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Targeting of Mycobacterium tuberculosis (MTB) latent antigens comprises a crucial
strategy for the development of alternative tuberculosisT@) vaccine(s) that protects
against TB reactivation. Here, we generated a multistage DAlvaccine, A39, containing
the early antigens Ag85A and Rv3425 as well as the latency-asciated protein Rv2029c,

which conferred protective immunity in a pre-exposure mous model. Moreover,

administration of the A39 vaccination after MTB exposure hibited reactivation and
resulted in signi cantly lower bacterial loads in the lungsind spleen of mice, compared

to those in the control population. Subsequently, we invesgated the effect of Rv2029¢c
on innate immunity and characterized the molecular detailsf the interaction of this
protein with the host via iTRAQ proteomic and biochemical asy analyses. Rv2029c
activated macrophages, triggered the production of pro-irammatory cytokines, and

promoted toll-like receptor/mitogen-activated protein knase (TLR/MAPK)-dependent
macrophage apoptosis. Furthermore, Rv2029c treatment en&nced the ability of
Mycobacterium bovisBacillus Calmette-Guérin (BCG)-infected macrophages torpsent

antigens to CD4 T cellsin vitro, which correlated with an increase in MHC-1I expression.
Lastly, Rv2029c-treated macrophages activated T cells, &ctively polarized CD# and

CD8® T cells to secrete IFNg and IL-2, and speci cally expanded a population of
CD44MahcDe2L1oWCDAC/CD8C effector/memory cells, indicating that Rv2029c, as a
speci ¢ recall antigen, contributes to Thl polarization inT cell immunity. These results
suggest that Rv2029c¢ and A39 comprise promising targets forthe development of

next-generation clinical TB therapeutic vaccines.
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Suetal. Rv2029c Induces Macrophage Activation

INTRODUCTION models Reece et al., 20),2while the multistage vaccine H56,
consisting of Ag85A, ESAT-6, and Rv2660c (latency), boosted
Mycobacterium tuberculos{TB) is a human pathogen that the protective e ects of BCG against active tuberculosis and
has shown an outstanding ability to adapt to its host. Indeedthe reactivation of latent MTB infectionA@gaard et al., 2011;
greater than one-third of the world's population is estimated t Lin et al., 201). Given that this strategy is currently the most
be infected with this organism, and millions of people succumtzommonly utilized in the development of novel TB vaccines, a
to MTB infection each year('Garra et al., 2093 Currently, heterologous prime boost approach involving the incorporation
the large global population of latently infected individualsof latent antigens to induce a Thi-specic cellular immune
results in high numbers of new active TB cases each yeessponse would provide greater protection than a homologous
(Geluk et al., 2012 Treatment of TB involves a combination prime boost approach4qumia et al., 2016
of chemical drugs, namely rifampicin, isoniazid, pyrazindeji Macrophages recognize MTB cells, as well as subcellular
and ethambutol. However, administration of these drugsrave fractions derived from MTB cells, through Toll-like receptors
period of 6-9 months can lead to their non-compliance and to(TLRs). In particular, MTB and its products have been shown to
the development of multi-drug resistanceiif et al., 200). Due  trigger macrophage activation via TLR-2-dependent intradai|
to the emergence of such multidrug-resistant strains, dsage MyD88 signaling, resulting in the production of in ammatory
increased numbers of individuals co-infected with MTB and th cytokines and the expression of co-stimulatory molecules$ tha
human immunode ciency virus (HIV), the number latent MTB- promote a Thl-biased T cell responseofez et al., 2003
infected persons is likely to soar in coming decades €t al., TLR12 is critical for the IRF8-dependent IL-12 production
2007. in response to bacterial infection. The production of reaetiv
The live-attenuatedvlycobacterium boviBacillus Calmette- nitrogen intermediates in macrophages comprises one of the
Guérin (BCG) vaccine is currently the only vaccine for TBmajor defense mechanisms against infection by intracellula
available. While this vaccine is e ective in protecting agaithe  pathogens Bogdan, 2001 Macrophages have also been shown
severe childhood forms of tuberculosisr(nz et al., 2005 it  to present MTB-specic antigens to the cell surface where
demonstrates variable e cacy against the pulmonary form$Bf they are recognized by T cells, leading to the initiation of an
in young adults, as well as in reactivated populations and in TBadaptive immune response. Thus, macrophages serve as the
endemic regionsAndersen and Doherty, 2005; Kaufmann andcrucial antigen-presenting cell type that bridges the innatd a
Gengenbacher, 20).ZThis could be explained, at least in part, adaptive immune systems, and are clearly involved in latent
by interference from environmental mycobacteria, and bg th antigen-induced host immunityt{{mama et al., 20105
natural genetic variation presentin both the host populationd a Rv2029c §fkB) is a member of the DOS regulon and is up-
the BCG vaccine strains used for vaccinatiBng(ndt et al., 2002; regulated during hypoxia and in macrophagé&i et al., 2016
Trunz et al., 2006; Lalor et al., 2009; Liu et al., 2009; Addal TraSH-based mutagenesis screening indicated that Rv2829c
et al., 201p The ine ectiveness of BCG, the non-compliancenot essential forM. tuberculosisgrowth in vitro or in vivo
of TB drugs, and the emergence of individuals co-infectedh wit (Sassetti and Rubin, 2003; Phong et al., 2This protein
HIV and MTB highlight the importance of the development of a was previously shown to function as a 6-phosphofructokinase
new and improved vaccine that would protect the infected peopléPfkB) that is involved in glycolysis, converting sugar-1eP t
against latency-causing MTB antigeriar(gh et al., 20)4The  sugar-1, 6-P Fhong et al., 20)3 DosR antigens Rv2029c
ideal vaccines would drive immune responses toward recomniz of M. tuberculosisinduced higher frequencies of CB4or
multistage antigens expressed during the early/replicaticsph CD8® T cells producing interferon gamma (IFlj) and/or
of MTB, as well as antigens expressed during latent infection aumor necrosis alpha (TNR) in patients with long-term
reactivation thereofseluk et al. (2012) latent tuberculosis infection (ItLTBI), compared to thosetiwi
Latency-associated antigens, such as those located in thelmonary tuberculosis (PTB)Riano et al., 2012; Araujo et al.,
dormancy survival regulon (DosR), are encoded by a set of MTB015; Arroyo et al., 20)6 Furthermore, this protein was
genes responsible for adaptation to latency, and have beemshopredicted as possible vaccine candidatei gt al., 2008 Thus,
to elicit strong immunogenic and protective responsésnGt, Rv2029c may function as a virulence determinant, and could
2012; Ottenho and Kaufmann, 2012; Singh et al., 20Fbor  therefore be used in vaccine development to confer protective
example, the DosR-regulated protein HspX was found to bémmunity against MTB. In previous work, we demonstrated that
targeted by both CD4/CD8C T cells Demissie et al., 2006 the multistage A39 DNA vaccine, comprising antigens Ag85A,
Moreover, a series of other latency proteins (Rv0079, Rv173Rv3425, and Rv2029c (latency), elicited strong cell-mediat
Rv2389c, Rv2031c, and Rv2628c) were shown to induce stroimgmune responses in micespng et al., 20)5In the present
stimulation of cellular Thl-type immune responsesirfiuda  study, we build on these previous ndings by evaluating the
et al., 201). Indeed, a DNA vaccine consisting of eight DosRprotective e cacy of A39 both before and after MTB exposure
regulon-encoded antigens provided protection against MTBn mice. Moreover, we characterize the precise mechanism by
infection in BALB/c and C57BL/6 mice by inducing strong which Rv2029c modulates host immunity by investigating the
humoral and/or cellular Thl-type immune responséso(ipie molecular features of the interactions between T cells and
et al., 200). Additionally, rBCG overexpressing latency antigenRv2029c-presenting macrophages, and the subsequent memory
Rv1733c showed superior protection to BCG in TB mouse cell responses.
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MATERIALS AND METHODS aseptically for histological evaluation and enumeratiowiable

