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The Recombinant BCG AureC::hly Vaccine
Targets the AIM2 Inflammasome to Induce
Autophagy and Inflammation
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Background. The recombinant BCG AureC::hly (rBCG) vaccine candidate induces improved protection against
tuberculosis over parental BCG (pBCG) in preclinical studies and has successfully completed a phase 2a clinical trial.
However, the mechanisms responsible for the superior vaccine efficacy of rBCG are still incompletely understood.
Here, we investigated the underlying biological mechanisms elicited by the rBCG vaccine candidate relevant to its
protective efficacy.

Methods. THP-1 macrophages were infected with pBCG or rBCG, and inflammasome activation and autophagy
were evaluated. In addition, mice were vaccinated with pBCG or rBCG, and gene expression in the draining lymph
nodes was analyzed by microarray at day 1 after vaccination.

Results. BCG-derived DNA was detected in the cytosol of rBCG-infected macrophages. rBCG infection was as-
sociated with enhanced absent in melanoma 2 (AIM2) inflammasome activation, increased activation of caspases
and production of interleukin (IL)-1B and IL-18, as well as induction of AIM2-dependent and stimulator of inter-
feron genes (STING)-dependent autophagy. Similarly, mice vaccinated with rBCG showed early increased expres-

sion of II-18, Il-18, and Tmem173 (transmembrane protein 173; also known as STING).
Conclusions. rBCG stimulates AIM2 inflammasome activation and autophagy, suggesting that these cell-
autonomous functions should be exploited for improved vaccine design.

Keywords. recombinant BCG AureC::hly; macrophages; inflammasome; autophagy; innate immunity;

vaccination; tuberculosis.

Tuberculosis, caused by the intracellular bacterium My-
cobacterium tuberculosis, is a major infectious disease,
causing 1.5 million deaths every year [1, 2]. BCG
vaccine, created using Mycobacterium bovis bacille
Calmette-Guérin (BCG), is the only licensed vaccine
against tuberculosis. However, meta-analysis of pub-
lished studies indicates that BCG only protects against
severe forms of tuberculosis in infants and not against
pulmonary tuberculosis in any age group [3, 4].
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Therefore, novel vaccine candidates against tuberculosis
are urgently needed.

In tuberculosis, macrophages serve as both habitat
and first line of defense against M. tuberculosis [5]. Mul-
tiple pattern-recognition receptors sense mycobacterial
molecular patterns at distinct subcellular sites of the
macrophage. Toll-like receptors and C-type lectin re-
ceptors are sensors on the cell surface for extracellular
mycobacterial components, while nucleotide-binding
oligomerization domain-like receptors (NLRs) and
aryl hydrocarbon receptor sense mycobacterial mole-
cules in the host cytosol [6, 7]. Intracellular signaling
cascades from these receptors induce production of
proinflammatory cytokines, chemokines, and anti-
microbial molecules and modulate cell death [8]. Im-
portantly, macrophage-derived cytokines, such as
tumor necrosis factor oo (TNF-a), interleukin (IL)-12,
and IL-1 family members, including IL-1B and IL-
18, are critical for host defense against tuberculosis
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[9]. Apoptosis of infected macrophages renders mycobacterial
antigens accessible for processing and presentation, thereby
contributing to stimulation of a protective T-cell response
[10]. Activation of macrophages by these T cells controls the
growth of M. tuberculosis. Thus, macrophages play a crucial
role in protection against M. tuberculosis infection.

Inflammasomes, multiprotein platforms composed of intra-
cellular sensors and caspase 1, are formed in the cytosol of in-
nate immune cells such as macrophages and are primarily
activated by pathogen-derived molecular patterns or host-
derived danger molecules [11]. Inflammasome activation results
in cleavage of the active form of caspase 1 and secretion of IL-1j
and IL-18, whose proinflammatory activities direct host
responses to infection [11]. Absent in melanoma 2 (AIM2) in-
flammasome senses cytosolic DNA [12, 13], and its activation
plays a role in host defense against DNA viruses and intracellu-
lar bacteria such as listeriae and mycobacteria [14-16]. More-
over, the AIM2 inflammasome is involved in the induction of
caspase 1-dependent cell death, termed “pyroptosis” [12], and
recent studies suggest that AIM2 inflammasome induction in
macrophages also triggers autophagy [17].

Autophagy is the major protein degradation process through
which intracellular components, including cytosolic proteins
and organelles, are disposed of during steady state [18]. Autoph-
agy is induced by stress conditions such as starvation and bac-
terial infection [18] and has been demonstrated to contribute to
innate immunity against mycobacteria [19-21]. Furthermore,
autophagy leads to the delivery of antigens to major histocom-
patibility complex (MHC) molecules [22]. Thus, autophagy
plays an important role in host defense both through enhanced
antigen presentation to T cells and direct elimination of intra-
cellular pathogens.

