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Adult tuberculosis (TB) is the main cause of TB epidemic and death. The infection results mainly by endogenous
reactivation of latent TB infection and secondarily transmitted by exogenous infection. There is no vaccine for
adult TB. To this end, we first chose antigens from a potential antigenic reservoir. The antigens strongly recog-
nized T cells from latent and active TB infections that responded to antigens expressed by Mycobacterium tuber-
culosis cultured under different metabolic states. Fusions of single-stage polyprotein CTT3H, two-stage
polyprotein A1D4, and multistage CMFO were constructed. C57BL/6 mice vaccinated with DMT adjuvant ed
CMFO (CMFO-DMT) were protected more significantly than by CTT3H-DMT, and efficacy was similar to that of
the only licensed vaccine, Bacillus Calmette-Guérin (BCG) and A1D4-DMT in the M. tuberculosis primary infec-
tion model. In the setting of BCG priming and latent TB infection, M. tuberculosis in the lung and spleen was elim-
inated more effectively in mice boosted with CMFO-DMT rather than with BCG, A1D4-DMT, or CTT3H-DMT. In
particular, sterile immunity was only conferred by CMFO-DMT, which was associated with expedited homing
of interferon-gamma™ CD4 ™" Tgy and interleukin-2* Ty cells from the spleen to the infected lung. CMFO-DMT
represents a promising candidate to prevent the occurrence of adult TB through both prophylactic and therapeu-

tic methods, and warrants assessment in preclinical and clinical trials.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As the only vaccine for tuberculosis (TB), Mycobacterium bovis Bacil-
lus Calmette-Guerin (BCG) has a high annual coverage in up to 90% in-
fants worldwide. While providing effective protection for children
against tuberculous meningitis and miliary TB, BCG protection persists
for only about 15 years (Mangtani et al., 2014) and is insufficient to
thwart the reactivation of latent tuberculosis infection (LTBI), which is
often the cause of adult pulmonary TB (Andersen and Doherty, 2005).
The World Health Organization (WHO) estimated that one-third of
the world's population harbors LTBI, and that 10% these individuals
will progress to active pulmonary TB resulting from the endogenous re-
activation of the latent Mycobacterium tuberculosis persisting (WHO,
2015). This is especially true in people co-infected with M. tuberculosis
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patient; BCG, Mycobacterium bovis Bacillus Calmette-Guerin; CTT3H, CFP10-TB10.4-
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and human immunodeficiency virus (WHO, 2015, 2016). Approximate-
ly 10 million new cases of TB occur annually, mostly in adults (WHO,
2016). Therefore, there is an urgent need to develop an efficacious vac-
cine for better control of LTBI and adult TB.

TB subunit vaccines have defined compositions and are safe, and so
have attracted extensive attention compared to attenuated M. tubercu-
losis strains, recombinant BCG strains, DNA, and viral vectors
(Kaufmann, 2014). Novel candidates have been evaluated in clinical tri-
als designed to assess their prophylactic potential use. The candidates
were constructed conventionally based on antigens secreted by loga-
rithmically growing M. tuberculosis, such as the antigen85 complex,
ESAT-6 protein, and TB10.4 protein (Kaufmann, 2014). In particular,
the heat shock protein X (HspX), which is characteristically expressed
by M. tuberculosis growing under low O, condition, was demonstrated
to enhance BCG-induced protection against primary TB infection in a
mouse model (Shi et al., 2010). Subsequently, the construction of two-
stage subunits [D93 (Rv3619-Rv1813-Rv3620-Rv2608; Bertholet et al.,
2010) or H56 (Ag85B-ESAT-6-Rv2660c; Aagaard et al., 2011) was ac-
complished by fusing secreted and latent antigens of M. tuberculosis. Re-
cently, the co-existence of both actively growing and latent M.
tuberculosis strains in LTBIs and patients with active TB (ATB) infections
were reported (Wang et al,, 2015; Ma et al., 2016). A multistage subunit
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designated WH121 contains fusion polypeptide comprised of antigens
Rv3407, PhoY2, Ag85A, Rv2626¢, and RpfB. These antigens are expressed
in different stages of TB infection. The use of WH121 in an adjuvant prep-
aration of DMT (DDA-MPLA-TDB) reportedly provides protection against
primary TB infection that is comparable to that provided by the BCG vac-
cine, and also enhances the protection of BCG-primed mice against the
post-exposure infection (Ma et al., 2016). However, adult TB is mainly
caused by endogenous reactivation of LTBI (WHO, 2015) and the second-
ary transmission route is exogenous infection (Verver et al., 2005). All the
TB candidate vaccines could elicit antigen-specific Th1-type immune re-
sponses and confer significant protection against primary infection in dif-
ferent animal models, including mice (Ma et al., 2016), monkeys (Reed et
al., 2009; Lin et al., 2012; Coler et al., 2013) and humans (Luabeya et al.,
2015). However, no TB vaccine devised so far can achieve sterile immuni-
ty and thus thwart the reactivation of LTBL.

Antigen Rv0577 is a secretory antigen and a virulence factor associ-
ated with the replication of M. tuberculosis. The antigen is an agonist of
Toll-like receptor 2 (TLR2) and can promote maturation of dendritic
cells (Byun et al., 2012). Rv2875 encodes a cell membrane-associated
antigen, MPT70, of M. tuberculosis that has strong immunogenicity
(Windish et al,, 2011). Rv3044 is a gene that is present in the genomes
of M. tuberculosis complex, including BCG and its substrains. The gene
product functions in the uptake and transport of Fe? ™ in the phagosome
(Wagner et al., 2005). Rv2073c is located in the RD9 region that is
unique to the genome of virulent M. tuberculosis in the genus
Mycobacteria (Behr et al., 1999; Tan et al.,, 2015).