[ i bacteria.
Mice and Cell Lines acteria

C57BL/6, TLR2 = ,and TLR4 = mice were obtained from  Cloning and Expression of Recombinant
the Animal Center of Slaccas (Shanghai, China). All miceewerR2029C

B e o eyl R2029egene was ami e from MTB H37RY oenomic
All experimental procedures conformed to the Guidelines fo):DNA by PCR using the following primers: Forward,:5
the Care and Use of Laboratory Animals from the NationaIATTGAATTCATGACGGAGCCAGCGGCGT% Reverse,

: . 5.ATTGCGGCCGC TCATGGCGAGGCTTCCGGGT:3
Institutes of Health and were approved by the Animal Car

. . . . erhe resulting PCR product was digested with the restriction
and Use Ethical Committee of_Fquan Unlve_rsny. C57BL/6 mIC%nzymes Ecol and HindlIl, subcloned into the expression vecto
were used for both the vaccination experiments and for th

isolation of macrophages and T cells. TLRZ and TLR4 %RSFDuet-l (Novagene, Madison, W1, USA) and transformed

= mice were used for TLR binding and pathway signalin%zto Escherichia colBL21 (DE3) cells. Transformants were
e

assay analyses. Mouse peritoneal macrophages were isol c%wn at 37C to an optical density (OD) at 600nm of 0.4
from TLR2 = or C57BL/6 mice as previously describeali( .5, after which expression of the recombinant protein was

et al., 201} Briey, the peritoneal cavities of euthanized miceInOIuced by adding isopropy-thiogalactopyranoside (IPTG) to

. ) . . a nal concentration of 0.1 mM. After overnight cultivationt a

were ushed with 5ml of ice-cold RPMI 1640 medium without . .
. . 15 C, the bacterial cells were harvested and lysed. Recombinant

fetal bovine serum (FBS). Peritoneal cells were then eedich ! W v y I

. ) . . . 2029c was then puri ed using HIS-SelBdiickel A nity Gel
by centrifugation, seeded into six-well plates in RPMI 1640.. o : . .
containing 10% FBS, and incubated overnight at G#vith Sigma-Aldrich, St. Louis, MO, USA), as previously described

.._but with minor modi cations, dialyzed against PBS (pH 7.4),

0, -
2(;‘;];8% 'zgﬁ; re(rar;gvalag;;dor: a_lgzert_etr;]t ggg;sg trg;ggmg nd treated with Pierce High Capacity Endotoxin Removal
w W wice wi Witesin (Pierce, Rockford, IL, USA), in accordance with the

lOrr(?émlbothi\éZQ_f_gc;for 24h. RAtW264t'7 ce(ljls., Wh'ChI W.erijser instructions $u et al., 2005 Endotoxin-free recombinant

umstflec(ljlrarobiologi::al asg,;;/az:r?aslﬁs?gsﬂm?e%a?ur:an;rrnugmoct(t)ﬁglcapmtein samples were quanti ed using a bicinchoninic acid
. . . BCA) protein kit (Pier nd frozen n

modi ed Eagle's medium (DMEM) (Gibco, Grand Island, NY, (BCA) protein assay kit (Pierce) and frozen aB0 C, and

. Vs ecombinant Rv2029c expression was veri ed by western blot
USA) supplemented with 10% FBS, penicillin (100 U/ml), ano[ . . - o .
streptomycin (100 mg/ml) at 3T in a humidi ed incubator analysis using anti-R2029c-His mouse polyclonal anti-serum

(5% CQ). (Figure S4).

. : Construction of rBCG-Rv2029c
Evaluation of the Protective Ef cacy of the A pMV261 plasmid containing Rv2029c was introduced into

Multistage A39 DNA before and after MTB BCG by electroporation. Selected rBCG-Rv2029c transforsnant
Exposure were cultured in Middlebrook 7H9 medium containing 10% oleic
Vaccination via the prime-boost strategfigure 1A) and the albumin dextrose catalase (OADC) and rafyml kanamycin.
post-exposure strateg¥igure 10 was conducted as previously The rBCG-Rv2029c strain was identi ed by western blot asialy
described $ingh et al., 2094 All animals were divided into using anti-Rv2029¢-His mouse polyclonal anti-serum.
separate cages. For the prime-boost method, C57BL/6 mice .
(n D 12 per group) were immunized subcutaneously with 5 INfection of Macrophages and Subcellular
10° CFUs of BCG in 10am of PBS. At weeks 4 and 6 prior Fractionation
to infection, mice were boosted with 58y pVAX (vector) or BCG or rBCG-Rv2029c was cultivated in Middlebrook 7H9
A39 (Ag85A-Rv3425-Rv2029c) via intramuscular injectiothe medium containing 10% OADC until reaching exponential
right thigh. Then, at 4 weeks post-vaccination, all mice wergrowth phase, after which samples were pelleted by
aerosol challenged with 200 CFUs of MTB H37Rv in a 1-mtentrifugation at 5,000 g for 30 min. Prior to infection, a
volume. Mice were sacri ced at 6 or 16 weeks post-challengbacterial single-cell suspension was prepared by vortexing the
and lungs and spleens were collected aseptically for histalog cells with glass beads, followed by centrifugation at low dpee
evaluation and enumeration of viable bacteria. and passaging through arém syringe lIter to remove bacterial
For post-exposure analysis, C57BL/6 mice ) 12 per aggregates. RAW 264.7 cells (A(P/well) were then infected at
group) were aerosol-challenged with 5 10° CFUs of MTB. a multiplicity of infection (MOI) of 10 for 4h at 37C in a 5%
At 6 weeks post-challenge, the mice were provided drinkingO, environment. Cells were then harvested, and cytosolic and
water containing 0.1 g/l isoniazid (INH) and 0.1 g/l rifampic nuclear fractions were prepared using a NE-PER Nuclear and
(RIF) per animal until week 12 for generation of the latentCytoplasmic Extraction kit (Pierce). Brie y, similar amownof
infection model. Then, on weeks 16 and 18 after infectionBCG- or rBCG-Rv2029c-infected macrophages were suspended
mice were administered 1001 of 500mg/ml pVAX (vector) in buer A containing a protease inhibitor cocktail (Sigma-
or A39 (Ag85A-Rv3425-Rv2029c) via intramuscular injettio Aldrich), incubated on ice for 10 min, and centrifuged at @0
in the right thigh. Mice were sacriced at 22 or 30 weeks g at 4C. The resulting supernatants were removed and the
post-challenge, and the lungs and spleens were collectpelleted nuclear fractions were lysed for 30 min onice in bu er B
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FIGURE 1 | DNA vaccine A39 enhances the protective ef cacy of theMycobacterium bovisBacillus Calmette-Guérin (BCG) vaccine both pre- and
post-Mycobacterium tuberculosis(MTB) infection.(A) Timeline of animal vaccination, infection, and killing. Gups of C57BL/6 mice (1 D 12 per group) were
immunized subcutaneously with 5 108 CFUs of BCG in 100mi of PBS. At weeks 4 and 6 before infection, mice were boosted ith 50 mg of pVAX (vector) or A39
(Ag85A-Rv3425-Rv2029c) via intramuscular injection in éhright thigh. (B) At 4 weeks post-vaccination, all mice were aerosol challered with 200 CFUs of MTB
H37Rv. Then, at 6 and 16 weeks post-challenge, the mice wereacri ced, and the lungs and spleens were collected asepticady for quanti cation of the bacterial
burden. (C) Flow chart depicting the post-exposure strategy. Mice wereaerosol challenged with 5 103 CFUs of MTB H37Ruv. After 6 weeks, the mice were provided
drinking water containing 0.1 g/l isoniazid (INH) and rifamgin (RIF) until week 12. On weeks 16 and 18 after infection, neowere treated with 50mg of pVAX, or A39
via intramuscular injection in the right thigh(D) The mice were sacri ced at 22 or 30 weeks post-challenge, andungs and spleens were collected aseptically for
enumeration of bacterial viable counts and histological eluation 6 D 6 mice per group). Data are presented as the means standard deviations of the results from
two independent experiments. P < 0.05.

supplemented with a protease inhibitor cocktail (Sigma-Aldyic

the manufacturer's instructions (Applied Biosystems, Waltham

The insoluble chromatin and the soluble nuclear protein wereVlA, USA) (Shadforth et al., 2005SCX chromatography was
performed as previously describe@hadforth et al., 2005The

then separated by centrifugation at 12,00@ for 15 min a 4C.

