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Latent tuberculosis infection (LTBI) treatment is known to accelerate the

decline in TB incidence, especially in high-risk populations. Mycobacterium

tuberculosis (M. tb) expression profiles differ at different growth periods, and

vaccines protective and therapeutic effects may increase when they include

antigenic compositions from different periods. To develop a post-exposure

vaccine that targets LTBI, we constructed four therapeutic DNA vaccines (A39,

B37, B31, and B21) using different combinations of antigens from the

proliferation phase (Ag85A, Ag85B), PE/PPE family (Rv3425), and latent phase

(Rv2029c, Rv1813c, Rv1738). We compared the immunogenicity of the four

DNA vaccines in C57BL/6j mice. The B21 vaccine stimulated the strongest

cellular immune responses, namely Th1/Th17 and CD8+ cytotoxic T

lymphocyte responses. It also induced the generation of strengthened

effector memory and central memory T cells. In latently infected mice, the

B21 vaccine significantly reduced bacterial loads in the spleens and lungs and

decreased lung pathology. In conclusion, the B21 DNA vaccine can enhance T

cell responses and control the reactivation of LTBI.
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Introduction

Despite years of widespread use of the tuberculosis (TB)

vaccine Bacillus Calmette-Guerin (BCG), TB still ranks among

the deadliest infectious diseases (1, 2). HIV and Mycobacterium

tuberculosis (M. tb) co-infection and the emergence of

multidrug-resistant strains of M. tb is a worldwide concern

(3, 4). About 10% of people who are infected go on to have

active disease, usually within 1-2 years of exposure (5). The

remaining people enter a latent phase (latent TB infection

[LTBI]), and M. tb can be reactivated at a later stage,

especially when the individual has impaired immune system

(6). About 25% of the world’s population is thought to be

latently infected with M. tb (7, 8). Therefore, the control of

latent M. tb infection is essential in TB outbreak investigations

and disease control (9).

Patients with latent M. tb infections, which can express

antigens different from those of active TB, are the main

populations for which therapeutic TB vaccines are applied

(10). M. tb mainly exists in the form of dormant bacilli during

latent infections (11). In this condition, bacilli upregulate a 48-

gene regulon known as the DosR regulon, which causes a

reduction in RNA and protein synthesis (12, 13). Specific

immune responses to latent antigens can be detected in

patients with latent M. tb infection but not in the population

vaccinated with BCG (14). A previous study proposed that a

vaccine with the M. tb incubation period antigen as the target

antigen would obtain a protective immune response to latent

period TB infection, eliminate dormant bacilli, and prevent TB

recurrence (15). DNA vaccines expressing latent antigens have

also been shown to effectively induce Th1-type immune

responses (16, 17). Additionally, it has been discovered that

immunotherapy using plasmid DNA is an efficient adjuvant

therapy in mice when combined with chemotherapy (18, 19).

Antigen fusion in various TB-containing latency-related

antigens has also been explored as a vaccine target. Baldwin

et al. reported that M. tb fusion protein (ID83) expressing

virulence-associated M. tb protein (Rv3620), PE/PPE (Rv2608)

and latency-associated antigen (Rv1813) bound to a synthetic

Toll-like receptor agonist induced Th1 immune response and

protected mice from TB (20). The TB subunit vaccination H56,

which contained the proliferative antigens Ag85B and ESAT-6

as well as the latent antigen Rv2660c, protected against both pre-

and post-M. tb infection in nonhuman primates (21).

Among the many vaccines explored, Ag85A and Ag85B have

been widely used as acute phase antigens, and related DNA

vaccines have been demonstrated to have immunotherapeutic

effects in mice (19, 22). Rv2029c (pfkB) is a member of the DosR

regulator family and is upregulated during hypoxia and in

macrophages (23). Antigen Rv2029c induces a higher

frequency of CD4+ and CD8+ T cells producing IFN-g and

TNF-a in patients with long-term LTBI compared to that in
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patients with TB (24, 25). For the other two DosR-regulated

antigens, Rv1813c stimulated the production of the pro-

inflammatory cytokines IL-1b and IL-12 in mice (17), and

Rv1738 is a potent cell-activated T antigen (26). In a previous

study, the authors of the present study found that Rv3425 is

sufficient to induce Th1 immunity (27).

In this study, we combined fragments of the aforementioned

antigens to construct four DNA vaccines expressing three fusion

proteins and compared the immunogenicity of several groups of

vaccines in mouse models. One of the vaccines that we screened

showed valid immunotherapeutic effects.
Materials and methods

Mice

All mice were housed under specific pathogen-free

conditions at the Animal Center of the School of Life Sciences

of Fudan University. All experimental procedures conformed to

the Guidelines for the Care and Use of Laboratory Animals of

the National Institutes of Health and were approved by the

Animal Care and Use Ethical Committee of Fudan University.