The recombinant vaccine candidate BCG AureC::hly (rBCG)
expresses the membrane-perforating listeriolysin O (Hly; en-
coded by the gene hly) of Listeria monocytogenes and is devoid
of urease C, to prevent interference with phagosomal pH acid-
ification [23].1t is the most advanced live vaccine candidate that
has successfully passed 2a trial for safety in its target population,
infants (clinical trials registration: NCT01479972) [24, 25]. In
experimental mouse models, this rBCG vaccine induces superi-
or protection against the laboratory strain M. tuberculosis
H37Rv and the more virulent strain Beijing/W genotype family,
when compared to parental BCG (pBCG) [23]. Furthermore,
increased protection afforded by rBCG was shown to be asso-
ciated with increased numbers of central memory T cells,
increased T-helper type 17 (Th17) responses and earlier recruit-
ment of antigen-specific T cells to the lungs [26, 27]. Superior
rBCG-induced protection has been attributed to the translo-
cation of vaccine antigens to the cytosol and to increased apo-
ptosis of macrophages harboring rBCG [23, 25, 28, 29].
Nonetheless, additional biological processes likely contribute
to the enhanced immunity induced by rBCG.

In this study, we analyzed early events in host cells after ex-
posure to rBCG. rBCG, but not pBCG, induced AIM2 inflam-
masome activation and autophagy. Consequently, activation of
caspases and production of IL-1p and IL-18 were elevated in
human macrophages harboring rBCG. Similarly, II-18 and II-
18 transcripts were significantly increased in mice vaccinated
with rBCG, compared with unvaccinated mice, but levels in
pBCG recipients did not differ from those in unvaccinated
mice. These findings elucidate mechanisms underlying en-
hanced innate immune responses to rBCG. It is tempting to
speculate that this could provide a possible mechanistic expla-
nation for improved protective immunity induced by rBCG,
compared with immunity induced by pBCG. These mecha-
nisms could also be exploited for the design of other vaccine
candidates against tuberculosis or other infectious diseases.

MATERIALS AND METHODS

Cells and Bacteria

Human monocytic cell line THP-1 cells were cultured in Ros-
well Park Memorial Institute (RPMI) 1640 medium (Gibco)
containing 10% heat-inactivated fetal bovine serum, 10 mM
HEPES buffer solution, 1 mM sodium pyruvate, and 2 mM L-
glutamine. THP-1 monocytic cells were differentiated into mac-
rophages in RPMI 1640 medium containing 5 ng/mL PMA
(Sigma) for 48 hours. pBCG/rBCG (BCG Prague background
[25]) and Ds-Red pBCG/rBCG were cultured in Middlebrook
7H9-ADC medium. Fluorescent protein-expressing strains
were generated using the integrative vector pMV306 [30]. The
Ds-Red gene under control of the constitutive BCG hsp60 pro-
moter was inserted into the Xbal/HindIlII sites of pMV306 and
subsequently introduced into pBCG and rBCG by electropora-
tion. Transformants were selected on Middlebrook 7H11-
OADC agar/50 ug/mL kanamycin.

Caspase Activity

THP-1 macrophages were infected with Ds-Red pBCG/rBCG
(multiplicity of infection [MOI], 5) for 3 hours, and then vigor-
ously washed with phosphate-buffered saline (PBS) to eliminate
extracellular BCG. After 48 hours, activated caspase was labeled
by the FAM-FLICA in vitro caspase detection kit according to
the manufacturer’s instructions (Immuno Chemistry). Stained
cells were mounted with ProLong Gold antifade reagent (Life
Technologies) on glass slides and analyzed using a fluorescence
microscope (Leica TCS SP8).

Isolation of Bacterial DNA From Cytosolic Fraction and
Polymerase Chain Reaction (PCR) Amplification

THP-1 macrophages were infected with pBCG/rBCG at MOIs
of 10 and 30. After 3 hours, cells were vigorously washed with
PBS, and the cytosolic fraction was then isolated by the Qpro-
teome Cell Compartment Kit, following the manufacturer’s

1832 e JID 2015:211 (1 June) e Saiga et al

2z0oz ¥snbny |z uo isenb Aq 8G8/G8/L€8L/L L/L L Z/a01e/plljwod dno-olwapede//:sdjy Wwoly papeojumoq



A Caspases 3and 7

Control

pBCG

rBCG

B Caspase 1

Control

pBCG

rBCG

Intensity of caspases/cell
(relative)

Intensity of BCG
(relative)
o =
o N o W
E
w

Intensity of caspases/cell
(relative)

Intensity of BCG
(relative)
© =
=] a0 =y o
)
l =
(]

3
S

G
%

Figure 1. Activation of caspases 3 and 7 (A) and caspase 1 (B) by recombinant bacille Calmette-Guérin AureC::hly (rBCG). THP-1 macrophages were
infected with Ds-Red parental BCG (pBCG) or Ds-Red rBCG (multiplicity of infection, 5; red) for 48 hours, and activated caspases (green) and nucleus (blue)
were monitored by immunofluorescence. Scale bar represents 50 um. Fluorescence intensities of caspases and BCG were determined in an average of 9
random fields, using ImageJ software. Data are representative of 3 independent experiments. **P< .01 and ***P<.005. Abbreviation: NS, not significant.

instructions (Qiagen). To extract bacterial DNA, BCG (1 x 107
colony-forming units [CFU]) was boiled for 10 minutes, and
supernatants were collected by centrifugation. PCR amplifica-
tion was performed with GoTaq DNA Polymerase (Promega)
and 20 ng of each DNA as template.

