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Different strategies have been proposed for the development of protein subunit vaccine candidates for tuberculosis
(TB), which shows better safety than other types of candidates and the currently used Bacillus Calmette-Gu�erin (BCG)
vaccine. In order to develop more effective protein subunits depending on the mechanism of cell-mediated immunity
against TB, a polyprotein CTT3H, based on 5 immunodominant antigens (CFP10, TB10.4, TB8.4, Rv3615c, and HBHA)
with CD8C epitopes of Mycobacterium tuberculosis, was constructed in this study. We vaccinated C57BL/6 mice with a
TB subunit CTT3H protein in an adjuvant of dimethyldioctadecylammonium/monophosphoryl lipid A/trehalose 6,60-
dibehenate (DDA/MPL/TDB, DMT) liposome to investigate the immunogenicity and protective efficacy of this novel
vaccine. Our results demonstrated that DMT liposome-adjuvanted CTT3H vaccine not only induced an antigen-specific
CD4C Th1 response, but also raised the number of PPD- and CTT3H-specific IFN-gC CD8C T cells and elicited strong CTL
responses against TB10.4, which provided more effective protection against a 60 CFU M. tuberculosis aerosol challenge
than PBS control and DMT adjuvant alone. Our findings indicate that DMT-liposome is an effective adjuvant to
stimulate CD8C T cell responses and the DMT-adjuvanted subunit CTT3H vaccine is a promising candidate for the next
generation of TB vaccine.

Introduction

Although chemotherapy and the Bacillus Calmette-Gu�erin
(BCG) vaccine have been widely used to control tuberculosis
(TB), TB remains one of the most serious infectious diseases,
resulting in 8.1 million adult TB patients in 2013 and latent TB
infection (LTBI) in approximately one third of the population
worldwide.1 The emergence of drug-resistant Mycobacterium
tuberculosis and the increased morbidity and mortality of co-
infection with HIV worsen the threat of TB to public health.1

Clearly, new vaccines for better control of TB are urgently
needed.

Thus far, 5 of 13 novel TB vaccine candidates,2 all at different
phases of clinical trials, belong to protein subunits. These novel
candidates show better safety than other types of vaccine candi-
dates, as well as the currently used BCG, when administered to
immunocompromised individuals. Unfortunately, almost all
protein candidates have been confirmed to have inferior protec-
tive efficacy compared to BCG in different animal models, even
when stronger antigen-specific CD4C Th1 responses were
induced. Therefore, continuous efforts toward the development
of protein subunits have been made based on antigens secreted

byM. tuberculosis during primary infection alone3,4 or multistage
antigens5,6 of the primary, latent, and even reactivation stages.
Because M. tuberculosis is a facultative intracellular bacterium,
cell-mediated immunity has been generally accepted as a critical
factor to combat TB, particularly CD4C Th1 responses and
Th1-type cytokines such as IFN-g and TNF-a.7,8 The support-
ing evidence includes both HIV-infected LTBI persons9 and
LTBI individuals treated with anti-TNF-a mAb10 which exacer-
bates pulmonary disease. In addition, the BCG vaccine can also
induce a strong CD4C Th1 response in vaccinated neonates,11

which could effectively protect children against primary TB as
demonstrated by epidemiological data1 and clinical trials
worldwide.12

Although no direct evidence in humans has been obtained,
several studies have suggested that CD8C T cells are critical for
protective immunity against TB.13,14 For example, the increased
susceptibility of CD8a15,16 or b2m17 gene knockout mice to
M. tuberculosis infection confirmed the important roles of
CD8C T cells against primary infection. Acute and latent TB
mouse models treated with an anti-CD8 monoclonal antibody
(mAb) have demonstrated that CD8C T cells might take part in
preventing the reactivation of LTBI.15,16 Currently, a small
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number of mycobacterial proteins with CD8C epitopes have
been identified by bioinformatics analyses18 or in M. tuberculo-
sis-infected persons,19 and several have been confirmed as prom-
ising immunodominant antigens for TB vaccine candidates,
such as the Ag85 complex,3,4,20 TB10.4,4,21 ESAT-6,3

