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Abstract

Pathogenic mycobacteria, such as Mycobacterium tuberculosis, Mycobacterium
bovis, and Mycobacterium marinum, can trigger NLRP3 inflammasome activation
leading to maturation and secretion of interleukin 1 (IL-1f). However, the myco-
bacterial factors involved in the activation of NLRP3 inflammasome are not fully un-
derstood. Here, we identified that the PPE family protein PPE13 was responsible for
the induction of IL-1p secretion in a NLRP3 inflammasome-dependent manner. We
found that the recombinant Mycobacterium smegmatis expressing PPE13 activates
NLRP3 inflammasome, thereby inducing caspase-1 cleavage and IL-1f secretion in
J774A.1, BMDMs, and THP-1 macrophages. To examine whether this inflamma-
some activation was triggered by PPE13 rather than components of M. smegmatis,
PPE13 was introduced into the aforementioned macrophages by lentivirus as a deliv-
ery vector. Similarly, this led to the activation of NLRP3 inflammasome, indicating
that PPE13 is a direct activator of NLRP3 cascade. We further demonstrated that
the NLRP3 complex activated the inflammasome cascade, and the assembly of this
complex was facilitated by PPE13 through interacting with the LRR and NATCH
domains of NLRP3. Finally, we found that all PPE13 proteins isolated from M. fu-
berculosis, M. bovis, and M. marinum can activate NLRP3 inflammasome through
binding to NLRP3, which requires C-terminal repetitive MPTR domain of PPE13.
Thus, we, for the first time, revealed that PPE13 triggers the inflammasome-response
by interacting with the MPTR domain of PPE13 and the LRR and NATCH domains

Abbreviations: AIM2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein containing a CARD; BMDM, bone marrow-derived
macrophage; EXS, 6-kDa early secretory antigenic target (ESAT-6) secretion system; IL-1, interleukin 1f; IL-6, interleukin 6; IL-10, interleukin 10; LDH,
lactate dehydrogenase; LPS, lipopolysaccharides; NEK7, NIMA-related kinase 7; Nig, Nigericin; NLRP3, NACHT, LRR, and PYD domains-containing

protein 3; TNF-a, tumor necrosis factor-a.
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of NLRP3. These findings provide a novel perspective on the function of PPE pro-
teins in the immune system during mycobacteria invasion.
KEYWORDS
IL-1pB, mycobacteria, NLRP3 inflammasome, PPE13
1 | INTRODUCTION

Tuberculosis (TB) is a major cause of morbidity and mortal-
ity worldwide. It is caused by Mycobacterium tuberculosis
(M. tuberculosis) and/or Mycobacterium bovis (M. bovis).
In 2017, an estimated 10 million TB cases and 1.3 million
TB deaths were recorded.' Pathogenic mycobacteria primar-
ily infect host macrophages and elicit the secretion of sev-
eral cytokines that influence the outcome of mycobacteria
infection.’

The pro-inflammatory cytokine interleukin-1p (IL-1p)
is considered to play an important role in host resistance to
mycobacteria infection.®” Mice deficient in IL-1p are more
susceptible to M tuberculosis and exhibit increased mortality
and bacterial burden in the lung.7 Treatment of M. tubercu-
losis-infected macrophages with exogenous IL-1p reduced
bacterial burden through the induction of eicosanoids.® The
expression and processing of IL-1f is tightly regulated by
inflammasomes.’ Previous studies have shown that patho-
genic mycobacteria, such as M. tuberculosis, M. bovis,
and Mycobacterium marinum (M. marinum), can trigger
AIM2'%!"" and NLRP3 inflammasomes activation.'*"'* This
promotes IL-1p release, which requires type VII secretion
system ESX-1 and its substrate. ESAT-6 is an ESX-1 substrate
which has been identified to facilitate NLRP3 inflammasome
activation.'> However, ESX-1 mutant does not completely
abolish the secretion of IL-1f during mycobacteria infection.
Moreover, infection of the attenuated mycobacteria strain
H37Ra, which is defective for secretion of ESAT-6, still leads
to high secretion of IL-1 [3.16 This implies that other unknown
mechanisms or factors of mycobacteria may regulate the se-
cretion of IL-1p secretion through inflammasomes.

