology 11
When vaccines with FL were administered, during activation of

splenocytes by the ESAT6 antigen, the highest levels of IFN-g and

IL-12 and diminished levels of IL-4 and IL-10 were observed (129,

135). It should also be pointed out that it was FL in combination with

antigen ESAT6—as well as nanochitosan as a delivery system—that

led to the greatest protective effect, by reducing the bacterial load in

the lungs by 2.5-fold and in the spleen by 1.8-fold more strongly than

BCG did.

Application of IL-12 as an encoded DNA vaccine adjuvant has

reduced CFU counts in the lungs and spleen to the same extent as

application of IL-23, whereas the use of IL-27 has not significantly

reduced CFU counts either in the lungs or in the spleen (132). High

levels of TNF, along with IFN-g, are an important modulator of the

immune response against Mtb; similarly to IFN-g, IL-2 and IL-12

have decreased CFU counts in the lungs and spleen of mice.

Notably, the administration of different types of NAs in vaccines

has significantly affected the amount of IFN-g produced by

splenocytes after activation by MPT83: DNA-based vaccines are

1.6 times more effective than RNA-based vaccines (130). For

instance, eight of the 10 articles have compared cytokine levels

after administration of NA vaccines and after BCG administration,

and in five studies, cytokine expression after the injection of

plasmid DNA/RNA has exceeded cytokine expression seen after

BCG vaccination. In all the eight papers, the level of IFN-g has been
measured, whereas TNF was quantified only in one paper, IL-12

and IL-2 in two papers, IL-10 in three papers, and IL-4 in

four articles.

In some studies, cellular responses to NA vaccines have been

examined in more detail. In this way, it has been demonstrated that

the administration of a DNA vaccine encoding three antigens

(Rv3615c, Mtb10.4, and Rv2660c) causes the proliferation of T cells

in the spleen in response to inactivated Mtb, and that CD4+ T cells

proliferate 2.5 times more efficiently than CD8+ T cells do. In the

same work, cytotoxic activity was assessed, and the experimental

vaccine manifested higher effectiveness than that of BCG. Moreover,

DNA immunization with a plasmid carrying all three antigens more

strongly increased the numbers of multifunctional CD4+ and CD8+ T

cells producing IFN-g, IL-2, and TNF simultaneously as compared to

immunization with either BCG or DNA vaccines encoding only one

of the antigens (131). In another work, dealing with DNA vaccines

carrying the Hsp65 sequence and epitopes of ESAT6, Ag85B,

MTB10.4, PPE25, and PE19 as protective agents, the most effective

vaccine type caused a significant increase in the proportion (%) of

multifunctional CD4+ T cells producing IFN-g, IL-2, and TNF and

monofunctional CD8+ T cells producing granzyme B, IFN-g, TNF,
and IL-2 (128). The use of the FL adjuvant in combination with full-

length ESAT6 has accelerated T-cell proliferation by 1.5-fold as

compared to BCG administration, and the use of a peptide boost

has increased this difference to 1.8. Additionally, the boost increased

the number of IFN-g+ T cells compared to BCG in groups pIRES-

EPS-FL and pIRES-ESAT6-FL; cytolytic activity was significantly

higher in DNA groups and was further enhanced by the peptide

boost, whereas with BCG vaccination, the percentage of lysis was

quite low (129). Among the 10 articles that have compared the

activity of a T-cell response to NA vaccines with that of BCG, in six

studies, the number of IFN-g–secreting cells has been assessed, and in
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TABLE 2 Comparisons of cellular responses after immunization with NA TB vaccines or BCG.

Vaccines Cytokine response Reference

Gene sequences Nucleic acid Negative control Positive control (BCG) Gene sequences

MPT83 DNA IFN-g (pg/ml): 100 IFN-g (pg/ml): 100 IFN-g (pg/ml): 1500 (130)

MPT83 RNA IFN-g (pg/ml): 900

Rv3615c DNA IFN-g (pg/ml): 250
TNF-a (pg/ml): 80
IL-2 (pg/ml): 60
IL-4 (pg/ml): 20
IL-10 (pg/ml): 1050

IFN-g (pg/ml): 1900
TNF-a (pg/ml): 800
IL-2 (pg/ml): 220
IL-4 (pg/ml): 20
IL-10 (pg/ml): 750

IFN-g (pg/ml): 1050
TNF-a (pg/ml): 400
IL-2 (pg/ml): 120
IL-4 (pg/ml): 20
IL-10 (pg/ml): 1100

(131)

Mtb10.4 IFN-g (pg/ml): 1000
TNF-a (pg/ml): 380
IL-2 (pg/ml): 90
IL-4 (pg/ml): 20
IL-10 (pg/ml): 750

Rv2660c IFN-g (pg/ml): 800
TNF-a (pg/ml): 360
IL-2 (pg/ml): 110
IL-4 (pg/ml): 20
IL-10 (pg/ml): 850

Rv3615c,
Mtb10.4, Rv2660c

IFN-g (pg/ml): 1800
TNF-a (pg/ml): 760
IL-2 (pg/ml): 195
IL-4 (pg/ml): 20
IL-10 (pg/ml): 700

ESAT6, CFP10 DNA IFN-g (pg/ml): 90 IFN-g (pg/ml): 125 IFN-g (pg/ml): 450 (128)

ESAT6, CFP10 BCG prime, DNA boost IFN-g (pg/ml): 260

CFP21, MTP64 DNA IFN-g (pg/ml): 120 IFN-g (pg/ml): 120 IFN-g (pg/ml): 320

CFP21, MTP64 BCG prime, pDNA boost IFN-g (pg/ml): 470

ESAT6, Ag85B DNA ― IFN-g: 7.3↑ (as compared with
negative control)
IL-4: 3.4↑

IFN-g: 2.5↑
IL-4: 2.8↑

(146)

Ag85B, ESAT6, HspX DNA IFN-g (pg/ml): 50
IL-2 (pg/ml): 16

IFN-g (pg/ml): 510
IL-2 (pg/ml): 37

IFN-g (pg/ml): 980
IL-2 (pg/ml): 85

(134)

HspX IFN-g (pg/ml): 570
IL-2 (pg/ml): 40

MPT-32 DNA IFN-g (spots/106 cells): 80 IFN-g (spots/106 cells): 1300 IFN-g (spots/106

cells): 290
(147)

MPT-63 IFN-g (spots/106 cells): 100 IFN-g (spots/106

cells): 260

MPT-83 IFN-g (spots/106 cells): 0 IFN-g (spots/106

cells): 60

a-crystallin IFN-g (spots/106 cells): 0 IFN-g (spots/106

cells): 0

Pst-S IFN-g (spots/106 cells): 20 IFN-g (spots/106

cells): 65

3 epitopes from ESAT6 DNA IFN-g (pg/ml): 0
IL-12 (pg/ml): 0
IL-4 (pg/ml): 28
IL-10 (pg/ml): 150

IFN-g (pg/ml): 390
IL-12 (pg/ml): 280
IL-4 (pg/ml): 75
IL-10 (pg/ml): 170

IFN-g (pg/ml): 260
IL-12 (pg/ml): 230
IL-4 (pg/ml): 22
IL-10 (pg/ml): 90

(129)

3 epitopes from ESAT6 DNA prime +
ESAT6 boost

IFN-g (pg/ml): 340
IL-12 (pg/ml): 280
IL-4 (pg/ml): 20
IL-10 (pg/ml): 85

(Continued)
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TABLE 2 Continued

Vaccines Cytokine response Reference

Gene sequences Nucleic acid Negative control Positive control (BCG) Gene sequences

3 epitopes from ESAT6
+ FL

DNA IFN-g (pg/ml): 310
IL-12 (pg/ml): 290
IL-4 (pg/ml): 20
IL-10 (pg/ml): 70

3 epitopes from ESAT6
+ FL

DNA prime +
ESAT6 boost

IFN-g (pg/ml): 420
IL-12 (pg/ml): 370
IL-4 (pg/ml): 18
IL-10 (pg/ml): 72

ESAT6 DNA IFN-g (pg/ml): 260
IL-12 (pg/ml): 240
IL-4 (pg/ml): 25
IL-10 (pg/ml): 100

ESAT6 DNA prime +
ESAT6 boost

IFN-g (pg/ml): 340
IL-12 (pg/ml): 310
IL-4 (pg/ml): 19
IL-10 (pg/ml): 80

ESAT6 + FL DNA IFN-g (pg/ml): 310
IL-12 (pg/ml): 320
IL-4 (pg/ml): 20
IL-10 (pg/ml): 75

ESAT6 + FL DNA prime +
ESAT6 boost

IFN-g (pg/ml): 450
IL-12 (pg/ml): 400
IL-4 (pg/ml): 16
IL-10 (pg/ml): 60

3 epitopes from ESAT6 DNA in nano-
chitozan particles

IFN-g (pg/ml): 10
IL-12 (pg/ml): 20
IL-4 (pg/ml): 27
IL-10 (pg/ml): 145

IFN-g (pg/ml): 370
IL-12 (pg/ml): 250
IL-4 (pg/ml): 75
IL-10 (pg/ml): 195

IFN-g (pg/ml): 340
IL-12 (pg/ml): 260
IL-4 (pg/ml): 19
IL-10 (pg/ml): 55

(135)

3 epitopes from ESAT6
+ FL

IFN-g (pg/ml): 420
IL-12 (pg/ml): 340
IL-4 (pg/ml): 15
IL-10 (pg/ml): 45

3 epitopes from ESAT6
+ FL

DNA IFN-g (pg/ml): 330
IL-12 (pg/ml): 280
IL-4 (pg/ml): 18
IL-10 (pg/ml): 60

ESAT6 DNA in nano-
chitozan particles

IFN-g (pg/ml): 350
IL-12 (pg/ml): 300
IL-4 (pg/ml): 17
IL-10 (pg/ml): 80

ESAT6 + FL IFN-g (pg/ml): 440
IL-12 (pg/ml): 350
IL-4 (pg/ml): 15
IL-10 (pg/ml): 50

Ag85B DNA IFN-g (pg/ml): 100 IFN-g (pg/ml): 2400 IFN-g (pg/ml): 6900 (137)

MPT64 IFN-g (pg/ml): 1000

MPT63 IFN-g (pg/ml): 1200

ESAT6 IFN-g (pg/ml): 800

Hsp65 DNA IFN-g (spots/106 cells): 220
IL-4 (spots/106 cells): 50

IFN-g (spots/106 cells): 190
IL-4 (spots/106 cells): 60

IFN-g (spots/106 cells):
350
IL-4 (spots/106

cells): 80

(93)

Hsp65 DNA into microspheres

(Continued)
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four studies, this parameter has been higher than that with BCG

vaccination. Out of the studies involving a comparison with BCG,

CTL activity has been evaluated in four studies, splenocyte

proliferation in three studies, and frequencies of cytokine-

producing CD4+ and CD8+ T cells in one study.