Immunoprecipitation and Inmunoblot Analysis

THP-1 macrophages were stimulated with 500 ng/mL lipopoly-
saccharide (LPS) for 3 hours and then transfected with poly(dA:
dT) (Sigma) using Lipofectamine 2000 (Life Technologies).

Cells were infected with pBCG/rBCG (MOI, 10) for 3 hours
and washed with PBS. After 24 hours, supernatants were pre-
cleared with protein G Sepharose (GE Healthcare) and then in-
cubated with anti-caspase 1 p20 rabbit antibody (Cell Signaling
Technology). Cell pellets were lysed in radioimmunoprecipita-
tion assay buffer (Millipore). Samples were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride (PVDF) mem-
branes. Membranes were incubated with anti-caspase 1 p20 an-
tibody and anti-B-actin antibody (Sigma).
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Figure 2. Absent in melanoma 2 (AIM2}-dependent inflammasome activation by recombinant bacille Calmette-Guérin AureC::hly (rBCG). A, THP-1 mac-
rophages were infected with parental BCG (pBCG) or rBCG (multiplicity of infection [MOI], 10) for 3 hours, and bacterial DNA was isolated from purified
cytosolic fraction. The target gene rpoB was detected by polymerase chain reaction (PCR) analysis. Data are representative of 3 independent experiments. B,
THP-1 macrophages were primed with 500 ng/mL lipopolysaccharide (LPS) for 3 hours and then transfected with poly(dA:dT) for 12 hours or infected with
pBCG or rBCG (MOI, 10) for 24 hours. Supernatants were immunoprecipitated, and caspase 1-specific bands were detected by Western blot. B-actin was
used as control for cell lysates. Data are representative of 3 independent experiments. C, THP-1 macrophages were primed with 500 ng/mL LPS for 3 hours
and then transfected with poly(dA:dT) for 24 hours or infected with pBCG or rBCG (MO, 20) for 24 hours. Levels of the indicated cytokines in the culture
supernatants were measured by enzyme-linked immunosorbent assay (ELISA). Data are representative of 3 independent experiments. D, AIM2 knockdown
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Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of IL-1B and TNF-o in culture supernatants were mea-
sured by ELISA, following manufacturer’s instructions (R&D
Systems). The ELISA kit for IL-18 was purchased from Medical
& Biological Laboratories.

Production of Knockdown Cells

Lentiviruses were produced according to TRC lentiviral pro-
ceedings (https://www.broadinstitute.org/genome_ bio/trc/
publicProtocols.html). Briefly, HEK 293T cells were transfected
with lentiviral packaging mix (Sigma) and 100 ng of the short
hairpin RNA (shRNA) containing pLKO.1-puro vector
(Sigma), using Fugene 6 (Roche). Lentiviral infection was per-
formed according to protocols available at the RNAi Consor-
tium website (https://www.broadinstitute.org/genome_bio/trc/
publicProtocols.html). Briefly, THP-1 cells were resuspended
in medium containing 8 ug/mL of polybrene (Sigma), and 10
uL of lentivirus was added to the cells. Transduced cells were
further selected using 5 pg/mL puromycin (Calbiochem).
Total RNA was isolated with Trizol reagent (Invitrogen) and
then reverse transcribed using the iScript cDNA Synthesis Kit
(Bio Rad). Quantitative real-time PCR was performed using
SYBR Green sequence primers. Data are shown as relative mes-
senger RNA levels normalized by corresponding GAPDH level.
Immunoblot analysis was performed using anti-AIM2 antibody
(Cell Signaling Technology).

Analysis of Endogenous LC3

THP-1 macrophages were cultured in RPMI 1640 medium con-
taining 10 ug/mL E64d and 10 ug/mL pepstatin A (Sigma) [31].
Cells were stimulated with 25 pg/mL rapamycin (Sigma) or in-
fected with pBCG/rBCG (MOI, 10). After 3 hours, cells were
washed with PBS and then lysed in cell lysis solution (2% Triton
X-100 and Complete Protease Inhibitor Cocktail, Roche) at
4°C for 30 minutes for immunoblot analysis. Supernatants of
centrifuged lysates were separated by SDS-PAGE and trans-
ferred to PVDF membranes. Membranes were incubated with
anti-LC3-1II antibody (Medical & Biological Laboratories) and
anti-B-actin antibody. For immunofluorescence analysis, treat-
ed cells were fixed with 4% paraformaldehyde and permeabilized

with 0.3% Triton X-100, and blocking was performed with 1%
bovine serum albumin. Cells were incubated with anti-LC3-1I
antibody at room temperature for 1 hour and then incubated
with Alexa 488 anti-rabbit IgG antibody (Life Technologies)
for 30 minutes.