Abdallah et al and Swati et al found that ESX-5 mutant
strains of M. tuberculosis and M. marinum do not induce
IL-1P secretion, although ESAT-6 secretion is not affected
in ESX-5 mutant.'"'"* ESX-5 substrates might be involved in
the regulation of IL-1p secretion through a mechanism dif-
ferent from that of ESX-1-induced IL-1p secretion. ESX-5 is
known to fine-tune the secretion of PE and PPE protc:ins,20
which are characterized by a conserved N-terminal domain
with Pro-Glu (PE) and Pro-Pro-Glu (PPE).21 Since the PPE
domain is highly conserved in all members of PPE fam-
ily, it suggested that all PPE proteins may share same cel-
lular localization and several studies have shown that PPE
proteins were found associated with the mycobacterial cell
wall.?*?%2* Moreover, based on the presence of characteristic

motifs in C-terminal domains, PE and PPE families are di-
vided into two and four subfamilies, respe(:tively.25 The
PPE_MPTR (major polymorphic tandem repeat) subfamily,
the second largest group in PPE family, is characterized by
containing multiple C-terminal repeats of motif NxGxNxG.*®
Emerging data suggested that PPE_MPTR might be involved
in the virulence of mycobacteria, since most of the viabil-
ity in M. tuberculosis clinical isolates rests on PPE_MPTR
and PE_PGRS.27 A previous study showed that PPE13, as a
member of PPE_MPTR protein, was upregulated in the lung
specifically during chronic infection with mycobacteria.28 In
addition, PPE13 has been reported to be involved in myco-
bacterial survival in macrophages.29 However, the exact func-
tion of PPE13 in mycobacteria pathogenesis remains poorly
understand. Here, we reveal that PPE13 promotes cell death
and IL-1p secretion in a NLRP3 inflammasome-dependent
manner. Mechanistically, we show that PPE13 directly inter-
acts with LRR and NACHT domains of NLRP3 to trigger
the NLRP3 complex assembly and its activation. Further, we
confirm that three PPE13 proteins isolated from M. bovis,
M tuberculosis, and M. marinum activates NLRP3 inflam-
masome and binds to NLRP3 through its MPTR domain.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

Anti-IL-1p (#12703), anti-cleaved IL-1f (#83185), anti-ASC
(#67824), and anti-HA (#3724) were purchased from cell
signaling technology. LPS (O11:B4, L.2630), Anti-Flag M2
(F1804), anti-c-Myc (M5546), and anti-GAPDH (G9545)
were purchased from Sigma-Aldrich. Anti-Caspase-1(p20)
antibody (AG-20B-0042) was purchased from AdipoGen.
Rabbit anti-GroEL2 polyclonal antibody was generated by
immunization with prokaryotic purified GroEL2. Secondary
HRP-conjugated goat anti-rabbit IgG (#7074) and goat anti-
mouse IgG (#7076) were purchased from cell signaling
technology. Fluorescein isothiocyanate-conjugated goat anti-
rabbit IgG (Alexa Fluor 488, ab150077), goat anti-mouse
IgG (Chrome 546, ab60316), and donkey anti-rabbit IgG
(Alexa Fluor 647, ab150075) were purchased from Abcam.
Caspase-1 specific inhibitor z-YVAD-fmk (A8955) and
NLRP3 inhibitor MCC950 (C3780) were purchased from
Apexbio. Murine M-CSF (315-02) was from PeproTech.
ATP (tlrl-atpl) and Nigericin (tlrl-nig) were from InvivoGen.
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2.2 | Construction of recombinant M.
smegmatis strains expressing PPE13 protein

The full-length gene of PPE13 (Mb0902c¢) with a C-terminal
HA-tag was amplified from the genomic DNA of M. bovis
Beijing strain using specific primers (forward primer, 5’'-
CGAGTTAATTAAAAGAAAGGAGGTTAATAATG
AATTTCATGGTG. CTGCCGCC-3’ and reverse primer,
5'- GAAGAAGCTTTTAAGCGTAATCTGGAA. CATCG
TATGGGTACTTTTTTTGGGGGGGGGGCA-3"). The PCR
products were cloned between the Pac I and Hind IIT sites
of pMS2 expression vector. The pMS2-ppel3 plasmid was
then electroporated into M. smegmatis mc*155 to gener-
ate recombinant M. smegmatis (Ms_PPE13). Expression of
PPE13 was confirmed by Western blot using anti-HA-tag
antibody (cell signaling technology). M. smegmatis trans-
formed with pMS2 vector (Ms_Vec) was used as control

group.