The protective effect of vaccines in terms of bacterial load in the

lungs and spleen has been estimated by means of CFUs ofMtb after

infection. In all the 17 papers, the CFUs have been determined in

the lungs, but only 10 papers have assessed the bacterial load in the

spleen (Tables 3, 4). Besides, in one work (133), in addition to

CFUs, mortality rates in groups and changes in the weight of

animals after the infection were assessed. Only four studies have

shown that NA vaccines result in a greater reduction in bacterial

load in the lungs as compared with BCG. Thus, in most studies,

vaccination with BCG has been more effective at protecting

from TB.

Vaccination with DNA 1818PE clearly indicates that antigens

that do not cause a humoral response—but cause a cellular one—are

more effective at protecting against TB in comparison to an antigen

that evokes a humoral but not a cellular response (136). In the lungs

and spleen, the following vaccine types have afforded protection

from Mtb at a level equal to or even better than BCG-mediated

protection: BCG + ESAT6-CFP10 DNA, BCG + CFP21-MTP64

DNA (128); pIRES-EPS-FL DNA + ESAT6 peptide boost, pIRES-

ESAT6-FL DNA + ESAT6 peptide boost (129), nano-ESAT6/3e

DNA, nano-ESAT6/3e-FL DNA, ESAT6/3e-FL DNA, nano-ESAT6

DNA, nano-ESAT6-FL DNA (135); and Ag85B DNA + MPT64

DNA + MPT63 DNA + ESAT6 DNA (137). The most commonly

used antigens have been Ag85B and ESAT6, with ESAT6 giving the

best protection. It is also evident that BCG prime has a beneficial

effect on CFU counts, by reducing them 100.9-fold as compared to

the administration of DNA alone and by 100.4–100.6-fold as

compared to BCG, and the use of a peptide boost reduces the

number of CFUs by 100.45-fold as compared to homobooster

injection of a DNA vaccine. The addition of adjuvants (FL, IL-12,

or IL-23) diminishes CFU counts by 100.1–100.4-fold.

Especially interesting is a study comparing the effectiveness of

DNA and RNA vaccines (130). To evaluate a short-term protective

effect, mice were infected at 4 weeks—and for a long-term
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assessment, at 6 months—after the last injection of an NA

vaccine; CFUs were determined 5 weeks after the infection. In

terms of short-term protection, immunization by either a DNA

vaccine or RNA vaccine had a moderate protective effect; however,

CFU counts with BCG were an order of magnitude lower. In the

experiment on long-term protection, the DNA vaccination reduced

CFU counts to the BCG level, and the RNA vaccination was

ineffective (130). This difference is likely explained by the fact

that antigen expression persists for a longer period when a DNA

vaccine is administered in comparison with an RNA vaccine. In

another work, where researchers evaluated short- and long-term

effects after immunization with self-replicating mRNA vaccine

SinCP-Ag85A, vaccination gave a strong protective response in

the lungs at 4 weeks after infection, but after 6 months, CFU counts

in the lungs increased significantly (138).

In addition to preventive vaccination, one of the studies deals

with therapeutic administration of a vaccine 4 weeks after infection

(134). The therapeutic vaccination diminished bacterial load in the

lungs similarly to preventive vaccination; however, in the spleen,

with therapeutic vaccination by means of a plasmid DNA vaccine

carrying only one antigen, CFU counts were reduced in the same

way as with BCG vaccination.

In an article about survival and weight change in infected mice

(133), mean survival time of mice receiving a control vector was 95

days. The onset of death in mice vaccinated with DNA was

approximately the same among all groups, regardless of the

vaccine administered. Mean survival time of mice vaccinated with

p-sAg85A–csp(mut) was identical to mean survival time in a

negative control group (95 days). Vaccination with p-sAg85A had

no effect on survival either (mean survival time = 102 days). By

contrast, five out of 10 mice vaccinated with p-sAg85A–csp(wt)

lived longer (than did other mice vaccinated with plasmid DNA)

and later began to lose weight because the mean survival time of this

group was 151.5 days, which is 50 days more than the mean survival

time of mice vaccinated with p-sAg85A, and 14 days more than that

of mice vaccinated with BCG (mean survival time = 140.3 days).

As mentioned above, in only four of the 17 examined articles,

the effectiveness of NA vaccines is superior to that of BCG, which is

still the only vaccine against Mtb. Even though only a minority of
TABLE 2 Continued

Vaccines Cytokine response Reference

Gene sequences Nucleic acid Negative control Positive control (BCG) Gene sequences

IFN-g (spots/106 cells):
305
IL-4 (spots/106

cells): 60

Hsp65 BCG prime, pDNA boost IFN-g (spots/106 cells):
440
IL-4 (spots/106

cells): 50

Hsp65 DNA into liposomes IFN-g (spots/106 cells):
390
IL-4 (spots/106

cells): 10
Vaccines that showed better effectiveness as compared to BCG are highlighted in bold.
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TABLE 3 A comparison of Mtb CFUs in lungs after immunization with NA TB vaccines or BCG.

Vaccines CFU Mtb Reference

Gene sequences Nucleic acid Negative control,
log10(CFU)

Positive control
(BCG), log10(CFU)

Experimental,
log10(CFU)

MPT83 DNA Short-term*: 10^5.6
Long-term**: 10^4.5

Short-term*: 10^3.9
Long-term**: 10^3.9

Short-term*: 10^4.9
Long-term**: 10^3.9

(130)

MPT83 RNA Short-term*: 10^4.5
Long-term**: 10^4.6

1818PE_PRS DNA 10^6.4 10^5.4 10^6.3 (136)

1818PE 10^5.9

Ag85A DNA 10^4.75 10^4 10^4.2 (133)

Ag85B 10^5.2 10^4.3 10^4.5

Ag85C 10^5.2 10^4.3 10^5.1

Ag85A DNA 10^5.45 10^3.8 10^5.5 (133)

Ag85A + csp(wt) 10^4.9

Ag85A + csp(mut) 10^5.4

Rv3615c DNA 10^6.3 10^3.4 10^5 (131)

Mtb10.4 10^5.2

Rv2660c 10^5.4

Rv3615c, Mtb10.4, Rv2660c 10^3.7

5 T-cell epitopes from ESAT6,
Ag85B, MTB10.4, PPE25, PE19

DNA 10^6.5 10^4.2 10^6.3 (128)

Hsp65 10^5.9

Hsp65 + 5 epitopes 10^5.8

5 epitopes into Hsp65 backbone 10^5.4

ESAT6, CFP10 DNA 10^6.3 10^5.2 10^5.7 (128)

ESAT6, CFP10 BCG prime,
DNA boost

10^4.8

CFP21, MTP64 DNA 10^5.5

CFP21, MTP64 BCG prime, DNA boost 10^4.6

ESAT6, Ag85B DNA ― 10^1↓
(as compared to
negative control)

10^0.7↓ (146)

Ag85B, ESAT6, HspX DNA Preventive: 10^5.4
Therapeutic: 10^5.4

Preventive: 10^4.4 Preventive: 10^4.7
Therapeutic: 10^4.9

(134)

HspX Preventive: 10^4.9
Therapeutic: 10^5.1

ESAT6, KatG, MPT63, MPT64 DNA ― ― 85% of
BCG effectiveness

(147)

3 epitopes from ESAT6 DNA 10^5.5 10^3.6 10^4.3 (129)

3 epitopes from ESAT6 DNA prime +
ESAT6 boost

10^4

3 epitopes from ESAT6 + FL DNA 10^4.22

3 epitopes from ESAT6 + FL DNA prime +
ESAT6 boost

10^3.6

ESAT6 DNA 10^4.2

(Continued)
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the tested NA vaccines reduce the number of CFUs better than BCG

does, these findings provide new insights into immunization

against Mtb.

The fundamental advantages of NA-based vaccines, classified as

third-generation vaccines, include the rapid development process,

the ability to flexibly select antigenic compositions, and a relatively

inexpensive and scalable production process. NA-based vaccines

enable the “fine-tuning” of the optimal balance between humoral

and cellular immunity, particularly Th1/Th2 immunity. This

adjustment could be effective in the context of tuberculosis, as

one of the potential causes of disease progression is the imbalance

between Th1/Th2/Th17 cells due to an excessive shift toward the

Th2 response, which suppresses the action of Th1 cytokines (139).

NA-based vaccines have a broad range of tools for modulating

immune responses. In addition to the possible use of classical

adjuvants, genetic adjuvants, which have demonstrated their

effectiveness (91), can also be employed. Another strategy is the
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creation of multi-epitope vaccines that encode only specific epitopes

of target antigens. In silico tools allow for the selection of optimal

CTL, HTL, and LBL epitopes, as well as predicting which cytokines

will be induced after antigen presentation as part of MHCII and

binding with helper T-cell receptors. This approach has proven

effective in our recent study on the development of mRNA vaccines

against tuberculosis (140).

However, it should be acknowledged that in the context of

tuberculosis vaccine development, the use of in silico algorithms

and artificial intelligence methods, such as deep learning and other

forms of machine learning, is still in its early stages (141). In silico

approaches facilitate the selection of optimal epitopes, the

determination of the secondary and tertiary structure of target

polypeptides, molecular docking, and even the prediction of

potential immune response dynamics and immunity formation.

This enables the selection of the optimal vaccination regimen.