With the exception of Rv0577, the aforementioned three genes are
characteristically expressed by M. tuberculosis in hypoxic environments
in vivo (Sassetti and Rubin, 2003). With the goal of developing an effi-
cient vaccine for adult TB, these four antigens were screened using a re-
combinant CFP21-MPT64-whole blood interferon-gamma (IFN-y)
release assay (rCM-WBIA) (Fu et al,, 2009). The antigens were strongly
recognized by T cells from LTBIs and ATBs. A multistage fusion protein
subunit, CMFO (Rv2875-Rv3044-Rv2073c-Rv0577), based on these
four antigens was constructed. DMT was used as the adjuvant because
of its ability as a strong inducer of Th1-type immunity (Teng et al.,
2015). The protective efficacy of DMT adjuvant and CMFO was com-
pared with that of the subunits of single-stage CTT3H (CFP10-TB10.4-
TB8.4-Rv3615c-HBHA) (Teng et al., 2015) and two-stage A1D4
(Rv1813-Rv2660c-Ag85B-Rv2623-HspX) (Wang et al,, 2015) in immu-
nized mice against primary infection, latent infection, and reactivation,
respectively. The immunological mechanisms associated with the pro-
tection elicited by CMFO-DMT were characterized.

2. Materials and Methods
2.1. Ethics Statement

The protocols for human experiments were reviewed and approved
by the Ethics Committee of Tongji Medical College (Wuhan, China), and
all subjects recruited in the current study provided written informed
consent. Animal experiments were performed in accordance with the
guidelines of the Chinese Council on Animal Care. Research protocols
were approved by Tongji School Committees on Biosafety and Animal
Experimental Ethics, and Wuhan University ABSL-3 laboratory.

2.2. Preparation of Recombinant Antigens

The synthesized gene sequence encoding CMFO, based on a tandem-
linked fusion of Rv2875, Rv3044, Rv2073c, and Rv0577 with a c-termi-
nal His tag, was used to construct the recombinant prokaryotic expres-
sion plasmid pET30b-CMFO. The plasmid was used to transform
Escherichia coli BL21 strains. Other recombinant plasmids expressing
single multistage antigens were also constructed (Supplementary
Table 1). The expressions of the multistage protein CMFO and single anti-
gens were induced with 1 mM isopropyl thio-B-p-galactoside (IPTG;

Cat#367931; Sigma, St. Louis, MO, USA) for 4 h, and nitrilotriacetic acid-
metal ion affinity chromatography (Cat#29058803; GE Healthcare,
Piscataway, NJ, USA) was performed to purify the recombinant proteins,
as previously described (Wang et al., 2015). After dialysis against sterile
phosphate-buffered saline (PBS), each recombinant protein was lyophi-
lized and diluted in PBS, using pyrogen-free reagents. Residual endotoxin
contamination in the solution was verified to be <0.1 Endotoxin Unit/mL.
Finally, the protein concentration was detected using a BCA Protein Assay
Kit (Cat#P0009; Beyotime, Shanghai, China). The purified proteins were
identified by 12% SDS-PAGE.

2.3. T Cells From Different Human Populations Responding to CMFO and
Multistage Antigens

Patients with ATBs and LTBIs (Xinxiang TB Prevention and Control
Institute, Xinxiang, China), and non-infected healthy volunteers (HCs;
Tongji Medical College, Wuhan, China) were recruited according to
the default diagnostic criteria (Supplementary Table 2). rCM-WBIA
was performed as we described previously (Fu et al., 2009). In brief,
0.5 mL of freshly heparinized whole blood was incubated with 20 pL
of each antigen (10 pg/mL) in each well of 24-well plates for 24 h at
37 °C. Phytohemagglutinin (PHA, 20 pg/mL; Cat#5662-75-9; Sigma)
served as a positive control and saline solution was the negative control.
The supernatant from each well was collected and a human IFN-y ELISA
Kit (Cat#70EK180HS96, Multi Sciences Ltd., Hangzhou, China) was used
to detect the concentration of IFN-+y in the supernatant of each sample.
The cut-off value for a positive reaction against each antigen was set as
three times the mean of saline-WBIA of HCs.

2.4. Vaccine Preparation and Immunization of Mice

Each dose of the vaccine containing 20 pig/100 L of protein emulsi-
fied in 100 L of the DMT adjuvant was prepared as previously described
(Teng et al,, 2015). Specific-pathogen-free, 6-week-old, female C57BL/6
mice (Huafukang Biological Science, Beijing, China) were maintained in
a Biosafety level 3 laboratory and fed standard laboratory chow. The
mice were immunized subcutaneously (s.c.) twice with 0.2 mL of each
antigen-DMT mixture at a 3-week interval. Control mice were vaccinat-
ed with 200 pL of either PBS or DMT. BCG China at 1 x 10° colony
forming units (CFU) was vaccinated s.c. as a positive control. All exper-
iments were repeated twice.

2.5. Evaluation of Protection Against Primary Infection With M. tuberculosis

Nine weeks after immunization, mice were challenged intranasally
(i.n.) with virulent M. tuberculosis strain H37Rv. The next day, three
mice in the PBS control group were sacrificed and the whole lung was
removed aseptically from each mouse to determine the actual infectious
dose by enumeration of bacterial load (Ma et al., 2015). Four weeks
post-challenge, differential protective efficacy between three subunit
vaccines and BCG was determined by comparing the bacterial load in
the spleen and lung (n = 6), and by observing the lung histopathologi-
cal changes as previously described (n = 3) (Wang et al., 2015).