2.3 | Subcellular fractionation of
recombinant M. smegmatis

The Ms_PPE13 and Ms_Vec were cultured and subjected
to subcellular fractionation separation as described previ-
ously.30 Generally, Ms_PPE13 and Ms_Vec were grown
overnight in a 50 mL culture of 7H9/Tween-80/Hyg at
37°C with shaking at 200 rpm. Bacteria were then har-
vested by centrifugation at 5000 Xg for 10 minutes. The
pellets were resuspended in 2 mL of PBS buffer and soni-
cated with 10x 10 s pulses. The whole lysates were centri-
fuged at 4°C to remove cell debris. The supernatants were
then removed and centrifuged at 27 000 Xg for 30 minutes
to obtain the cell wall pellet. The remaining supernatants
were cell membrane and cytosol fractions. Samples from
each of fractions were subjected to western blot using anti-
HA antibody (cell signaling technology). GroEL2 protein,
served as cytosol marker protein of mycobacteria, was de-
tected by anti-GroEL2 polyclonal antibody (1:10 000 in
dilution).

2.4 | Bacterial strains and growth conditions
Recombinant M. smegmatis strain Ms_PPE13 was gener-
ated to express PPE13 protein of M. bovis. Another re-
combinant strain Ms_Vec harboring the backbone vector
was constructed as the control. The detailed procedures
for constructing Ms_Vec and Ms_PPEI13 are described in
the Supplementary Materials and Methods. Mycobacterial
strains were grown in Middlebrook 7H9 broth medium sup-
plemented with 0.05% of Tween-80, 0.5% of glycerol, and
50 pg/mL of hygromycin B.

2.5 | Cell culture

Mouse J774A.1 and human HEK293T were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% of fetal bovine serum (FBS), 100 mg/mL
of streptomycin, and 100 U/mL of penicillin. Human THP1-
KO-NLRP3 cells were knockout of NLRP3 gene in THP-1
cells and purchased from InvivoGen (thp-konlrp3). Human
THP-1 and THP1-KO-NLRP3 cell line were cultured in
PRIM 1640 medium containing 10% of FBS, 100 mg/mL
of streptomycin, and 100 U/mL of penicillin. Mouse bone
marrow-derived macrophage (BMDM) cells were isolated
from femurs of female 6-8-week-old C57BL/6 mice as de-
scribed previously11 and differentiated for 7 days in RPMI
1640 medium containing 10% of FBS, 10 ng/mL of M-CSF,
100 microgram/ml of streptomycin, and 100 U/mL of peni-
cillin. Cells were maintained in an incubator at 37°C with 5%
of CO,.

2.6 | Macrophage infection with
recombinant M. smegmatis strains

J774A.1 and BMDMs cells were seeded at a density of
3 x 10° cells per well in 24-well plates. THP-1 cells were
seeded in 24-well plates at a density of 2 X 10° cells per well.
To differentiate into macrophages, THP-1 cells were exposed
to 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma
Aldrich) for 24 hours, and then cultured for another 24 hours
without PMA. Thereafter, macrophages were infected with
Ms_Vec or Ms_PPE13 at MOI of 10. After 4 hours of infec-
tion, the infected cells were washed with PBS three times
and incubated for additional 2 hours in DMEM or RPMI
1640 medium supplemented with 100 pg/mL gentamicin to
remove extracellular bacteria.

2.7 | Lactate dehydrogenase (LDH) assay
J774A.1 were seeded at a density of 50 000 cells per well
in 96-well plates and infected with M. smegmatis as de-
scribed above. Supernatants were collected and subjected to
LDH activity assay using CytoTox 96 LDH-release assay kit
(Promega).

2.8 | RNA extraction and quantitative
RT-PCR

Total RNA was extracted from the samples using EASYspin
tissue/cell RNA isolation kit (Aialab Biotechnologies Co)
according to the manufacturer’s instructions. Reverse tran-
scription of 1 pg total RNA was carried out to synthesize
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cDNA using reverse transcriptase (Toyobo). qRT-PCR was
performed using SYBR green PCR master mix (Takara).
Relative mRNA levels were calculated by the 2745 method
and are shown as relative fold changes. Primers used for
gRT-PCR are listed in Supplementary Table S1.