Nevertheless, the majority of in silico studies related to
TABLE 3 Continued

Vaccines CFU Mtb Reference

Gene sequences Nucleic acid Negative control,
log10(CFU)

Positive control
(BCG), log10(CFU)

Experimental,
log10(CFU)

ESAT6 DNA prime +
ESAT6 boost

10^3.8

ESAT6 + FL DNA 10^4

ESAT6 + FL DNA prime +
ESAT6 boost

10^3.55

3 epitopes from ESAT6 DNA in nano-
chitozan particles

10^4.5 10^4 10^4 (135)

3 epitopes from ESAT6 + FL 10^3.75

3 epitopes from ESAT6 + FL DNA 10^3.8

ESAT6 DNA in nano-
chitozan particles

10^3.95

ESAT6 + FL 10^3.6

Ag85A DNA Short-term*: 10^5.27
Long-term***: 10^6.6

Short-term*: 10^4.25
Long-term***: ↓>1 log10

Short-term*: 10^4.5
Long-term***: 10^6

(138)

Ag85A DNA 4 weeks after challenge:
10^5.43
8 weeks after
challenge: 10^5.49

4 weeks after challenge:
10^3.64
8 weeks after
challenge: 10^4.03

4 weeks after challenge:
10^4.24
8 weeks after
challenge: 10^4.77

(113)

Ag85B, MPT64, MPT63, ESAT6 DNA 10^9.9 10^7.3 10^7.15 (137)

Hsp65 DNA 10^6 10^3 10^4.75 (93)

Hsp65 DNA into microspheres 10^4.7

Hsp65 BCG prime,
pDNA boost

10^4.8

Hsp65 DNA into liposomes 10^4.7

Ag85B Combination of DNA 10^6.4 10^5.3 10^6 (132)

Ag85B + IL-12 10^5.75

Ag85B + IL-23 10^5.78

Ag85B + IL-27 10^5.9
*infection was implemented 4 weeks after the last vaccine injection; **infection was implemented 6 months after the last vaccine injection; ***infection was implemented at 12 weeks after the last
vaccine injection. Vaccines that showed better effectiveness than BCG did are highlighted in bold.
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TABLE 4 A comparison of Mtb CFUs in the spleen after immunization with NA TB vaccines or BCG.

Vaccines CFU Mtb Reference

Gene sequences Nucleic acid Negative control,
log10(CFU)

Positive control
(BCG), log10(CFU)

Experimental,
log10(CFU)

1818PE_PRS DNA 10^5.4 10^4 10^5 (136)

1818PE 10^4.6

Rv3615c DNA 10^5.2 10^2.7 10^3.8 (131)

Mtb10.4 10^4.4

Rv2660c 10^5

Rv3615c, Mtb10.4, Rv2660c 10^2.9

5 T-cell epitopes from ESAT6,
Ag85B, MTB10.4, PPE25, PE19

DNA 10^5.4 10^3.5 10^5.3 (128)

Hsp65 10^4.8

Hsp65 + 5 epitopes 10^4.7

5 epitopes into Hsp65 backbone 10^4.6

ESAT6, CFP10 DNA 10^5.7 10^4.8 10^5.2 (128)

ESAT6, CFP10 BCG prime,
pDNA boost

10^4.2

CFP21, MTP64 DNA 10^5.2

CFP21, MTP64 BCG prime,
pDNA boost

10^4.2

ESAT6, Ag85B DNA ― 10^1↓ (as compared to
negative control)

10^0.6↓ (146)

Ag85B, ESAT6, HspX DNA Preventive: 10^5.5
Therapeutic: 10^5.4

Preventive: 10^4.9 Preventive: 10^5
Therapeutic: 10^5.1

(134)

HspX Preventive:10^5.1
Therapeutic: 10^4.9

3 epitopes from ESAT6 DNA 10^5.5 10^3.55 10^4.2 (129)

3 epitopes from ESAT6 DNA prime +
ESAT6 boost

10^4.1

3 epitopes from ESAT6 + FL DNA 10^3.95

3 epitopes from ESAT6 + FL DNA prime +
ESAT6 boost

3.6

ESAT6 DNA 10^4.1

ESAT6 DNA prime +
ESAT6 boost

10^4

ESAT6 + FL DNA 10^3.9

ESAT6 + FL DNA prime +
ESAT6 boost

10^3.45

3 epitopes from ESAT6 DNA in nano-
chitozan particles

10^4.4 10^3.8 10^3.95 (135)

3 epitopes from ESAT6 + FL 10^3.7

3 epitopes from ESAT6 + FL DNA 10^3.8

ESAT6 DNA in nano-
chitozan particles

10^3.75

ESAT6 + FL 10^3.55

Ag85A DNA Long-term***: 10^5.6 Long-term***: ↓>1 log10 Long-term***: 10^4.45 (138)

(Continued)
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tuberculosis vaccine development have yet to be experimentally

validated for their efficacy in animal models (142, 143). It appears

that several more years, or even decades, of comprehensive research

(combining in silico prediction and experimental validation) will be

necessary to achieve an effective vaccine, with continuous

optimization of algorithms based on the data obtained.

Nonetheless, we believe that the prospects for using in silico

approaches in the development of NA vaccines, particularly

mRNA vaccines, are promising. Taking together, with appropriate

adjuvants and antigens, with optimization of delivery systems, and

after the best immunization regimen is found, NA vaccines will be

able to outperform BCG.
4 Discussion and conclusion

In our review, we extensively analyzed 345 in vivo animal

studies that evaluated the efficacy of NA-based vaccines against

tuberculosis. These studies evaluated the antigenic sequence,

delivery systems, routes of administration, adjuvants, and mode

and strategy of administration of the vaccine formulation. In

addition, animal models for testing the efficacy of NA-based

vaccines were evaluated and a comparison of their efficacy

compared to BCG vaccine was provided.

The review design is associated with several strengths. We

employed rigorous processes for identifying, selecting,

summarizing, and reporting evidence, working from a pre-

registered protocol and adhering to state-of-the-art standards for

knowledge synthesis. The search strategy was peer-reviewed by an

information specialist and run across a comprehensive range of

relevant databases and registers, supplemented with manual review

of gray literature sources and citation searches. To minimize the risk

of selection bias, each record and report was screened

independently by two reviewers, with the inter-rater agreement

reached through a sufficiently powered piloting procedure. A pre-

registered data charting form was enforced to ensure consistent data

collection. Reports in languages other than English were not

discarded. Raw review data, including over 60 hours of video

content, were published to promote process transparency and

support the reproducibility of findings.

The conduct of the review was associated with several

shortcomings, mostly arising from deviations from the published

protocol. We could not access several ProQuest databases, reduced
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the number of records retrieved from Google Scholar from 1000 to

100, canceled forward citation searches, only searched in English,

and provided a limited coverage of local databases, contributing to

the risk of bias against gray literature and publications in other

languages. Further, we failed to find or access online 10.5% of

studies deemed eligible by title and abstract (113 of 1081), with most

of them originating from China or published in the previous

century. These risks were partially mitigated by the fact that

multiple studies included in this review were conducted outside

of the Commonwealth or the US, with China emerging as the

leading region of affiliation. The last date of search was in

September 2022; however, only 13.9% of the included studies

were published after 2015 (48 of 345), at a rate of fewer than 10

per year and declining. Our published open data can be used to

rerun the searches and update the review findings. Lastly, we

refrained from charting in duplicate due to the large number of

included reports, which could reduce data accuracy, even though we

conducted informal consistency checks.

Although our results are based on a considerable number of

experimental studies over the last few decades, there are several

limitations to the application of these results.

The first limitation is related to the significant heterogeneity of

study designs, vaccine dosages used, and methodologies for

assessing the efficacy of vaccine formulations. Conducting

comprehensive studies on animals of different species using

standardized techniques could greatly facilitate comparison of the

efficacy of NA-based vaccine preparations.

The second limitation is related to the small number of available

analytical data on the vaccine preparation in most studies. The

degree of purity of the preparation (RNA/DNA E. coli, endotoxins,

etc.), the specificity of the active pharmaceutical substance, and the

presence of other impurities may affect its efficacy. The availability

of generally accepted standards for characterization of NA-based

vaccines for all in vivo studies would help to address this issue.

Another limitation to the interpretation of the results is related

to the significant progress in molecular biology, biotechnology,

nanotechnology, and artificial intelligence over the past two

decades. In the context of NA-based vaccine development, this

progress relates to the development of efficient delivery systems, the

development of highly sensitive systems for in vivo imaging of NA-

based drug components or their protein products after

administration, allowing the biodistribution of drug prototypes to

be assessed using specific reporters. In addition, the application of
TABLE 4 Continued

Vaccines CFU Mtb Reference

Gene sequences Nucleic acid Negative control,
log10(CFU)

Positive control
(BCG), log10(CFU)

Experimental,
log10(CFU)

Ag85B Combination of pDNA 10^5.3 10^4.3 10^4.65 (132)

Ag85B + IL-12 10^4.67

Ag85B + IL-23 10^4.66

Ag85B + IL-27 10^5.1
***infection was implemented 12 weeks after the last vaccine injection. Vaccines that showed better effectiveness as compared to BCG are highlighted in bold.
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in silico methods to assess putative efficacy allows the selection of

optimal nucleic acid sequences. Separately, significant progress in

the development of mRNA vaccines should be mentioned,

including the use of uridine analogs and the development of an

efficient delivery system based on lipid nanoparticles. Most of these

tools were not used in early studies, and only a fraction of research

teams have used them in more recent studies.

Due to this progress, many new vaccine development strategies

have become possible. Recent findings about mRNA vaccines against

tuberculosis (both those included in this review and those published

more recently) and data from clinical trials of the BNT164a1/

BNT164b1 vaccines developed by BioNTech are a reason for

considerable optimism in this complicated field (144, 145). It is

imperative to maintain the momentum gained over the past 2

decades so that Mtb — a pathogen that has been with us for 3

million years — is finally doomed to the same fate as smallpox.

Although the development of a TB vaccine has historically faced

major obstacles, it is important to recognize the substantial progress

that was made recently both in the elucidation of the immunology

involved and in empirical research (preclinical and clinical trials) in

humans. The immunological understanding of the interaction of

Mtb with the host has slowly but surely painted the clearer picture

that we have today. The classic view of TB — with a focus solely on

the adaptive response — has evolved into something much more

complex, by integrating the innate, adaptive, and humoral systems.