2.6. Evaluation of Protection Against Latent Infection and Reactivation

To establish the models of M. tuberculosis latent infection and reacti-
vation, BCG was first used to vaccinate mice once prior to i.n. challenge
with virulent M. tuberculosis strain H37Rv 4 weeks later. At week 9, the
infected mice (n = 12 per group) were randomly assigned to receive a
boost vaccination with each antigen-DMT mixture. BCG repeat vaccina-
tion was used as positive control. The negative control mice were
treated with DMT or PBS. At week 15, protective efficacy between
groups (n = 6) was compared as previously described (Ma et al.,
2015). The remaining mice in each group were injected s.c. with dexa-
methasone (DXM; Cat#50022; Sigma) at 6 mg per kg body weight
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every 2 days, for a total of three injections (Lowrie et al., 1999). Eight
weeks after the first injection, the reactivation of M. tuberculosis in
each group (n = 6) was further evaluated by comparison of lung bacte-
rial load.

2.7. CMFO-specific IgG Antibody Titers

To evaluate immunological mechanisms of CMFO-DMT, the CMFO-
specific antibodies IgG, IgG1, and IgG2c (Cat#151276, 133045,
157720; Abcam, Cambridge, MA, USA) in the sera of mice vaccinated
with PBS, DMT, BCG, or CMFO-DMT were determined by ELISA at
week 10 after immunization. The results are expressed as the mean
+ standard error of the mean (SEM) log10 endpoint titers per group
(n = 6), as previously described (Wang et al., 2015).

2.8. CMFO-specific Th1 Cytokines Secreted by Splenocytes

Splenocytes (2.5 x 10°) from each mouse were seeded in triplicate
in a 24-well plate at 37 °C in an atmosphere of 5% CO,. The cells were
re-stimulated with 10 pg/mL CMFO for 24 h for the detection of IL-2
and for 72 h for the detection of and IFN-y and tumor necrosis factor-
alpha (TNF-at). Culture supernatant was collected for analysis using
double-sandwich ELISA kits (Cat#70EK2022/2, 70EK2802/2,
70EK2822/2, Multi Science Ltd.), as described previously (Wang et al.,
2015). The results were expressed as the mean 4+ standard derivation
(SD) (pg/mL) for each group (n = 6).

2.9. CMFO-specific Memory T Cells in the Spleen and Lung

Intracellular flow cytometry was performed as previously described
(Liang et al., 2015; Ma et al., 2015). In brief, splenocytes from each
mouse or T cells from the whole mouse lung were prepared, counted,
and then seeded in triplicate at 5 x 10° cells/well in a 24-well plate,
which were incubated with CMFO (10 pg/mL) and anti-CD28/CD49d
(1 pg/mL, Cat#13028982, 11049282; eBioscience, Franklin Lakes, NJ,
USA) for 20 h at 37 °C in an atmosphere of 5% CO,. RPMI1640 medium
was used as negative control. Brefeldin A (3 pig/mL) and monensin solu-
tion (2 pM, Cat#00450651, 00450551; eBioscience) were added for a
further 4 h. A cell stimulation cocktail (1 pg/mL, Cat#00-4970;
eBioscience) was used to monitor cell responses. Cells were stained
with the following monoclonal antibodies (mAbs): anti-CD4-PE-Cy7
(clone GK1.5, Cat#25004182; eBioscience), anti-CD8«x-PE (clone53-
6.7, Cat#12008182; eBioscience), anti-CD62L-FITC (clone MEL-14,
Cat#561917; BD Pharmingen, San Jose, CA, USA), and anti-CD44-APC-
Cy7 (clone IM7, Cat#565480; BD Pharmingen). After permeabilization
using a Cytofix/Cytoperm kit (Cat#554714; BD Pharmingen), cells
were stained with the following mAbs: anti-IFN-PerCP-Cy5.5 (clone
XMG1.2, Cat#45731182; eBioscience), and anti-IL-2-allophycocyanin
(clone JES6-5H4, Cat#17702182; eBioscience). One million cells were
collected from each sample and examined by multicolor flow cytometry
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using a LSRII device (BD Biosciences San Jose, CA, USA). Flow]o software
was used to determine the absolute number of IFN-y or IL-2 positive T
cell subsets, including CD4™, CD8 ™, Tewm (central memory T cells, CD62L-
NiCcD44M), and Tgy (effector memory T cells, CD62L'°CD44") cells (Sup-
plementary Fig. 1). A medium control was subtracted from the CMFO-
stimulated response for each sample. The results are presented as
mean + SD per group (n = 6).

2.10. Statistical Analyses

A single factor analysis of variance (one-way ANOVA test) was per-
formed to compare the parameters among different experiment groups
of mice. When applicable for further pairwise comparison, a post hoc
Fisher's least significant difference (LSD) test or Student's test was per-
formed. Statistical analysis was performed with SPSS 17.0 software, and
the difference was considered significant when the p-value was <0.05.

3. Results

3.1. Better Recognition of CMFO and Multistage Antigens by T Cells From
LTBIs and ATBs Than by Those From HCs

The recombinant prokaryotic expression plasmid pET30b-CMFO
was constructed successfully (Fig. 1A). Each multistage antigen
(Rv0577, Rv2875, Rv2073c, and Rv3044) of M. tuberculosis was
expressed from the recombinant E. coli strains and purified. The respec-
tive molecular weights were 36, 22, 26, and 44 kDa (Fig. 1B). The molec-
ular mass of these recombinant proteins was slightly larger than each
native form or theoretical prediction value, because of possible protein
folding (Huard et al., 2003). The recombinant CMFO was expressed as
the fusion form of four antigens with a molecular weight of 128 kDa
and was purified from pET30b-CMFO-transformed E. coli strain and con-
firmed by 12% SDS-PAGE (Fig. 1B).