HspX,22,23 Mtb32,24 CFP10,25,26 HBHA,27,28 Rv3615c,29,30

and TB8.4.31,32

In order to develop a more effective protein subunit vaccine, 5
immunodominant antigens with CD8C epitopes ofM. tuberculo-
sis (CFP10, TB10.4, TB8.4, Rv3615c, and HBHA) were used to
construct a polyprotein, named CTT3H, in this study. We vacci-
nated C57BL/6 mice with the CTT3H protein in a liposomal
adjuvant dimethyldioctadecylammonium/monophosphoryl lipid
A/trehalose-6,60-dibehenate (DDA/MPL/TDB, DMT) to inves-
tigate the immunogenicity and protective efficacy of the tubercu-
losis subunit protein. Our results demonstrated that the DMT
liposome-adjuvanted CTT3H vaccine not only induced an anti-
gen-specific CD4C Th1 response, but also raised the number of
IFN-g positive CD8C T cells and elicited strong cytotoxic T

lymphocyte (CTL) responses, which provided effective protec-
tion against a challenge withM. tuberculosis.

Results

Purification and identification of subunit antigen CTT3H
The recombinant plasmid pET30b-CTT3H, containing the 5

M. tuberculosis antigens CFP10, TB10.4, TB8.4, Rv3615c, and
HBHA linked in tandem, was constructed as shown in Figure 1A
and verified by enzyme digestion (Fig. 1B). The subunit antigen
CTT3H with a C-terminal His-tag was efficiently expressed in E.
coli BL21 (DE3) as inclusion bodies, and purification was per-
formed under denaturing conditions (Fig 1C). Purified proteins
with the expected molecular weight of about 61kDa were
revealed as a single major band by SDS-PAGE analysis (Fig. 1C).
The identity of the expected bands was confirmed by immuno-
blotting with anti-His 6 mouse mAb or mouse polyclonal serum
against CTT3H (Fig. 1D).

CTT3H in an adjuvant of DMT
provided stronger protective efficacy

In order to confirm the protective effi-
cacy of DMT-adjuvanted CTT3H vac-
cine, vaccinated C57BL/6 mice were
challenged with virulent M. tuberculosis
strain H37Rv 3 weeks after the last
immunization. Four weeks later, the bac-
terial load in the lung and spleen, and
lung histopathology, were used as bio-
markers to evaluate the vaccine-induced
protection. Among all groups, the phos-
phate-buffered saline (PBS) control
group showed the highest bacterial load
in both lung and spleen tissues as
expected (Fig. 2). Interestingly, the
DMT adjuvant alone provided a certain
measure of protection over PBS alone
(P < 0.05; Fig. 2). Notably, the growth
of M. tuberculosis in both organs was
inhibited more significantly in the mice
vaccinated with DMT-adjuvanted
CTT3H compared to both the PBS con-
trol and DMT adjuvant only groups (P
< 0.05; Fig. 2). The most severe histo-
pathology based on the area of consolida-
tion was detected in the lung of PBS or
adjuvant control mice, as expected
(Fig. 2). The acid-fast (AF) positive bac-
teria were found throughout the lung
section of control mice, and a large num-
ber of AF positive bacteria were focused
on the region of consolidation (Fig. 2).
Compared with the PBS control and
DMT adjuvant alone groups, granu-
loma-like consolidation was observed less

Figure 1. Construction, purification and identification of the recombinant fusion protein CTT3H. The
gene encoding the polyprotein CTT3H composed of 5 antigens CFP10, TB10.4, TB8.4, Rv3615c, and
HBHA of M. tuberculosis was cloned into pET30b, resulting in the recombinant plasmid pET30b-
CTT3H (A). The constructed recombinant plasmid pET30b-CTT3H was verified by enzyme digestion
with NdeI and XhoI (B). pET30b-CTT3H transformed E. coli BL21(DE3) strain was induced with IPTG.
The expression and purification process of polyprotein CTT3H was monitored and confirmed by 12%
SDS-PAGE, respectively (C). Lane M, Pre-stained protein ladder of Fermentas; Lane 1, pre-induced;
Lane 2, post-induced; Lane 3 and 4, flow-through fraction of His-bind resin; Lane 5 and 6, fraction
eluted with 500 mM imidazole, Lane 7, the final products. The purified polyprotein CTT3H was also
confirmed by western blotting with an anti-His 6 mouse monoclonal antibody or a mouse polyclonal
serum against CTT3H, respectively (D).
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frequently in mice vaccinated with CTT3H in adjuvant of DMT,
and its appearance was more sporadic (Fig. 2). Mice vaccinated
with DMT-adjuvanted CTT3H provided comparable pathologi-
cal scores with BCG-immunized mice and only a few AF positive
bacteria were concentrated in the region of consolidation
(Fig. 2), which is consistent with the order of bacterial load of
lung in different groups.