Active studies on animal models have revealed that an effective

vaccine against Mtb must meet the following criteria: firstly, the

induction of the “correct” ratio of T-cell subsets and the “correct”

cytokine spectrum along with a rapid response to the infection

combined with the induction of protective long-lasting immunity

(immunological memory); secondly, activation of the “correct”

effector mechanisms aimed at preventing the infection or eliminating

the infectious agent; thirdly, high specificity for the infectious agent to

minimize the risk of autoimmunity due to cross-reactive antigens.

Furthermore, NA vaccines must express antigens found in all isolates

and strains of the pathogen, and these antigens must be immunogenic

for all MHC haplotypes of the human population.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: https://osf.io/x95hj/.
Author contributions

AK: Formal analysis, Investigation, Validation, Writing –

original draft, Writing – review & editing. PZ: Conceptualization,

Data curation, Formal analysis, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. RS: Formal analysis, Investigation, Visualization, Writing

– original draft, Writing – review & editing. AR: Formal analysis,

Investigation, Writing – original draft, Writing – review & editing.

OV: Formal analysis, Investigation, Visualization, Writing –
Frontiers in Immunology 19
original draft, Writing – review & editing. RI: Formal analysis,

Funding acquisition, Investigation, Visualization, Writing – original

draft, Writing – review & editing. VR: Conceptualization, Data

curation, Formal analysis, Funding acquisition, Investigation,

Project administration, Resources, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. AM: Conceptualization, Formal analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Writing – original

draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the Ministry of Science and Higher Education of

the Russian Federation (agreement No. 075-10-2021-113, unique

project ID RF—193021 × 0001). The Ministry of Science and

Higher Education of the Russian Federation had no role in the

conduct of this study nor influenced the decision to publish.
Acknowledgments

We are indebted to Dr. Anna Mae Scott for her friendly review

of and very helpful comments on the protocol preprint that led to its

revision. We are also deeply grateful to our search peer reviewer. We

are thankful to all the entities involved in sharing their access to

paid academic resources, including Denis Zosen (University of

Oslo), All Russian State Library of Foreign Literature, and Sirius

University of Science and Technology.
Conflict of interest

Author PZ was employed by company Zheln.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1457327/

full#supplementary-material
frontiersin.org

https://osf.io/x95hj/
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1457327/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1457327/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1457327
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kazakova et al. 10.3389/fimmu.2024.1457327
References
1. Global tuberculosis report 2023. (2023).

2. The etiology of tuberculosis by Dr. Robert Koch. From the Berliner Klinische
Wochenschrift, Volume 19 (1882). Zentralbl Bakteriol Mikrobiol Hyg A Med Mikrobiol
Infekt Parasitol. (1982) 251:287–96.

3. Koch R. Weitere Mittheilungen über ein Heilmittel gegen Tuberculose. Dtsch Med
Wochenschr. (1890) 16:1029–32. doi: 10.1055/s-0029-1207546

4. Duthie MS, Reed SG. Skin tests for the detection of Mycobacterial infections:
achievements, current perspectives, and implications for other diseases. Appl Microbiol
Biotechnol. (2021) 105:503–8. doi: 10.1007/s00253-020-11062-4

5. Calmette A. Preventive vaccination against tuberculosis with BCG. Proc R Soc
Med. (1931) 24:1481–90. doi: 10.1177/003591573102401109

6. Oettinger T, Jorgensen M, Ladefoged A, Haslov K, Andersen P. Development of the
Mycobacterium bovis BCG vaccine: review of the historical and biochemical evidence for
a genealogical tree. Tuber Lung Dis. (1999) 79:243–50. doi: 10.1054/tuld.1999.0206

7. Levy S. Ventricular tachycardia: definitions, mechanisms and treatment. Rev Prat.
(1986) 36:2073–80.

8. Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, et al. Protection by BCG
vaccine against tuberculosis: a systematic review of randomized controlled trials. Clin
Infect Dis. (2014) 58:470–80. doi: 10.1093/cid/cit790

9. Comstock GW, Livesay VT, Woolpert SF. Evaluation of BCG vaccination among
Puerto Rican children. Am J Public Health. (1974) 64:283–91. doi: 10.2105/
AJPH.64.3.283

10. Rhodes SJ, Knight GM, Fielding K, Scriba TJ, Pathan AA, et al. Individual-level
factors associated with variation in mycobacterial-specific immune response: Gender
and previous BCG vaccination status. Tuberculosis (Edinb). (2016) 96:37–43.
doi: 10.1016/j.tube.2015.10.002

11. Mangtani P, Nguipdop-Djomo P, Keogh RH, Trinder L, Smith PG, et al.
Observational study to estimate the changes in the effectiveness of bacillus Calmette-
Guerin (BCG) vaccination with time since vaccination for preventing tuberculosis in
the UK. Health Technol Assess. (2017) 21:1–54. doi: 10.3310/hta21390

12. Palmer CE, Long MW. Effects of infection with atypical mycobacteria on BCG
vaccination and tuberculosis. Am Rev Respir Dis. (1966) 94:553–68.

13. Moliva JI, Turner J, Torrelles JB. Prospects in Mycobacterium bovis Bacille
Calmette et Guerin (BCG) vaccine diversity and delivery: why does BCG fail to protect
against tuberculosis? Vaccine. (2015) 33:5035–41. doi: 10.1016/j.vaccine.2015.08.033

14. Zhang Y, Wallace RJ Jr., Mazurek GH. Genetic differences between BCG
substrains. Tuber Lung Dis. (1995) 76:43–50. doi: 10.1016/0962-8479(95)90579-0

15. Brodin P, Majlessi L, Marsollier L, de Jonge MI, Bottai D, et al. Dissection of
ESAT-6 system 1 of Mycobacterium tuberculosis and impact on immunogenicity and
virulence. Infect Immun. (2006) 74:88–98. doi: 10.1128/IAI.74.1.88-98.2006

16. Mostowy S, Tsolaki AG, Small PM, Behr MA. The in vitro evolution of BCG
vaccines. Vaccine. (2003) 21:4270–4. doi: 10.1016/S0264-410X(03)00484-5

17. Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular analysis of
genetic differences between Mycobacterium bovis BCG and virulent M. bovis. J
Bacteriol. (1996) 178:1274–82. doi: 10.1128/jb.178.5.1274-1282.1996

18. Nguipdop-Djomo P, Heldal E, Rodrigues LC, Abubakar I, Mangtani P. Duration
of BCG protection against tuberculosis and change in effectiveness with time since
vaccination in Norway: a retrospective population-based cohort study. Lancet Infect
Dis. (2016) 16:219–26. doi: 10.1016/S1473-3099(15)00400-4

19. Mangtani P, Nguipdop-Djomo P, Keogh RH, Sterne JAC, Abubakar I, et al. The
duration of protection of school-aged BCG vaccination in England: a population-based
case-control study. Int J Epidemiol. (2018) 47:193–201. doi: 10.1093/ije/dyx141

20. Rodrigues LC, Diwan VK, Wheeler JG. Protective effect of BCG against
tuberculous meningitis and miliary tuberculosis: a meta-analysis. Int J Epidemiol.
(1993) 22:1154–8. doi: 10.1093/ije/22.6.1154

21. Fifteen year follow up of trial of BCG vaccines in south India for tuberculosis prevention.
Tuberculosis Research Centre (ICMR), Chennai. Indian J Med Res. (1999) 110:56–69.

22. Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, et al. Prevention
of M. tuberculosis infection with H4:IC31 vaccine or BCG revaccination. N Engl J Med.
(2018) 379:138–49. doi: 10.1056/NEJMoa1714021

23. Hess J, Kaufmann SH. Live antigen carriers as tools for improved anti-
tuberculosis vaccines. FEMS Immunol Med Microbiol. (1999) 23:165–73.
doi: 10.1016/S0928-8244(98)00132-1

24. Global tuberculosis report. (2023).

25. Li J, Zhao A, Tang J, Wang G, Shi Y, et al. Tuberculosis vaccine development:
from classic to clinical candidates. Eur J Clin Microbiol Infect Dis. (2020) 39:1405–25.
doi: 10.1007/s10096-020-03843-6

26. Tascon RE, Colston MJ, Ragno S, Stavropoulos E, Gregory D, et al. Vaccination
against tuberculosis by DNA injection. Nat Med. (1996) 2:888–92. doi: 10.1038/
nm0896-888

27. Boutron I, Chaimani A, Meerpohl JJ, Hrobjartsson A, Devane D, et al. The
COVID-NMA project: building an evidence ecosystem for the COVID-19 pandemic.
Ann Intern Med. (2020) 173:1015–7. doi: 10.7326/M20-5261
Frontiers in Immunology 20
28. Munn Z, Stern C, Aromataris E, Lockwood C, Jordan Z. What kind of systematic
review should I conduct? A proposed typology and guidance for systematic reviewers in
the medical and health sciences. BMC Med Res Methodol. (2018) 18:5. doi: 10.1186/
s12874-017-0468-4

29. Amog K, Pham B, Courvoisier M, Mak M, Booth A, et al. The web-based "Right
Review" tool asks reviewers simple questions to suggest methods from 41 knowledge
synthesis methods. J Clin Epidemiol . (2022) 147:42–51. doi: 10.1016/
j.jclinepi.2022.03.004

30. Hamel C, Michaud A, Thuku M, Skidmore B, Stevens A, et al. Defining Rapid
Reviews: a systematic scoping review and thematic analysis of definitions and defining
characteristics of rapid reviews. J Clin Epidemiol. (2021) 129:74–85. doi: 10.1016/
j.jclinepi.2020.09.041

31. Munn Z, Pollock D, Khalil H, Alexander L, McLnerney P, et al. What are scoping
reviews? Providing a formal definition of scoping reviews as a type of evidence
synthesis. JBI Evid Synth. (2022) 20:950–2. doi: 10.11124/JBIES-21-00483

32. Moons P, Goossens E, Thompson DR. Rapid reviews: the pros and cons of an
accelerated review process. Eur J Cardiovasc Nurs. (2021) 20:515–9. doi: 10.1093/
eurjcn/zvab041

33. Clark J, Glasziou P, Del Mar C, Bannach-Brown A, Stehlik P, et al. A full
systematic review was completed in 2 weeks using automation tools: a case study. J Clin
Epidemiol. (2020) 121:81–90. doi: 10.1016/j.jclinepi.2020.01.008