WABIA based on CMFO, single multistage antigens, PHA, and saline,
was performed in 14 cases of ATB, 20 cases of LTBI, and 15 HCs. The
levels of IFN-y detected in positive PHA controls between the different
populations had no statistical difference. As expected, higher levels of
IFN-y response to multistage antigens Rv0577, Rv2875, Rv3044,
Rv2073c, and CMFO were observed in LTBIs or ATBs, compared to that
in HCs (Fig. 2). The number of responders to single multistage antigens
was low in HCs, ranging from 7% to 53%. In contrast, approximately 80-
100% of ATP or LTBI patients responded well. In particular, CMFO had
stronger antigenicity than the single multistage antigens, as evidenced
by the levels of IFN-v. All LTBIs and ATBs reacted against CMFO, and
the frequency recognized by T cells in the HCs was only 53% (Fig. 2).

3.2. Better Protection Against Primary Infection is Conferred by CMFO-DMT

To compare the protective efficacy of the DMT adjuvant subunits of
multistage CMFO, two-stage A1D4, and single-stage CTT3H, the
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Fig. 1. Expression and identification of CMFO and multistage antigens. (a) The structural diagram of the recombinant prokaryotic expression plasmid pET30b-CMFO. (b) The identification
of purified CMFO and each multistage antigens Rv0577, Rv2875, Rv3044 and Rv2073c by 12% SDS-PAGE.



146 J. Ma et al. / EBioMedicine 22 (2017) 143-154

a TB patients (n=14)
100% 100% 92% 86% 100% 86%  100%
8000 = /1 1 1 1o
70004 B
6000-] o 3 o o
5000 'E} o 8
40004 o 8
~30004 © e § o
£ 2000 o _g E 8
S 1000 ] £ o o
;.: 800 g 8 o
& 600 ° o 5
4004 o 8 o 8
200 -—--——=------—- 8------—- S
04 (o] (e]
-200 T $ ll\ J;, T T T
S - SR RN S SIS
TV E I F
b LTBIs (n=20)

100% 100% 100% 95%  95% 80% 100%
goo- 1T 1 1 1 1 1 11

6000
8

P

~30004{ o 2
E 2000 -é-

N
8
I\
|
|
|
|
\
|
|
|
|
|
|
|
\
|
\
o o@@ OO

c Healthy controls (n=15)
93% 27% 7% 20% 53% 13% 53%

goooo 1 1 1 1 1 1 1
70004 ©
6000
5000 ‘g‘
4000
~ 3000
E 20004
21000 o
> 800 "
£ 600 o o o 8
400- g o 8 8 o o
P FE e r T
o] o ¥ B
-200 T T 'I\ T T T T
& <]
P < I SR N 5

Fig. 2. Comparison of the antigenicity of CMFO and multistage antigens. Whole blood
samples were obtained from each donors of ATBs (n = 14), LTBIs (n = 20), and HCs (n
= 15) and stimulated with 20 pL of either CMFO, Rv0577, Rv2875, Rv3044, and
Rv2073c (each 10 pg), or saline for 18 to 24 h. ELISA was used to detect the
concentration of [FN-vy in the supernatants and each spot represents the antigen-specific
concentration of IFN-vy in a sample. The dotted line represents the cut-off value for a
positive response to each multistage antigen and the median values are indicated by
horizontal lines.

vaccination schedules for primary infection, latent infection, and reacti-
vation are detailed in Fig. 3. Vaccinated mice were challenged i.n. with
80 CFU of M. tuberculosis strain H37Rv at week 10 after immunization.
Four weeks post-challenge, the bacterial load in the lung and spleen
and the lung pathology in different groups were compared for the pro-
tection against primary infection. PBS control mice and positive control
BCG-vaccinated mice had the highest and the lowest bacterial load of M.

tuberculosis in the lung and spleen, respectively (p < 0.05, Fig. 4). Consis-
tent with our previous observation, significant inhibition of M. tubercu-
losis growth in vivo was noted in mice treated with adjuvant DMT alone
compared to that in the PBS group (Fig. 4). Although single-stage sub-
unit CTT3H-DMT vaccination also conferred stronger protection than
the DMT or PBS controls, a significantly higher bacterial load in the
lung and spleen remained detectable in this group compared to that
in the CMFO-DMT or A1D4-DMT groups (Fig. 4). Much lower bacterial
load was found in the spleen from CMFO-DMT-vaccinated mice than
in the A1D4-DMT group. Therefore, multistage subunit CMFO-DMT con-
ferred the strongest protection against primary infection among the
three subunit groups. More importantly, there was no statistical differ-
ence in the bacterial loads in both the lung and spleen between the
mice vaccinated with CMFO-DMT and BCG vaccine.

In accordance with the lung bacterial load results, hematoxylin-
eosin and acid-fast stained lung sections also showed apparent hierar-
chy (Fig. 4). PBS or DMT control mice had the most severe lung patholog-
ical scores, and AFB was present throughout the tissue section. Compared
with that in the control groups, less obvious interstitial pneumonia was
observed in the lungs from mice vaccinated with CMFO-DMT, A1D4-
DMT, or BCG, and almost no acid-fast bacilli were found in lung tissues
in these groups (Fig. 4). Taken together, the lung pathological scores dem-
onstrated that CMFO-DMT, A1D4-DMT, and BCG vaccine could achieve
equivalent protection in the lung against primary infection.