Th1-based response significantly induced by DMT-
adjuvanted CTT3H subunit vaccine

In order to evaluate the immunogenicity of C57BL/6 mice
vaccinated with subunit CTT3H in DMT adjuvant, CTT3H-
specific antibodies, including IgG, IgG1, and IgG2c, were
detected by ELISA 3 weeks after the last immunization. As
expected, DMT adjuvant did not produce any antibodies against
CTT3H. Of all groups, the highest levels of CTT3H-specific
IgG, IgG1, or IgG2c antibodies were observed in the mice vacci-
nated with DMT-adjuvanted CTT3H. Although the genes
encoding the 5 antigens, with the exception of CFP10, are also
present in the genome of BCG, the BCG group only elicited low
levels of antibodies in response to CTT3H (Fig. 3). The

increased ratio of IgG2c/IgG1 was only detected in subunit
CTT3H-vaccinated mice, which indicates a switch of the IgG
subclass to a Th1-based response (Fig. 3).

Splenocytes from mice vaccinated with DMT-adjuvanted
CTT3H secrete higher levels of IFN-g

The concentration of antigen-specific IFN-g secreted by sple-
nocytes from different groups of vaccinated mice was detected by
enzyme-linked immunosorbent assay (ELISA) to reflect the dif-
ferential protective efficacy against M. tuberculosis infection. As
expected, splenocytes from the PBS control group only produced
very low levels of IFN-g in response to stimulation with positive
control PPD or specific antigen CTT3H (Fig. 4). In comparison
with the PBS control group, both the CTT3H/DMT-vaccinated
mice and the group receiving DMT adjuvant alone showed
increased IFN-g responses to either PPD or CTT3H (P < 0.05).
Of all groups, the highest IFN-g response to PPD was elicited in
the BCG-vaccinated mice, but the mice vaccinated with
CTT3H/DMT produced the highest IFN-g response to
CTT3H (Fig. 4).

Figure 2. Bacterial loads per organs and representative lung pathology of different vaccinated C57BL/6 mice. Three weeks after the last immunization,
C57BL/6 mice (n D 6) were challenged by Glas-Col inhalation exposure system with 60 CFU virulent M. tuberculosis H37Rv strain, which was confirmed
by plating lung homogenates one day after infection. Four weeks post-challenge, bacterial load of lung and spleen in different groups was enumerated.
Results were shown as mean § SEM log10CFU/organ (n D 6). Lung tissue sections from different vaccinated mice were stained by HE (scale bar, 400
mm) and acid-fast staining (AF, scale bar, 50 mm), respectively. Arrows indicate AF positive bacteria. Pathological scores were calculated as described in
the section of Materials and Methods in detail. ─ means P < 0.05.
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CTT3H/DMT conferred a higher number of antigen-
specific Th1 cytokine-secreting CD4C and CD8C T cells

When compared to PBS control and adjuvant DMT alone,
BCG- and CTT3H subunit-vaccinated mice induced much
higher numbers of PPD- or CTT3H-specific IFN-gC or IL-2C

CD4C and CD8C T cells and TNF-aC CD4C T cells (P < 0.05;
Fig. 5). In particular, CTT3H/DMT elicited a higher number of
IFN-gC or TNF-aC CD4C and CD8C T cell responses to PPD
or CTT3H than BCG (P < 0.05). In addition, there was no sta-
tistically significant difference between DMT-adjuvanted

CTT3H subunit-vaccinated groups and BCG-vaccinated mice in
antigen-specific IL-2C CD4C and CD8C T cells. The group
receiving adjuvant DMT alone also increased the number of
PPD- or CTT3H-specific IFN-gC CD4C and CD8C T cells and
PPD-specific IL-2C or TNF-aC CD4C T cells compared to PBS
control (P < 0.05).

The DMT-adjuvanted subunit CTT3H vaccine induces a
stronger TB10.4-specific CTL effect In order to investigate the
ability of DMT-adjuvanted subunit CTT3H vaccine to induce
CTL effects, the CTL effects of TB10.4-specific CD8C T cells
were analyzed by the carboxyfluorescein succinimidyl ester
(CFSE)-labeled method in vivo (Fig. 6). Although TB10.4 also
localizes in the genome of BCG,33 a lower killing rate was
obtained in the BCG group than in the mice vaccinated with the
DMT-adjuvanted subunit CTT3H (P < 0.05). However, both
vaccinated groups showed enhanced CTL effects targeting
TB10.4 compared to DMT alone (P < 0.05).