The animal ethical license number was 2019JS016.

In strict accordance with Fudan University biosafety rules,

BCG vaccination and infection experiments were carried out in

ABSL-2 laboratory, andM. tb-related investigations were carried

out in ABSL-3 laboratory.
Bacteria and cell lines

The Escherichia coli DH5a strain was grown in LB media

and used for the cloning and purification of plasmids, and the

BL21 strain was used for protein purification. The rBGC30 for

vaccination that overexpresses Rv3425 was constructed using the

BCG Danish strain. M. tb H37Rv and BCG cultures were grown

in 7H9 medium (Cat#271310, Difco, USA) supplemented with

10% OADC (oleic acid, albumin, dextrose, and catalase), 0.05%

Tween 80, and 0.5% glycerol, and cultures were grown to mid-

log phase. Aliquots of the cultures in 20% glycerol were

preserved at -80°C, and these cryopreserved stocks were used

for infections. HEK293T and RAW264.7 cells, used for

transfection, were cultured in DMEM + 10% FBS.
Construction of latency DNA vaccines

The method of enzymatic ligation was used to construct

pVAX1-ag85a-rv3425-rv2029c (A39), pVAX1-ag85b-rv2029c-

rv1738 (B21), pVAX1-ag85b-rv3425-rv1813c (B31), and

pVAX1-ag85a-rv3425-1738 (B37) DNA vaccines. Sequences
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encoding Ag85A, Ag85B, Rv2029c, Rv3425, and Rv1738 were

amplified from M. tb H37Rv by PCR using five pairs of primers

(Supplementary Table 1, synthesized by Sangon Biotech Co.,

Ltd., Shanghai, China). Recombinant plasmid was constructed

by ligating the first amplified fragment digested with restriction

endonucleases (NheI, HindIII) to the linearized plasmid, the

second fragment using HindIII and EcoRI, and the third

fragment using EcoRI and NotI, respectively, to enable fusion

expression of the three selected genes on the pVAX1 vector using

the CMV promoter. DNA was sequenced by Shanghai Sangon

and was found to conform to the designed sequences using

BLAST analysis. An EndoFree Plasmid Purification Kit

(Cat#12391, Qiagen, USA) was used to purify the DNA vaccines.
Preparation of recombinant fusion
proteins

ThreeM. tb recombinant fusion proteins, the A39, B31, and

B21-pET28a plasmids, were constructed, and the target

proteins were obtained by affinity purification using Ni-

nitrilotriacetic acid.
Transfection of HEK293T and RAW264.7
cells with DNA vaccines plasmid

In brief, HEK293T cells were cultured in 12-well plates at a

density of 5×105 cells per well the day before transfection. When

the cell growth reached 60%-70%, 2 mg of purified A39, B21, B31,
B37, or pVAX1 plasmids were transfected into HEK293T cells

using Lipofectamine 2000 (Cat#11668019, Invitrogen, USA).

The 48h after transfection, the cells were lysed with NP-40

(with PMSF) to obtain whole cell lysate (WCL). RAW264.7 cells

were transfected with jetPRIME (Cat#101000046, Polyplus,

France) under the same conditions, and the cell supernatants

were collected at 24, 48, and 72 h after transfection for

cytokine detection.
Western blotting

WCL containing 10 mg of total protein was separated by

SDS-PAGE (10% acrylamide gels) and then transferred onto a

PVDF membrane (Cat# IPVH00010, Millipore, USA). After

blocking with 5% skim milk for 2 h, the membrane was

incubated with Ag85B (Cat#ab43019, Abcam, USA) or Rv3425

(in-house)-specific monoclonal antibody at a concentration of 1

mg/mL. After washing, membranes were incubated with HRP-

conjugated goat anti-rabbit IgG antibody (Cat#SA00001-2,

Proteintech, China) or HRP-conjugated goat anti-mouse IgG

antibody (Cat#SA00001-1, Proteintech, China) diluted 1:8000 in

TBST (Tris-buffered saline, pH8.0, 0.05% Tween 20) containing
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5% skim milk. After washing, the bands were developed using an

ultrasensitive ECL substrate (Cat#SQ201, Epizyme, China).
Immunization of DNA vaccines and
acquisition splenic lymphocytes

Female C57BL/6j mice were divided into five groups (1): PBS

as a negative control (100 mL); (2) vector pVAX1 as a negative

control (50 mg/100 mL); (3) A39 DNA (50 mg/100 mL); (4) B21
DNA (50 mg/100 mL); and (5) B31 DNA (50 mg/100 mL). Mice

were immunized intramuscularly three times at 2-week intervals.