34. Hunniford VT, Montroy J, Fergusson DA, Avey MT, Wever KE, et al.
Epidemiology and reporting characteristics of preclinical systematic reviews. PLoS
Biol. (2021) 19:e3001177. doi: 10.1371/journal.pbio.3001177

35. Menon JML, Ritskes-Hoitinga M, Pound P, van Oort E. The impact of
conducting preclinical systematic reviews on researchers and their research: A mixed
method case study. PLoS One. (2021) 16:e0260619. doi: 10.1371/journal.pone.0260619

36. Chaves-Medina MJ, Gomez-Ospina JC, Garcia-Perdomo HA. Molecular
mechanisms for understanding the association between TMPRSS2 and beta
coronaviruses SARS-CoV-2, SARS-CoV and MERS-CoV infection: scoping review.
Arch Microbiol. (2021) 204:77. doi: 10.1007/s00203-021-02727-3

37. Muslimov A, Zhelnov P. Nucleic-acid tuberculosis vaccines: a scoping review
protocol. OSFPreprints. (2022). doi: 10.31219/osf.io/g2s4y

38. Peters M, Godfrey C, McInerney P, Munn Z, Trico A, et al. (2020).

39. Scott AM, Glasziou P, Clark J. We extended the 2-week systematic review
(2weekSR) methodology to larger, more complex systematic reviews: A case series. J
Clin Epidemiol. (2023) 157:112–9. doi: 10.1016/j.jclinepi.2023.03.007

40. McGowan J, Sampson M, Salzwedel DM, Cogo E, Foerster V, et al. PRESS peer
review of electronic search strategies: 2015 guideline statement. J Clin Epidemiol. (2016)
75:40–6. doi: 10.1016/j.jclinepi.2016.01.021

41. Forbes C, Greenwood H, Carter M, Clark J. Automation of duplicate record
detection for systematic reviews: Deduplicator. Syst Rev. (2024) 13:206. doi: 10.1186/
s13643-024-02619-9

42. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan-a web and
mobile app for systematic reviews. Syst Rev. (2016) 5:210. doi: 10.1186/s13643-016-
0384-4

43. Priem J, Piwowar H, Orr R. OpenAlex: A fully-open index of scholarly works,
authors, venues, institutions, and concepts. arxiv. (2022).

44. Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, et al. PRISMA
extension for scoping reviews (PRISMA-ScR): checklist and explanation. Ann Intern
Med. (2018) 169:467–73. doi: 10.7326/M18-0850

45. Rethlefsen ML, Kirtley S, Waffenschmidt S, Ayala AP, Moher D, et al. PRISMA-
S: an extension to the PRISMA statement for reporting literature searches in systematic
reviews. Syst Rev. (2021) 10:39. doi: 10.1186/s13643-020-01542-z

46. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, et al. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ.
(2021) 372:n71.

47. Haddaway NR, Page MJ, Pritchard CC, McGuinness LA. PRISMA2020: An R
package and Shiny app for producing PRISMA 2020-compliant flow diagrams, with
interactivity for optimised digital transparency and Open Synthesis. Campbell Syst Rev.
(2022) 18:e1230. doi: 10.1002/cl2.v18.2

48. Turbawaty DK, Sugianli AK, Soeroto AY, Setiabudiawan B, Parwati I.
Comparison of the performance of urinary mycobacterium tuberculosis antigens
cocktail (ESAT6, CFP10, and MPT64) with culture and microscopy in pulmonary
tuberculosis patients. Int J Microbiol. (2017) 2017:3259329. doi: 10.1155/2017/3259329

49. Dahiya B, Prasad T, Singh V, Khan A, Kamra E, et al. Diagnosis of tuberculosis
by nanoparticle-based immuno-PCR assay based on mycobacterial MPT64 and CFP-
10 detection. Nanomedicine (Lond). (2020) 15:2609–24. doi: 10.2217/nnm-2020-0258

50. Mustafa AS. Immunological characterization of proteins expressed by genes
located in mycobacterium tuberculosis-specific genomic regions encoding the ESAT6-
like proteins. Vaccines (Basel). (2021) 9. doi: 10.3390/vaccines9010027

51. Mustafa AS. HLA-promiscuous Th1-cell reactivity of MPT64 (Rv1980c), a major
secreted antigen of Mycobacterium tuberculosis, in healthy subjects. Med Princ Pract.
(2009) 18:385–92. doi: 10.1159/000226293
frontiersin.org

https://doi.org/10.1055/s-0029-1207546
https://doi.org/10.1007/s00253-020-11062-4
https://doi.org/10.1177/003591573102401109
https://doi.org/10.1054/tuld.1999.0206
https://doi.org/10.1093/cid/cit790
https://doi.org/10.2105/AJPH.64.3.283
https://doi.org/10.2105/AJPH.64.3.283
https://doi.org/10.1016/j.tube.2015.10.002
https://doi.org/10.3310/hta21390
https://doi.org/10.1016/j.vaccine.2015.08.033
https://doi.org/10.1016/0962-8479(95)90579-0
https://doi.org/10.1128/IAI.74.1.88-98.2006
https://doi.org/10.1016/S0264-410X(03)00484-5
https://doi.org/10.1128/jb.178.5.1274-1282.1996
https://doi.org/10.1016/S1473-3099(15)00400-4
https://doi.org/10.1093/ije/dyx141
https://doi.org/10.1093/ije/22.6.1154
https://doi.org/10.1056/NEJMoa1714021
https://doi.org/10.1016/S0928-8244(98)00132-1
https://doi.org/10.1007/s10096-020-03843-6
https://doi.org/10.1038/nm0896-888
https://doi.org/10.1038/nm0896-888
https://doi.org/10.7326/M20-5261
https://doi.org/10.1186/s12874-017-0468-4
https://doi.org/10.1186/s12874-017-0468-4
https://doi.org/10.1016/j.jclinepi.2022.03.004
https://doi.org/10.1016/j.jclinepi.2022.03.004
https://doi.org/10.1016/j.jclinepi.2020.09.041
https://doi.org/10.1016/j.jclinepi.2020.09.041
https://doi.org/10.11124/JBIES-21-00483
https://doi.org/10.1093/eurjcn/zvab041
https://doi.org/10.1093/eurjcn/zvab041
https://doi.org/10.1016/j.jclinepi.2020.01.008
https://doi.org/10.1371/journal.pbio.3001177
https://doi.org/10.1371/journal.pone.0260619
https://doi.org/10.1007/s00203-021-02727-3
https://doi.org/10.31219/osf.io/g2s4y
https://doi.org/10.1016/j.jclinepi.2023.03.007
https://doi.org/10.1016/j.jclinepi.2016.01.021
https://doi.org/10.1186/s13643-024-02619-9
https://doi.org/10.1186/s13643-024-02619-9
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.7326/M18-0850
https://doi.org/10.1186/s13643-020-01542-z
https://doi.org/10.1002/cl2.v18.2
https://doi.org/10.1155/2017/3259329
https://doi.org/10.2217/nnm-2020-0258
https://doi.org/10.3390/vaccines9010027
https://doi.org/10.1159/000226293
https://doi.org/10.3389/fimmu.2024.1457327
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kazakova et al. 10.3389/fimmu.2024.1457327
52. Colaco CA, Bailey CR, Walker KB, Keeble J. Heat shock proteins: stimulators of
innate and acquired immunity. BioMed Res Int. (2013) 2013:461230. doi: 10.1155/2013/
461230

53. Taylor JL, Wieczorek A, Keyser AR, Grover A, Flinkstrom R, et al. HspX-
mediated protection against tuberculosis depends on its chaperoning of a
mycobacterial molecule. Immunol Cell Biol. (2012) 90:945–54. doi: 10.1038/icb.2012.34

54. Becker K, Sander P. Mycobacterium tuberculosis lipoproteins in virulence and
immunity - fighting with a double-edged sword. FEBS Lett. (2016) 590:3800–19.
doi: 10.1002/feb2.2016.590.issue-21

55. Baxter D. Active and passive immunity, vaccine types, excipients and licensing.
Occup Med (Lond). (2007) 57:552–6. doi: 10.1093/occmed/kqm110

56. Jorritsma SHT, Gowans EJ, Grubor-Bauk B, Wijesundara DK. Delivery methods
to increase cellular uptake and immunogenicity of DNA vaccines. Vaccine. (2016)
34:5488–94. doi: 10.1016/j.vaccine.2016.09.062

57. Ho W, Gao M, Li F, Li Z, Zhang XQ, et al. Next-generation vaccines:
nanoparticle-mediated DNA and mRNA delivery. Adv Healthc Mater. (2021) 10:
e2001812. doi: 10.1002/adhm.202001812

58. Luo X, Zeng X, Gong L, Ye Y, Sun C, et al. Nanomaterials in tuberculosis DNA
vaccine delivery: historical perspective and current landscape. Drug Delivery. (2022)
29:2912–24. doi: 10.1080/10717544.2022.2120565

59. Dalirfardouei R, Tafaghodi M, Meshkat Z, Najafi A, Gholoobi A, et al. A novel
formulation of Mtb72F DNA vaccine for immunization against tuberculosis. Iran J
Basic Med Sci. (2020) 23:826–32.