Discussion

Despite high coverage of BCG vaccination worldwide, the
high burden of adult TB patients and LTBI populations1 urgently
requires the development of the next generation of TB vaccine.
Much progress has been made in this area during recent decades2

and at least 50 vaccine candidates have been evaluated preclini-
cally or clinically.34 However, there is still a long way to go to
obtain a new licensed TB vaccine, especially when MAW85A, a
stronger inducer of CD4C Th1 responses to boost BCG-priming
in infants, showed no improved protection against TB.35

Figure 3. The levels of serum IgG, IgG1, and IgG2a antibodies against CTT3H in different groups (n D 3). Three weeks after the last immunization, anti-
CTT3H IgG, IgG1, and IgG2a (replaced by IgG2c) antibody titers in individual samples from different vaccinated C57BL/6 mice were determined by ELISA.
The results were shown as mean ( §SEM) log10 endpoint titers and the ratio of IgG2a/IgG1 of different vaccinated groups (n D 3). ─ means P < 0.05. This
experiment was repeated twice with similar results.

Figure 4. The levels of PPD and CTT3H specific IFN-g secreted by spleno-
cytes from different groups (n D 3). Three weeks after the last immuniza-
tion, splenocytes were obtained from each mouse in different groups
and 5 £ 106 cells were added into each well of 24-well microtiter plate
and incubated with CTT3H protein (10 mg), PPD (10 mg), and complete
RPMI-1640 medium at 37�C in 5% CO2 for 72 h. The concentration of
IFN-g in the suspension was detected by ELISA. The results were shown
as mean § SEM (pg/mL). ─ means P < 0.05, and * means PBS vs. other
groups P < 0.05. This experiment was repeated twice with similar results.
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Upon respiratory infection, M. tuber-
culosis is engulfed by alveolar macro-
phages and dendritic cells though
phagocytosis. M. tuberculosis and its
components are recognized by pattern
recognition receptors (PRRs) expressed
on the surface of antigen presenting cells
(APCs), such as Toll-like receptors
(TLRs) and mincle receptors, which
results in the activation of innate immu-
nity8 and the induction of adaptive
immunity against M. tuberculosis infec-
tion.7 Moreover,M. tuberculosis will sur-
vive and replicate in the phagosome, and
antigens transported from the phago-
some to the cytosol36 will be cleaved by
the proteosome into peptides, assembled
with Class I MHC heavy chain and
b2m, and finally expressed on the sur-
face of cells, resulting in the activation
of CD8C T cells.

Several antigens of M. tuberculosis
with low molecular weight have shown
the ability to induce a CD8C T cell
response. For example, TB 8.4-specific31

CD8C T cell responses were detected in
M. tuberculosis-infected mice, and the
TB 8.4 subunit provided protection against the infection.32 In
addition, CFP10 and TB 10.4-specific cytolytic CD8C T cells
were found in the lung of mice as early as 3 weeks after infec-
tion25 and DNA26 or protein37 subunits also elicited CD8C T
cells and protected against challenge with M. tuberculosis, respec-
tively. Many more CD4C or CD8C T cells secreting IFN-g in
response to Rv3615c was induced in both active TB patients and
LTBI individuals than in BCG-vaccinated controls, although the
gene encoding Rv3615c is also present in the genome of BCG.29

A DNA vaccine based on Rv3615c reduced the lung pathology
of M. tuberculosis-infected mice.30 HBHA, expressed by both M.
tuberculosis and BCG,38 is an adhesion molecule mediating
adherence to epithelial cells39 and plays an important role in
extrapulmonary dissemination.40 High levels of HBHA-specific

IFN-g was elicited by both CD4C and CD8C T cells in LTBI
populations compared with low levels from CD4C T cells only
in active TB patients. Further, HBHA-specific CD8C T cells
showed bactericidal and cytotoxic effects on the mycobacteria-
infected macrophages.41 Vaccine candidates based on HBHA
alone28 or designed to boost BCG priming42 could provide
strong protection against challenge with M. tuberculosis. Consid-
ering the complexities of human genetics, many more CD8C T-
cell epitopes of antigens as fusion molecules might be easily rec-
ognized by different populations with diverse MHC restriction
to enhance the protection against infection. In this study,
CTT3H was constructed as a fusion protein based on 5 previ-
ously described mycobacterial antigens and then successfully
expressed and purified.