This procedure is summarized in Figure S1.

ITRAQ Labeling and Strong Cation
Exchange (SCX)-Based Fractionation

peptides were fractionated on a PolySULFOETHYL A column

(200 A, 5mm, 200 2.1mm) (PolyLC, Columbia, MD, USA)

using an Agilent 1200 LC system (Agilent Technologies, Santa
Clara, CA, USA). Peptide fractions were collected using a linear

Approximately 200mg of protein was dissolved in 50 mM TEAB gradient of solvent B (350 mM KCI in solvent A, pH 2.8) over

(8M Urea, 2% Triton X-100, and 0.1% SDS), reduced andOmin at a ow rate of 30am/min. Subsequently, the pooled

alkylated via treatment with TCEP and the cysteine blockindractions were desalted using C18 stage tips (product number
agent MMTS, respectively, and digested with trypsin (Promeg&240/2340; 3M Empore, St. Paul, MN, USA) and analyzed using
Madison, WI, USA) at 37C for 12h. The digested peptides an LTQ Orbitrap XL ETD™ mass spectrometer (Thermo Fisher

were then labeled using 4-plex iTRAQ reagent, according t&cienti ¢, Waltham, MA, USA).
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Bioinformatic Analysis of Identi ed antibodies, as indicated, followed by horseradish percdda
Proteins (HRP)-conjugated mouse anti-rat or rabbit anti-mouse IgG.
Protein identi cation and quanti cation were carried outsing ~ /mmunoreactive bands were detected using an enhanced
Protein Discoverer 1.0 software and the MASCOT search enginghemiluminescent (ECL) reagent (Thermo Fisher Scientaoyi

The parameters included for the searches were as followsrenzyVisualized by exposure to x-ray Im.

D trypsin; missed cleavad® 1; variable modi cation, oxidation

(M); peptide mass toleranc® 20 ppm; mass spectrometry \WWestern Blot Analysis of Kinase Activation

(MS)/MS toleranceD 0.1 Da; false discovery rate (FDRL%; RAW 264.7 cells (1.0 1P/well) were treated with medium,
ITRAQ modi cation at the N-terminus of the peptide and Rv2029c (1@g/ml), lipopolysaccharide (LPS; m/ml), or

at lysine residues. The relative expression pattern of eaghamCKS, (PanmyCKS; D Pam3, 5ng /ml, a TLR1/2 agonist) for
protein was determined based on the relative intensitieshef t 1 h (Su et al., 20)50r infected with BCG or rBCG-R2029¢ for 0—
reporter ions for the corresponding peptideB:values were 8h, then lysed in cell lysis bu er supplemented with a proteinase
computed using an online open-source quantitative proteomicghibitor mixture (Sigma-Aldrich). Cell pellets were proceds
g-value calculator (QPPC) tool. To elucidate the mechanisnysing an NE-PER Nuclear and Cytoplasmic Extraction kit
by which Rv2029c interacts with macrophages, we utilizegPierce), following the manufacturer's instructions fopaeation

the PANTHER (http://www.pantherdb.org/) and String (http:// of the cytoplasmic and nuclear fractions. Equal amounts of
string.embl.de/) web tools, respectively, to cluster prigei proteins were separated by 10% SDS-PAGE and transferred
associated with known signal cascades and to perform a datatectrophoretically to PVDF membranes (Millipore). Following
dependent network analysis to map the possible connectionsiocking with 5% nonfat milk in TBST bu er, the membranes
between individual pathway components, signaling cascades, were incubated with the following primary antibodies oveyini

concurrent signaling-modulated regulation for transcigt. at 4 C: rabbit anti-ERK2, rabbit anti-p38, rabbit anti-JNK, rabbit
anti-phospho (p)-ERK1/2, rabbit anti-p-p38, rabbit anti-p-INK,

Measurement of Cytokine Expression rabbit anti-p-kB-a, rabbit anti-NFkB p65, rabbit anti-tubulin-

Levels a, or rabbit antib-actin (Santa Cruz Biotechnology), according

The levels of tumor necrosis factor (TNE)-interleukin (IL)- to the suppliers mstrucuons. After washing W'th TBST buer,
6, interferon (IFN)g, IL-4, IL-2, or IL-12p40 in the culture membranes were incubated with an HRP-conjugated secondary

supernatants of macrophages or splenic T cells were determin@gtibody for 1-2h at 37C. Target proteins were visualized
using sandwich ELISA kits, according to the manufacturer$'S'n9 Plerce ECL Western Blotting Substrate (Thermo Fisher
instructions (BioLegend, San Diego, CA, USA). For experimentsc'ent' ©).
designed to block toll-like receptor (TLR) signaling, RAW 264
cells (1 10°/well) were incubated for 1 h at 3C with amouse Confocal Microscopy Analysis
isotype 1gG (30ng/ml) or antibodies speci cto TLR2 (30g/ml), RAW264.7 cells (1 1P/well) were seeded on coverslips and
TLR12 (30mg/ml), TLR2 and TLR12 (36g/ml), or TLR4 treated with Rv2029c for 2h, after which they were xed
(30mg/ml) (all antibodies were purchased from BioLegend)and permeabilized by treatment with cold methanol and 0.2%
respectively. For blockage of the mitogen-activated proteidigitonin, respectively. After blocking with 2% BSA, cells
kinase (MAPK) signaling pathway, RAW 264.7 cells (1.0 were subjected to immunostaining by treatment with primary
1P/well) were pretreated with inhibitors of p38 (SB203580antibodies specic to p-p38, p-INK, p-ERK1/2, kBa, or
10mM), ERK (U0126, 16nM), or JNK (SP600125, 1aM) for  NF-kB, for 4h, followed by an AlexaFluor 488-conjugated
1hat 37C, followed by incubation with R2029c for 36 hat 8  secondary antibody for 2h. Cells were then treated with 0.5
After 24 h of treatment, cytokine levels were measured bysBLI g/ml DAPI (Santa Cruz Biotechnology) for 5min at 2D

for the visualization of nuclei. Coverslips were mounted mnt
Immunoprecipitation slides using ProLong Gold Antifade Mountant (Thermo Fisher

RAW 264.7 cells (2.0 1CP/well) were treated with Rv2029¢ Scienti ¢) and observed usiqg a 60oil objective Igns on a Zeiss
(10mg/ml) for 8 h and lysed with RIPA bu er (Sangon Biotech, LSM 710 confocal laser microscope (Carl Zeiss, Oberkochen,
Shanghai, China). The resulting lysates were precleared RMany). Images were acquired using LSM710 Meta software
incubating with protein A or G sepharose beads (Santa crugnd processed using ImageJ (1.4.4).