At 16 weeks after immunization, ~1×107 CFU of BCG was

injected via the tail vein, and at 4 weeks after the challenge,

animals were sacrificed for bacterial counts in the spleens and

lungs. PBMC and splenic lymphocytes were separated using

lymphocyte separation medium (Cat#7211011, Dakewe, China),

according to the manufacturer’s instructions.
Detection of specific antibodies by
enzyme-linked immunosorbent
assay (ELISA)

An ELISA was used to detect the levels of specific antibodies

in the sera of immunized mice. High-binding 96-well EIA plates

(Cat# 9018, Corning, USA) were coated with purified A39, B21,

and B31 proteins at a final concentration of 2 µg/mL in coating

buffer (30 mM NaHCO3,10 mM Na2CO3, pH 9.6), which was

then washed with PBS and blocked with 5% bovine serum

albumin in PBS for 1 h at 37°C. After washing with PBS, the

plate was treated with serum derived from the immunized mice

as the primary antibody (1:1000) and HRP-conjugated goat anti-

mouse IgG (1:10000; Cat#SA00001-1, Proteintech, China) as the

secondary antibody. 3,3 ′ ,5 ,5 ′-Tetramethylbenzidine

(Cat#PR1200, Solarbio, China) as the substrate was added to

each well for 10 min, and H2SO4 (2M) was added to stop the

reaction. The optical density was measured at a wavelength of

450 nm. To evaluate the titers of IgG1 and IgG2b, IgG2b

(Cat#ab97250, Abcam, USA) and IgG1(Cat#ab97240, Abcam,

USA) were used as secondary antibodies.
Detections of fusion protein-specific
cellular immune responses

Fusion protein-specific IFN-g secreting cells were measured

using enzyme-linked immunosorbent spot (ELISPOT) assays,

according to the manufacturer’s instructions (Cat#CT317-PR2,

U-CyTech, Netherlands). Spots representing IFN-g-producing
cells were enumerated using an automated ELISPOT plate

reader (ChampSpot III Elispot Reader; Saizhi). Additionally,

the supernatants in the wells of ELISPOT plates were collected
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to detect secreted cytokines using a Mouse IL-2 ELISA array

kit (Cat#1210203, Dakewe, China), TNF-a ELISA array kit

(Cat#1217202, Dakewe, China), and IL-1b ELISA array kit

(Cat#1210122, Dakewe, China).
Flow cytometry

Live cells were discriminated using a live/dead fixable aqua-

dead cell stain (Cat# 423107, BioLegend, USA). To stain T cells,

splenocytes (2×106 cells/well) were cultured in 96-well U-bottom

plates with RPMI+10% FBS for 16 h, with or without fusion

protein (5 µg/mL). Cells stimulated for 6 h with phorbol

myristate acetate (Cat#P1585, Sigma-Aldrich, USA) and

ionomycin (Cat#I3909, Sigma-Aldrich, USA) were used as

positive controls. Brefeldin A (BFA, final concentration: 5µg/

mL; Cat# HY-16592, MCE, China) was added during the last 5 h

of culture.

After washing, anti-CD3ϵ PerCP-Cy5.5 (Cat#155615,

BioLegend, USA), anti-CD4 BV510 (Cat#100559, BioLegend,

USA), anti-CD8a FITC (Cat#100705, BioLegend, USA), anti-

CD154 PE-Cy7 (Cat#106511, BioLegend, USA), anti-CD44

BV605 (Cat#103047, BioLegend, USA), and anti-CD62L PE-

Cy7(Cat#104417, BioLegend, USA) were used to stain surface

markers. Murine anti-CD107a AF700 (Cat#121627, BioLegend,

USA), anti-IL-4 APC (Cat#504105, BioLegend, USA), anti-IFN-

g BV605 (Cat#505840, BioLegend, USA), anti-IL-17A PE

(Cat#506903, BioLegend, USA), and anti-Ki-67 BV421

(Cat#652411, BioLegend, USA) were stained intracellularly

with Cyto-Fast™ Fix/Perm (Cat#426803, BioLegend, USA) or

True-Nuclear™ Transcription Factor Buffer Set (Cat#424401,

BioLegend, USA), according to the manufacturer’s instructions.

To aid in data processing, FMO controls and isotype controls

were applied.