29 | ELISA
Levels of interleukin (IL)-1p, tumor necrosis factor (TNF)-a,
IL-6, and IL-10 in supernatants were measured by ELISA
kits (MultiSciences) according to the manufacturer’s in-
structions. Levels of cleaved caspase-1 in supernatants were
measured by ELISA kits (InvivoGen) according to the manu-
facturer’s instructions.

2.10 | Western blot analysis

Cell lysates were prepared by treatment with Radio immu-
noprecipitation assay (RIPA) buffer, and then mixed with
4% SDS sample buffer at 100°C for 10 minutes. To detect
mature IL-1p, the culture supernatant was concentrated
using Amicon Ultra-0.5 mL Centrifugal Filters (C82301,
Millipore). The protein samples were separated by 10%-15%
of SDS-PAGE gels and transferred onto PVDF membrane.
Membranes were incubated with antibodies and developed
using ECL substrate (Bio-Rad).

2.11 | Plasmid construction and
lentivirus production

The fragments of mouse NLRP3 (NM_145827.3), ASC
(NM_023258.4), Caspase-1 (NM_009807.2), NEK7
(NM_021605.4), LRR, NBD, and PYD were obtained by
RT-PCR from J774A.1 cells and cloned into pPCMV-Myc or
p3 X Flag-CMV-7.1 vectors. The fragments of mouse IL-1f
(NM_008361.4) was cloned into pEGFP-C1 vector. The full
length of PPE13, PPE domain, and MPTR domain were am-
plified by PCR from genomic DNA of M. bovis Beijing strain
using specific primers and cloned into the site of EcoR I and
Xho 1 of pPCMV-Myc or pCMV-HA vector. The fragments
of PPE13 amplified from M. tuberculosis (Rv0878c) or M.
marinum (MMAR_4319) genomic DNA were cloned into
pCMV-Myc vector. Primers used for plasmid construction
are listed in Supplementary Table S2.

To construct a lentivirus expressing PPE13 from M.
bovis, a fragment of PPE13 was cloned into phblV-CMV-
EF1-GFP vector, and transfected into HEK293T cells to-
gether with psPAX2 and pMD?2.G using lipofectamine 2000.
After 48 hours of transfection, supernatants were harvested,
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centrifuged at 1000 xg for 10 minutes, and filtered through
0.45 pm filters. THP-1 cells were infected with the superna-
tants containing lentiviral particles in the presence of 6 pg/
mL of polybrene (Sigma). Culture supernatants were col-
lected 24 hours after infection and used to measure IL-1f
secretion by ELISA kit. To establish a THP-1 cell line stably
expressing PPE13, cells were selected by 1.5 pg/mL of puro-
mycin (Sigma) after 72 hours of culture.

2.12 | Coimmunoprecipitation assay

After 24 hours of transfection, HEK293T cells were lysed
with lysis buffer containing 50 mM of Tris (pH7.4), 150 mM
of NaCl, 2 mM of EDTA, 10% of glycerol, and 1% of NP-
40, supplemented with a protease inhibitor cocktail (#5871,
CST). Lysates were incubated overnight at 4°C with anti-
flag M2 affinity gel (A2220, Sigma Aldrich) or mouse
immunoglobulin G antibody (mouse (G3A1) mAb IgGl1 iso-
type, 5415, CST) plus Protein-A Sepharose (P9424, Sigma
Aldrich). The beads were washed five times with lysis buffer
and the immunoprecipitated were eluted with SDS loading
buffer and subjected to western blot assay.

2.13 | ASC oligomerization detection
HEK?293T cells were seeded at a density of 1 X 10° cells per
well in 6-well tissue culture plates and transfected with ap-
propriate plasmids. After 24 hours of transfection, cells were
lysed with ice-cold buffer A containing 20 mM of HEPES-
KOH (pH 7.5), 10 mM of KCl, 1.5 mM of MgCl,, 1 mM of
EDTA, 1 mM of EGTA, and 320 mM of sucrose. Lysates
were centrifuged at 6000 xg for 15 minutes. Pellets were
washed twice with PBS, resuspended in PBS and cross-
linked using fresh disuccinimidyl suberate (DSS, 2 mM,
Sigma Aldrich) at 37°C for 30 minutes. The cross-linked pel-
lets were centrifuged and resuspended in SDS loading buffer
for western blot assay.

