Appl Microbiol Biotechnol (2015) 99:10587-10595
DOI 10.1007/500253-015-6962-x

@ CrossMark

APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

A live attenuated BCG vaccine overexpressing multistage
antigens Ag85B and HspX provides superior protection
against Mycobacterium tuberculosis infection

Xuefeng Yuan' - Xindong Teng' - Yukai Jing' - Jilei Ma' - Maopeng Tian"' - Qi Yu' -
Lei Zhou? - Ruibo Wang?* - Weihua Wang? - Li Li’ - Xionglin Fan'

Received: 12 June 2015 /Revised: 13 August 2015 /Accepted: 23 August 2015 /Published online: 12 September 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Tuberculosis (TB) remains one of the most menac-
ing infectious diseases, although attenuated Mycobacterium
bovis Bacillus Calmette-Guerin (BCG) vaccine has been
widely used to protect children against primary TB. There
are increasing evidences that rapid growing and dormant
Mpycobacterium tuberculosis (M. tuberculosis) coexist
in vivo after infection. However, BCG vaccine only elicits
cell-mediated immune responses to secretory antigens
expressed by rapid growing pathogen. BCG vaccine is thus
unable to thwart the reactivation of latent tuberculosis infec-
tion (LTBI), and its protection wanes over age after neonatal
immunization. In order to extend its ability for a durable pro-
tection, a novel recombinant BCG (rBCQG) strain, named
rBCG::XB, was constructed by overexpressing
immunodominant multistage antigens of Ag85B and HspX,
which are expressed by both rapid replicating and dormant
M. tuberculosis. Long-term protective effect and immunoge-
nicity of rBCG::XB were compared with the parental BCG in
vaccinated C57BL/6 mice. Our results demonstrated that
rBCG::XB provided the stronger and long-lasting protection
against M. tuberculosis H37Rv intranasal infection than BCG.
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The rBCG::XB not only elicited the more durable multistage
antigen-specific CD4 " Th1-biased immune responses and spe-
cific polyfunctional CD4'T cells but also augmented the
CD8" CTL effects against Ag85B in vivo. In particular, higher
levels of CD4" Tgy and CD8" Ty cells, dominated by 12"
CD4" and CD8" Ty cells, were obtained in the spleen of
rBCG::XB vaccinated mice. Therefore, our findings indicate
that rBCG::XB is a promising candidate to improve the effi-
cacy of BCG.
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Introduction

Since 1974, Mycobacterium bovis Bacillus Calmette-Guérin
(BCG) has been integrating into Expanded Programme of
Immunization (EPI) as the only licensed vaccine for tubercu-
losis (TB) (Keja et al. 1988). With high immunization cover-
age, ranging from 82 to 97 % (Harris et al. 2014), BCG vac-
cine provides effective protection against primary TB in chil-
dren (Colditz et al. 1995). However, the protective efficacy of
BCG vaccination wanes over age and may last for only 10 to
15 years (Andersen and Doherty 2005; Mangtani et al. 2014).
Nowadays, TB remains one of the most menacing infectious
diseases with 8.1 million adult cases diagnosed in 2013
(WHO 2014). Approximately one third of the world popula-
tion are estimated to be on the stage of latent TB infection
(LTBIs) and represent a reservoir for adult TB (WHO 2015).
Therefore, there is an urgent need to develop a more effective
vaccine for the prevention of TB.