Staining for cell-surface markers was performed by

resuspending in 100mL of PBS with 2% FBS containing the

antibody mixture at 4°C for 30 min and then washing with PBS

containing 2% FBS. Data were immediately acquired using a BD

Fortessa flow cytometer (BD Biosciences). The data were

analyzed using FlowJo V10 software (BD Biosciences).
Treatment of TB-infected mice

Latent infection models were established as previously

described (28). Thirty 6-week-old female BALB/c mice were

immunized subcutaneously with ~5 × 106 CFU rBCG30 and 6

weeks after immunization were infected with ~100 CFU M. tb

H37Rv intranasally. They were subsequently randomly divided

into three groups, and then injected intramuscularly twice after 5

weeks, with a time interval of 2 weeks as follows: (1) the

treatment group was injected with 60 mg B21 DNA in 60 mL
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mL of PBS or 60 mg pVAX1 DNA. Bacterial burden was

estimated by plating serial dilutions of lungs and spleens

homogenates on 7H10 agar (Cat#262710, Difco, USA) plates

as indicated. The CFU were counted after 21 days. Selected lung

tissues were fixed with 4% paraformaldehyde, embedded in

paraffin, and evaluated histologically using H&E staining.

Pathological evaluation of pulmonary parenchymalization,

alveolar wall thickening, and inflammatory cell infiltration was

performed using a four-level grading system.
Statistical analysis

All statistical analyses were performed using GraphPad

Prism 8 (GraphPad Software Inc., La Jolla, CA, USA).

Comparisons between two groups were conducted using

t tests. Comparisons between three or more groups were

performed using one-way ANOVA. P<0.05 was considered to

indicate statistical significance.
Results

Preparations of latency DNA vaccine

The nucleotide sequences of the four recombinant plasmids

expressing antigens pVAX1-ag85a-rv3425-rv2029c (A39),

pVAX1-ag85b-rv3425-rv1738 (B37), pVAX1-ag85b-rv3425-

rv1813c (B31), and pVAX1-ag85b-rv2029c-rv1738 (B21) were

identical to the designed H37Rv gene sequences (Figure 1A).

Restriction enzyme-digested recombinant plasmidsA39, B37, B31,

and B21 were resolved by electrophoresis on a 1.0% agarose gel,

and the fragment sizes corresponded to the expected 2560 bp,

1786 bp, 1933 bp, and 2283 bp products, respectively (Figure S1).

This result confirmed that the recombinant plasmids of the four

fusion proteins were successfully constructed. WB recognition

reactions were performed with antibodies against Rv3425 and

Ag85B for the expression of recombinant proteins after

transfecting the constructed vaccines into HEK293T cells. These

results demonstrated that all four constructed DNA vaccines

expressed complete recombinant proteins (Figure 1B). The

ability of the candidate vaccine to activate the macrophages was

evaluated in vitro. After the transfection of the plasmid into

RAW264.7 cells, the contents of TNF-a and IL-6 in the

supernatant were detected at 24, 48, and 72 h (Figure 1C). The

secretion of TNF-a and IL-6 from B21-, B31-, and A39-

transfected cells was significantly increased and higher than that

of B37- and vector-transfected cells at 72 h. The results illustrated

that the B21, B31, and A39 vaccines, but not for the B37 vaccine,

can significantly activate macrophages; therefore, B37 was

discarded in the subsequent immunogenicity evaluation.
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DNA vaccine stimulated specific antibody
production in mice

Using a mouse model, we examined the vaccine’s

immunogenicity (Figure 2A). Protective antibodies may

promote and increase the death of intracellular bacteria

through FcR-mediated phagocytosis and improve immune

responses through the rapid adsorption and processing of

antigens (29). Therefore, we purified the fusion protein for the

evaluation of serum antibody levels in mice after immunization

(Figure S2). Compared with the vector group, the anti-A39

protein, anti-B31 protein, and anti-B21 protein IgG

(Figures 2B–D), IgG1 (Figures 2E–G), and IgG2b

(Figures 2H–J) antibody levels in the A39 DNA, B31 DNA,

and B21 DNA groups were significantly increased. All

antibodies, except for the anti-A39 protein IgG antibody,

exhibited higher levels at 4 weeks post-immunization than at 2

weeks post-immunization. We found the IgG level of a single

protein in the serum of immunized mice in addition to the
Frontiers in Immunology 05
fusion protein (Figure S3). According to the findings,

vaccination also causes unique antibodies that can identify

each fusion protein component. The ratio of IgG2b/IgG1 was

calculated to determine the induction of Th1/Th2 responses in

animals. The IgG2b/IgG1 ratio was higher in the A39 and B21

vaccine groups than in the B31 vaccine group, and for A39 and

B21, the Th1 response based on antibody levels was stronger in

A39 than in B21(Figure S4).
Cytokine response was induced by DNA
vaccines in mouse splenocytes

In addition to the antibody assay, we also compared the

fusion protein-specific T cell response in each group at 2 and 4

weeks after the end of immunization. Splenic lymphocytes were

isolated and stimulated in vitro with fusion proteins A39, B21,

B31, PBS (negative control), or P/I (positive control) for 16 h.