60. Jiang W, Gupta RK, Deshpande MC, Schwendeman SP. Biodegradable poly
(lactic-co-glycolic acid) microparticles for injectable delivery of vaccine antigens. Adv
Drug Delivery Rev. (2005) 57:391–410. doi: 10.1016/j.addr.2004.09.003

61. Wang D, Robinson DR, Kwon GS, Samuel J. Encapsulation of plasmid DNA in
biodegradable poly(D, L-lactic-co-glycolic acid) microspheres as a novel approach for
immunogene delivery. J Control Release. (1999) 57:9–18. doi: 10.1016/S0168-3659(98)
00099-6

62. Parlane NA, Rehm BH, Wedlock DN, Buddle BM. Novel particulate vaccines
utilizing polyester nanoparticles (bio-beads) for protection against Mycobacterium
bovis infection - a review. Vet Immunol Immunopathol. (2014) 158:8–13. doi: 10.1016/
j.vetimm.2013.04.002

63. Zhao C, Liu X, Zhang X, Yan H, Qian Z, et al. A facile one-step method for
preparation of Fe(3)O(4)/CS/INH nanoparticles as a targeted drug delivery for
tuberculosis. Mater Sci Eng C Mater Biol Appl. (2017) 77:1182–8. doi: 10.1016/
j.msec.2017.03.137

64. Yu F, Wang J, Dou J, Yang H, He X, et al. Nanoparticle-based adjuvant for
enhanced protective efficacy of DNA vaccine Ag85A-ESAT-6-IL-21 against
Mycobacterium tuberculosis infection. Nanomedicine. (2012) 8:1337–44.
doi: 10.1016/j.nano.2012.02.015

65. Dykman LA, Khlebtsov NG. Immunological properties of gold nanoparticles.
Chem Sci. (2017) 8:1719–35. doi: 10.1039/C6SC03631G

66. Tian M, Zhou Z, Tan S, Fan X, Li L, et al. Formulation in DDA-MPLA-TDB
Liposome Enhances the Immunogenicity and Protective Efficacy of a DNA Vaccine
against Mycobacterium tuberculosis Infection. Front Immunol. (2018) 9:310.
doi: 10.3389/fimmu.2018.00310

67. Jia Y, Wang X, Li L, Li F, Zhang J, et al. Lipid nanoparticles optimized for
targeting and release of nucleic acid. Adv Mater. (2023):e2305300.

68. Wang X, Liu S, Sun Y, Yu X, Lee SM, et al. Preparation of selective organ-
targeting (SORT) lipid nanoparticles (LNPs) using multiple technical methods for
tissue-specific mRNA delivery. Nat Protoc. (2023) 18:265–91. doi: 10.1038/s41596-022-
00755-x

69. Pateev I, Seregina K, Ivanov R, Reshetnikov V. Biodistribution of RNA vaccines
and of their products: evidence from human and animal studies. Biomedicines. (2023)
12. doi: 10.3390/biomedicines12010059

70. Yoshida S, Tanaka T, Kita Y, Kuwayama S, Kanamaru N, et al. DNA vaccine
using hemagglutinating virus of Japan-liposome encapsulating combination encoding
mycobacterial heat shock protein 65 and interleukin-12 confers protection against
Mycobacterium tuberculosis by T cell activation. Vaccine. (2006) 24:1191–204.
doi: 10.1016/j.vaccine.2005.08.103

71. Nakamura N, Hart DA, Frank CB, Marchuk LL, Shrive NG, et al. Efficient
transfer of intact oligonucleotides into the nucleus of ligament scar fibroblasts by HVJ-
cationic liposomes is correlated with effective antisense gene inhibition. J Biochem.
(2001) 129:755–9. doi: 10.1093/oxfordjournals.jbchem.a002916

72. Zahid A, Ismail H, Li B, Jin T. Molecular and structural basis of DNA sensors in
antiviral innate immunity. Front Immunol. (2020) 11:613039. doi: 10.3389/
fimmu.2020.613039

73. Krieg AM. CpG motifs in bacterial DNA and their immune effects. Annu Rev
Immunol. (2002) 20:709–60. doi: 10.1146/annurev.immunol.20.100301.064842

74. Eusebio D, Neves AR, Costa D, Biswas S, Alves G, et al. Methods to improve the
immunogenicity of plasmid DNA vaccines. Drug Discovery Today. (2021) 26:2575–92.
doi: 10.1016/j.drudis.2021.06.008

75. Floros T, Tarhini AA. Anticancer cytokines: biology and clinical effects of
interferon-alpha2, interleukin (IL)-2, IL-15, IL-21, and IL-12. Semin Oncol. (2015)
42:539–48. doi: 10.1053/j.seminoncol.2015.05.015
Frontiers in Immunology 21
76. Konjevic GM, Vuletic AM, Mirjacic Martinovic KM, Larsen AK, Jurisic VB. The
role of cytokines in the regulation of NK cells in the tumor environment. Cytokine.
(2019) 117:30–40. doi: 10.1016/j.cyto.2019.02.001

77. Shi Y, Liu CH, Roberts AI, Das J, Xu G, et al. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) and T-cell responses: what we do and don't know. Cell
Res. (2006) 16:126–33. doi: 10.1038/sj.cr.7310017

78. Khong H, Overwijk WW. Adjuvants for peptide-based cancer vaccines. J
Immunother Cancer. (2016) 4:56. doi: 10.1186/s40425-016-0160-y

79. Dougan M, Dranoff G, Dougan SK. GM-CSF, IL-3, and IL-5 family of cytokines:
regulators of inflammation. Immunity. (2019) 50:796–811. doi: 10.1016/
j.immuni.2019.03.022

80. Lasek W, Zagozdzon R, Jakobisiak M. Interleukin 12: still a promising candidate
for tumor immunotherapy? Cancer Immunol Immunother. (2014) 63:419–35.

81. Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell.
(2014) 157:1013–22. doi: 10.1016/j.cell.2014.04.007

82. Leonard WJ, Wan CK. IL-21 signaling in immunity. F1000Res. (2016) 5.
doi: 10.12688/f1000research

83. Perera PY, Lichy JH, Waldmann TA, Perera LP. The role of interleukin-15 in
inflammation and immune responses to infection: implications for its therapeutic use.
Microbes Infect. (2012) 14:247–61. doi: 10.1016/j.micinf.2011.10.006

84. Villarreal DO, Weiner DB. Interleukin 33: a switch-hitting cytokine. Curr Opin
Immunol. (2014) 28:102–6. doi: 10.1016/j.coi.2014.03.004

85. Thorne AH, Malo KN, Wong AJ, Nguyen TT, Cooch N, et al. Adjuvant screen
identifies synthetic DNA-encoding Flt3L and CD80 immunotherapeutics as candidates
for enhancing anti-tumor T cell responses. Front Immunol. (2020) 11:327. doi: 10.3389/
fimmu.2020.00327

86. Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG. Flt3 ligand regulates
dendritic cell development from Flt3+ lymphoid and myeloid-committed progenitors to
Flt3+ dendritic cells in vivo. J Exp Med. (2003) 198:305–13. doi: 10.1084/jem.20030323

87. Munz C. Antigen processing for MHC class II presentation via autophagy. Front
Immunol. (2012) 3:9. doi: 10.3389/fimmu.2012.00009

88. Villarreal DO, Wise MC, Siefert RJ, Yan J, Wood LM, et al. Ubiquitin-like
molecule ISG15 acts as an immune adjuvant to enhance antigen-specific CD8 T-cell
tumor immunity. Mol Ther. (2015) 23:1653–62. doi: 10.1038/mt.2015.120

89. Hartmann G, Krieg AM. Mechanism and function of a newly identified CpG
DNA motif in human primary B cells. J Immunol. (2000) 164:944–53. doi: 10.4049/
jimmunol.164.2.944

90. Li L, Petrovsky N. Molecular adjuvants for DNA vaccines. Curr Issues Mol Biol.
(2017) 22:17–40. doi: 10.21775/cimb.022.017

91. Muslimov A, Tereshchenko V, Shevyrev D, Rogova A, Lepik K, et al. The dual
role of the innate immune system in the effectiveness of mRNA therapeutics. Int J Mol
Sci. (2023) 24. doi: 10.3390/ijms241914820

92. Kehagia E, Papakyriakopoulou P, Valsami G. Advances in intranasal vaccine
delivery: A promising non-invasive route of immunization. Vaccine. (2023) 41:3589–
603. doi: 10.1016/j.vaccine.2023.05.011

93. Souza PR, Zarate-Blades CR, Hori JI, Ramos SG, Lima DS, et al. Protective
efficacy of different strategies employing Mycobacterium leprae heat-shock protein 65
against tuberculosis. Expert Opin Biol Ther. (2008) 8:1255–64. doi: 10.1517/
14712598.8.9.1255

94. Suschak JJ, Williams JA, Schmaljohn CS. Advancements in DNA vaccine
vectors, non-mechanical delivery methods, and molecular adjuvants to increase
immunogenicity. Hum Vaccin Immunother. (2017) 13:2837–48. doi: 10.1080/
21645515.2017.1330236

95. Broderick KE, Humeau LM. Electroporation-enhanced delivery of nucleic acid
vaccines. Expert Rev Vaccines. (2015) 14:195–204. doi: 10.1586/14760584.2015.990890

96. Weber CS, Hainz K, Deressa T, Strandt H, Florindo Pinheiro D, et al. Immune
reactions against gene gun vaccines are differentially modulated by distinct dendritic cell
subsets in the skin. PLoS One. (2015) 10:e0128722. doi: 10.1371/journal.pone.0128722

97. Ramshaw IA, Ramsay AJ. The prime-boost strategy: exciting prospects for
improved vaccination. Immunol Today. (2000) 21:163–5. doi: 10.1016/S0167-5699
(00)01612-1

98. Nascimento IP, Leite LC. Recombinant vaccines and the development of new
vaccine strategies. Braz J Med Biol Res. (2012) 45:1102–11. doi: 10.1590/S0100-
879X2012007500142

99. Dunachie SJ, Hill AV. Prime-boost strategies for malaria vaccine development. J
Exp Biol. (2003) 206:3771–9. doi: 10.1242/jeb.00642

100. Kardani K, Bolhassani A, Shahbazi S. Prime-boost vaccine strategy against viral
infections: Mechanisms and benefits. Vaccine. (2016) 34:413–23. doi: 10.1016/
j.vaccine.2015.11.062

101. Buonaguro L, Devito C, Tornesello ML, Schroder U, Wahren B, et al. DNA-
VLP prime-boost intra-nasal immunization induces cellular and humoral anti-HIV-1
systemic and mucosal immunity with cross-clade neutralizing activity. Vaccine. (2007)
25:5968–77. doi: 10.1016/j.vaccine.2007.05.052