2.14 | Confocal microscopy

BMDMs (for ASC specks detection) or HEK293T cells
(for co-localization detection) were plated at a density of
1 x 10° cells per well overnight on coverslips and infected
or transfected as described above. Cells were fixed in 4% of
paraformaldehyde at RT for 30 minutes following by incu-
bation with appropriate antibodies and DAPI (4',6-diamid-
ino-2-phenylindole; Thermo Fisher Scientific) staining. The
stained cells were examined under a laser scanning micro-
scope (Zeiss LSM510 META, Zeiss Germany).
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2.15 | Statistical analysis

All assays were performed at least three times indepen-
dently. Data are presented as mean + SD and analyzed
using two-tailed Student’s 7 test, one-way ANOVA or two-
way ANOVA followed by Tukey’s multiple comparisons
test by Prism software (GraphPad). The differences were
considered significant when P < .05 (*), P < .01 (*¥), and
P < .001 (¥#%).

3 | RESULTS
3.1 | PPE13 induces cell death and IL-18
secretion in macrophages

Given that the nonpathogenic, fast-growing M. smegma-
tis does not contain a PPE13 orthologous,3 ' we generated
the recombinant M. smegmatis strain expressing a HA-
tagged PPE13 protein (named as Ms_PPE13) from M. bovis
(Supplementary Figure 1A) to investigate the role of PPE13
in pathogenicity of mycobacterial infection. We examined
the effect of PPE13 on cytotoxicity of M. smegmatis by
measuring release of LDH from J774A.1 cells infected with
Ms_PPE13. Levels of cell death in macrophages infected

with Ms_PPE13 were more than levels seen in macrophages
infected with Ms_Vec at 24 and 48 hours postinfection
(Figure 1A). To confirm the physiological relevance of this
finding, BMDMs and PMA-differentiated THP-1 cells were
treated with Ms_PPE13. We observed that Ms_PPEI3 in-
duced a high level of cell death at 48 hours postinfection
(Figure 1D and Supplementary Figure 2). These results sug-
gested that PPE13 induces cell death during M. smegmatis
infection.

Next, we examined whether PPE13 affects inflamma-
tory cytokines production during mycobacterial infection.
Notably, PPE13 significantly enhanced both IL-1§ mRNA
production and protein secretion (Figure 1B,C). PPE13 in-
duced greater relative increase in IL-6 mRNA, but much less
difference in protein level was observed between Ms_PPE13
and Ms_Vec groups (Supplementary Figure 3A,B). In addi-
tion, PPE13 did not affect the release of TNF-a and IL-10 into
supernatants (Supplementary Figure 3C-F). Moreover, the in-
crease of IL-1p secretion upon infection with Ms_PPE13 was
also observed in BMDMs at 24 and 48 hours postinfection
(Figure 1E). In addition, Ms_PPE13 induced more mature
IL-1pB secretion in PMA-differentiated THP-1 cells at 6 and
24 hours postinfection (Supplementary Figure 4A). These re-
sults demonstrated that PPE13 induces IL-1f secretion from
macrophages during infection with M. smegmatis.
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FIGURE 1 PPEI13 induces cell death and IL-1p secretion in mouse macrophages during infection with M. smegmatis. A-C, J774A.1 cells

were infected with Ms_Vec or Ms_PPE13 at MOI of 10 for 6, 24, or 48 hours. A, Percentages of cell death were analyzed by detecting LDH
release into supernatants. B, Transcriptional expressions of /L-1/ were quantified by RT-PCR. C, IL-1f secretion into supernatants were detected
by ELISA. D and E, BMDM cells were infected with Ms_Vec or Ms_PPE13 at MOI of 10 for 6, 24, or 48 hours. D, Percentages of cell death were
analyzed by detecting LDH release into supernatants. E, IL-1f secretion into supernatants was analyzed by ELISA. Data are representative of three
independent experiments. Values are mean + SD, *P < .05, **P < .01, ***P < .001 and ns = nonsignificant
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3.2 | PPE13-induced IL-1p
secretion is dependent on the NLRP3
inflammasome activation