Figure 5. The levels of IFN-g, TNF-a, and IL-2 secreted by CD4C and CD8C T cells in response to CTT3H
(10 mg/mL) from different vaccinated mice were analyzed by multicolor flow cytometry (n D 3). The
cytokine profile in individual cells was measured by multicolor flow cytometry by gating for CD4C T
cells or CD8C T cells. The expression of IFN-g, TNF-a, and IL-2 by T cells in response to either PPD or
CTT3H (10 mg/mL) from different vaccinated mice was expressed as mean § SEM (n D 3). ─ means P
< 0.05, and * means PBS vs. other groups P < 0.05. This experiment was repeated twice with similar
results.

Figure 6. TB10.4 CD8C peptide-pulsed, CFSE-labeled target cells were analyzed for in vivo CTL activities from different immunized C57BL/6 mouse
(nD 3). Representative histograms of the peptide-pulsed splenocyte targets with the right and left peaks being CFSE-labeled TB10.4 peptide-pulsed sple-
nocytes and unpulsed splenocytes analyzed by a flow cytometer, respectively (A). The results are expressed as the mean ( §SEM) of 3 mice per group (B).
─ means P < 0.05. This experiment was repeated twice with similar results.
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Because of the absence of the ESX-1 secretory system (encodes
antigens CFP10 and ESAT-6) ofM. tuberculosis, BCG cannot trans-
locate from the phagosome to the cytosol after being engulfed by
APCs36 and therefore benefit from the presentation of antigens
released from BCGmainly via the MHC II pathway and the induc-
tion of CD4C Th1 responses. However, at least 16 genes in the
genome of BCG were involved to dampen the CD8C T cell
responses induced by BCG vaccination.43 In addition, weak or poor
CD8C T cell responses in BCG-vaccinated animals were also
reported.44,45 In our study, BCG-vaccinated mice also induced only
very low levels of CTL effects against TB10.4, which was consistent
with previous studies.21,46 Conversely, higher CTL effects were eli-
cited in DMT-adjuvanted CTT3H than BCG-vaccinated mice,
indicating that the DMT liposome might assist the protein CTT3H
in accessing the cytosol of APCs and be capable of the induction of
CD8C T cell response, similar to DNA vectors47 or recombinant
adenoviral vector candidates.48 Once activated, CD8C T cells can
lyse the infected cells and cause the release of intracellular bacteria,
which will be engulfed by IFN-g-activated macrophages or killed
directly by granulysin49 secreted by CD8C, CD4C T cells, or NK
cells in humans, although granulysin is not expressed by murine
CD8C T cells.50

In this study, the adjuvant DMT was prepared by adding a
combination of MPL and TDB into a DDA liposome. MPL is a
synthetic low-toxicity derivative of lipopolysaccharide (LPS),
which is a TLR-4 agonist51 and used as a component in the adju-
vants AS01 and AS02. In particular, the adjuvant MPL absorbed
to alum has been approved for HPV and HBV vaccines currently
on the market.52 TDB, as a synthetic analog of trehalose-6,60-
dimycolate (mycobacterial cord factor), can activate APCs by
mincle receptor53 and FcRgamma-Syk-Card9 signals, thus elicit-
ing strong Th1 and Th17 immune responses in vaccinated
mice.54 The adjuvant CAF01 (TDB formulated in liposome)
demonstrated strong adjuvant activity for cellular and humoral
responses against TB55 and HIV.56 DMT alone was able to
induce an antigen-specific CD8C T cell response in vaccinated
mice. Moreover, DMT-adjuvanted CTT3H elicited higher num-
bers of antigen-specific IFN-gC or TNF-aC CD8C T cells show-
ing an enhanced CTL effect than the BCG group, which
confirms a previous report.57