The results showed that the candidate DNA vaccine could
A

B

C

FIGURE 1

Construction of vaccine plasmids that can express fusion proteins. (A) Schematic of the candidate DNA vaccine construction strategy.
Enzymatic ligation was used to introduce the matching pre-defined M. tb antigen fragment into the multiple cloning site (MCS) of the pVAXI
plasmid. (B) HEK293T cells were transfected with the indicated plasmids, and the expression of fusion proteins was detected by Western blot.
(C) RAW264.7 cells were transfected with recombinant plasmids, and secretion of TNF-a and IL-6 was detected by ELISA. Data are shown as
mean±SD, n = 3. Statistical analyses performed by two-way ANOVA (ns, No significance; *P < 0.05; **P < 0.01).
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induce a strong fusion protein-specific T cell response. Among

the candidate vaccines, the B21 vaccine showed the best immune

response. First, B21-immunized mice produced the strongest

protein-specific IFN-g+ T cell responses (Figures 3A, B), and

second, mouse splenocytes immunized with B21 released more

TNF-a, IL-2, and IL-1b, and showed a stronger T cell response

to B21 protein. The specific responses of A39 and B31 were also

significantly stronger than those of the control group but slightly

weaker than those of B21 (Figure 3C). Mice in the PBS and

vector groups showed no fusion protein-specific T cell

responses. When stimulated with a single protein, the same

results were obtained as for the fusion protein stimulation that

the immunized mouse splenocytes showed a strong immune

response against the antigen (Figure S5).
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DNA vaccines elevated adaptive
immunity in the mouse spleens

To further characterize the host cellular immune response

generated by vaccination, the T cell subsets of splenic

lymphocytes were assessed using flow cytometry (Figure S6).

Because the type I immune response generated after vaccination

is essential for the prevention of TB, we first assessed the ratios of

Th1 and Th2 cells. The results showed that the response rate of

CD4+T cells expressing IFN-g (Th1) in the spleen lymphoid

tissue of the candidate DNA groups to the fusion protein was

significantly higher than that of the PBS and vector groups. The

B31 vaccine induced the production of a higher proportion of

CD4+IFN-g+ cells (Figure 4A), and for CD4+T cells expressing
A

B D

E F G

IH J

C

FIGURE 2

Analysis of antibodies in the serum of immunized mice. Levels of antibody detected by ELISA at 2 and 4 weeks after immunization. Samples
were diluted 1/1000 in PBS buffer. (A) Schedule for DNA vaccine immunization in mice. (B-D) Anti A39, B31, B21 protein IgG antibody; (E-G) Anti
A39, B31, B21 protein IgG1 antibody; (H-J) Anti A39, B31, B21 protein IgG2b antibody. Data are shown as mean±SD, n = 5. Statistical analyses
performed by two-way ANOVA (ns, No significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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IL-4 (Th2), no significant difference was observed between the

vaccine and control groups (Figure S7A).

In addition, IL-17 and Th17 responses have become

important factors in protective immunity against TB (30), with

the proportion of Th17 cells being significantly higher in the B21

vaccine group than in the other groups (Figure 4B).

Furthermore, the CD40-CD40L (CD154) pathway is vital for

enhancing the adaptive immune response to TB (31), and all

vaccine candidates showed significantly increased CD154

expression on the surface of CD4+T cells (Figure 4C). TB is a

cellular immune response-mediated disease that includes

antigen-specific IFN-g and CD8+ T cell-mediated cytotoxic

responses. Additionally, in vitro and in vivo data support that

CD8+ T cells can produce an antigen-specific CTL function to

inhibit bacterial growth. The results of this study showed a

significant increase in the percentage of detected and CD8+IFN-

g+ T cells when the vaccine was immunized compared with that

in control animals (Figure 4D).