Mouse Experiments

All mouse experiments were approved by and conducted in ac-
cordance with guidelines of the State Office for Health and So-
cial Services (Landesamt fiir Gesundheit und Soziales), Berlin,
Germany. Female C57BL/6 mice (8-10 weeks old) were pur-
chased from Charles River Laboratories (Germany). Mice
were kept under specific pathogen-free conditions. Vaccines
(1 x 10° CFU BCG or rBCG in 100 uL PBS) were delivered sub-
cutaneously at the tail base (n = 5 mice per group). At 24 hours
after vaccination, mice were killed, and draining lymph nodes
were collected in the RNA-stabilization reagent RNAlater (Qia-
gen) and frozen. Preserved lymph nodes were added to Trizol
reagent, and phenol chloroform extraction was performed.
RNA quality was ensured using the Bioanalyzer instrument.
Agilent whole mouse genome microarrays were performed
using the RNA samples.

Statistical Analysis

The statistical significance of in vitro data was evaluated using
either the Student ¢ test or 1-way analysis of variance (ANOVA)
and the Bonferroni posttest for multiple measurements. In vivo
data were analyzed using Genespring 12.6 GX (Agilent Tech-
nologies), with quality control filters, normalization, and 1-
way ANOVA. P values of <.05 were considered statistically
significant.

RESULTS

rBCG Is a Potent Activator of Caspase 3, Caspase 7,

and Caspase 1

Previous studies analyzed mechanisms underlying improved
CD4" and CD8" T-cell responses induced by rBCG [23, 25,
28,29]. Since various processes involved in cell death, including
apoptosis, are controlled by caspases [32], we investigated

Figure 2 continued.  (KD) THP-1 cells were generated using lentiviruses encoding short hairpin RNAs (shRNAs). To determine KD efficiency, scramble

control and AIM2 KD cells were stimulated with 60 ng/mL interferon vy (IFN-y) for 24 hours, and then quantitative real-time PCR was performed. Data are
representative of 2 independent experiments. £, IFN-y—treated cell pellets were lysed, and protein expression was detected by Western blot. The quan-
tification of band intensity was performed using ImagedJ software. Data are representative of 2 independent experiments. £, Scramble control and AIM2 KD
THP-1 macrophages were primed with 500 ng/mL LPS for 3 hours and then transfected with poly(dA:dT) for 24 hours or infected with pBCG or rBCG (MO,
20) for 24 hours. Abundances of interleukin 1B (IL-1B) in culture supernatants were measured by ELISA. Data are representative of 3 independent exper-
iments. G, nucleotide-binding oligomerization domain like receptor pyrin domain-containing 1 (NLRP1) KD THP-1 cells were generated using lentiviruses
encoding shRNAs. Scramble control and NLRP1 KD THP-1 macrophages were primed with 500 ng/mL LPS for 3 hours and then stimulated with 1 pg/mL
lethal toxin (LT) for 6 hours or infected with pBCG or rBCG (MOQI, 20) for 24 hours. Abundances of IL-1p in culture supernatants were measured by ELISA.
Data are representative of 2 independent experiments. H, NLRP3 KD THP-1 cells were generated using lentiviruses encoding shRNAs. Scramble control and
NLRP3 KD THP-1 macrophages were primed with 500 ng/mL LPS for 3 hours and then stimulated with 5 mM ATP for 20 minutes or infected with pBCG or
rBCG (MO, 20) for 24 hours. Abundances of IL-1B in culture supernatants were measured by ELISA. Data are representative of 2 independent experiments.
**P< .01, ***P<.005, and ****P<.001. Abbreviations: IL, interleukin; ND, not detected; NS, not significant; TNF-c., tumor necrosis factor o.
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whether rBCG induced their activation. Differentiated THP-1
cells were infected with Ds-Red fluorescently labeled bacteria,
either pBCG or rBCG, and subsequently caspase activity was
measured (Supplementary Figure 1A). Polycaspase activity
was significantly increased in cells harboring rBCG cells, com-
pared with pBCG samples, while naive macrophages exhibited
scant staining. Thus, rBCG showed superior broad caspase ac-
tivation over pBCG.