During the past decades, great progress has been made in
the development of TB vaccine candidates, including recom-
binant adenovirus or modified Vaccinia Ankara virus (MVA)
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vectors, subunit proteins, attenuated Mycobacterium
tuberculosis or recombinant BCG (rBCG) strains
(Kaufmann 2014). However, a novel licensed TB vaccine
better than BCG remains elusive in a shorter time. For exam-
ple, while strengthening the CD4" Th1-typed response that is
considered as a determinant in vaccine-induced protection
(Tameris et al. 2014; O’Garra et al. 2013), recombinant
MAV expressing Ag85A of M. tuberculosis did not enhance
any protection when boosting BCG priming infants in a recent
clinical trial (Tameris et al. 2013). The strategy based on
rBCG aims to extend the ability of BCG for the longer-term
protection and have attracted much more attention in the de-
velopment of the next generation of TB vaccine (Da et al.
2014). rBCG vaccine not only inherits BCG itself advantages
for effective protection against primary infection but also min-
imizes the affect of novel vaccine on the current immunization
strategy. The first attempt rBCG30 supported this notion and
provided stronger protection than BCG against
M. tuberculosis challenge in different animal models
(Horwitz et al. 2006). The rBCG30 was constructed by over-
expression of major secretory antigen Ag85B from the Ag85
complex expressed mainly by rapid growing M. tuberculosis
during primary phase (D’Souza et al. 2003). However, our
recent studies found that T cells from both active TB patients
and LTBIs could recognize either secretory antigens or latency
antigens expressed largely by M. tuberculosis during latent
phase (Wang et al. 2015), indicating the coexistence of both
rapid growing and nonreplicating dormant M. tuberculosis
strains after infection. The situation is consistent with the the-
ory of modern chemotherapy against TB by combining drugs
targeting different status of M. tuberculosis in vivo (Zhang
2007). In contrast, vaccination with BCG mainly confers high
IFN-y response to secretory antigens (Hoft et al. 2008) rather
than latency antigens such as HspX (Geluk et al. 2007; Shi
et al. 2010), although highly homologous genes encoding la-
tency antigens of M. tuberculosis also present in the genome
of BCG. Moreover, the parent BCG strain with the reintroduc-
tion of latency antigens, such as HspX (Shi et al. 2010),
Rv2659 or Rv1733 (Reece et al. 2011), improved its ability
to protect against primary, latent and even post-primary TB
infection.

Previously, we developed a novel tBCG ABX by mixing
three rBCG strains expressing single antigen, characteristical-
ly expressed during both primary stage (Ag85Aand Ag85B)
and latency (HspX) of M. tuberculosis. ABX could provide
more effective protection than BCG against M. tuberculosis
infection in vaccinated mice (Liang et al. 2015). In order to
lower the cost of manufacture, a novel rBCG strain overex-
pressing multistage antigens Ag85B and HspX of
M. tuberculosis, namely rBCG::XB, was constructed in this
study. The long-term protective efficacy against the challenge
with M. tuberculosis and the immunogenicity of rBCG::XB
were compared with BCG in vaccinated C57BL/6 mice.
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Materials and methods

Construction and identification of recombinant BCG
strain rBCG::XB

The recombinant plasmid pMXAg85B was constructed by
subcloning the gene fragment fbpB from pMAg85B (Wang
et al. 2012) into pMHspX (Shi et al. 2010) and confirmed by
DNA sequencing and enzyme digestion. Both fbpB and acr
genes were expressed under the direction of their putative pro-
moters. The pMXAg85B was amplified in Escherichia coli
strain DHS5«, followed by the transformation into BCG
China strain through electroporation as described previously
(Shi et al. 2010). The positive construct - BCG::XB was select-
ed on kanamycin (final concentration of 25 pg/mL)-resistant
Middlebrook 7H11 plates (Difco Laboratories, NJ, USA), sup-
plemented with 10 % ADC (Difco Laboratories), 0.5 % glyc-
erol, and 0.05 % Tween80. Culture supemnatant and bacterial
cell cytosol of rBCG::XB growth in Middlebrook 7H9 medi-
um were prepared and overexpression of HspX and Ag85B
protein in rBCG::XB was detected by Western blotting using
anti-Ag85B rabbit polyclonal antibodies (1:2000, ab43019,
Abcam, Cambridge, UK) or anti-HspX mouse monoclonal
antibodies (1:2000, ab64786, Abcam) to develop the immuno-
blots (Shi et al. 2010). After identification, rBCG::XB strain
was deposited in China Center for Type Culture Collection
(Preservation number CCTCC M 2014360). To facilitate the
assessment during manufacture, relative mRNA levels of
Ag85B or HspX expressed in 1% 10° CFU of rBCG::XB were
compared to the parent BCG by using RT-qPCR and the in-
creased fold of gene expression was normalized to the con-
served Sigd gene and calculated using 2~~~ method as pre-
viously described (Liang et al. 2015).