The processing of IL-1f secretion requires two steps: first,
IL-1 is synthesized as inactive precursor pro-1L-1f, which is
regulated by NF-kB activation; second, pro-IL-1p is cleaved
and by caspase-1 into mature and active form.* Given that
PPE13 upregulates the transcript level of IL-1P, we used
cycloheximide (CHX, a translation inhibitor) to investigate
whether PPE13 induces IL-1p secretion mainly via transla-
tion. The results showed that, even with blocking new transla-
tion of pro-IL-1p, Ms_PPE13 induced more release of IL-1f
compared to Ms_Vec (Figure 2A), indicating that Ms_PPE13
is inducing release of IL-1p in a translation-independent man-
ner. Next, we examined whether PPE13 affect the activation
of caspase-1. In ELISA and western blot assays, Ms_PPE13
increased cleavage of caspase-1 in BMDMs as compared to
Ms_Vec (Figure 2B). Furthermore, treatment with caspase-1
specific inhibitor z-VYAD-fmk significantly reduced IL-1p
secretion in BMDMs infected with Ms_PPE13 (Figure 2C).
These data sets suggested that the effect of PPE13 on IL-1
secretion is dependent on caspase-1 activation.

Previous studies demonstrated that mycobacterial in-
fection triggers caspase-1 activation via AIM2 and NLRP3
inflammasomes.'®'""*> Given that AIM2 is a double-strand
DNA sensor, we hypothesized that PPE13 may possibly
mediate the autocatalysis of caspase-1 and subsequent
IL-1p secretion by activating NLRP3 inflammasome.
To test this hypothesis, macrophages were treated with
MCC950, a NLRP3 inflammasome specific inhibitor,33
during infection with recombinant M. smegmatis strains.
The results showed that IL-1p secretion was attenuated
by MCC950 in a dose-dependent manner (Figure 2D). In
addition, NLRP3 deficient THP-1 cells exhibited a de-
crease in PPE13-induced IL-1p secretion as compared to
wild-type cells (Supplementary Figure 4B). ASC oligom-
erization is a critical step in NLRP3 inflammasome com-
plex formation.*> Immunofluorescence analysis showed
that Ms_PPE13 infection produced a higher percentage of
ASC-specks, suggesting that PPE13 facilitates ASC oligo-
merization (Figure 2E). Moreover, pyroptosis is dependent
on NLRP3 inflammasome. Caspase-1 also cleave the cy-
tosolic protein gasdermin D (GSDMD) into p30 to form
plasma membrane pores and subsequently rupture plasma
membrane, resulting in the release of cytosolic LDH into
the extracellular space. Given that PPE13 could induce cell
death by measurement the release of LDH as showed above,
we detected the effect of PPE13 on pyroptosis by measur-
ing the cleavage of GSDMD both in J774A.1 (Figure 2H,I),
BMDMs (Figure 2F,G), and THP-1 cells (Supplementary
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Figure 4C,D). As shown, compared to Ms_Vec, Ms_
PPE13 can cleave more full length of GSDMD to produce
GSDMD-NT (p30) as compared to Ms_Vec. Overall, these
results indicated that PPE13 activates the NLRP3 inflam-
masome, resulting in caspase-1 activation, subsequent
IL-1p secretion, and GSDMD-mediated pyroptosis.

3.3 | PPE13 directly triggers the
activation of NLRP3 inflammasome

Subcellular fractionation analysis showed that PPE13 was
located on the cell wall (Supplementary Figure 1B). Thus,
we explored whether PPE13 has a direct role in NLRP3
inflammasome activation process. THP-1 cells were in-
fected with lentivirus expressing PPE13 and the ability of
PPE13 to drive NLRP3 inflammasome activation was de-
termined by measuring the level of IL-1f in comparison
with cells exposed to lentivirus containing empty vector.
The results revealed that PPE13 enhanced IL-1 secretion
at 24 and 48 hours postinfection (Figure 3A). Interestingly,
this effect was abolished by z-YVAD-fmk and MCC950
(Figure 3B,C). To further confirm the effect of PPE13 on
NLRP3 inflammasome activation, we constructed a THP-1
cell line stably expressing PPE13. LPS treatment alone
could increase IL-1f secretion in this cell line. Furthermore,
LPS + Nig/ATP treatment significantly increased IL-1p
production in THP-1 stably expressing PPE13 compared to
WT THP-1 (Figure 3D).