Next, we determined which caspases were activated by rBCG.
Caspase 3 and 7, also known as apoptotic effector caspases [32],
were highly activated by rBCG (Figure 1A). In contrast, the ap-
optotic initiator caspase 8 [32] was not activated after infection
with either BCG strain (Supplementary Figure 1B). Finally, we
monitored the activation of caspase 1, which is an important
regulator of the inflammatory response [33]. Caspase 1 activity
was markedly increased in macrophages harboring rBCG (Fig-
ure 1B). Overall, rBCG induced heightened activation of distinct
caspases, compared with pBCG. Of note is the increased caspase
1 activity, suggesting a propensity for rBCG to initiate more-
potent inflammation.

rBCG DNA Is Released Into the Host Cytosol

Initial investigations on the modus operandi of rBCG unveiled
increased presence of antigens in the cytosol of macrophages
harboring this vaccine strain, compared with those harboring
pBCG [23, 29]. While neither pBCG nor rBCG was found to
egress into the cytosol, other intracellular bacteria, such as M.
tuberculosis and L. monocytogenes, have been shown to escape
from the phagosome into the cytosol [29, 34-36], promoting the
presence of cytosolic bacterial DNA [15, 37]. We determined
whether DNA from rBCG or pBCG was released into the cyto-
sol despite the bacteria remaining in the phagosome. The pres-
ence of BCG-derived DNA in the cytosolic fraction was
determined by PCR, using primers specific for the mycobacte-
rial gene encoding the B subunit of RNA polymerase (rpoB)
gene, which is conserved in all mycobacteria [38] (Figure 2A
and Table 1). rpoB transcripts were demonstrable in the cytosol-
ic fraction of rBCG-infected macrophages, but not in pBCG-
infected or uninfected macrophages, at a MOI of 10 (Figure 2A)
and a MOI of 30 (data not shown). Hence, rBCG promoted my-
cobacterial DNA release into the cytosol, whereas pBCG failed
to do so at detectable levels.

rBCG Activates the AIM2 Inflammasome

In view of the remarkable activation of caspase 1 and the pres-
ence of mycobacterial DNA within the cytosol of rBCG-infected
macrophages, we hypothesized that rBCG may activate the in-
flammasome via the cytosolic DNA sensor AIM2. Inflamma-
some activation was first analyzed by Western blot of caspase
1 (Figure 2B). The active caspase 1 (p20) was not detected in
uninfected and pBCG-infected macrophages. In contrast,
rBCG or stimulation with synthetic B-form double-stranded

Table 1. Polymerase Chain Reaction (PCR) Primer Sequences
and Quantitative Real-time PCR Primer Sequences

PCR primer sequences
rpoB forward, 5" -GCTGGACATCTACCGCAAGCTGC- 3’
rpoB reverse, 5’ -CAGCGGGTTCTGGTCCATG- 3’
Quantitative real-time PCR primer sequences
GAPDH forward, 5-CATGAGAAGTATGACAACAGCCT-3’
GAPDH reverse, 5'-AGTCCTTCCACGATACCAAAGT-3’
AIM2 forward, 5’-CATCTGCAGCCATCAGAAAT-3’
AIM2 reverse, 5'-CGCTTCTGAAACCCTTCTCT-3’
GBP2 forward, 5'-TTGACAGAGCCTGGACGTTGG-3’
GBP2 reverse, 5-AGGGTGTTGTTCCCCAGGTCAGA-3’
GBP5 forward, 5'-GGCCTCCGCTGCATACAAATCA-3’
GBP5 reverse, 5-AACAGAGAAGCCCTTGTTCTTCCCA-3’

DNA (poly[dA:dT]) resulted in cleavage of the p20 form of cas-
pase 1. Since the active form of caspase 1 has been shown to
mediate the secretion of the cytokines IL-1B and IL-18 [11],
we next analyzed the secretion of IL-1B and IL-18 after BCG in-
fection (Figure 2C). Production of IL-1f and IL-18 was mark-
edly increased after rBCG infection, compared with pBCG
infection. In contrast, both pBCG and rBCG induced TNF-a
secretion at comparable abundance.

Next, we assessed the involvement of AIM2 in rBCG-induced
inflammasome activation. AIM2 knockdown THP-1 cells were
generated (Table 2), and knockdown efficiency was evaluated by
quantitative real-time PCR and Western blot (Figure 2D and
2E; Table 1). Control and AIM2 knockdown macrophages
were infected with pBCG or rBCG, and secretion of IL-1B
was determined by ELISA (Figure 2F). As previously observed,
rBCG induced higher IL-1p secretion as compared to pBCG. In
contrast, levels of secreted IL-1p were lower in rBCG-infected
AIM2 knockdown cells, compared with control cells, and
were similar to those observed in pBCG-infected cells. Knock-
down of other members of the inflammasome family, NLR
pyrin domain-containing 1 (NLRP1) and NLRP3, did not in-
fluence IL-1B production by rBCG macrophages (Figure 2G
and 2H). We conclude that rBCG activated the inflammasome
in an AIM2-dependent manner, resulting in higher IL-18
secretion.