Mice and immunization

Tongji School Committee on Biosafety and the Committee on
the Ethics of Animal Experiments of Tongji Medical College
(Wuhan, China) approved the research protocol. Animal exper-
iments were performed in accordance with the guidelines of
Chinese Council on Animal Care. Specific pathogen-free, fe-
male C57BL/6 (H-2°) mice aged 6 weeks were obtained from
the Center for Animal Experiment of Wuhan University
(Wuhan, China). Mice were randomly grouped and were bred
in separate cages in a biosafety laboratory and fed commercial
mouse chow and water ad libitum. Mice were immunized sub-
cutaneously (s.c.) once at the base of the tail with 1x 10 CFU of
rBCG::XB or BCG in a final volume of 100 ul of PBS. The
control group was performed with the equal amount of PBS as
the same way. Twelve and 32 weeks after immunization, six
mice in each group were used for immunological assay. The
remains mice in each group were challenged with virulent
M. tuberculosis H37Rv strain (American Type Culture
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Collection 27294) at 12 week after vaccination. Five mice in
each group were used for bacterial load in organs and three mice
for pathological analysis at 4, 10, and 20 weeks after infection,
respectively. All experiments were repeated three times.

Challenge of vaccinated mice with virulent M. tuberculosis
H37Rv

Atweek 12, each vaccinated C57BL/6 mouse was injected via
intraperitoneal (i.p.) with 0.96 mg of pentobarbital sodium per
15 g weight. After anesthetized, mice were challenged via
intranasal (i.n.) with M. tuberculosis H37Rv. The next day,
three mice in the PBS control group were sacrificed in order
to confirm infection and to determine actual infectious dose.
The whole lung of these mice was removed aseptically, ho-
mogenized, and cultured for CFU of M. tuberculosis on
Middlebrook 7H11 agar. At 4, 10, and 20 weeks post-infec-
tion, eight mice in each group were sacrificed, respectively.
Bacterial load in the both lung and spleen (n=5) and lung
histopathology (n=3) were performed to evaluate the protec-
tive efficacy as described previously (Wang et al. 2015).

Antigen-specific antibodies assay

Sera of three mice in each group were collected at 12 and
32 weeks after immunization. Antigen-specific IgG, IgG1, and
Ig(G2a antibodies against recombinant Ag85B or HspX proteins
were then determined by ELISA as described previously (Liang
et al. 2015). Antibody titers were expressed as reciprocal end
point titers and the results are displayed as the mean of log,
antibody titer of three mice in each vaccinated group.

Antigen-specific Thl-typed cytokines secreted
by splenocytes

Twelve and 32 weeks after immunization, the levels of Thl-
typed cytokines IFN-y, TNF-«, and IL-2, and Th2-typed cy-
tokine IL-4, secreted by splenocytes from rBCG::XB group
incubated with 10 pg/mL of either recombinant HspX, or
Ag85B proteins, were determined as previously described
(Liang et al. 2015). PPD (10 pug/mL, Statens Serum Institut,
Copenhagen, Denmark) was used as a positive control and
RPMI1640 medium was performed as a negative control.
The results are expressed as the mean+standard derivation
(SD) (pg/mL) pre-group (n=3).

Intracellular flow cytometry analysis of splenocytes

PPD, recombinant proteins Ag85B, and HspX-specific
polyfunctional CD4" T cell responses were analyzed by
multicolour flow cytometry at 12 and 32 weeks as described
previously (Liang et al. 2015). Biomarkers including anti-
CD3-FITC (clone 17A2, eBioscience, CA, USA), anti-CD4-

allophycocyanin-Cy7 (clone GK1.5, BD Pharmingen, CA,
USA), anti-IFN-PerCP-Cy5.5 (clone XMGl1.2, eBioscience),
anti-TNF-PE Cy7 (clone MP6-XT22, BD Pharmingen), and
anti-IL-2-allophycocyanin (clone JES6-5H4, eBioscience)
mAbs were used. The cytokine profiles of the single cell were
assessed by gating on CD4" T cells, and the absolute numbers
of polyfunctional expression of IFN-y, TNF-«, and IL-2 by
CD4" T cells are shown as mean+SD per group (n=3).