Biotechnology, Dallas, TX, USA) for 2 h. After centrifugatiat

10,000 g for 5min at 4 C, supernatants were incubated with TLR-Binding Assays

isotype IgG, anti-TLR2, anti-TLR12, or anti-Rv2029c antilesdi WT, TLR2 = , and TLR4 = peritoneal mouse macrophages
overnight at 4C. The beads were then harvested, washedsolated as described above were cultured overnight and the
and boiled in 5 sample buer for 5min. Proteins were incubated with Rv2029c (Ifig/ml) for 2h at 37 C. Following
separated via 10% SDS-PAGE and transferred electrophdheticareatment, cells were xed with 4% paraformaldehyde (PFA)
to PVDF membranes (Millipore, Billerica, MA, USA). After for 15min and permeabilized in 0.1% Triton X-100 (PBST)
washing with TBST (Tris-bu ered saline containing 0.5% Twee for 15 min. After blocking with 5% BSA in PBS containing 5%
20) buer, membranes were probed with anti-TLR2, anti-goat serum and 0.1% Tween-20 for 2 h, cells were treated with
TLR12 (BioLegend), or anti-His (Santa Cruz Biotechnologypanti-TLR2 (1:200) and anti-His (1:500) antibodies overnigh
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4 C, followed by an Alexa Fludr568-conjugated donkey anti- Inc.). All experiments were performed in biological triplieagind
mouse IgG (Santa Cruz Biotechnology) or an Alexa Flué88-  the presented data are representative of at least three indepén
conjugated donkey anti-rabbit IgG (Santa Cruz Biotechgglo experiments.

secondary antibody for 2 h in the dark. Cells were then stained

with 0.5 g/ml DAPI (Santa Cruz Biotechnology) for 5min at Analysis of the Th1l Response and T-Cell

room temperature. After wash.ing, the cells were mounted onteroliferation Assay

slides using ProLong Gold Antifade Mountant (Thermo Fisher 1 cejis were isolated from total mononuclear cells of C57BL/6

Scienti c) and observed using a 60oil objective on a Zeiss ice immunized with Rv2029c (50ng) using a magnetic
LSM 710 confocal laser microscope (Carl Zeiss). Images Wegtiyated cell sorting (MACS) column. The purity of the T cell
acquired using LSM710Meta software and processed using imag&pulations isolated through MACS was85%, as determined

J(1.4.4). by ow cytometry analysis (BD Biosciences). Meanwhile, mouse
. . peritoneal macrophages from C57BL/6 mice were treated with
Flow Cytometric Analysis of MHC I Rv2029¢ (Leng/ml) or PamyCKS, (5mg/ml) for 24 h. Mouse
Expression peritoneal macrophages were isolated from TLR2 or
After prepared as described above, Mouse peritone@57BL/6 mice as described above.

macrophages (1 1CP/well) were incubated with isotype T cells and mouse macrophages were then co-cultured at a
I9G (30mg/ml), anti-TLR2 antibodies (30g/ml), or anti-TLR2  atio of 10:1 for 3 days at 3T and then pulsed with an anti-
and anti-TLR12 (3@ng/ml) antibodies for 18h, followed by cp3e (5mg/ml) antibody. T cells alone and T cells co-cultured
treatment with medium, LPS (positive control,ny/ml) or  wjith untreated macrophages served as controls. SandwicB/ELI
Rv2029c (1@ng/ml) for 24 h, respectively. Following treatment, kits were used to detect the levels of IENAL-4, and IL-2
cells were harvested and washed with pre-chilled PBS anf the resulting culture supernatants, per the manufacturer's
collected by centrifugation at 1,000 g for 10min at 4C. jnstryctions (BioLegend). Additionally, harvested cellsrave
Macrophages were then treated with Fc Block (1:100) (BRtained with FITC-conjugated anti-CD4, PE-conjugatediant
Pharmingen, San Jose, CA, USA) diluted in PBS supplementedemokine receptor 3 (CCR3), or PE-conjugated anti-CXC
with 1% BSA, and the expression levels of MHC Il proteins wergnhemokine receptor 3 (CXCR3) monoclonal antibodies (BD
evaluated by staining with PE-conjugated anti-mouse CD8@harmingen), and T cell proliferation was assessed by ow
FITC-conjugated anti-mouse CD80, PE-conjugated anti-s®u cytometry analysis (BD Biosciences). Lastly, to evaluate th
H-2kB for mouse macrophages (BD Pharmingen), or FITC-ctivation of e ector/memory T cells, C57BL/6 mice were
conjugated anti-mouse I-A/I-E antibodies on ice for 1h ireth jmmunized three times, at 2-week intervals, via subcutaseou
dark. In addition, to examine the intracellular expressiovels of injection of 5 1 CFUs BCG or rBCG-Rv2029c in 100
IL-12p70 and IL-10, mouse peritoneal macrophages were treat@q of PBS. Lymphocytes were then isolated from total splenic
with speci ¢ FITC- and PE-conjugated monoclonal antibodies cells at 12 weeks post-vaccination via Lymphocyte-M density-
respectively. Cells were then evaluated by ow cytometryradient centrifugation, after which the resulting macreges
(Becton Dickinson, USA). Lastly, for antigen presentatiosegs ere stimulated with Rv2029¢c (2®/ml), PamyCKS; (5 mg/ml),
macrophages were treated for 18 h with isotype IgGn@0nl),  or PBS (control) for 24h and co-cultured with T cells at
anti-TLR2 (30mg/ml), or anti-TLR2 and anti-TLR12 (3@g/ml) 3 ratio of 1:10 for 3 days. Cells were then stained with
antibodies, followed by Rv2029c (#0/ml) or PamsCKS& (5 pE-Cy5-conjugated anti-CD4 or PE-Cy5-conjugated antisCD
mg /ml) overnight. Following treatment, the cells were iné®  monoclonal antibodies, and FITC-conjugated anti-CD62ld an

with BCG for 4h, and the eXpression levels of MHC mOIeCUle@E_Conjugated anti-CD44 monoclonal antibodiesy and azmjy
were evaluated by ow cytometry using specic antibodiespy ow cytometry.

The resulting data were analyzed using CellQuest data asalysi
software and FlowJo 10.0 software (Tree Star, Inc., Ashlandatistical Analysis

OR, USA). Results are presented as the meanstandard deviations (SD)

. . . of the results obtained from triplicate experiments. Resukgan
Flow Cytometric Analysis of Cell Apoptosis analyzed by one-way analysis of variance (ANOVA) followed by

Mouse pen_toneal macrophageswere infected with 1.8.0° Tukey's test or Dunnets test, using Origin 8.0 software ¢@ri
CFUs of wild-type BCG, rBCG-pMV261, or rBCG-Rv2029cLab Northampton, MA, USA). For all test®  0.05 was
(MOI D 10) for 18 h or 36 h, or were pre-treated with isotypecon'Siolereol statistieally s,igni cant '

19G (30mg/ml), anti-TLR2 (30g/ml), anti-TLR12 (30ng/ml),
anti-TLR2 and anti-TLR12 (3@g/ml), or anti-TLR4 (30ng/ml)
antibodies for 18 h, followed by infection with wild-type BCG, RESULTS
rBCG-pMV261 or rBCG-Rv2029c for 48h (M@ 10). Cells
were then stained with an Annexin-V-conjugated dye andRVZQZQC’ a Key Component of the A39

propidium iodide (PI) from an Apoptosis Detection Kit 1 (8D Multistage DNA Vaccine, Confers

Pharmingen), and screened for apoptosis via ow cytometryProtective Immunity against MTB

analysis using a BD FACSCanto Il device (BD Bioscience®). Thhe DNA vaccine A39 contains MTB antigens Ag85A and
resulting data were analyzed with FlowJo 10.0 software @t@ae Rv3425, both of which are expressed during the early and
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acute phases of infection, and the hypoxia stress-induce®v2029c Promotes NF- kB, Jnk, p38, and