rBCG Induces Autophagy in Macrophages

Based on previous findings showing that activation of the AIM2
inflammasome stimulates autophagy [17], we investigated
whether rBCG induced autophagy through this pathway.
First, THP-1 macrophages were transfected with poly(dA:dT),
and protein levels of the autophagy marker LC3-II were ana-
lyzed (Supplementary Figure 2). As expected, LC3-II levels
were strongly increased in poly(dA:dT)-transfected control
macrophages, but not AIM2 knockdown macrophages. Next,
differentiated THP-1 cells were infected with pBCG or rBCG,
and LC3-II levels were detected by Western blot (Figure 3A).
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Table 2. Short Hairpin RNA Sequences

Sequence

AlM2

1. CCGGCCAACTGGTCTAAGCAGCATTCTCGAGAATGCTGCTTAG
ACCAGTTGGTTTTTG

2. CCGGCCCGCTGAACATTATCAGAAACTCGAGTTTCTGATAATG
TTCAGCGGGTTTTTG

3. CCGGGCCACTAAGTCAAGCTGAAATCTCGAGATTTCAGCTTG
ACTTAGTGGCTTTTTG

4. CCGGAGCCACTAAGTCAAGCTGAAACTCGAGTTTCAGCTTGA
CTTAGTGGCTTTTTTG

5. CCGGCTGGAGTTCATAGCACCATAACTCGAGTTATGGTGCTAT
GAACTCCAGTTTTTG

NLRP1

1. CCGGCGTTTCCTATTGGGCCTGTTACTCGAGTAACAGGCCCAA
TAGGAAACGTTTTTTG

2. CCGGCCCTTCTTTGGGTCTCAGTTTCTCGAGAAACTGAGACCC
AAAGAAGGGTTTTTTG

3. CCGGCTCATCTTCAGCAGACGGAAACTCGAGTTTCCGTCTGCT
GAAGATGAGTTTTTTG

4. CCGGCGGTGACCGTTGAGATTGAATCTCGAGATTCAATCTCAA
CGGTCACCGTTTTTTG

NLRP3

1. CCGGCCGTAAGAAGTACAGAAAGTACTCGAGTACTTTCTGTAC
TTCTTACGGTTTTTG

2. CCGGCCAGCCAGAGTCTAACTGAATCTCGAGATTCAGTTAGAC
TCTGGCTGGTTTTTG

3. CCGGCCACAGTGTAACCTGCAGAAACTCGAGTTTCTGCAGGTT
ACACTGTGGTTTTTG

4. CCGGGCGTTAGAAACACTTCAAGAACTCGAGTTCTTGAAGTGT
TTCTAACGCTTTTTG

5. CCGGGCTGGAATTGTTCTACTGTTTCTCGAGAAACAGTAGAAC
AATTCCAGCTTTTTG

STING

1. CCGGCATGGTCATATTACATCGGATCTCGAGATCCGATGTAATA
TGACCATGTTTTTTG

2. CCGGGCATGGTCATATTACATCGGACTCGAGTCCGATGTAATAT
GACCATGCTTTTTTG

3. CCGGGCTGGCATGGTCATATTACATCTCGAGATGTAATATGACC
ATGCCAGCTTTTTTG

4. CCGGGTCCAGGACTTGACATCTTAACTCGAGTTAAGATGTCAA
GTCCTGGACTTTTTTG

5. CCGGGCCCGGATTCGAACTTACAATCTCGAGATTGTAAGTTCG
AATCCGGGCTTTTTTG

Scramble
CAACAAGATGAAGAGCACCAA

While pBCG increased the abundance of LC3-II over controls
only marginally, rBCG induced profound levels of LC3-II. Con-
sistent with this finding, ratios of LC3-II puncta-positive cells
and the intensity of the LC3-II signal, analyzed by immunoflu-
orescence, were significantly higher after rtBCG infection than
after pBCG infection (Figure 3B). In contrast, there was no sig-
nificant difference in LC3-1I levels and ratios of LC3-II puncta-
positive cells between pBCG-infected and rBCG-infected AIM2
knockdown macrophages (Figure 3C and 3D), while rapamy-
cin-induced LC3-II levels were AIM2 independent. Recent

studies suggest that stimulator of IFN genes (STING; also
known as transmembrane protein 173) is an essential adaptor
protein in the induction of autophagy by cytosolic DNA [37,
39]. Consistent with this notion, in STING knockdown macro-
phages, the heightened LC3-II signal in response to rBCG was
no longer observed (Figure 3E and 3F). Therefore, rBCG likely
triggered autophagy through both AIM2 and STING pathways.