Ag85B-specific CTL assay

The CD8 peptide of Ag85Big.182a YLQVPSPSM-pulsed
(10 pug/mL, ChinaPeptides, Shanghai, China) and CFSE-
labeled splenocytes were analyzed for in vivo CTL activities
of immunized C57BL/6 mice after 12 and 32 weeks as previ-
ously described (Liang et al. 2015). The results are expressed
as the mean+SD of three mice per group.

Antigen-specific memory T cell analysis

Twelve and 32 weeks after immunization, splenocytes from
different vaccinated C57BL/6 mice were stimulated with CD4
peptides of Ag85Bs40.260aa FQDAYNAAGGHNAV
FNFPPNG, HspX_30.a PRSLFPEFSELFAAFPSFAG (each
10 pg/mL, ChinaPeptides), and then stained with anti-CD4-
PE-Cy7 (clone GKI1.5, eBioscience), anti-CD62L-FITC
(clone MEL-14, BD Pharmingen), and anti-CD44-APC-Cy7
(clone IM7, BD Pharmingen) mAbs. Alternatively, the CD8
peptide of Ag85B(.13.2 Was used and then stained with anti-
CD8u«-PE (clone53-6.7, eBioscience). Intracellular staining
was performed with anti-IFN-PerCP-Cy5.5 (clone XMG1.2,
eBioscience) and anti-IL-2-allophycocyanin (clone JES6-
5H4, eBioscience) mAbs. Tcy (central memory T cells,
CD62LMCD44M) and Tgy (effector memory T cells,
CD62L'°CD44™) cells were run on a six-colour BD FACSC
onto flow cytometer (BD Biosciences) and analyzed with the
FlowlJo software as previously described (Liang et al. 2015).
Data are expressed as the mean+SD of three mice per group.

Statistical analysis

Student’s ¢ test was used for two-sample comparison, and statis-
tical analysis was performed by the SPSS 17.0 software (SPSS
Inc., USA). p<0.05 was considered statistically significant.

Results

Higher expression levels of multistage antigens Ag85B
and HspX from rBCG::XB

Recombinant mycobacterial expression plasmid pMXAg85B
was constructed successfully and confirmed by enzyme

@ Springer



10590

Appl Microbiol Biotechnol (2015) 99:10587-10595

digestion. The inserted DNA fragments were verified by DNA
sequencing. The rBCG::XB was obtained by the transforma-
tion of the parent BCG strain with the recombinant plasmid
pPMXAg85B. Protein overexpression in both culture superna-
tants and cell lysates of BCG strains were analyzed by
Western blotting (Fig. 1a). As expected, low levels of
Ag85B (30 kDa) and HspX (16 kDa) proteins were detected
from control using wild BCG strain because of endogenous
expression. In comparison to BCG, rBCG::XB mainly
expressed the much higher concentration of Ag85B protein
in both supernatant and lysate and much more HspX protein
only in the lysate. Consistent with the results of Western blot-
ting, the increased fold of Ag85B- or HspX-specific mRNAs
in rBCG::XB was about 20 times over BCG, respectively
(Fig. 1b).

Stronger and longer-lasting protection conferred
by rBCG::XB

To investigate protective efficacy of rBCG::XB, mice vacci-
nated with rBCG::XB and BCG were challenged i.n. with
approximately 200 CFU of virulent M. tuberculosis H37Rv
at week 12. Four, 10, or 20 weeks post-challenge, bacterial
load and lung histopathological changes were assessed.
Compared with the control group, bacterial load in both lung
and spleen was more significantly and persistently decreased
over time in rBCG::XB and BCG vaccinated groups (p<0.05)
(Fig. 2a). Most importantly, rBCG::XB provided the strongest
protection in the lung of all groups during the entire experi-
mental period (p<0.05) and in the spleen only at weeks 4 and
12 after infection (Fig. 2a).