Splenocytes from BCG- or CTT3H subunit-vaccinated mice
secreted higher levels of PPD- or CTT3H-specific IFN-g than
those from PBS control mice, supporting the important role of
IFN-g in vaccine-induced protection against TB infection,
because IFN-g could activate macrophages thus eliminating the
intracellular bacteria.8 The other important Th1-typed cytokine,
TNF-a, could cause the apoptosis of infected cells and promote
the MHC I pathway via cross-presentation.58 Both CD4C Th1
and CD8C T cells could secret these Th1 cytokines and IL-2. In
our study, IFN-g was mainly secreted by CD8C T cells, whereas
TNF-a and IL-2 were mainly secreted by CD4C T cells in the
mice vaccinated with DMT-adjuvanted CTT3H subunit. Espe-
cially, IFN-gC produced by CD8C T cells also was confirmed to
take part in the protection.59

In conclusion, CTT3H in an adjuvant of DMT-liposome eli-
cited higher levels of PPD- or CTT3H-specific IFN-g and much

higher numbers of CD4C or CD8C T cells secreting Th1 cyto-
kines than PBS control. The DMT-adjuvanted CTT3H con-
ferred stronger CTL effects against the CD8C epitope of TB10.4
than those conferred by BCG and provided effective protection
against aerosol infection of M. tuberculosis. Taken together, these
findings indicate that subunit CTT3H in DMT-liposome adju-
vant is a promising candidate for a TB vaccine and encourages
preclinical and clinical evaluation.

Materials and Methods

Bacterial culture and conditions
M. bovis BCG China and M. tuberculosis H37Rv were grown

in either Middlebrook 7H9 medium (Difco Laboratories, Cat.
no. 271310) or enumerated for colony forming units (CFU) on
Middlebrook 7H11 agar (Difco Laboratories, Cat. no. 283810),
supplemented with 10% ADC, 0.5% glycerol and 0.05%
Tween80. Escherichia coli strains DH5a and BL21 (DE3) were
used for cloning and expression, respectively. If required, a final
concentration of 50 mg/mL kanamycin was added.

Construction, expression, and purification of subunit
antigen CTT3H

The coding sequence of the subunit antigen CTT3H con-
sisting of CFP10, TB10.4, TB8.4, Rv3615c, and HBHA of
M. tuberculosis H37Rv was amplified by polymerase chain
reaction (PCR) using the primers (rCTT3HF: 50-TTCCA-
TATGGCAGAGATGAAGACCGATG-30, rCTT3HR: 50-
ATCTCGAGCTTCTGGGTGACCTTCTTGG-30) from the
recombinant plasmid pDC316-CTT3H, which was commer-
cially synthesized by Life Technologies of Shanghai (Shang-
hai, China). PCR products were first digested with Nde I and
Xho I and then inserted into the corresponding sites of the
prokaryotic expression vector pET30b. The resultant recom-
binant prokaryotic expression plasmid pET30b-CTT3H was
further verified by enzyme digestion and DNA sequencing.

The recombinant plasmid pET30b-CTT3H was transformed
into E. coli strain BL21 (DE3), and the expression of CTT3H
was induced by isopropylthio-b-galactoside (IPTG) at a final
concentration of 1 mM for 4 h. Recombinant CTT3H protein
was purified using nitrilotriacetic acid (NTA) metal ion affinity
chromatography according to the manufacturer’s instructions
(GE Healthcare, Cat. no. 17-5318-02) and verified by 15%
SDS-PAGE. Western blotting was used to confirm the specificity
of purified proteins using anti-His 6 mouse mAb (diluted 1/
2000; Tiangen, Cat. no. AB102) or mouse anti-CTT3H sera as
the primary antibody and peroxidase-conjugated goat anti-mouse
IgG (diluted 1/5000; Proteintech Biotech, Cat. no. SA00001-1)
as the secondary antibody, respectively. The immunoblots were
visualized using BeyoECL Plus (Beyotime, Cat. no. P0018).
Recombinant proteins were dialyzed against sterilized PBS with
gradient urea concentrations (from 8M to 0M) for 48 h at 6h
intervals. Proteins were lyophilized, aliquoted, stored at ¡20�C,
and diluted in 10 mM Tris-buffer using pyrogen-free reagents
for later use. The protein concentration was determined using
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a BCA Protein Assay Kit (Beyotime, Cat. no. P0012S). Residual
endotoxin contamination was determined to be less than 0.1
EU/mL of protein as previously described.60

Preparation of DMT-adjuvanted CTT3H vaccine
Adjuvant DMT (100 mL/dose) consisted of 250 mg of DDA