antigen Rv2029c. Here, we evaluated the protective e cacy gERK1/2 Activation in Macrophages
boosting with A39 after immunization with BCG (BCG prime- To further investigate whether Rv2029¢ activates the MAPK and
A39 boost) both before and after challenge with live MTBNF-KB signaling pathways, as indicated by MS data, RAW264.7
H37Rv Figure 1A). For these experiments, the bacterial loadsells were treated with culture medium, Rv2029c rgoml),
in the lungs and spleens of mice were analyzed at 6 and }gpg (Ing/ml), or PamCKS; (5mg/ml) for various lengths
weeks post-challenge. All mice in the BCG-vaccinated groups time, and the phosphorylation status of p38, JNK, and
exhibited signi cantly fewer bacteria in the lungs and splee ERK1/2 was evaluated by western blot analysis. As shown
than those in the PBS control group. The BCG prime-A39 Figure 3A, stimulation with Rv2029c for 1h triggered
boost strategy provided the greatest protection against MTBytrong phosphorylation of p38, JNK, and ERK1/2. Conversely,
with signi cantly lower CFUs in the lungs and spleens afterjittie phosphorylation was observed in untreated cells. Similar
challenge than those in the BCG after challenge group. Ifesults were observed by confocal microscopy analysis af cell
addition, the CFU numbers in the BCG prime-A39 boost-stained with antibodies speci ¢ to p-p38, p-IJNK, and p-ERK1/2
immunized groups were lower than those in the BCG prime'(Figure 3B).
PVAX boost group Figure 1B). Together, these results indicate  Next, we examined the intracellular localization of KB-
that boosting BCG with A39 results in enhanced control ofsypunits in RAW264.7 cells treated with or without Rv2029¢c
bacterial replication in the lungs and spleens of MTB-infectedor 1 h. Treatment with Rv2029c resulted in increased nuclea
mice. translocation of NFkB, and a corresponding decrease in the
The observed protective e cacy of A39 encouraged us ttyclear expression okiBa (the inhibitor of NFB), compared
test the ability of this vaccine to control reactivation of BT o the control cells, as determined by western blot analysis
infection. As a model for post-exposure vaccination, C57Btemi (Figure 34). Again, these ndings were supported by confocal
were infected via aerosol exposure and then treated with INKhicroscopy analysis{gure 3B).
and RIF, or with the pVAX or A39 DNA vaccinegigure 1C). Lastly, we investigated the e ects of Rv2029c on K-
While the bacterial load post-antibiotic treatment was low,3nd MAPK activation in BCG- or rBCG-Rv2029c-infected
robust reactivation was observed at 22 weeks after infectioRaw264.7 cells. As shown ifigures 3C,D) rBCG-Rv2029¢c
Conversely, as shown iRigure 1D, the lungs and spleens of infection resulted in enhanced phosphorylation of p38, JNK,
A39-immunized mice exhibited signi cantly lower number$ 0 and ERK1/2, as well as increased nuclear translocation of NF-
MTB than those in the pvVAX and PBS control groups (0.5+B, compared to infection with wild type BCG, at 4h post-
0.7 log10 reduction in CFUs), even at 22 weeks post-infectiofnfection. These data were inconsistent with those obtaibed
These results demonstrate that A39 provides a signi canf/s, indicating that Rv2029c could activate the innate immune
degree of protection against reactivation of MTB infection i“system via activation of the NEB, JNK, ERK1/2, and p38

mice. signaling pathways in macrophages.

Rv2029c Induces an In ammatory Rv2029c Induces Pro-In ammatory
Response via TLR2/TLR12-Mediated Cytokine Production in Macrophages in a
Cross-Talk among Activated Downstream TLR2/TLR12/MAPK Pathway-Dependent
Pathways in Mouse Macrophages Manner

To clarify the mechanism by which Rv2029c in uences hostn ammatory cytokines are essential for the activation and
immunity, we designed an iTRAQ-based subcellular quaritigat recruitment of immune cells to sites of bacterial infectidtie
proteomic approach to identify proteins associated with Rv2029therefore examined whether Rv2029c in uences the expressio
functions in BCG- or rBCG-Rv2029c-infected RAW264.7 cell®f the pro-inammatory cytokines TNFRa, IL-6, and IL-
(Figure S1). Via these analyses, we found that proteins gixtgh 12p70, and of the anti-in ammatory cytokine IL-10, in
di erential expression in response to Rv2029c were primarifRAW264.7 infected with BCG, BCG-pMV261, or rBCG-
associated with signal transduction, immunology and deéen Rv2029c, respectively, via ELISA analysis. After 24h of
response to stress, and apoptosis (Tables S1, S2, and Figfection, cells infected with the Rv2029c-overexpres8ags
S2). As shown inFigure 2A, dynamic linkages involving the exhibited markedly higher expression of TNF-and IL-6
key components of the TLR2/TLR12, MAPKs, KB; and than those infected with BCG or BCG-pMV261. Meanwhile,
IRF signaling pathways may coordinate the Rv2029c-triggerdtiere were no dierences between groups in the levels
extensive in ammatory response observed in MTB-infectedbf IL-10 production figure 4A and Figure S3). Together,
macrophages. Moreover, the detailed sub-networks of glob#hese data indicate that Rv2029c induces a pro-in ammatory
functional links among transcription factors, cofactormyda cytokine response. Additionally, we evaluated the levels of
their associated proteins elucidates how the transcriptamidr  cytokine production in macrophages treated with various
regulatory network operates in an interconnected mannerconcentrations of recombinant Rv2029c (1-Aifml), or with
with upstream signaling cascades during Rv2029c challeng®S (Img/ml), PamyCKS (5mg/ml), isotype antibodies (lso,
(Figures 2B,0. 50mg/ml), anti-Rv2029c antibodies (B@/ml), or proteinase
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FIGURE 3 | Mycobacterium tuberculosis(MTB) antigen Rv2029c promotes NFkB and MAPK pathway activation.(A) The phosphorylation status of NFkB, p38, ERK
(1/2), INK, and kBa, as well as the nuclear translocation of NFkB, in RAW264.7 cells treated with medium, Rv2029c (1@ng/ml), LPS (1Img/ml), or Pamz CKS,
(Pam3, 5mg/ml) for 1 h were evaluated by western blot analysigB) Immuno uorescence microscopy analysis of the levels of phosporylated p38, JNK, ERK1/2, and
IkBa, and of nuclear translocation of NFkB in mouse primary macrophages treated with Rv2029c for 2 h. 8ale bar, 50mm. (C) Immunoblot analysis of the levels of
phosphorylated NFkB, p38, ERK (1/2), JNK, and kBa, and of nuclear translocated NFkB in RAW264.7 cells infected for 0-8 h with 2 108 CFUs of wild-type
Mycobacterium bovis Bacillus Calmette-Guérin (BCG) or rBCG-Rv2029¢D) Densitometric analysis of the bands present in the westernlbt shown in panel(C),
presented relative tob-actin. All data are expressed as the means standard deviations of the results obtained from three sepate experiments. P < 0.05; **P <
0.01.

p-p38

BCG-Rv2029¢ IxBa

K (PK, 50mg/ml) for 24 h by ELISA analysis. Treatment with K or anti-Rv2029c, but not with the isotype control antibody
Rv2029c resulted in a signi cant, dose-dependent increadgigure 4B).