Four weeks later, the most severe granuloma-like histo-
pathological changes were observed in the lung of PBS con-
trol mice. Twenty weeks later, the lung section from PBS
control mice still maintained severe interstitial pneumonia
and intense inflammation (Fig. 2b). Comparatively, patholog-
ical changes were much alleviated in the lung from mice
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Fig. 1 The overexpression of Ag85B and HspX in rBCG::XB. a The
overexpression of both Ag85B and HspX in the supernatant and bacterial
cytosol was confirmed by Western blotting using anti-Ag85B or anti-
HspX antibodies, respectively. b The relative mRNA level of Ag85B

@ Springer

Increased fold (vs. BCG) T
&

vaccinated with BCG vaccine (Fig. 2b) and several in-
flammatory foci appeared to form granuloma.
Remarkably, alveolar tissue from the mice vaccinated
with rBCG::XB appeared to be intact with the lightest
lung inflammation over time.

Multistage antigen-specific Thl-biased responses elicited
by rBCG::XB

To elucidate immunological mechanisms of better protection
provided by rBCG::XB, antigen-specific Thl-type cytokines
including TNF-«, IFN-y, and IL-2, and Th-2 cytokine 1L-4
secreted by splenocytes from immunized mice were detected
by ELISA at 12 and 32 weeks after immunization. Of three
groups, the lowest levels of these Thl-type cytokines were
secreted by splenocytes from the PBS control mice, whereas
the highest levels of Thl-type cytokines were observed in
rBCG::XB group (p<0.05) (Fig. 3) and also increased signif-
icantly over time (p<0.05) regardless of the stimulus using
either PPD, antigens Ag85B, or HspX (Fig. 3). As a represen-
tative of Th2-type responses, only detectable level of IL-4 was
produced by splenocytes from all groups (data not shown).

In addition, the level of Ag85B-specific antibodies IgG,
IgGl1, and IgG2a in the rBCG::XB group was higher than that
in the BCG group at 12 weeks after immunization (p<0.05;
Fig. 4). Higher level of HspX specific antibodies 1gG1 and
IgG2a was also elicited in rBCG::XB vaccinated mice
(»<0.05). Ag85B and HspX specific antibodies of BCG
group also increased significantly over time (p<0.05;
Fig. 4). At 32 weeks after immunization, only the levels of
IgG against Ag85B and IgG2a against Ag85B and HspX of
rBCG::XB were higher than that in BCG group (p<0.05). The
ratio of [gG2a:IgG1 was also greater in mice immunized with
rBCG::XB comparing to BCG vaccinated mice (Fig. 4). As
expected, no antigen specific antibodies were detected in PBS
control mice.
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Ag85B HspX
and HspX in 1x10° CFU of rBCG::XB to the parent BCG was detected

by RT-qPCR technology (n=3). The results are expressed as the mean
(+SD) of 27AA¢CT
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Fig. 2 Protective efficacy of —=—PBS
rBCG::XB vaccinated C57BL/6 ——BCG:XB
mice. C57BL/6 mice were vacci-
nated with rBCG::XB, BCG, or
PBS, respectively. Twelve weeks
later, mice were i.n. challenged
with about 200 CFU of virulent
M. tuberculosis H37Rv. Four, 10,
and 20 weeks post-challenge, the
bacterial load in the lung or spleen 30 30
from each mouse was enumerat- ’ 4W 10W 20W ’ 4W 10W 20W
ed, respectively. Results are
shown as mean (SEM)

log10 CFU per organs. Four and
20 weeks post-challenge, lung
tissue sections were fixed and
embedded for HE staining. a
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of different groups at different
time points (n=5). b The repre-
sentative lung histopathology of
different groups (scale bar
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Multistage antigen-specific polyfunctional CD4" T cells single IFN-y", or TNF-a" CD4'T cells were higher in the

induced by rBCG::XB rBCG::XB group than BCG vaccinated mice in response to
PPD or antigens Ag85B and HspX (p<0.05; Fig. 5). Thirty-