3.3. CMFO-DMT Confers Stronger Ability to Protect Against Latent Infection

To compare the protective efficacy of DMT adjuvant subunit vaccines
against latent infection and reactivation, BCG-vaccinated mice were
challenged i.n. with 80 CFU of M. tuberculosis 4 weeks after immuniza-
tion. Eight weeks later and after BCG vaccination, mice were successfully
infected with M. tuberculosis. At least 10> CFU of bacteria colonized both
the lung and spleen, confirming the establishment of the latent infection
model. Fourteen weeks later, PBS control mice still had the highest bac-
terial load in the lung and spleen (p < 0.05, Fig. 5). Of all BCG-primed
mice, the DMT-alone and PBS-boosted controls had the highest bacterial
loads in both organs (p < 0.05, Fig. 5). Much lower bacterial load was
persistently evident in mice that had been repeatedly vaccinated using
BCG than in BCG-primed and PBS-boosted controls (p < 0.05, Fig. 5). In-
terestingly, a clear difference in protection was conferred by the three
subunit vaccines. CTT3H-DMT provided protection comparable to that
in the BCG-boosted group, with no statistical difference in bacterial
loads between both groups. A lower number of M. tuberculosis in both
lung and spleen was obtained from A1D4-DMT-vaccinated mice than
from those vaccinated with CTT3H-DMT (p < 0.05, Fig. 5). Notably, the
strongest protection was observed in the CMFO-DMT group, in which
few M. tuberculosis colonized persistently in both organs. In particular,
4/6 and 6/6 of CMFO-DMT-vaccinated mice did not have M. tuberculosis
detectable in the lung and spleen, respectively (Fig. 5).

Lung pathology was consistent with the results of bacterial enumer-
ation. PBS control mice had the most severe lung pathology and a few
acid-fast bacilli were persistently found in lung sections throughout
the experimental period. Mice primed only with BCG showed moderate
alterations in lung pathology in all groups (Figs. 5c and d). Little patho-
logical change was detected in the lungs of mice who received the dif-
ferent subunit vaccines and the BCG-boost group, and few acid-fast
bacilli were visible in the lung sections. In particular, no apparent
change in lung pathology was found in the CMFO-DMT group, which
appeared to be normal (Figs. 5c and d).

3.4. CMFO-DMT Displays Stronger Ability to Thwart Reactivation

To confirm the effects of the different vaccines on the reactivation,
infected mice were further treated with immunosuppressive glucocorti-
coids, and residual M. tuberculosis in organs was compared. In BCG-
primed mice boosted using the subunit vaccines, the lowest number
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Fig. 3. The detail vaccination schedules. (a) Mouse model of primary infection. (b) Mouse models of latent infection and reactivation.

of M. tuberculosis in the lung and spleen was observed in the CMFO/DMT
group (Fig. 6). M. tuberculosis was completely eradicated in the lung and
spleen from 3/6 and 5/6 CMFO/DMT-vaccinated mice, respectively. In
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contrast, residual M. tuberculosis was detected in all the mice in the
other groups, with no statistical difference in bacterial load among
these groups (Fig. 6).

Fig. 4. Protective efficacy of CMFO-DMT vaccinated mice against primary infection. C57BL/6 mice were vaccinated with CMFO-DMT, A1D4-DMT, CTT3H-DMT, BCG, DMT, or PBS. 9 weeks
later, vaccinated C57BL/6 mice were challenged i.n. with approximately 80 CFU virulent M. tuberculosis strain H37Rv. Four weeks post-challenge, spleens and lungs were obtained and the
CFU numbers per organ were enumerated. The bacterial load in the lung (a) and spleen (b) of the different groups were shown as mean 4 SEM log;o CFU/organ (n = 6). Lung pathological
scores (c) and representative lung pathological changes from the different groups (HE, scale bar = 400 um) are also shown (d). AF staining (scale bar = 50 um) of lung tissue section also
supported the hierarchy of lung bacterial load in the different groups (d). Arrowheads indicate AF positive bacteria.
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compared to confirm the establishment of latent infection. The infected mice were further immunized with CMFO-DMT, A1D4-DMT, CTT3H-DMT, BCG or PBS. Fourteen weeks later,
lungs and spleens of mice were harvested, and the CFU numbers per organ were counted. The results are shown as the mean of log10 CFU 4 SEM per lung (a) and spleen (b) for each
group (n = 6). (c) The lung pathological scores of different vaccinated mice. (d) The representative lung pathology of different vaccinated C57BL/6 mice after infection. The left lung
lobes from different vaccinated mice were fixed and embedded for HE staining (scar bar, 400 um) and acid-fast (AF) staining (scar bar, 50 um). Arrows indicate AF-positive bacteria.

3.5. CMFO-DMT Elicits Th1-type Biased Responses and titers of CMFO-specific antibodies, including IgG, IgG1, and IgG2a,
were determined by ELISA at week 10 after immunization (Fig. 7a). As
To elucidate the protective mechanism of CMFO-DMT, the immuno- expected, these antibodies were not detected in the control mice.

genicity of CMFO in C57BL/6 mice with DMT adjuvant was evaluated Higher levels of CMFO-specific IgG, IgG1, and IgG2a antibodies were
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Fig. 6. Reactivation of M. tb in BCG prime-subunit boosted mice. Mice were first immunized s.c. with BCG or PBS, and then challenged i.n. with about 80 CFU of M. tb strain H37Rv at the fifth
week after immunization. At the ninth week, the infected mice were further boosted with CMFO-DMT, A1D4-DMT, CTT3H-DMT, BCG or PBS, respectively. At the fifteenth week, mice were
injected s.c. with DXM. Eight weeks after treatment, spleens and lungs were obtained and the CFU numbers per organ were enumerated. The bacterial load in the lung (a) and spleen (b) of

the different groups were shown as mean 4- SEM log;o CFU/organ (n = 6).

measured in mice vaccinated with CMFO-DMT than in the BCG group (p
<0.05).In addition, the ratio of IgG2a/IgG1 in the CMFO-DMT group was
much higher than that in the BCG group (Fig. 7a).