Also evaluated was the cytotoxic potential of specific CD8+

T cells amplified by immunization. Candidate vaccine

immunization induced CD8+ T lymphocytes to express
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CD107a, it may encourage CTL and target cell interaction and

fusion. Similarly, the B21 vaccine induced greater specific CTL

activity (Figure 4E). Furthermore, when the percentage of

induced CD8+IFN-g+CD107a+ cells in immunized mice was

analyzed, a strengthened immune effect induced by B21 was

also observed (Figure 4F). We obtained results comparable to

this proportion 4 weeks after vaccination (Figure S7). In

summary, these results demonstrated that the B21 vaccine was

relatively more potent in activating helper T cells (Th1 and

Th17) and CTLs than the A39 and B31 vaccines to provide

superior immune protection.
DNA vaccines established a long-term
immune reaction

Specific memory T cells are important for the long-term effects

of vaccines. For spleen lymphocytes, after restimulation in vitro, the

proportions of CD4+ central memory T cells (TCM, CD44
+CD62L+)

and effector memory T cells (TEM, CD44
+CD62L-) in the B21

vaccine group were significantly increased, whereas there was a
A B

C

FIGURE 3

Measurement of cytokine production. Two weeks after immunization, mouse splenocytes were stimulated in vitro with fusion proteins A39, B31,
B21 (5 µg/mL), P/I or PBS for 16 h. Antigen-specific IFN-g secreting cells were measured by ELISPOT; cytokines in the supernatant were
detected using ELISA. (A) Display of IFN-g specific spot forming cells. Three representative samples from each group were selected for the
showcase. (B) IFN-g responses between groups were compared. (C) Specific release of TNF-a, IL-2, and IL-1b between groups. Data are shown
as mean±SD, n = 5. Statistical analyses performed by one-way ANOVA (ns, No significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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trend for elevated proportions in the A39 and B31 groups, but the

difference was not significant (Figure 5A). In the CD8+ T cell

population, only the central memory T cells in the B21 group were

significantly increased, and the effector memory T cells showed an

increasing trend; however, there was no significant difference

(Figure 5B). Additionally, we used the expression of Ki-67 as an

indicator to evaluate T cell proliferation, in which the proliferative

capacity of the A39 and B21 groups were significantly increased

than that in the PBS and vector groups, and the B31 group showed

no significant change (Figure 5C).

To assess whether three vaccine strains could induce long-

term immune responses against Mycobacterium spp., mice

were infected with BCG at 16 weeks post-immunization and

performed bacterial counts of the spleens and lungs tissues at 4

weeks post-infestation. The B21 vaccine showed a considerable

decrease in the lungs (Figure 5D) and spleens (Figure 5E)

bacterial burdens among the vaccine candidates, which is

comparable to the effects of cellular vaccination. The findings

demonstrated that all of the candidate vaccines induced the

development of memory T cells and destroyed Mycobacterium.

Therefore, the B21 vaccine increased the proportion of

memory T cells and established long-term immune protection.
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The B21 vaccine can effectively treat
LTBI mice

We considered our findings demonstrating that vaccination

with the B21 vaccine induces a systemic immune response and

then evaluated its therapeutic effect in latently infected mice (28,

32). To construct a latent infection model, at 6 weeks after

immunization of mice with rBCG, the mice were administered

M. tb by intranasal infection with approximately 100 CFU

(Figure 6A). Six weeks after M. tb infection, we monitored the

number of viable bacteria in the spleens and lungs to determine

the successful establishment of the LTBI model, the data was

largely consistent with previous reports (Figure 6B) (32). Colony

counts were performed on the spleens and lungs at 2 and 4 weeks

after intramuscular injection of the B21 vaccine twice. In the

spleens, B21-immunized mice showed a 0.52 and 0.95 log10
decrease in colony count compared with the PBS group at 2 and

4 weeks (Figure 6C); in the lung, it was decreased by 0.43 and

0.61 log10, respectively (Figure 6D). We also evaluated the

pathological changes in the lungs using hematoxylin and eosin

(H&E) staining (Figure 6E). Consistent with our expectations,

lung sections showed clearly visible parenchyma and loss of
A B

D E F

C

FIGURE 4

Frequency of T cell subsets in splenocytes assessed by flow cytometry. Two weeks after immunization, spleen lymphocytes isolated from
vaccine and control mice were stimulated in vitro with the fusion protein for 16 h. Representative dot plots are shown for (A) % IFN-g+ cells in
CD4+ T cell subset, (B) % IL-17A+cells in CD4+ T cell subset, (C) % CD154+cells in CD4+ T cell subset, (D) % IFN-g+ cells in CD8+ T cell subset,
(E) % CD107a+ cells in CD8+ T cell subset, and (F) % IFN-g+CD107a+cells in CD8+ T cell subset. Data are shown as mean±SD, n = 5. Statistical
analyses were performed by one-way ANOVA (ns, No significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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alveoli in the control lungs with numerous lymphocytes (red

arrows), macrophages (green arrows), and neutrophils (yellow

arrows) infiltrates; lung tissue from B21-treated mice showed

mild focal alveolar wall thickening with individual neutrophil

infiltrates (yellow arrows) and occasional small lymphocyte

infiltrates around blood vessels (red arrows), indicated that

animals given the B21 booster vaccine had less inflammatory

damage to their lungs than mice given the BCG vaccine alone.