To screen effective biomarkers associated with enhanced pro-  two weeks after immunization, higher absolute numbers of

tection mediated by rBCG::XB, polyfunctional CD4" T cells ~ PPD and multistage antigen-specific TNF-o TFN-y", single
from vaccinated mice were further examined. Twelve weeks ~ IFN-y" or TNF-«", even TNF-o¢" IFN-y IL-2" CD4'T cells

after immunization, absolute numbers of TNF-oc TFN-y",  were induced in the rBCG::XB group in comparison with the
Fig. 3 Antigen-specific TNF-«, 500 _ 500- Fes
IFN-y, and IL-2 levels. C57BL/6 ~ 400 - 4004 o « M rBCG:XB
mice were vaccinated with £ 3004 300, =
rBCG::XB, BCG, or PBS, re- % 200 - 2001
spectively. Splenocytes (5% 10°) uw
isolated from each immunized = 10071 1001
C57BL/6 mice after 12 and 12w 32w 02w 32w 0w 32w
32 weeks were stimulated with 200 200- 200+
10 pg/mL of Ag85B, HspX, PPD, s *
or culture medium for 24 h (IL-2) ~ E 1501 . 1501 1501 5
and 72 h (TNF-« and IFN-y) at E{j 1004 1004 . 100+ —
37°C, 5 % CO,. Antigen-specific T = _ .
TNF-at, IFN=y, and IL-2 levels £ 50 % _—_Ii 501
were measured by ELISA. Re- 0 o on 0 ou Sow 0 2w ow
sults are expressed as means+SD
pg/ml of three mice per group. 1801 150 1501 E:
*p<0.05, 12 vs. 32 weeks; bars T
represent p<0.05. This experi- £ 1001 100 100+ —
ment was repeated twice with \g .
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Fig.4 Antigen-specific antibodies in sera. C57BL/6 mice were vaccinat-
ed with rBCG::XB, BCG, or PBS, respectively. Serum was collected
from each mouse from different immunized mice at 12 and 32 weeks
after immunization. IgG, IgGl, and IgG2c (replaced with IgG2a during
assay) antibodies against recombinant proteins Ag85B and HspX in sera

Fig. 5 Antigen-specific
polyfunctional CD4" T cell 1.0
responses. C57BL/6 mice were
vaccinated with rBCG::XB,
BCG, or PBS, respectively. PPD,
Ag85B, and HspX antigen-
specific polyfunctional CD4" T
cell responses were analyzed by
multicolour flow cytometry at 12
and 32 weeks. The cytokine pro-
file of single cell was assessed by
gating on CD4 ™ T cells. Absolute
numbers of polyfunctional ex-
pression of IFN-y, TNF-«, and
IL-2 by CD4" T cells are shown
as mean+SD (n=3) per group.
*p<0.05, 12 vs. 32 weeks; bars
represent p<0.05. This experi-
ment was repeated twice with
similar results
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log, endpoint titer and the ratio of IgG2a:IgG1 in different vaccinated
mice (n=3). *p<0.05 vs.12 weeks; bars represent p<0.05. This experi-
ment was repeated twice with similar results
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BCG group (p<0.05; Fig. 5). In addition, rBCG::XB induced
higher numbers of mono- and double-CD4" T cells reacting to
specific antigens, such as Ag85B-specific single IL-2", and
Ag85B-specific IFN-y IL-2" CD4" T cells (p<0.05)
(Fig. 5). Our results indicate that these biomarkers might be
key components contributing to the enhanced protection of
rBCG::XB, when compared with the BCG vaccine.