The CMFO-specific Th1-type cytokines from splenocytes, including
[FN-v, IL-2, and TNF-o, were also compared (Fig. 7b). Again, the PBS
control mice had the lowest levels of CMFO-specific cytokines among
all groups (p < 0.05). BCG-vaccinated mice displayed higher levels of
these cytokines than the PBS control mice, whereas higher levels of
[FN-v, IL-2, and TNF-a response to CMFO were induced in the CMFO-
DMT group than in the BCG-vaccinated mice (p < 0.001, Fig. 7b).

3.6. CMFO-DMT Induces Higher Levels of Effector and Central Memory T
Cells in the Spleen Than BCG

The vaccine-induced early and persistent protection against primary
infection is respectively associated with the number of IFN-y" Ty cells
and IL-2% Tew cells in the spleen (Ma et al., 2016). At week 10 after im-
munization, CMFO-specific IFN-y- or IL-2 secreting T cells (Fig. 8a), IL-2-
expressing Tey (CD62LMCD44M) cells, and IFN-y-positive Tgy (CD62L-
locD44M) cells (Fig. 8b) in splenocytes between different vaccinated
mice were also determined. IL-2" Tcy, cells predominated in BCG-vacci-
nated and CMFO-DMT-vaccinated mice (p < 0.05, Fig. 8b). In particular,
more IL-2* CD8" Tey cells were detected in the BCG group than in the
CMFO-DMT-vaccinated mice (p < 0.05, Fig. 8b). In contrast, more IFN-
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vy CD4™ T cells, IL-2* CD4™" T cells, and IFN-y* CD8" Ty, cells were
present in the CMFO-DMT group than in the BCG group (p < 0.05).
The levels of other T cells, including IFN-y ™ or IL-2* CD8™ T cells, IFN-
v CD4™ Ty cells, and IL-21 CD4™" Tey; in the CMFO-DMT group were
comparable to those in the BCG group. The PBS and DMT groups had
the lowest numbers of these T cells (p < 0.05, Fig. 8).

3.7. CMFO-DMT Induces Higher Levels of Effector and Central Memory T
Cells in the Lung Against Primary Infection

To explore vaccine-induced protective mechanisms against latent
infection, vaccinated mice were challenged with M. tuberculosis
9 weeks after immunization, and T cells were detected in the spleen
and lung by fluorescence-activated cell sorting (FACS) 4 weeks later. Al-
though IL-2* T cells, IL-2" Tey cells, and especially CD4™ T cells, were
dominant in the spleen of both groups, many more IFN-y* or IL-2* T
cells, IFN-y* Tgy, and IL-2" Tey cells were present in the BCG group
than in the CMFO-DMT-vaccinated mice (Fig. 9). In contrast, CMFO-
DMT elicited higher levels of all of these T cells in the lung than BCG, al-
though the number of these T cells in the lung was much lower than
that in the spleen of each group. In addition, IFN-y* CD4™ T cells and
IFN-y* CD4™" Tgy were miainly produced in the lungs of mice in the
BCG group, while IL-2* CD4™ T cells and IL-2 " CD4 ™ Ty, cells were elic-
ited more efficaciously in the lungs of mice in the CMFO-DMT group.
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Fig. 7. Th1-biased immune responses to CMFO in immunized mice (n = 6). 9 weeks after immunization, sera were collected from each C57BL/6 mouse vaccinated with CMFO-DMT, BCG,
DMT, or PBS. (a) The IgG, IgG1, and IgG2a antibodies against CMFO in the immunized mice were detected by ELISA. The results are shown as the mean (+ SEM) log;, endpoint titer and the
ratio of I[gG2a:IgG1 in the differently vaccinated mice. (b) CMFO-specific IFN-y, IL-2 or TNF-a levels secreted by the splenocytes of different vaccinated mice. The IFN-y concentrations in
the suspension were detected with a commercial ELISA kit. The results are shown as the mean + SD (pg/mL).



150 J. Ma et al. / EBioMedicine 22 (2017) 143-154

a PBS DMT CMFO-DMT BCG Absolute numbers
08 1.1 41 28 20 per spleen (x10¢)
CMFO- il
CD4*IFN-y % 15 p<0.05 ——
e w0 p<0.05 :ICI DMT
05 0.8 27 2.1 I Ml CMFO-DMT
£ | Bl BcG
CMFO- L 5
CD8*IFN-y*
! 0
; ” | cD4* cDs*
; ; : : 40
0.9 15 7.2 41 TS
CMFO-
CD4*IL-2* oo o 307 p<0.05
i 8 2 p < 0.05
'_ -
08 16 29 2.4 &
=
CMFO- D 10-
W 0
" cpa4* cps*
b PBS DMT CMFO-DMT Absolute numbers
0.14 0.18 0.25 0.21 8 per spleen (x10°)
CMFO-CD4* |:|
N p<0.05
IFN-y* T, &L % . p<0.05
o o M [ pBs
& p <0.05 [ omT
0.26 0.21 =
> 24 B CMFO-DMT
CMFO-CD8 z Bl BCG
IFN-y* T, L
0
cD4* cps*
10.0 430 2.05 3.56 12 e
p<0.
CMFO-CD4* D |:| D D p<0.05
IL-2* T, 0 <0.05
e p= w i = gl P i
g 3 F
=
'_U
5.07 7.1 1.44 3.59 b4
a M
IL2'T,, 7 o
i 0
¥ cD4* cDs*

Fig. 8. CMFO-specific effector and central memory T cells in the spleen of immunized mice (n = 6). 9 weeks after immunization, splenocytes were prepared from each C57BL/6 mouse
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and multicolor flow cytometer. (a) The absolute numbers of IFN-y* or IL-2* CD4* and CD8™" T cells, or (b) Tem cells secreting IL-2 and Tgy cells secreting IFN-vy are showed as the

mean =+ SD.