To demonstrate the direct interaction between PPE13
and NLRP3 inflammasome, we reconstituted an in vitro
NLRP3 inflammasome system in HEK293T cells, in which
the NLRP3 inflammasome is absent. As shown in Figure 3E,
co-transfection of PPE13 and the components of NLRP3
complex significantly promoted IL-1f secretion in a dose-de-
pendent manner. Upon activation, NLRP3 undergoes a con-
formational change and interacts with ASC to form an active
inflammasome complex. We tested whether PPE13 could
affect NLRP3-ASC interaction. HEK293T cells were trans-
fected with NLRP3 and ASC with or without PPE13, and
then, co-immunoprecipitation assays for NLRP3 was per-
formed. It was found that PPE13 enhanced the interaction
between NLRP3 and ASC (Figure 3F). ASC oligomerization
is considered to be a key event in caspase-1 activation and in-
flammasome function. Thus, we assessed the effect of PPE13
on ASC oligomerization in HEK293T cells. When ASC and
PPE13 were co-expressed in HEK293T cells, ASC oligo-
merization was not affected; however, when ASC, NLRP3,
and PPE13 were co-expressed, ASC oligomerization was en-
hanced (Figure 3G). Collectively, these results suggested that
PPE13 facilitates ASC oligomerization through NLRP3.
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FIGURE 2 PPEI13-induced IL-1f secretion is required for NLRP3 inflammasome. A, BMDMs were pretreated with or without 5 pg/mL CHX
for 2 hours, and then, infected with Ms_Vec or Ms_PPE13 at MOI of 10. Supernatants were collected to determine IL-1f levels by ELISA. Data
were analyzed by two-way ANOVA followed by Tukey’s multiple comparisons test. B, BMDMs were infected with Ms_Vec or Ms_PPE13 at MOI
of 10 for 48 hours. Levels of caspase-1 in supernatants were determined by ELISA (upper panel). Levels of cleaved caspase-1 (p20), pro-caspase- 1
(p45), or GAPDH in cell lysates were detected by western blot (lower panel). C and D, BMDMs were pretreated with or without z-YVAD-fmk (50
or 100 pM) or MCC950 (50 or 100 nM) for 1 hours, and then, infected with Ms_Vec or Ms_PPE13 at MOI of 10 for 48 hours in the presence or
absence of z-YVAD-fmk (C) or MCC950 (D). Supernatants were collected to determine IL-1p levels by ELISA. E, ASC specks formation (green)
was observed by confocal microscopy in BMDM:s infected with Ms_PPE13 or Ms_Vec at MOI of 10 for 48 hours. Nuclei were stained with DAPI.
Scale bar is 5 pm. F and H, Cleavage of GSDMD was detected by western blot in BMDMs (F) and J774a.1 (H) infected with Ms_PPE13 or Ms_
Vec. G and I, The relative densities of the expression of GSDMD p30 were analyzed by densitometry. Data are representative of three independent

experiments. Values are mean + SD, *P < .05, **P < .01, ***P < .001

3.4 | PPE13 binds to NLRP3 through
NACHT and LRR domains to promote NLRP3
inflammasome assembly

To further elucidate the underlying mechanism by which
PPE13 facilitates NLRP3 inflammasome activation, ex-
periments were carried out to determine whether PPE13
interacts with the components of NLRP3 inflammasome.
HEK?293T cells were transfected with PPE13 along with

NLRP3, ASC, or caspase-1, and then, subjected to co-
immunoprecipitation assays. The results revealed that
PPEI13 interacted with NLRP3 but not with ASC and
caspase-1 (Figure 4A). Immunoprecipitation of Flag-
tagged PPE13 demonstrated the interaction of Myc-tagged
NLRP3, and the same was true of the reciprocal experi-
ment using immunoprecipitation of Myc-tagged NLRP3
(Figure 4B). Furthermore, in THP-1 cells stably expressing
PPE13, PPEI13 also interacted with endogenous NLRP3
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(Supplementary Figure 5A). These results indicated that (711-1033 aa), but not with PYD (1-90 aa) (Figure 4C).