Stronger and longer-lasting Ag85B-specific CTL activity
induced by rBCG::XB

Twelve and 32 weeks after immunization, the CTL activity of
Ag85B-specific CDS™ T cells in both BCG and tBCG::XB
vaccinated mice was compared by the CFSE-labeled method
in vivo (Fig. 6). Only very low levels of specific killing were
obtained in the BCG group during the whole experimental
period as reported previously (Liang et al. 2015), while
rBCG::XB vaccinated mice increased more significantly the
specific killing than BCG vaccine (p<0.001), and maintained
approximately three times higher levels up to 32 weeks

(Fig. 6).
Higher levels of memory T cells elicited by rBCG::XB

To elucidate the mechanism of the longer-lasting protection
conferred by rBCG::XB, splenic memory CD4" T cells
against peptides of either Ag85B or HspX, or Ag85B CDS8
peptide-specific memory CDS" T cells were identified based
on the expression of CD62L and CD44. Of three groups, the
highest level of Ag85B-specific memory CD8 " T cells,

including Ty and IFN-y™ Tgy cells, was induced in
rBCG::XB vaccinated mice at 12 weeks (p<0.05) (Fig. 6).
The highest level of Ag85B-specific Ty CD8 © T cells was
provided by BCG vaccinated mice at 12 weeks, which was
significantly decreased at 32 weeks (p<0.05). Thirty-two
weeks later, memory CD8" T cells were also significantly
increased in the rBCG::XB group (p<0.05) with the domina-
tion of IL-2" Ty cells. Especially, higher numbers of Tgp,
IL-2" Tem and IEN=y" Tgy cells were induced in the
rBCG::XB group compared to the BCG vaccinated mice
(p<0.05).

Of all groups, the highest number of both multistage
antigen-specific Tey and Tpy CD4" T cells was induced in
rBCG::XB vaccinated mice (Fig. 7) and many more Ag85B-
specific Tey and IFN-y" Ty CD4™ T cells were elicited in
rBCG::XB than BCG vaccinated mice at 12 weeks (p<0.05).
Thirty-two weeks later, the number of the multistage antigen-
specific IFN-y" CD4" Tgy cells was increased persistently in
both rBCG::XB and BCG groups (p<0.05) (Fig. 7). However,
IL-2" CD4" Tcy cells responding to both multistage antigens
dominated in BCG or rBCG::XB vaccinated mice. Notably,
rBCG::XB conferred many more numbers of Ag85B- and
HspX-specific IL-2" Tcyy cells and Ag85B-specific IFN-y"
Tgwm T cells, when compared with the BCG group (p<0.05).

Discussion

Once infected via aerosol, M. tuberculosis is engulfed by mac-
rophages localized in pulmonary alveoli. Primary infection is
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Fig. 6 Invivo CTL activities and Ag85B peptide-specific memory CD8"
T cells. C57BL/6 mice were vaccinated with rBCG::XB, BCG, or PBS,
respectively. Ag85B CD8" peptide-pulsed CFSE-labeled target cells were
analyzed for in vivo CTL activities of immunized C57BL/6 mice (n=3)
after 12 and 32 weeks. a Representative histograms of splenocytes with
the right and left peaks showing CFSE-labeled Ag85B peptide-pulsed
and unpulsed splenocytes, respectively. b Percentages of cytotoxic

activity. The results are expressed as the mean+SD of three mice per
group. Bars represent p<0.05. This experiment was repeated twice with
similar results. ¢ Absolute numbers of Ag85B peptide-specific CD8" Tcy
(CD62L"CDA44"), Ty (CD62L°CD44™) cells, Ty cells secreting IL-2
and Tgy cells secreting IFN-y are expressed as the mean+SD of three
mice per group. *p<0.05, 12 vs. 32 weeks; bars represent p<0.05. This
experiment was repeated twice with similar results
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Fig. 7 Antigen-specific memory CD4" T cells. C57BL/6 mice were vac-
cinated with rBCG::XB, BCG, or PBS, respectively. The subsets of CD4 "
peptides of Ag85B and HspX-specific memory CD4" T cells in spleens of
immunized C57BL/6 mice after 12 and 32 weeks were identified by ICS.
Absolute numbers of Tey (CD62LMCD44™), Tiy (CD62L'°CD44M),