Increased Expression of //-18 and //-18 in rBCG-Vaccinated
Mice

We investigated whether rBCG induced similar genes in vivo to
those triggered in infected THP-1 macrophages. To this end, we
analyzed gene expression in the draining lymph nodes of mice
vaccinated with pBCG and rBCG at 24 hours after vaccination.
After vaccination with rBCG, 96 hits (including genes, hypothet-
ical genes, and long noncoding RNAs) were upregulated (defined
as >2-fold differential expression; P < .05), compared with unvac-
cinated mice (Figure 4A). In contrast, only 38 hits were signifi-
cantly upregulated after pBCG vaccination. Pathway analysis of
genes upregulated exclusively after rBCG vaccination revealed en-
richment of genes associated with innate immunity, including the
IL-1 signaling pathway (Table 3). In rBCG-vaccinated mice, ex-
pression of II-18, II-18, and Myd88 (the gene encoding myeloid
differentiation primary response 88), which was previously
shown to be involved in IL-1 and IL-18 pathways [40], were signif-
icantly upregulated over expression in unvaccinated mice or mice
vaccinated with pBCG (Figure 4B). These results suggest that both
cytokines were critical immune regulators specifically induced by
rBCG vaccination, as well as by in vitro challenge. Although we
found no significant difference in expression of Aim2 in mice vac-
cinated with rBCG, compared with unvaccinated controls (data
not shown), genes encoding AIM2-related proteins, such as
IFN-inducible 204 (Ifi204) and pyrin domain containing 4
(Pydc4) [41], and the gene encoding STING (Tmem173) were sig-
nificantly upregulated. Thus, in vivo gene expression profiles after
vaccination of mice supported our in vitro data with macrophages.

DISCUSSION

The recombinant BCG vaccine candidate, which expresses hly
and is devoid of functional urease C (rBCG AureC::hly), has
been shown to induce improved protection over pBCG [23],
but the underlying mechanisms are still incompletely under-
stood. In the present study, we demonstrate that elevated levels
of caspases 3 and 7, but not caspase 8, were induced by rBCG.
This finding suggests that caspases 3 and 7 were induced in a
process independent from initiator caspases. Caspases 3 and 7
can be directly processed by caspase 1 in vitro [42], and inflam-
masome-dependent caspase 1 activation induced by microbial
stimuli and bacterial infection is essential for caspase 7 process-
ing in macrophages [43]. Since our data reveal that rBCG acti-
vated the AIM2 inflammasome and, therefore, caspase 1, we
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Figure 3. Induction of autophagy by recombinant bacille Calmette-Guérin AureC::hly (BCG). A, C, E, Scramble control (A), absent in melanoma 2 (AIM2)
knockdown (KD; C), or stimulator of IFN genes (STING) KD (£) THP-1 macrophages were stimulated with rapamycin or infected with parental BCG (pBCG) or
rBCG (multiplicity of infection [MOI], 10) for 3 hours. Cell pellets were lysed, and LC3-Il-specific bands were detected by Western blot. B-actin was used as a
control for cell lysates. The quantification of band intensity was performed using ImagedJ software. Data are representative of 3 independent experiments. B,
D, F, Scramble control (B), AIM2 KD (D), or STING KD (F) THP-1 macrophages were stimulated with rapamycin or infected with pBCG or rBCG (MOI, 10) for 3
hours. Cells were stained with antibody to LC3-Il (green) and nucleus (blue). Scale bar represents 20 pm. Ratios of LC3-II puncta-positive cells and intensity
of LC3-II signal were determined in an average of 9 random fields, using ImageJ software. Data are representative of 3 independent experiments. **P< .01
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Figure 4. Upregulation of //-78 and //-18 expression in draining lymph nodes of mice after vaccination with recombinant bacille Calmette-Guérin AureC::
hly (rBCG). A, Venn diagram of differentially upregulated genes 24 hours after vaccination, compared with unvaccinated mice. B, Normalized expression of
the genes /-18 (gene encoding interleukin 18), //-78 (gene encoding interleukin 1p), Myd88 (gene encoding myeloid differentiation primary response),
Tmem173 (gene encoding transmembrane protein 173 [also known as stimulator of IFN gene {STING}]), /fi204 (gene encoding interferon-inducible 204),
and Pydc4 (gene encoding pyrin domain-containing 4) 24 hours after vaccination. *P<.05, **P< .01, and ***P<.005. Abbreviation: pBCG, parental BCG.

speculate that increased activation of effector caspases, caspases
3 and 7, in response to rBCG was mediated via caspase 1, as pre-
viously reported [43].

In support of the critical role of the AIM2 inflammasome for
the superior caspase 1 activation and subsequent IL-1p release
by macrophages harboring rBCG, we identified mycobacterial
DNA as its potential ligand in the cytosol. Previous studies
have revealed that M. tuberculosis is capable of egressing from
the phagosome into the cytosol, whereas BCG remains in the
phagosome, and that this mechanism has been considered the
basis for CD8" T-cell stimulation by M. tuberculosis [35,44,45].
Mycobacterium marinum has also been shown to egress from
the phagosome into the cytosol in a region of difference 1
(RD1)-dependent manner [46]. Specifically, the ESX-1 secre-
tion system was identified as the key RD1-encoded product

responsible for mycobacterial release of DNA into the cytosol
[37]. Thus, RD1, present in M. tuberculosis and M. marinum
but absent from all BCG strains [47] contributes to the release
of mycobacterial DNA into the cytosol.