in TNF-a, IL-6, and IL-12p70 production. Moreover, these Our MS data indicated that Rv2029c induced the activation
e ects were specic to Rv2029c, as the observed increases o MAPK pathways, which are essential for triggering the
these cytokines were abrogated by treatment with proteinase ammatory response. We therefore examined whether MAPK
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FIGURE 4 | Mycobacterium tuberculosis(MTB) antigen Rv2029c activates macrophages via a MAPK and'R2/TLR12 pathway-dependent mechanism(A) ELISA
analysis of TNFa, IL-6, and IL-12 p70 production in RAW264.7 cells infected fo24 h with Mycobacterium bovis Bacillus Calmette-Guérin (BCG), rBCG-pMV261, or
rBCG-Rv2029c. (B) RAW264.7 cells were incubated with Rv2029c (10ng/ml), proteinase K (PK, 50 mg/ml), Pam3 (5g/ml), or LPS (Img/ml) for 36 h, after which the
levels of TNFa, IL-6, and IL-12 p70 production were evaluated by ELISA(C) RAW264.7 cells were treated with DMSO (vehicle control) orith inhibitors of p38
(SB203580, 10mM), ERK (U0126, 10mM), or JNK (SP600125, 10mM) for 1 h at 37 C, then stimulated with Rv2029¢ (10vng/ml) for 36 h. The levels of TNFa, IL-6,
and IL-12 p70 in the supernatants harvested from cells in eacgroup were then assessed by ELISA(D) ELISA analysis of the levels of TNE; IL-6, and IL-12 p70
production by RAW264.7 cells treated with isotype 1gG (3@g/ml), anti-TLR2 (30mg/ml), anti-TLR12 (30mg/ml), anti-TLR2 and anti-TLR12 (3@ng/ml), or anti-TLR4
(30mg/ml) antibodies for 1 h, followed by Rv2029c (20ng/ml) for 36 h. All data are expressed as the means standard deviations of the results obtained from three
separate experiments. n.s., not signi cant; P < 0.05; **P < 0.01.
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signaling was involved in Rv2029c-induced pro-in ammatorysuggesting that Rv2029c enhanced BCG-mediated apoptosis in
cytokine production. Specically, RAW264.7 cells weremacrophage via TLR2/TLR12-dependent manriég(re 5B).
pretreated with a p38 inhibitor (SB203580,r8d), an ERK1/2 To further evaluate the pro-apoptotic e ects of Rv2029c,
inhibitor (U0126, 50mM), or a JNK inhibitor (SP600125, RAW264.7 cells were treated with medium, Ag85Br{tjiml),
50mM) for 1h prior to stimulation with Rv2029c (10g/ml)  or Rv2029c (16ng/ml) for 24 h, after which the expression levels
for 24 h, after which the levels of TN&- IL-6, and IL-12p70 of Bcl-2, Bax, and caspase-3 were determined by western blot
production were measured by ELISA analysis. Predictablgnalysis. Consistent with its role in inducing apoptosis, R&0
treatment with the MAPK inhibitors resulted in signicant treatment signi cantly promoted the expression of Bax and
abrogation of TNFa, IL-6, and IL-12p70 production by caspase-3, but not Bcl-2, compared to that observed in the
Rv2029c-treated cells, indicating that these pathwaysrdieat  other groups Figure 5C). Next, we examined whether Rv2029c
for MTB-mediated induction of pro-in ammatory cytokines promotes BCG-mediated apoptosis in macrophageivo. For
(Figure 40. these studies, mice were immunized with BCG, BCG-pMV261
To investigate the roles of TLR2/TLR12 in Rv2029c inducedivector control), BCG-Ag85B, BCG-Bax (positive controll,@&-
cytokine production, RAW264.7 cells were treated with orBax/Ag85B (positive control), or rBCG-Rv2029c. The levéls o
without anti-TLR2, anti-TLR12, anti-TLR4, or isotype control apoptosis among peritoneal macrophages were then detected
antibodies for 1 h, then stimulated with Rv2029c (d@ml) for by ow cytometry at 12 weeks after immunization. As shown
24h. The culture supernatants were then harvested, and the Figure 5D, the apoptosis rate was higher among the mice
levels of TNFa, IL-6, and IL-12p70 were measured by ELISAin the rBCG-Rv2029c group than in those of the BCG-Bax
As shown inFigure 4D, treatment with the anti-TLR2 and anti- and BCG-Bax/Ag85B groups. Meanwhile, no signi cant changes
TLR12 antibodies, respectively, but not the anti-TLR4 or igety in macrophages apoptosis were observed among the mice in
control antibodies, signi cantly blocked the observed B22c- the BCG, BCG-pMV261, or BCG-Ag85B groups. These results
induced increases in TNE; IL-6, and IL-12p70 production. indicate that Rv2029c may trigger both apoptotic pathways to
Moreover, immunoprecipitation analysis demonstrated thatpromoted BCG-induced apoptosis in macrophage.
Rv2029c is capable of directly binding to TLR2, but not to

TLR12 (Figure S4), indicating that Rv2029c induces macrophagry,2029¢c Reverses the BCG-Mediated

activation and promotes pro-in ammatory cytokine production . . } .

in a TLR2/MAPK signaling-dependent manner. I\Rﬂeductlﬁn n MHCIt” Ei(lgléelﬁ'?%qgf Mouse
acrophages via Its

. Activation
Rv2029c Challenge Induces Apoptosis in To investigate the eect of Rv2029c-induced TLR2/TLR12
BCG-Infected Macrophages activation on macrophage function, mouse peritoneal

MTB is capable of evading the host immune response bgnacrophages were stimulated with culture medium, LPS
inhibiting macrophage apoptosis, which was previously shown té1 mg/ml), or Rv2029c (16g/ml) for 48 h after incubation with
contribute to the extermination of intracellular pathogerefar isotype 1gG or with anti-TLR2 and anti-TLR12 antibodies,
etal., 201)L Via MS analysis (Table S3), we found that apoptosisand the expression of cell surface markers, including
associated proteins such as Bax, Caspase 3, and MIh2 w&®80, CD86, MHC I, and MHC I, was examined by ow
di erentially expressed following Rv2029c challenge, anat th cytometry. Rv2029c treatment signi cantly increased the
this antigen triggered an apoptotic cross-talk network (Feggu expression of CD80, CD86, and MHC II; in contrast, there
S5). We therefore analyzed the levels of apoptosis exhibited was no change in MHC | expressioifrigure 6. Meanwhile,
Mouse peritoneal macrophages at 36 h after infection with BCGlocking with anti-TLR2/anti-TLR12 antibodies abrogated
rBCG-pMV261, or BCG-Rv2029c by ow cytometry. As shownthe Rv2029c-mediated increases in CD80, CD86, and MHC
in Figure 5A, the apoptosis rate of macrophages infected with thél expression. We then investigated the levels of IL-12p70
Rv2029c-overexpressing BCG strain was signi cantly higieer ~ and IL-10 production induced by Rv2029c stimulation, which
that of the cells infected with wild-type bacteria. are associated with the development of Thl and Th2 cells,
TLR engagement elicits an array of cellular reprogrammingespectively. Rv2029c signi cantly induced the secretion of
genes, culminating in the apoptosis of infected macrophageHf.-12p70 but not of IL-10 Figure 6B), and this e ect was
To investigate whether TLR2/TLR12 is involved in Rv2029cinhibited by treatment with anti-TLR2/anti-TLR12 antibodie
enhanced apoptosis in BCG-infected macrophages, Mougedicating that Rv2029c enhances macrophage function tiinou
peritoneal macrophages were treated with isotype Ig@LR2/TLR12.
(30mg/ml), anti-TLR2 (30mg/ml), anti-TLR12 (30ng/ml), TLR activation was critical for the enhanced MHC-II
anti-TLR2 (30mg/ml) C anti-TLR12 (3Gmg/ml), or anti-TLR4  expression relative to BCG-infected macrophages. To esabli
(30mg/ml) antibodies for 18 h and then infected with BCG, whether Rv2029c-mediated TLR2/TLR12 activation reversed th
or rBCG-Rv2029c for 48 h, after which the levels of apoptosiseduction of MHC-II expression induced by BCG infection,
were analyzed by ow cytometry. Treatment with anti-TLR2mouse peritoneal macrophages were treated with isotype 1gG,
and anti-TLR12 antibodies, but not with the anti-TLR4 or isotype 1gG and Pam3, isotype IgG and Rv2029c, anti-TLR2
the isotype-matched control antibodies, abrogated the rBCGantibodies and Pam3, or anti-TLR2 and anti-TLR12 antibodies
Rv2029c-induced apoptosis observed in mouse macrophagesd Rv2029c for 24 h, infected with BCG, and subjected to
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FIGURE 5 | Over-expression of theMycobacterium tuberculosisantigen Rv2029c in BCG regulates macrophage apoptosis depedent on TLR2/TLR12.