established when M. tuberculosis grows exponentially in vivo,
which could secret some immunodominant antigens such as
Ag85 complex (Ag85A, Ag85B, and Ag85C), as observed
growth in culture medium in vitro (D’Souza et al. 2003).
Gradually, CD4 " Th1-typed responses targeting these secreto-
ry antigens are conferred and thus leading to the formation of
granuloma at the site of infection of the lung. During this
chronic and latency phase, antigens repertoire of
M. tuberculosis persisting in the granuloma would change
correspondingly because its growing status will transfer from
growing replication to dormant state in vivo, with the charac-
teristic up-regulated expression of 48 DosR-regulon genes in-
cluding HspX (Vasudeva-Rao and McDonough 2008).
Dormant M. tuberculosis persisting in the host, as main source
of the post-primary infection, could reactivate again and thus
resulting in the development of active pulmonary TB in
adults. In this study, a novel rBCG strain rBCG::XB was con-
structed through the overexpression of multistage antigens
Ag85B and HspX. The immunogenicity and protective effi-
cacy of iBCG::XB were evaluated and compared with BCG in
vaccinated C57BL/6 mice. Our results demonstrated that
rBCG::XB could produce a stronger and long-lasting protec-
tion against M. tuberculosis challenge than parental BCG, as
evidenced by lower bacterial loads in the lung and spleen and
less lung pathological changes over time. Our results indicate
that rBCG::XB could not only preserve the advantage of BCG
to protect against primary TB infection, but also extend and
broaden the protection of the current BCG vaccine to better
control TB in adults.

CD4" Thl-typed responses play a decisive role in the pro-
tection against M. tuberculosis infection (O’Garra et al. 2013).
CDS8" T cells not only compensate the role of CD4" Thl
response against primary infection by secreting Thl cyto-
kines, but also participate in the process to thwart the reacti-
vation of latent infection (Woodworth and Behar 2006). In the
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Tem cells secreting IL-2 and Tgy cells secreting IFN-y are expressed
as the mean+SD of three mice per group. *p<0.05, 12 vs. 32 weeks;
bars represent p<0.05. This experiment was repeated twice with similar
results

current study, BCG is a strong inducer of CD4" Th1 responses
to secretory antigen Ag85B rather than latency antigen HspX,
as demonstrated by the levels of IFN-y secreting from
splenocytes, which confirmed the previous conclusion
(Liang et al. 2015; Shi et al. 2010). In addition, our research
also confirmed that BCG vaccination only conferred poor or
weak CD8" CTL effects (Liang et al. 2015). Therefore, the
combination of CD4" Th1 biased responses and the elevated
CD8" CTL effects to the multistage antigens induced by
rBCG::XB enhanced the protection of BCG against primary
M. tuberculosis infection.

Actual mechanism of the declining protection after BCG
vaccination over time remains unclear. BCG increased persis-
tently the number of effector and central memory CD4 " T cells
response to the multistage antigens over time, although
IFN-y" CD4" Tgy cells as well as IL-2" CD8" Tcyy cells
had no significant changes in BCG vaccinated mice during
the whole experiment period. In contrast, many more numbers
of these kinds of memory T cells were induced by rBCG::XB,
which might be attributed to the longer-term protection of
rBCG::XB than BCG vaccinated mice. Tcy cells expressing
IL-2, detected in rBCG30 (Hoft et al. 2008) and
rBCG2ureC::hly (Vogelzang et al. 2014) vaccinated individ-
uals or mesured in treated TB patients (Adekambi et al. 2012),
were dominated in the CD4" and CDS8" Ty cells induced by
rBCG::XB. Together with these data, contrary memory T cells
might play an important role for the maintenance of immuno-
logical memory following the vaccination or control the
reinfection.

In conclusion, our results demonstrated that rBCG::XB co-
expressing multistage antigens could induce better and more
durable protection against primary M. tuberculosis infection
over BCG. Such enhanced protection could be attributed to
augmented memory CD4" and CD8" T cell responses to the
multistage antigen elicited by rBCG::XB. Therefore, our
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results suggest that rBCG strains expressing immunodominant
antigens present at different phases of M. tuberculosis infection
could improve the efficacy of BCG for adult TB. The
rBCG::XB is thus a promising TB vaccine candidate and war-
rants further evaluation.
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