(Sigma, Cat. no. D2779), 25 mg of MPL (Avanti Polar Lipids
Inc.., Cat. no. 699800) and 50 mg of TDB (Avanti Polar Lipids
Inc.., Cat. no. 890808P). DMT liposome was first prepared by
the film method.57 Chloroform/methanol (9:1, v/v) was used for
the dissolution of weighed DDA, MPL, and TDB, and a thin
white lipid membrane appeared after using a gentle stream of N2

to obliterate the organic solvent at the bottom of the sterile bot-
tle. The residual liquid was evaporated under low pressure condi-
tions until no organic solvent remained. The membrane was then
hydrated with 1 mL 10 mM sterile Tris-buffer at pH 7.4 at
60�C for 1 h, mixed uniformly every 10 minutes, and named
DMT. Finally, the DMT liposome-adjuvanted CTT3H vaccine
was prepared as a mixture of 100 mL DMT and 20 mg CTT3H
protein in100 mL 10 mM Tris-buffer.

Animals and immunization
Specific pathogen-free, 6- to 8-week-old, female C57BL/6

mice were obtained from the Center for Animal Experiment of
Wuhan University (Wuhan, China) and were maintained in
cages on the animal feeding cabinet (VentiRack, Chester, CA,
USA). For this study, 0.2 mL of DMT-adjuvanted CTT3H vac-
cine preparations was given subcutaneously (s.c.) to each mouse
twice at 3-week intervals. BCG China was used as a positive con-
trol and inoculated s.c. once with 1.2 £ 106 CFU at the time of
the first vaccination. PBS was used as a negative control. Animal
experiments were performed in accordance with the guidelines of
the Chinese Council on Animal Care. The research protocols
were approved by the Committee on the Ethics of Animal
Experiments of Huazhong University of Science and Technology
(Wuhan, China) and Wuhan University (Wuhan, China).

CTT3H-specific IgG antibody and subclasses
Three weeks after the last immunization, mice in each group

were killed by cervical dislocation. Serum was collected from
individual mice in each group, and CTT3H-specific endpoint
titers for IgG1, IgG2c, and total IgG antibodies in vaccinated
mice were detected by ELISA. Serial dilutions of serum samples
were added to microtiter plates, which were pre-coated with
100 mL CTT3H protein (5 mg/mL) in carbonate/bicarbonate
buffer (pH 9.6) overnight at 4 �C and blocked with 1% BSA in
PBS-T for 1 h at 37�C. Horseradish peroxidase-conjugated rab-
bit anti-mouse IgG (diluted at 1/5000; Abcam, Cat. no.
Ab6789), IgG1 (1/10000; Abcam, Cat. no. Ab97240), or IgG2c
(1/10000; Abcam, Cat. no. Ab97255) were added to the plates
for further incubation for 1 h at 37�C. 3,305,50-Tetramethylben-
zidine (TMB) substrate was used for visualization, and the plates
were read at 450 nm using a Multiskan MK3 ELISA reader
(Thermo Scientific, USA). The endpoint titers for each mouse
were obtained by comparison with PBS controls when the value
of P/N � 2.1. The results were shown as the mean (§ SEM)

log10 endpoint titers and the ratio of IgG2c/IgG1 in the different
vaccinated groups (n D 3).

Antigen specific IFN-g secreted by splenocytes
Spleens were removed aseptically from vaccinated mice and

5 £ 106 splenocytes from 3 individual mice from each group
were prepared and incubated in each well of 24-well microtiter
plates for 72 h at 37�C with either RPMI1640 medium (negative
control), PPD (10 mg/mL, positive control; Statens Serum Insti-
tut, Denmark) or CTT3H (10 mg/mL). Supernatants from 3
separate wells were collected and stored frozen at ¡20�C until
further assay. Detection was carried out using mouse IFN-g
ELISA kits (Multi Sciences LTD., Cat. no. EK2802) according
to the manufacturer’s instructions with a detection limit of 1.74
pg/mL. The results were expressed as the mean § SD (pg/mL) of
each group (n D 3).