Pathology scores of the lungs also indicate that the B21 vaccine

was able to help the host resist bacterial infection (Figure 6F).

Thus, the B21 vaccine can control the reactivation of LTBI.
Discussion

Over the past ten years, significant progress has been made

in the development of TB vaccines, and candidates for the first-

generation TB vaccine are now in advanced clinical trials,

diversifying the vaccine pipeline to maximize access to

improved TB vaccines is necessary (33–35). Secreted proteins

ofM. tb play a critical role in the induction of protective immune

responses during TB infection; this diversity can occur in the

form of antigen composition, delivery vectors, and/or immune

response function (36, 37). M. tb changes the expression of the

repertoire of antigens from replication to dormancy in response

to host immune pressure, and antigens expressed during
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different growth periods have different roles in activating

effective immune protection (38, 39). A post-exposure vaccine

that targets LTBI should include dominant antigens to protect

against reactivation and early-stage secreted antigens to prevent

bacilli replication and limit activity against dormant bacilli.

Thus, finding the dominant antigen or optimal combination of

antigens is an important part of vaccine construction (17). In

this study, we used combinations of antigens from different

growth periods of different M. tb, secretory proteins (Ag85A,

Ag85B), PE/PPE family protein (Rv3425), and latency-

associated proteins (Rv2029c, Rv1738, Rv1813c) to construct

vaccine candidates with protective and therapeutic effects.

A change in the balance between host natural immunity and

the pathogen can induce the development of active TB from

latent infection and result in massive bacterial replication and

reactivation of TB. For host natural immunity, one hypothetical

reason for reactivation is that the T cell response is shifted from

the Th1 pole toward the Th2 pole. An efficient post-exposure

vaccine is required to lock specific T cells in the Th1 mode and

suppress Th2 cell activity (40). IFN-g, TNF-a, and IL-2 are

produced by Th1 cells, and these molecules encourage the

growth, maturation, and activation of macrophages and

granulocytes. In our study, the B21 vaccine promoted

significantly more IFN-g production than A39 and B31 did,

and the levels of TNF-a and IL-2 secretion were also

significantly increased at 2-and 4-weeks post-immunization in
A B

D E

C

FIGURE 5

Specific memory T cells in Spleens detected by flow cytometry. (A) Proportion of TEM(CD44
+CD62L-) and TCM (CD44+CD62L+) in CD4+ T cells.

(B) Proportion of TEM(CD44
+CD62L-) and TCM (CD44+CD62L+) in CD8+ T cells. Statistical analyses were performed by the method of two-way

ANOVA. (C) Proportion of Ki-67+ cells (one-way ANOVA). (D, E) Bacterial counts in the spleens and lungs of mice (one-way ANOVA). Data are
shown as the mean±SD, n =5 /6. (ns, No significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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the B21 vaccine group, which induced the response of T cells to

Th1 polarization (Figure 3). Likewise, we used the antigen-

specific IgG2b/IgG1 ratio as an indicator of the Th1 or Th2

response. The results showed that antigen-specific antibody

response induced by B31 and B21 immunization was directed

toward IgG2b, which is a Th1-type antibody isotype. Notably,

IL-1b secretion was enhanced, and the percentage of IL-

17A+CD4+ cells was higher in B21 mice than in the other

groups. IL-1b contributes to Th17 differentiation (41), and the

IL-17 family of proteins, which are secreted by Th17 cells, have a

role in the recruitment of protective Th1 cells to the lungs

following M. tuberculosis infection. Furthermore, the CD40-

CD40L (CD154) pathway was shown to promote the

proliferation of Th1 and Th17 cells (31, 42), and the B21

vaccine had a significantly higher percentage of CD154+ cells

(Figures 4D, E). Consequently, the B21 vaccine could enhance

the Th1/Th17 response, which is necessary for vaccine-

induced protection.
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Mycobacterium tuberculosis is a typical intracellular

pathogen, and T cell-mediated immune responses, comprising

CD4+ T cells, CD8+ T cells, or both T cell subsets, are crucial for

controlling the infection and postponing the onset of the disease

(43, 44). The ability of CD4+ T cells to produce IFN-g, which
activates phagocytes to engulf intracellular pathogens, is central