(A,B) Graphic depictions of the numbers of apoptotic macrophagesamong mouse peritoneal macrophages (1.5 10°) (A) infected with 1.5 108 CFUs of wild-type
BCG, rBCG-pMV261, or rBCG-Rv2029c for 18 or 36 h (MOD 1:10) or (B) treated with isotype 1gG (30mg/ml), anti-TLR2 (30mg/ml), anti-TLR12 (30mg/ml),
anti-TLR2 and anti-TLR12 (30ng/ml), or anti-TLR4 (30mg/ml) antibodies for 18 h, then infected with wild-type BCG, orBCG-Rv2029c for 48 h (MOID 1:10).
Following treatment all cells were stained with FITC-conjaged Annexin-V and PE-conjugated PI(C) Western blot analysis of the levels of Bcl-2, Bax, and caspas3
expression in mouse peritoneal macrophages infected with 8G or rBCG-Rv2029c for 72h (MOD 1:10). (D) Mice were immunized with BCG, BCG-pMV261 (vector
control), BCG-Ag85B, BCG-Bax (positive control), BCG-Bafg85B (positive control), or BCG-Rv2029c. The levels of agutosis among alveolar macrophages were
then determined by ow cytometry at 12 weeks after imnmunizatin. All data are expressed as the means standard deviations of the results obtained from three
separate experiments. n.s., not signi cant; P < 0.05; **P < 0.01.
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FIGURE 6 | Rv2029c-induced activation of TLR2/TLR12 enhances macrophge function and increases MHC-II expression in BCG-infectemacrophages. (A) Flow
cytometry analysis of the expression of the cell surface mkers CD80, CD86, MHC I, and MHC Il in mouse peritoneal macrophags incubated with isotype IgG
(30mg/ml) or anti-TLR2 and anti-TLR12 (3@ng/ml) antibodies for 18 h, then stimulated with culture medim, LPS (positive control, Img/ml), or Rv2029c (10mg/ml) for
24 h. Cells were stained with FITC- or PE-conjugated monoclaal antibodies speci ¢ to the respective markers.(B) Flow cytometry analysis of the levels of intracellula
IL-12p70 and IL-10 expression in mouse peritoneal macrophageincubated with isotype 1gG (30ng/ml) or anti-TLR2 and anti-TLR12 (3Gng/ml) antibodies for 18 h,
then stimulated with culture medium, LPS (positive contrpll mg/ml), or Rv2029c¢ (10mg/ml) for24 h. (C) Flow cytometry analysis of the expression of MHC molecules
in mouse peritoneal macrophages treated with isotype 1gG (3@g/ml), anti-TLR2 (30mg/ml), or anti-TLR2 and anti-TLR12 (3@ng/ml) antibodies for 18 h, then
stimulated with Rv2029c (10mg/ml) or Pam3 (5mg /ml) overnight, infected with BCG for 4 h, washed, and overld with Rv2029c-speci ¢ T cells (1:10).(D) Graphic
depiction of the levels of IL-2 in the supernatants of the calldescribed in(C), as measured by sandwich ELISA analysis after 24 h. All data@expressed as the
means standard deviations of the results obtained from three sepate experiments. n.s., not signi cant; P < 0.05; **P < 0.01.
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ow cytometry analysis to evaluate the surface expressioDISCUSSION
of MHC-II. Additionally, the remaining macrophages were
incubated with Rv2029c-specic T cells (1:10) for 24 h, aftein this study, we demonstrate that boosting and immunotherapy
which the supernatants were collected and subjected to sahdw with the multistage DNA vaccine A39 signi cantly increased
ELISA analysis to measure the levels of IEigure 6Cillustrates  the protective e ciency of the BCG vaccine, before and after
that Rv2029c-mediated TLR2/TLR12 activation reversed thexposure to MTB, respectively, compared to the control, as
BCG-induced reduction in MHC-II expression, and this e ect characterized by lower bacterial loads. The multistage IS8\
was inhibited by blockage of TLR2/TLR12 signaling, indiaatin vaccine was comprised of the early protective antigens Ag85A
that Rv2029c enhanced the ability of BCG-infected macropbagand Rv3425, and the latent antigen Rv2029c. Macrophages are
to present antigens to T cells, as re ected by increased IL-@ptimally equipped to recognize pathogens and vaccines, and
levels in the co-culture supernatants of Rv2029c-preaeiivat to simultaneously instruct the type, magnitude, and spety ci
macrophages infected with BCG and antigen-specic T cellof the subsequent immune responséso(izalez-Juarrero and
(Figure 5D). These results demonstrate that Rv2029¢ promote@'Sullivan, 2011; Hmama et al., 2)1Previous studies have
macrophage activation and antigen presentation in BCG-tefiéc examined interactions between macrophages and the early
macrophages via TLR signaling. antigens (Ag85A and Rv3425R(isso et al., 2000; Xu et al.,
2015; however, the precise mechanism underlying this protective
. immunity remains to be explained, but could provide a rationale
RVZOZQC Stimulates Th1-Type T Cell for the clinical development of an A39 vaccine. Here we
Immunity and Promotes Effector/Memory report that the latent antigen Rv2029c activated macrophages
T Cell Proliferation by increasing pro-in ammatory cytokine production, promoted
Macrophages can e ciently prime naive T cells to induce amacrophage apoptosis, and enhanced the expression of MHC-
Thi response. To examine whether Rv2029c-enhanced MH@- molecules in BCG-infected macrophages in a TLR2/TLR12
Il expression aects the ability of mouse macrophages taglependent manner. Moreover, Rv2029c-treated macrophages
present antigens to T cells, we performed a Mixed Leukocytectivated naive T cells, e ectively polarized ¢Dand CD&
Reaction (MLR) assay using Rv2029c-speci ¢ T cells co-culturel cells to secrete IFN-and IL-2, and speci cally expanded a
with Rv2029c-pulsed mouse peritoneal macrophages or mouge@pulation of CD449"CD62L°YCD4C/CDSC e ector/memory
peritoneal macrophages alone. Rv2029c-specic T cells weeells. Together, these data indicate that Rv2029c, as acspeci
incubated for 48 h with macrophages that were pretreated withecall antigen, contributes to the Thl polarization of T cell
Rv2029c, PagCKS;, or PBS, and the levels of IF§-IL-2, and  immunity. Whether vaccination with the late antigen Rv2029
IL-4 in the supernatants were measured via ELISA. We foundlone would be su cient to induce a protective response is lpein
that T cells primed with Rv2029c-pulsed macrophages producegsearched in our lab, however, the multistage A39 DNA veci
signi cantly higher levels of IFNy and IL-2 than T cells boosted the protective e cacy of BCG when administered both
primed with untreated macrophages. Meanwhile, no signi cantoefore and after MTB exposure.
changes in IL-4 secretion were detected between groups Apoptosis is considered one of the most important host
(Figure 7A). defense mechanisms against mycobacterial infection, &s th
Next, we evaluated the expression of the chemokine receptapsocess promotes killing of intracellular bacteria and proiregs
CXCR3 and CCR3 via ow cytometry. T cells co-culturedof MTB antigens to induce proper immune responsésifar
with Rv2029c-pulsed mouse peritoneal macrophages exhibited al., 201). BCG-triggered apoptosis during infection leads to
signi cantly increased expression of CXCR3, but not CCR3the release of MTB antigens in the form of apoptotic blebs, and
compared to the control groupFigure 7B). These ndings the engulfment of these blebs by dendritic cells results assr
suggest that Rv2029c-stimulated macrophages induce tiiming, which e ectively facilitates antigen presentationdan
development of T cells toward a Th1 phenotype. To then assessiminates in the activation of T cells. In previous work, Fagni
whether Rv2029c-activated macrophages are able to spégi cagt al. demonstrated that the recombinant BCG Deltaure Gy
stimulate CD# and CD& splenic T cell proliferation, (rBCG) vaccine promotes macrophage apoptosis and improves
splenocytes were isolated from C57BL/6 mice immunized witlihe vaccine e cacy of rBCG, an e ect that is dependent on
BCG or rBCG-Rv2029¢c, and mouse peritoneal macrophag@shanced cross-primingFarinacci et al., 20)2 Meanwhile,
were stimulated with Rv2029c¢ (h@/ml), PamyCKS, (5mg/ml),  the early-secreted MTB antigen ESAT-6 promotes macrophage
or PBS (control) for 24 h. The macrophages were then washeapoptosis and IFNg-induced MHC-II expression, but also
and co-cultured with T cells at a ratio of 1:10 for 3 days. Theexhibits strong immunotherapeutic potential as a component of
expression of CD62L and CD44 on CB4nd CD& splenic T a TB vaccine%ingh et al., 2005; Yu and Xie, 2012; Yang et al.,
cells was analyzed by ow cytometry. As shownFigure 7C, 2015. Thus, BCG combined with antigen-induced apoptosis
Rv2029c vaccination induced the formation and expansiomightcomprise an e ective strategy for the development of iove
of e ector/memory T cells by signicantly down-regulating vaccines providing improved T cell stimulation and protection
CD62L and up-regulating CD44 expression on both €Dehd e cacy. In this context, our data showed that Rv2029c adtda
CD8& splenic T cells. Together, these ndings indicate thatapoptosis-associated regulatory pathways in rBCG-Rv2029c—
Rv2029c induces the Th1 cell-mediated response and enhandetected macrophages compared to those infected with BCG
the development of e ector/memory T cells. or rBCG-Bax, respectively. These results indicate that Ra@202
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FIGURE 7 | Rv2029c-activated macrophages stimulate Thl-type immuneesponses and induce effector/memory T cell proliferatioriT cells were isolated from total
mononuclear cells prepared from C57BL/6 mice immunized witlPBS or Rv2029c (50mg). Meanwhile, mouse peritoneal macrophages isolated fror@57BL/6 mice
were treated with R2029¢ (10mg/ml) or Pam3 (5mg/ml) for 24 h. The T cells and macrophages were then co-culted at a ratio of 10:1 for 3 days at 37 C and pulsed
with anti-CD3 (5mg/ml) antibodies. Populations of T cells alone and T cells coultured with untreated macrophages served as controls. T ell proliferation was then