Intracellular flow cytometric analysis
Splenocytes from 3 individual mice per group were enumer-

ated and plated at 5 £ 106 cells/well in a 24-well plate, stimu-
lated with CTT3H (10 mg/mL) in the presence of 1 mg/ml anti-
mouse CD28 antibody (eBioscience, Cat. no. 16-0281) for 16 h,
and subsequently incubated for 4 to 6 h following the addition
of 3 mg/mL brefeldin A (eBioscience, Cat. no. 88-8823) and
2 mM monensin solution (eBioscience, Cat. no. 00-4505). PPD
(10 mg/mL) was used as positive control, and cell stimulation
cocktail (1mg/mL; eBioscience, Cat. no. 00-4975) was used to
monitor cell responses. After a wash in FACS buffer (1% FCS-
PBS), cells were stained with surface markers and then permeabi-
lized using the Intracellular Fixation & Permeabilization Buffer
(plus Brefeldin A) kit (eBioscience, Cat. no. 88-8823) and
stained intracellularly. The following markers were used: includ-
ing anti-mouse CD3 FITC (eBioscience, Cat. no. 11-0032),
anti-mouse CD4 APC-eFluor� 780 (eBioscience, Cat. no. 47-
0042), anti-mouse CD8a PE (eBioscience, Cat. no. 12-0081),
anti-mouse IFN gamma PerCP-Cyanine5.5 (eBioscience, Cat.
no. 45-7311), anti-mouse TNF a PE-Cyanine7 (eBioscience,
Cat. no. 25-7321), and anti-mouse IL-2 APC (eBioscience, Cat.
no. 17-7021) mAbs. Finally, the cells were fixed, resuspended in
FACS buffer, and analyzed by the LSRII multicolor flow cytome-
ter (BD Biosciences, USA). The absolute number of PPD- or
CTT3H-specific CD4C T and CD8C T cells secreting different
cytokines from the spleen of each vaccinated mouse was analyzed
with FlowJo software (Tree Star Inc.., USA). The results were
shown as mean § SEM per group (n D 3).

In vivo CTL assay
The in vivo CTL assay of different vaccinated mice was con-

ducted by the CFSE method as previously described. 21 Briefly,
target cells were prepared from the spleen of naive C57BL/6
mice and 107 cells were pulsed with either CD8C epitope for
TB10.4. 4-11 (IMYNYPAM) 21 (10 mg, synthesized by Qiangyao
Biotech, Shanghai, China) or culture medium for 6 h at 37�C.
Peptide-pulsed splenocytes were then labeled with 5 mM CFSE
(CFSEhi cells) and unpulsed splenocytes with 0.5 mM of CFSE
(CFSElo cells). Each 5 £ 106 of CFSEhi and CFSElo splenocytes
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were combined at a final volume of 200 mL in PBS and injected
intravenously through the tail vein to different immunized mice.
After a 14 h incubation in vivo, splenocytes were collected, single
cell suspensions were analyzed by flow cytometry, and the specific
rate of killing was calculated and compared (n D 3).

Challenge withM. tuberculosis H37Rv
Three weeks after the last immunization, differentially vacci-

nated mice were challenged by aerosol exposure to 60 CFU of
virulent M. tuberculosis H37Rv (Glas-col inhalation system). The
infection dose was confirmed by enumeration of lung bacterial
load the next day. Four weeks later, the mice were killed for the
comparison of protective efficacy. Lungs and spleens from differ-
ent vaccinated mice were removed aseptically and collected.
Organs were homogenized in sterile 0.05% PBS-Tween80 and
plated at 10-fold serial dilutions on Middlebrook 7H11 agar.
When required, plates were supplemented with 2-thiophenecar-
boxylic acid hydrazide (2 mg/mL) to selectively inhibit the possi-
ble growth of residual BCG in BCG-vaccinated mice. Plates were
incubated at 37�C for 3 to 4 weeks and protection was evaluated
by bacterial load shown as the mean (log10 CFU) § SEM per
organ for each group (n D 6).

Lung histopathological analysis
Right lung lobes from different vaccinated groups (n D 3)

were fixed in 10% formalin in PBS and embedded in paraffin.

Tissue sections were prepared and stained by hematoxylin and
eosin (HE) or acid-fast (AF) staining. Pathological changes were
recorded by a pathologist in a blind fashion and scored by mea-
suring the consolidation area of the whole field of vision (amplifi-
cation 40) under a light microscope (Nikon ECLIPSE E100,
Japan). The results of pathological change were expressed as the
mean ratio of 5 fields of vision from different groups (n D 3).

Statistical analysis
Statistical analysis was performed with SPSS 18.0 software,

and one-way ANOVA analysis was used to compare the differ-
ence between different immunized groups. P < 0.05 was
considered significant.
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