for protection. CD8+ T cells may modulate phagocyte activity or

produce molecules, such as perforin, which mediate the killing of

target cells and reduce bacterial survival (45).The results of this

study demonstrated that B21 and B31 induced a significant

increase in the CD3+ CD4+ IFN-g+ population compared with

the other groups. In assays with CTLs, the proportion of IFN-g+

and CD107a+ cells were significantly increased in the B21

immunized group of CD8+ cells. Throughout the infection,

when a chronic infection is established, the role of the CD8+ T

cell response increases is importance (46). Therefore, our results

suggest that B21 could elicitM. tuberculosis-specific CD4+ T cell

responses, potentially increasing the protective efficacy and
A

B D
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FIGURE 6

Detection of bacterial counts in the spleens and lungs tissues of mice after treatment. 2 and 4 weeks after the last treatment in the LTBI model,
mice were sacrificed for tissue load counts. (A) Schedules of the preparation and treatment of mouse LTBI model. (B) non-immunized and
rBCG-immunized mice were sacrificed 5 weeks after M. tb challenge, and lungs and spleens bacterial counts were measured. n=3/5. (C, D)
Bacterial counts in the spleens and lungs of mice (two-way ANOVA). n = 4/5. Data are shown as mean±SD (ns, No significance; *P < 0.05;
**P < 0.01). Lungs were collected 2 and 4 weeks after treatment, preserved in 4% paraformaldehyde, and processed for sectioning and staining
with H&E. (E) Representative lung pathological changes from the different groups. Arrows mark lymphocytes (red arrows), macrophages (green
arrows), and neutrophils (yellow arrows). Original magnification, 2x and 20x. (F) Pathological scoring of the lungs.
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enhancing CD8+ CTLs. These reactions may reduce the bacterial

load during chronic infection. This speculation was confirmed in

the therapeutic study, and B21 immunization induced a

significant decrease in the bacterial load in both the spleens

and lungs compared with the vector vaccination.

Another hypothesis for the reactivation of TB is that the

persistence of M. tuberculosis could continuously drive naive

T cells to differentiate into effector T cells, with no generation of

immunological memory. For the clearance of latent infection,

reactive T cells are expected to develop into memory T cells.

CD44 is essential for the generation and maintenance of memory

T cells (47). The present study illustrated that B21-immunized mice

showed a significant increase in the number of CD44+ T cells and

exhibited the greatest capacity for the development of memory T

cells. Additionally, long-term security depends on the development

of immunological memory, and at 16 weeks after immunization, the

B21 vaccine still significantly reduced the bacterial count when BCG

was used as a substitute strain of M. tb to challenge the mice.

Therefore, the B21 vaccine can induce long-lasting immune effects.

Based on the excellent immunogenicity demonstrated by the

B21 vaccine, we evaluated the therapeutic effect of the B21

vaccine on LTBI. B21-treated mice showed a significant

decrease in bacterial load in the spleens and lungs and

exhibited less severe histopathology than control mice. These

results suggest that the B21 vaccine could limitM. tb reactivation

and provide a significant therapeutic effect in LTBI mice.

Neonatal BCG vaccination has been used to prevent

tuberculosis in nations with a high tuberculosis burden, and

BCG has been a part of the Expanded Program on

Immunization since 1974, according to the World Health

Organization. Accordingly, endemic LTBI in adolescents and

adults invariably occurs after BCG immunization at birth. Mice

were infected with Mycobacterium tuberculosis after BCG

vaccination to create a mouse model of LTBI, mimicking the

occurrence of LTBI (32, 48, 49). This model may also help us

consider the possibility of combining the BCG and B21 vaccines

to increase the protective effects of the former. Furthermore, due

to the limitations of this study, further investigation of the

therapeutic effects of the B21 vaccine on LTBI reactivation

models and the validation of the protective effect in guinea

pigs, and nonhuman primate models, is necessary. Exploring the

mechanism of action of the vaccine in depth to improve the

optimization of current vaccine design ideas is also necessary.

In conclusion, in this study, we provide evidence that the

B21 DNA vaccine containing coding sequences for Ag85B,

Rv2029c, and Rv1738 enhances the Th1/Th17 and CD8+CTL
Frontiers in Immunology 11
immune responses and increases the development of memory T

cells. The B21 vaccine provided a significant therapeutic effect in

LTBI mice, as indicated by the significantly reduced bacterial

loads and histological damage in the lungs. Our study suggests

that B21 is an excellent potential fusion antigen target, with

better prospects for development as a multi-antigen vaccine,

especially as a therapeutic vaccine against LTBI.
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