102. Wang QM, Sun SH, Hu ZL, Yin M, Xiao CJ, et al. Improved immunogenicity of
a tuberculosis DNA vaccine encoding ESAT6 by DNA priming and protein boosting.
Vaccine. (2004) 22:3622–7. doi: 10.1016/j.vaccine.2004.03.029
frontiersin.org

https://doi.org/10.1155/2013/461230
https://doi.org/10.1155/2013/461230
https://doi.org/10.1038/icb.2012.34
https://doi.org/10.1002/feb2.2016.590.issue-21
https://doi.org/10.1093/occmed/kqm110
https://doi.org/10.1016/j.vaccine.2016.09.062
https://doi.org/10.1002/adhm.202001812
https://doi.org/10.1080/10717544.2022.2120565
https://doi.org/10.1016/j.addr.2004.09.003
https://doi.org/10.1016/S0168-3659(98)00099-6
https://doi.org/10.1016/S0168-3659(98)00099-6
https://doi.org/10.1016/j.vetimm.2013.04.002
https://doi.org/10.1016/j.vetimm.2013.04.002
https://doi.org/10.1016/j.msec.2017.03.137
https://doi.org/10.1016/j.msec.2017.03.137
https://doi.org/10.1016/j.nano.2012.02.015
https://doi.org/10.1039/C6SC03631G
https://doi.org/10.3389/fimmu.2018.00310
https://doi.org/10.1038/s41596-022-00755-x
https://doi.org/10.1038/s41596-022-00755-x
https://doi.org/10.3390/biomedicines12010059
https://doi.org/10.1016/j.vaccine.2005.08.103
https://doi.org/10.1093/oxfordjournals.jbchem.a002916
https://doi.org/10.3389/fimmu.2020.613039
https://doi.org/10.3389/fimmu.2020.613039
https://doi.org/10.1146/annurev.immunol.20.100301.064842
https://doi.org/10.1016/j.drudis.2021.06.008
https://doi.org/10.1053/j.seminoncol.2015.05.015
https://doi.org/10.1016/j.cyto.2019.02.001
https://doi.org/10.1038/sj.cr.7310017
https://doi.org/10.1186/s40425-016-0160-y
https://doi.org/10.1016/j.immuni.2019.03.022
https://doi.org/10.1016/j.immuni.2019.03.022
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.12688/f1000research
https://doi.org/10.1016/j.micinf.2011.10.006
https://doi.org/10.1016/j.coi.2014.03.004
https://doi.org/10.3389/fimmu.2020.00327
https://doi.org/10.3389/fimmu.2020.00327
https://doi.org/10.1084/jem.20030323
https://doi.org/10.3389/fimmu.2012.00009
https://doi.org/10.1038/mt.2015.120
https://doi.org/10.4049/jimmunol.164.2.944
https://doi.org/10.4049/jimmunol.164.2.944
https://doi.org/10.21775/cimb.022.017
https://doi.org/10.3390/ijms241914820
https://doi.org/10.1016/j.vaccine.2023.05.011
https://doi.org/10.1517/14712598.8.9.1255
https://doi.org/10.1517/14712598.8.9.1255
https://doi.org/10.1080/21645515.2017.1330236
https://doi.org/10.1080/21645515.2017.1330236
https://doi.org/10.1586/14760584.2015.990890
https://doi.org/10.1371/journal.pone.0128722
https://doi.org/10.1016/S0167-5699(00)01612-1
https://doi.org/10.1016/S0167-5699(00)01612-1
https://doi.org/10.1590/S0100-879X2012007500142
https://doi.org/10.1590/S0100-879X2012007500142
https://doi.org/10.1242/jeb.00642
https://doi.org/10.1016/j.vaccine.2015.11.062
https://doi.org/10.1016/j.vaccine.2015.11.062
https://doi.org/10.1016/j.vaccine.2007.05.052
https://doi.org/10.1016/j.vaccine.2004.03.029
https://doi.org/10.3389/fimmu.2024.1457327
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kazakova et al. 10.3389/fimmu.2024.1457327
103. McShane H, Brookes R, Gilbert SC, Hill AV. Enhanced immunogenicity of
CD4(+) 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. doi: 10.1128/IAI.69.2.681-686.2001

104. Hu Z, Jiang W, Gu L, Qiao D, Shu T, et al. Heterologous prime-boost
vaccination against tuberculosis with recombinant Sendai virus and DNA vaccines. J
Mol Med (Berl). (2019) 97:1685–94. doi: 10.1007/s00109-019-01844-3

105. Brennan MJ, Clagett B, Fitzgerald H, Chen V, Williams A, et al. Preclinical
evidence for implementing a prime-boost vaccine strategy for tuberculosis. Vaccine.
(2012) 30:2811–23. doi: 10.1016/j.vaccine.2012.02.036

106. Khademi F, Derakhshan M, Yousefi-Avarvand A, Tafaghodi M, Soleimanpour
S. Multi-stage subunit vaccines against Mycobacterium tuberculosis: an alternative to
the BCG vaccine or a BCG-prime boost? Expert Rev Vaccines. (2018) 17:31–44.
doi: 10.1080/14760584.2018.1406309

107. Andersen P, Kaufmann SH. Novel vaccination strategies against tuberculosis.
Cold Spring Harb Perspect Med. (2014) 4. doi: 10.1101/cshperspect.a018523

108. Niu H, Hu L, Li Q, Da Z, Wang B, et al. Construction and evaluation of a
multistage Mycobacterium tuberculosis subunit vaccine candidate Mtb10.4-HspX.
Vaccine. (2011) 29:9451–8. doi: 10.1016/j.vaccine.2011.10.032

109. Mosavat A, Soleimanpour S, Farsiani H, Sadeghian H, Ghazvini K, et al. Fused
Mycobacterium tuberculosis multi-stage immunogens with an Fc-delivery system as a
promising approach for the development of a tuberculosis vaccine. Infect Genet Evol.
(2016) 39:163–72. doi: 10.1016/j.meegid.2016.01.027

110. Romano M, Aryan E, Korf H, Bruffaerts N, Franken CL, et al. Potential of
Mycobacterium tuberculosis resuscitation-promoting factors as antigens in novel tuberculosis
sub-unit vaccines. Microbes Infect. (2012) 14:86–95. doi: 10.1016/j.micinf.2011.08.011

111. Xu Y, Yang E, Wang J, Li R, Li G, et al. Prime-boost bacillus Calmette-Guerin
vaccination with lentivirus-vectored and DNA-based vaccines expressing antigens
Ag85B and Rv3425 improves protective efficacy against Mycobacterium tuberculosis
in mice. Immunology. (2014) 143:277–86. doi: 10.1111/imm.2014.143.issue-2

112. Okada M, Kita Y, Nakajima T, Kanamaru N, Hashimoto S, et al. Novel
prophylactic vaccine using a prime-boost method and hemagglutinating virus of
Japan-envelope against tuberculosis. Clin Dev Immunol. (2011) 2011:549281.
doi: 10.1155/2011/549281

113. Gartner T, Baeten M, Otieno S, Revets H, De Baetselier P, et al. Mucosal prime-
boost vaccination for tuberculosis based on TLR triggering OprI lipoprotein from
Pseudomonas aeruginosa fused to mycolyl-transferase Ag85A. Immunol Lett. (2007)
111:26–35. doi: 10.1016/j.imlet.2007.04.010

114. Radosevic K, Rodriguez A, Lemckert A, Goudsmit J. Heterologous prime-boost
vaccinations for poverty-related diseases: advantages and future prospects. Expert Rev
Vaccines. (2009) 8:577–92.

115. Lu M, Xia ZY, Bao L. A Mycobacterium bovis BCG-naked DNA prime-boost
vaccination strategy induced CD4(+) and CD8(+) T-cell response against
Mycobacterium tuberculosis immunogens. J Immunol Res. (2014) 2014:395626.
doi: 10.1155/2014/395626

116. Dey B, Jain R, Gupta UD, Katoch VM, Ramanathan VD, et al. A booster
vaccine expressing a latency-associated antigen augments BCG induced immunity and
confers enhanced protection against tuberculosis. PloS One. (2011) 6:e23360.
doi: 10.1371/journal.pone.0023360

117. Lu J, Wang C, Zhou Z, Zhang Y, Cao T, et al. Immunogenicity and protective
efficacy against murine tuberculosis of a prime-boost regimen with BCG and a DNA
vaccine expressing ESAT-6 and Ag85A fusion protein. Clin Dev Immunol. (2011)
2011:617892. doi: 10.1155/2011/617892

118. Lv W, He P, Ma Y, Tan D, Li F, et al. Optimizing the boosting schedule of
subunit vaccines consisting of BCG and "Non-BCG" Antigens to induce long-term
immune memory. Front Immunol. (2022) 13:862726. doi: 10.3389/fimmu.2022.862726

119. Dietrich J, Andersen C, Rappuoli R, Doherty TM, Jensen CG, et al. Mucosal
administration of Ag85B-ESAT-6 protects against infection with Mycobacterium
tuberculosis and boosts prior bacillus Calmette-Guerin immunity. J Immunol. (2006)
177:6353–60. doi: 10.4049/jimmunol.177.9.6353

120. Okada M, Kita Y, Nakajima T, Kanamaru N, Hashimoto S, et al. A novel
therapeutic and prophylactic vaccine (HVJ-envelope / Hsp65 DNA + IL-12 DNA)
against tuberculosis using the cynomolgus monkey model. Proc Vaccinol. (2010) 2:34–
9. doi: 10.1016/j.provac.2010.03.007

121. Cervantes-Villagrana AR, Hernandez-Pando R, Biragyn A, Castaneda-Delgado
J, Bodogai M, et al. Prime-boost BCG vaccination with DNA vaccines based in beta-
defensin-2 and mycobacterial antigens ESAT6 or Ag85B improve protection in a
tuberculosis experimental model. Vaccine. (2013) 31:676–84. doi: 10.1016/
j.vaccine.2012.11.042

122. Palma C, Iona E, Giannoni F, Pardini M, Brunori L, et al. The LTK63 adjuvant
improves protection conferred by Ag85B DNA-protein prime-boosting vaccination
against Mycobacterium tuberculosis infection by dampening IFN-gamma response.
Vaccine. (2008) 26:4237–43. doi: 10.1016/j.vaccine.2008.05.050

123. Ruberti M, De Melo LK, Dos Santos SA, Brandao IT, Soares EG, et al. Prime-
boost vaccination based on DNA and protein-loaded microspheres for tuberculosis
prevention. J Drug Target. (2004) 12:195–203. doi: 10.1080/10611860410001723126

124. Flanagan KL, Fink AL, Plebanski M, Klein SL. Sex and gender differences in the
outcomes of vaccination over the life course. Annu Rev Cell Dev Biol. (2017) 33:577–99.
doi: 10.1146/annurev-cellbio-100616-060718
Frontiers in Immunology 22
125. Klein SL, Jedlicka A, Pekosz A. The Xs and Y of immune responses to viral
vaccines. Lancet Infect Dis. (2010) 10:338–49. doi: 10.1016/S1473-3099(10)70049-9