assessed by ow cytometry. (A) Graphic depiction of the levels of IFNg, IL-2, and IL-4 in the culture supernatants from each group, asletermined by ELISA analysis.
(Continued)
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FIGURE 7 | Continued

(B) Semiquantitative RT-PCRB) T cells collected during the experiment presented i{A) were stained with FITC-conjugated anti-CD4, PE-conjugatednti-CXCR3, or
PE-conjugated anti-CCR3 monoclonal antibodies and analyed by ow cytometry. Histograms and bar graphs indicate the numbers of CXCRE or CCR3C T cells
among the total population of R2029C-speci ¢ CDAC T cells. (C) Splenocytes were isolated from C57BL/6 mice immunized wittMycobacterium bovis Bacillus
Calmette-Guérin (BCG) or rBCG-Rv2029c, and macrophages we stimulated with Rv2029¢ (10mg/ml), Pam3 (5mg/ml), or PBS (control) for 24 h. mouse peritoneal
macrophages were then washed and co-cultured with T cells a& ratio of 1:10 for 3 days. The splenocytes were stained with IFC-conjugated anti-CD4 monoclonal
antibodies or FITC-conjugated anti-CD8, PE-conjugated aifCD62L, and PE-Cy5-conjugated anti-CD44 monoclonal antiodies, and then analyzed by ow cytometry.
The values shown represent the means standard deviations of the results obtained from three indgendent experiments. n.s., not signi cant; P < 0.05; **P < 0.01.

promotes the apoptosis of infected macrophages, potentiallyroduction. Conversely, this antigen had little e ect on tles¢ls
facilitating antigen presentation. of IL-4 secretion.

MHC-II molecules are continuously synthesized in response CXCRS3 is primarily expressed on the surface of Thl- cells,
to infection, during which they are loaded with antigenic pelps  and the cooperation of CXCR3 chemokines and ligands can lead
in the MHC compartment and then exported to the plasmato increased numbers and migration of Thl lymphocytes; in
membrane, where they prime CBAT cells, mediating Thl contrast, CCR3 has been reported to play important roles in
immunity to tuberculosis. MHC-II expression can be increasedhe Th2-cell homing pathwayJangur et al., 2003; Brightling
through the activation of macrophages, either with cytokine et al., 2005 Our results show that CB4T cells co-cultured with
such as IFNg or via the activation of TLR signalingdarding and  Rv2029c-treated macrophages showed signi cantly inctease
Boom, 201) Mycobacterial lipoproteins were found to suppressexpression of CXCR3, but not CCR3, compared with those co-
TLR2-dependent MHC-II expression in macrophagése(iring  cultured with macrophages alone. Moreover, our results cfearl
et al., 200)t Conversely, TLR-2 (PGN), TLR3 [poly(l:C)], demonstrate that Rv2029c-treated macrophages speci cally
TLR4 (LPS), TLR-7, and TLR-9 ligands were reported to upinduced the expansion of CD4/CD8CDA4'CD62L'°Y memory
regulate MHC-II (Walseng et al., 2010; Bakhru et al., 2014 T cells, which are capable of producing IFf\and are considered
Thus, novel mycobacterial ligands for TLRs could serve a® be essential for acquired immunity and the e cacy of vaus
adjuvants in the development of tuberculosis vaccines. i thagainst TB Gruppo et al., 2002 Thus, Rv2029¢ might comprise
present study, we found that Rv2029c promoted TLR2 activatioan ideal vaccine antigen, linking innate and adaptive imntyini
and MHC-II expression in mouse macrophages. TLR12 ishrough macrophage activation by simultaneously inducing-Thl
intracellularly localized and plays a crucial role in theulegion  polarized T-cell expansion.
of IL-12 production in response to parasitic infectioRdetz BCG infection suppressed MHC-Il expression in
et al.,, 2018 We found that blockage of TLR12 attenuatedmacrophages that attenuated their ability to present peptides
the Rv2029c-induced increase in MHC-II expression observet T cells {Valseng et al., 20)0Thus, the variable protection
in mice, and that Rv2029c bound specically to TLR2, butprovided by BCG could be due to an inherent ine ciency
not TLR12 (Figure S4), indicating that Rv2029c may modulaten MHC-ll-dependent presentation of antigens to T cells
MHC-II expression via a TLR2-direct and TLR12-indirectby macrophages Qhen and Jensen, 2008Activation of
manner. macrophages with ligands for TLR-9, 7, 5, 4, and 1/2 reversed

Thl lymphocytes are clearly involved in the early phas¢he reduction in BCG-mediated MHC-II expression. BCG-
of host defense because they produce cytokines essential foggered apoptosis facilitates the release of antigens in the
neutrophil and monocyte recruitment to the site of infection form of apoptotic blebs, resulting in the potential enhancemen
In particular, Thl lymphocyte-induced IFNg- promotes of antigen presentation. Therefore, MTB antigens can aect
macrophage activation by stimulating phagosomal maturatiomultiple intracellular events regulating MHC-II-dependent
and antigen presentation. Therefore, the induction andantigen presentation or apoptosis via TLRs, and might
maintenance of Thl-polarized immune responses are thought tbe necessary to achieve optimal delivery of BCG or other
be critical to host protection again$d. tuberculosigJasenosky tuberculosis vaccines in their most immunogenic forBafhru
etal., 201p Indeed, defects in the IFNg-signaling pathway were et al., 201} In this context, we found that Rv2029c-induced
shown to lead to severe mycobacterial infections in bothemicactivation signi cantly enhanced MHC-II expression in BCG-
and humans fndersen and Woodworth, 20)4IL-2 is secreted infected macrophages at 4h, and potentially promoted their
by Ag-activated CD% T cells during the primary immune ability to present peptides to T cells, as re ected by signi cantl
response, and is clearly essential for the dierentiation andigher levels of IL-2 production in T cells that were co-cuédr
expansion of naive T cells into IFhHproducing e ector cells in  with prior activation of BCG-infected macrophages induced by
TB, indicating that continuous expression of IL-2 is requdit®  Rv2029c, compared with those co-cultured with BCG-infected
confer resistance to TB progressidd(in et al., 2012; Cliord macrophages alone. As is well-characterized, the surfaeéslev
et al., 201} In this study, naive T cells primed with Rv2029c-of peptide-loaded MHC-II determine the ecacy of T cell
treated macrophages produced signi cantly higher levels oéctivation, which in turn a ects the levels of IL-2 secretidive
IFN-g than did those primed with untreated macrophages.also observed that Rv2029c promoted apoptosis in BCG-infected
Moreover, Rv2029c enhanced the ability of macrophages tmacrophage at 48 h, which likely facilitated antigen preséat
present Rv2029c peptides to T cells, leading to increased ILThe di erence of the relative timings may account for Rv2029c
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