The paragon cytoplasmic intracellular bacterium is L. mono-
cytogenes, which replicates in the cytosol of infected host cells
[34]. The Listeria protein Hly mediates bacterial egression
into the cytosol, and accordingly, cytosolic localization of
DNA has been demonstrated in the listeriosis model [15]. By
integrating the hly gene into BCG and deleting urease C to
allow establishment of an acidic pH optimum for Hly, rBCG
was endowed with phagosome-perforating activity [23, 25,
29]. Evidence has been presented to suggest that rBCG perfo-
rates the phagosomal membrane, thus allowing release of vaccine
antigens into the cytosol of host cells [23, 25, 29]. Perforation of
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Table 3. Pathway Analysis of Genes Upregulated Exclusively in
Recombinant BCG-Vaccinated Mice Versus Unvaccinated Mice

Pathway P Value
Chemokine signaling pathway 4.275x107°
Cytokines and inflammatory response .0015
Type Il interferon signaling .0021
Interleukin 1 signaling pathway .0026
Complement and coagulation cascades .0070
Peptide GPCRs .0091
GPCRs, class A rhodopsin like .0111
Toll-like receptors .0481
Leptin-insulin overlap .0030
Blood clotting cascade .0400
GPCRs, class B secretin like .0440
Interleukin 9 signaling pathway .0481

A Pvalue of < .05 is considered statistically significant.
Abbreviation: GPCR, G protein-coupled receptor.

the rBCG-harboring phagosome by Hly could play a key role in
facilitating the release of mycobacterial DNA into the host cy-
tosol, similar to ESX-1 in M. tuberculosis or M. marinum [37,
46]. Intriguingly, guanylate-binding proteins (GBPs) foster lysis
of vacuoles containing gram-negative bacteria, leading to release
of bacteria into the cytosol [48]. Consistent with these findings,
elevated expression of GBP2 and GBP5 was observed in rBCG-
infected THP-1 macrophages, compared with pBCG-infected
macrophages (Supplementary Figure 3). It is therefore possible
that GBP-facilitated lytic mechanisms participate in transloca-
tion of mycobacterial components from the vacuole into the cy-
tosol in the case of rBCG. Intriguingly, GBP transcripts are part
of a gene signature discriminating tuberculosis from latent M.
tuberculosis infection [49].

In accordance with previous studies demonstrating involve-
ment of AIM2 in the induction of autophagy [17], we identified
elevated LC3-1I levels after poly(dA:dT) stimulation. In addi-
tion, not only in AIM2 knockdown macrophages but also in
STING knockdown macrophages, LC3-II levels upon pBCG
or rBCG infection did not differ. Therefore, our results empha-
size involvement of both AIM2 and STING in rBCG-induced
autophagy. These 2 sensors may function in a nonredundant
manner. Consistent with these in vitro data, we detected in-
creased expression of 2 AIM2-related genes, Ifi204 and Pydc4,
and the STING-encoding gene Tmem173 in lymph nodes of
rBCG-vaccinated mice, but not pBCG-vaccinated mice, al-
though we found virtually no increase in Aim2 expression in
mice vaccinated with rBCG. Autophagy promotes delivery of
cytoplasmic antigens to MHC molecules for presentation to T
cells [22]. Hence, we speculate that the superior protective im-
munity observed after vaccination with rBCG over pBCG [26]
could, at least in part, be attributed to the induction of stronger

autophagy by rBCG vaccination, compared with pBCG vaccina-
tion. Recent studies revealed that rBCG is a more potent inducer
of Th17 cells and of central memory T cells than pBCG [26].
Future studies will investigate a potential link between autoph-
agy and memory T-cell responses as potential correlates of pro-
tection against tuberculosis.

The rBCG vaccine candidate, termed VPM1002, has pro-
gressed through the clinical trials pipeline, to become the most
advanced recombinant live tuberculosis vaccine [25]. Our find-
ings described here provide several novel mechanistic insights
into the cellular biology and subsequent immune events associat-
ed with this vaccine candidate by demonstrating that rBCG stim-
ulated host innate immunity through AIM2 inflammasome
activation and autophagy in vitro. Immunization strategies tar-
geting these pathways could form a useful basis for rational de-
sign of novel tuberculosis vaccines either as replacement or as
booster vaccines [50]. It will therefore be important to further
elucidate how activation of these pathways translates into en-
hanced vaccine-induced protection mediated by T lymphocytes.
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