126. Nathanielsz J, Toh ZQ, Do LAH, Mulholland K, Licciardi PV. SARS-CoV-2
infection in children and implications for vaccination. Pediatr Res. (2023) 93:1177–87.
doi: 10.1038/s41390-022-02254-x

127. 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. doi: 10.1155/2020/4263079

128. Wu M, Li M, Yue Y, Xu W. DNA vaccine with discontinuous T-cell epitope
insertions into HSP65 scaffold as a potential means to improve immunogenicity of
multi-epitope Mycobacterium tuberculosis vaccine. Microbiol Immunol. (2016)
60:634–45. doi: 10.1111/1348-0421.12410

129. Jiang Q, Zhang J, Chen X, Xia M, Lu Y, et al. A novel recombinant DNA vaccine
encoding Mycobacterium tuberculosis ESAT-6 and FL protects against Mycobacterium
tuberculosis challenge in mice. J BioMed Res. (2013) 27:406–20. doi: 10.7555/JBR.27.20120114

130. Xue T, Stavropoulos E, Yang M, Ragno S, Vordermeier M, et al. RNA encoding
the MPT83 antigen induces protective immune responses against Mycobacterium
tuberculosis infection. Infect Immun. (2004) 72:6324–9. doi: 10.1128/IAI.72.11.6324-
6329.2004

131. Kong H, Dong C, Xiong S. A novel vaccine p846 encoding Rv3615c, Mtb10.4,
and Rv2660c elicits robust immune response and alleviates lung injury induced by
Mycobacterium infection. Hum Vaccin Immunother. (2014) 10:378–90. doi: 10.4161/
hv.27121

132. Wozniak TM, Ryan AA, Triccas JA, Britton WJ. Plasmid interleukin-23 (IL-
23), but not plasmid IL-27, enhances the protective efficacy of a DNA vaccine against
Mycobacterium tuberculosis infection. Infect Immun. (2006) 74:557–65. doi: 10.1128/
IAI.74.1.557-565.2006

133. Lozes E, Huygen K, Content J, Denis O, Montgomery DL, et al.
Immunogenicity and efficacy of a tuberculosis DNA vaccine encoding the
components of the secreted antigen 85 complex. Vaccine. (1997) 15:830–3.
doi: 10.1016/S0264-410X(96)00274-5

134. Yuan W, Dong N, Zhang L, Liu J, Lin S, et al. Immunogenicity and protective
efficacy of a tuberculosis DNA vaccine expressing a fusion protein of Ag85B-Esat6-
HspX in mice. Vaccine. (2012) 30:2490–7. doi: 10.1016/j.vaccine.2011.06.029

135. Feng G, Jiang Q, Xia M, Lu Y, Qiu W, et al. Enhanced immune response and
protective effects of nano-chitosan-based DNA vaccine encoding T cell epitopes of
Esat-6 and FL against Mycobacterium tuberculosis infection. PloS One. (2013) 8:
e61135. doi: 10.1371/journal.pone.0061135

136. Delogu G, Brennan MJ. Comparative immune response to PE and PE_PGRS
antigens of Mycobacterium tuberculosis. Infect Immun. (2001) 69:5606–11.
doi: 10.1128/IAI.69.9.5606-5611.2001

137. Cai H, Tian X, Hu X, Pan Y, Li G, et al. Immunogenicity and protective efficacy
study using combination of four tuberculosis DNA vaccines. Sci China C Life Sci. (2003)
46:495–502. doi: 10.1360/02yc0121

138. Kirman JR, Turon T, Su H, Li A, Kraus C, et al. Enhanced immunogenicity to
Mycobacterium tuberculosis by vaccination with an alphavirus plasmid replicon
expressing antigen 85A. Infect Immun. (2003) 71:575–9. doi: 10.1128/IAI.71.1.575-
579.2003

139. da Silva MV, Massaro Junior VJ, MaChado JR, Silva DA, Castellano LR, et al.
Expression pattern of transcription factors and intracellular cytokines reveals that
clinically cured tuberculosis is accompanied by an increase in Mycobacterium-specific
Th1, Th2, and Th17 cells. BioMed Res Int. (2015) 2015:591237. doi: 10.1155/2015/
591237

140. Vasileva OTV, Krapivin B, Muslimov A, Kukushkin I, Pateev I, Rybtsov S, et al.
Immunogenicity of full-length and multi-epitope mRNA vaccines for M. Tuberculosis
as demonstrated by the intensity of T-cell response: a comparative study in mice. Bull
RSMU. (2023) 03:42–8. doi: 10.24075/brsmu

141. Zhuang L, Ye Z, Li L, Yang L, Gong W. Next-generation TB vaccines: progress,
challenges, and prospects. Vaccines (Basel). (2023) 11. doi: 10.3390/vaccines11081304

142. Andongma BT, Huang Y, Chen F, Tang Q, Yang M, et al. In silico design of a
promiscuous chimeric multi-epitope vaccine against Mycobacterium tuberculosis.
Comput Struct Biotechnol J. (2023) 21:991–1004. doi: 10.1016/j.csbj.2023.01.019

143. Jiang F, Peng C, Cheng P, Wang J, Lian J, et al. PP19128R, a multiepitope
vaccine designed to prevent latent tuberculosis infection, induced immune responses
in silico and in vitro assays. Vaccines (Basel). (2023) 11. doi: 10.3390/vaccines11040856

144. Reshetnikov V, Terenin I, Shepelkova G, Yeremeev V, Kolmykov S, et al.
Untranslated Region Sequences and the Efficacy of mRNA Vaccines against
Tuberculosis. Int J Mol Sci. (2024) 25. doi: 10.3390/ijms25020888

145. Larsen SE, Erasmus JH, Reese VA, Pecor T, Archer J, et al. An RNA-Based
Vaccine Platform for Use against Mycobacterium tuberculosis. Vaccines (Basel). (2023)
11. doi: 10.3390/vaccines11010130

146. Lim J, Derrick SC, Kolibab K, Yang AL, Porcelli S, et al. Early pulmonary
cytokine and chemokine responses in mice immunized with three different vaccines
against Mycobacterium tuberculosis determined by PCR array. Clin Vaccine Immunol.
(2009) 16:122–6. doi: 10.1128/CVI.00359-08

147. Morris S, Kelley C, Howard A, Li Z, Collins F. The immunogenicity of single
and combination DNA vaccines against tuberculosis. Vaccine. (2000) 18:2155–63.
doi: 10.1016/S0264-410X(99)00540-X
frontiersin.org

https://doi.org/10.1128/IAI.69.2.681-686.2001
https://doi.org/10.1007/s00109-019-01844-3
https://doi.org/10.1016/j.vaccine.2012.02.036
https://doi.org/10.1080/14760584.2018.1406309
https://doi.org/10.1101/cshperspect.a018523
https://doi.org/10.1016/j.vaccine.2011.10.032
https://doi.org/10.1016/j.meegid.2016.01.027
https://doi.org/10.1016/j.micinf.2011.08.011
https://doi.org/10.1111/imm.2014.143.issue-2
https://doi.org/10.1155/2011/549281
https://doi.org/10.1016/j.imlet.2007.04.010
https://doi.org/10.1155/2014/395626
https://doi.org/10.1371/journal.pone.0023360
https://doi.org/10.1155/2011/617892
https://doi.org/10.3389/fimmu.2022.862726
https://doi.org/10.4049/jimmunol.177.9.6353
https://doi.org/10.1016/j.provac.2010.03.007
https://doi.org/10.1016/j.vaccine.2012.11.042
https://doi.org/10.1016/j.vaccine.2012.11.042
https://doi.org/10.1016/j.vaccine.2008.05.050
https://doi.org/10.1080/10611860410001723126
https://doi.org/10.1146/annurev-cellbio-100616-060718
https://doi.org/10.1016/S1473-3099(10)70049-9
https://doi.org/10.1038/s41390-022-02254-x
https://doi.org/10.1155/2020/4263079
https://doi.org/10.1111/1348-0421.12410
https://doi.org/10.7555/JBR.27.20120114
https://doi.org/10.1128/IAI.72.11.6324-6329.2004
https://doi.org/10.1128/IAI.72.11.6324-6329.2004
https://doi.org/10.4161/hv.27121
https://doi.org/10.4161/hv.27121
https://doi.org/10.1128/IAI.74.1.557-565.2006
https://doi.org/10.1128/IAI.74.1.557-565.2006
https://doi.org/10.1016/S0264-410X(96)00274-5
https://doi.org/10.1016/j.vaccine.2011.06.029
https://doi.org/10.1371/journal.pone.0061135
https://doi.org/10.1128/IAI.69.9.5606-5611.2001
https://doi.org/10.1360/02yc0121
https://doi.org/10.1128/IAI.71.1.575-579.2003
https://doi.org/10.1128/IAI.71.1.575-579.2003
https://doi.org/10.1155/2015/591237
https://doi.org/10.1155/2015/591237
https://doi.org/10.24075/brsmu
https://doi.org/10.3390/vaccines11081304
https://doi.org/10.1016/j.csbj.2023.01.019
https://doi.org/10.3390/vaccines11040856
https://doi.org/10.3390/ijms25020888
https://doi.org/10.3390/vaccines11010130
https://doi.org/10.1128/CVI.00359-08
https://doi.org/10.1016/S0264-410X(99)00540-X
https://doi.org/10.3389/fimmu.2024.1457327
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	DNA and RNA vaccines against tuberculosis: a scoping review of human and animal studies
	1 Introduction
	2 Materials and methods
	2.1 Review design
	2.2 Eligibility criteria
	2.3 Search
	2.4 Study selection
	2.5 Data charting
	2.6 Synthesis
	2.7 Reporting
	2.8 Review updates

	3 Results
	3.1 Study selection and characteristics
	3.2 Antigens
	3.3 Delivery systems
	3.4 Adjuvants
	3.5 Methods for NA vaccine delivery
	3.6 The prime/boost concept and the use of synthetic NA vaccines
	3.7 Animals
	3.8 Comparisons of efficacy between NA vaccines and BCG

	4 Discussion and conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