3.8. CMFO-DMT Enhances Protection Against Latent Infection and Reactiva-
tion in BCG-primed Mice by Driving Effector and Central Memory T Cells
Homing to the Lung

To confirm the vaccine-induced protective mechanisms against la-
tent infection, BCG-primed mice were challenged with M. tuberculosis
5 weeks after immunization, and then boosted with CMFO-DMT. T
cells were detected in the spleen and lung by FACS 14 weeks later.
Many more IFN-y™ T cells, IL-2" CD4™ T cells, IFN-y* CD4 ™ Tgy, and
IL-2" Tewm cells were induced in the spleen of the BCG repeat-vaccinated
group than that in the CMFO-DMT boost group (Fig. 10). Although there
was no statistical difference in terms of the numbers of IL-27 CD8* T
cells and IFN-y* CD8" Tgy, cells between the spleen and lung of both
groups, more CD4™ T cells than CD8™ T cells were induced in the spleen
of both groups. In the lung, CMFO-DMT induced higher numbers of [FN-
v Tcells, IL-2"7 CD4™ T cells, IFN-y* CD4" Tgy;, and IL-27F Tey cells

than those in the BCG repeat-vaccinated mice against latent infection,
although the number of these T cells in the lung was much lower than
the cell number in the spleen of both groups.

4. Discussion

Although BCG is used globally, the lack of effective vaccines to pre-
vent adults against TB is a significant obstacle toward the WHO goal of
global eradication of TB by 2050. The development of an efficient vac-
cine against adult TB is the key strategy for successful control of TB
and remains a global priority. However, a rational strategy to develop
an efficient vaccine for adult TB remains elusive. In the current study,
the protective efficacy of DMT adjuvant subunits of multistage CMFO,
two-stage A1D4, and single-stage CTT3H was compared in mice models
of primary infection, latent infection, and reactivation. Our results dem-
onstrate that only the multistage CMFO-DMT vaccine produces effective
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Fig. 9. CMFO-specific effector and central memory T cells in the spleen and lung of different vaccinated mice against primary infection (n = 6). 9 weeks after immunization, mice were
challenged i.n. with about 80 CFU of M. tb strain H37Rv. Four weeks later, splenocytes and lung cells were prepared from each C57BL/6 mouse vaccinated with CMFO-DMT, BCG, DMT,
or PBS, respectively. The subsets of CMFO-specific effector and central memory T cells were identified by intracellular cytokines staining (ICS) and multicolor flow cytometer. (a, b) The
absolute numbers of IFN-y* or IL-2* CD4™ and CD8™ T cells, or (¢, d) Tew cells secreting IL-2 and Ty cells secreting IFN-7y are showed as the mean + SD.
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Fig. 10. CMFO-specific effector and central memory T cells in BCG prime and different boosters vaccinated mice against latent infection (n = 6). Mice were first immunized s.c. with BCG,
and then challenged i.n. with about 80 CFU of M. tb strain H37Rv at the fifth week after immunization. Four weeks later, mice were further boosted with CMFO-DMT, BCG, DMT, or PBS. Six
weeks after boost vaccination, lungs and spleens of mice were harvested. The subsets of CMFO-specific effector and central memory T cells were identified by intracellular cytokines
staining (ICS) and multicolor flow cytometer. (a, b) The absolute numbers of IFN-y* or IL-2* CD4™ and CD8™ T cells, or (c, d) Tay cells secreting IL-2 and Tgy cells secreting IFN-y are
showed as the mean + SD.
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protection in BCG-primed mice to eliminate latent infection and prevent
reactivation. In addition, CMFO-DMT provides protection against prima-
ry infection with M. tuberculosis that is comparable to the effect of BCG
vaccine, while each multistage antigen from CMFO confers a lower
level of protection against aerosol infection with M. tuberculosis when
compared with that in BCG-vaccinated mice (Bertholet et al., 2008).

M. tuberculosis expresses different antigens when adapting to condi-
tions at different stages during infection, which has crucial role in escap-
ing the pre-established immunity in the infected host (Ernst, 2012). The
genome of M. tuberculosis contains 4018 open reading frames and about
450 antigens are secreted during the early acute infection (de Souza et
al., 2008). Forty-eight genes controlled by DosR in the genome of M. tu-
berculosis were demonstrated to be expressed during hypoxia in vitro,
by mimicking the microenvironment in the host during latent infection
(Park et al., 2003). At least 230 genes were found to be characteristically
up-regulated during hypoxia in vitro (Rustad et al., 2008). In particular,
genes of M. tuberculosis persistently expressed in infected mice were
also identified (Sassetti and Rubin, 2003).

We selected vaccine targets from this potential antigenic reservoir,
based on the high recognition frequencies of T cells from LTBIs and
ATBs. CTT3H was constructed based on low molecular-weight proteins
like CFP-10 and TB10.4, which are the main species secreted by M. tuber-
culosis and presented in the early culture supernatant in vitro (Teng et
al., 2015). Currently, one-stage vaccine candidates, such as the fusion
subunits Ag85B-ESAT-6 and Ag85B-TB10.4, are being evaluated in clin-
ical trials (Kaufmann, 2014; Reither et al., 2014). Among our three sub-
unit vaccines, CTT3H-DMT conferred the worst protection against
primary infection. Our results indicate that the strategy of subunit vac-
cine that is based solely on the early secretory antigens of M. tuberculosis
might be not very effective for the prevention of primary infection, as
evidenced by the co-existence of actively growing and latent M. tubercu-
losis after infection. Although we previously reported that A1D4 in the
adjuvant of MTO provided inferior protection against primary infection
with BCG (Wang et al., 2015), DMT adjuvanted A1D4 was as efficacious
in the lung as BCG and CMFO-DMT, and the results were consistent with
previously reported subunit vaccines of two-stage H56 and ID93, and
multistage WH121. Because the protection against primary infection in-
duced by repeat BCG vaccination was inferior to that induced by BCG
vaccination alone (Cruz et al., 2010), two- or multistage subunit vac-
cines might be a suitable replacement of BCG to prevent against primary
infection in adults.

BCG has been integrated into the Expanded Immunization Program
of WHO since 1974 and neonatal vaccination with BCG is still used to
prevent TB in countries with a high burden of TB (Marais et al., 2016).
Correspondingly, adolescents and adults with LTBI always occur epide-
miologically following inoculation with BCG after birth. To mimic the
occurrence of LTBI, mice were vaccinated with BCG and then infected
with M. tuberculosis to create the mouse model of LTBI (Nuermberger,
2008; Zhang et al., 2009; Ma et al., 2016), characterized by at least
1000 CFU of M. tuberculosis and the pre-establishment of cell-mediated
immunity in the lung. In this study, BCG as a booster resulted in a lower
bacterial load in both lung and spleen than in the PBS-control mouse
LTBI model. It is surprising that repeat BCG vaccination benefits the con-
trol of LTBI, while the regimen cannot block the reactivation of dormant
M. tuberculosis in mice. Although WHO does not recommend adult vac-
cination with BCG, some countries in Eastern European still practice the
strategy of BCG repeat vaccination in adults. Moreover, the commercial
WABIA technologies, such as T-SPOT TB, may allow the screening and di-
agnosis of LTBI. Therefore, clinical evaluation of the preventive effect
elicited by BCG repeat vaccination is needed to prevent latent infection.

Importantly, mice boosted with A1D4-DMT also displayed stronger
efficacy against latent infection than those with CTT3H-DMT,
while the strongest protection was conferred by the CMFO-DMT
subunit vaccine. More importantly, only CMFO-DMT could control the
reactivation of the latent infection in mice, which was evaluated by
enumeration of persisting M. tuberculosis in the lung and spleen after

immunosuppressive treatment. Although vaccine-induced mechanisms
to eliminate LTBI are still not fully understood, the pathogenesis of M.
tuberculosis largely depends on the ability to delay the time of the anti-
gen-specific CD4" Th1 cells homing to the infected lung (Wolf et al.,
2008; Griffiths et al., 2016), which benefits the replication of M. tubercu-
losis in the lung during early 3 weeks after primary infection and pro-
motes the establishment of a latent infection (Ernst, 2012). Moreover,
reactivation of LTBI that progresses to active TB is more likely in persons
co-infected with human immunodeficiency virus. Therefore, CD4™ Th1
type responses can be thought of as key in the control of TB (Cooper,
2009) and also play important roles in the containment of the LTBI.
Rv2073c is absent from the genome of BCG (Behr et al., 1999). Rv2875
(Charlet et al., 2005) and Rv0577 (Huard et al., 2003) were presently
expressed at a lower level in BCG than in M. tuberculosis. Although
BCG also elicited CMFO-specific CD4* Th1 type immune responses
and induced CD8™ T cells in the spleen of vaccinated mice, more IFN-
vy or IL-27CD4™ T cells and IFN-y*™ CD8* Tgy cells against CMFO in
the spleen were induced by CMFO-DMT compared to that induced by
BCG, which were associated with the protection induced by CMFO-
DMT against primary infection. The stronger protection conferred by
CMFO-DMT than that conferred by A1D4-DMT and CTT3H-DMT might
be the result of more comprehensive immunity elicited by each multi-
stage antigen of CMFO-DMT against different status of M. tuberculosis
in vivo. In particular, systemic antigen-specific IFN-y * CD4* Tgy and
IL-27" Tew cells induced by CMFO-DMT could more easily home to the
infected lung, which is also closely related with stronger protection
against latent infection and more significant ability of CMFO-DMT as a
booster to thwart the reactivation of LTBI than BCG repeat vaccination.
Therefore, promoting the homing of T cells to the lung after vaccination
might be an important vaccine development strategy. As previously re-
ported in the treatment of TB with ID93 (Coler et al., 2013), infected an-
imals that received a boost with subunit vaccine or BCG did not show
any adverse effects during the entire experimental period. No Koch-
like pathological changes were evident in the lungs of mice. Still, the
safety of CMFO-DMT needs to be comprehensively evaluated.

In conclusion, multistage subunit vaccine has the potential to block
two pathways active in adult TB through prophylactic and therapeutic
effects. CMFO-DMT is a promising vaccine candidate for adult TB dis-
ease. It should be evaluated further in preclinical and clinical trials.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2017.07.005.
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