PPE13 can bind to NLRP3.

PPE13 also co-localized with NACHT and LRR domains

To further examine the details of this interaction, the (Figure 4D). We also confirmed the relationships between
interaction of PPE with functional domains in NLRP3 was PPE13 and NLRP3 in human origin. PPE13 also interacted
mapped. NLRP3 contains three domains, namely, PYD, with human-original NLRP3 through NACHT and LRR do-
NACHT (nucleotide binding domain or NBD), and LRR do- mains (Supplementary Figure 5B). Taken together, these re-
mains. Co-immunoprecipitation assays showed that PPE13 sults demonstrated that PPE13 binds to NLRP3 by interacting
interacted with NLRP3, NACHT (91-710 aa), and LRR with NACHT and LRR domains.
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FIGURE 3 PPEI3 has a direct role in the activation of NLRP3 inflammasome. A, The PMA-differentiated THP-1 cells were infected with
lentivirus containing an empty vector (named as CT lentivirus) or lentivirus expressing PPE13 (named as PPE13 lentivirus) for 24 or 48 hours.
Supernatants were collected and analyzed for IL-1p by ELISA. B, The PMA-differentiated THP-1 cells were infected with CT-lentivirus or
PPE13 lentivirus for 24 hours in the presence or absence of z-YVAD-fmk (100 pM) or C, MCC950 (10 pM). D, THP-1 cells stably expressing
PPE13 were treated with LPS (1 pg/mL), LPS + Nig (10 pM), LPS + ATP (5 mM), respectively. E, HEK293T cells were transfected with
plasmids encoding NLRP3, ASC, pro-Casp-1, pro-IL-1f together with myc-tag (myc tagged empty vector, 400 ng) or increasing amount of myc-
PPE13 (100, 200, 300, and 400 ng). F, HEK293T cells were co-transfected with Flag-NLRP3, Myc-ASC, or HA-PPE13. A specific amount of
cell lysates (appropriately 30 pg) was subjected to western blot using anti-Flag, anti-Myc, anti-HA, and anti-GAPDH antibodies (Input, lower

panel). The remaining part of cell lysates was immunoprecipitated with anti-Flag antibody or control mouse immunoglobulin G (IgG), and then,

analyzed with anti-Flag, anti-Myc, and anti-HA antibodies by western blot (IP, upper panel). G, HEK293T cells were transfected with Myc-ASC

together with HA-Tag (an empty vector), Flag-NLRP3, or HA-PPE13. Cell lysates were centrifuged to form pellets, which were subjected to ASC

oligomerization assay and analyzed by western blot using anti-Myc antibody. The relative densities of ASC oligomerization were analyzed by

densitometry. Data are representative of three independent experiments. Values are mean + SD, *P < .05, **P < .01, ***P < .001

We next examined the effect of PPE13 on NLRP3 inflam-
masome assembly. NLRP3 oligomerization through NACHT
domain is a critical event for NLRP3 inflammasome as-
sembly and ASC recruitment. We then determined whether
PPE13 could promote NLRP3-NLRP3 interaction. Indeed,
PPE13 significantly enhanced the interaction of Myc-tagged
NLRP3 and HA-tagged NLRP3 in transfected HEK293T
cells (Figure 4F). PPE13 could also promote NLRP3 inter-
action with NEK7, a newly identified NLRP3 components
(Figure 4G). However, PPE13 had no effect on caspase-1 and
ASC interaction (Figure 4H). Together, these data suggested
that PPE13 can bind to NLRP3 through NACHT and LRR
domains to promote NLRP3 inflammasome assembly.

3.5 | MPTR domain of PPE13 binds to
NLRP3 to induce IL-1f secretion

M. bovis, M. tuberculosis, and M. marinum have been rec-
ognized to stimulate NLRP3 inflammasome activation.'>*
Thus, we investigated whether PPE13 isolated from M. tu-
berculosis and M. marinum could interact with NLRP3.
HEK?293T cells were transfected with NLRP3 together with
Mb_PPE13, Mtb_PPE13, or Mm_PPE13, and then, sub-
jected to co-immunoprecipitation assays. We found that all
PPE13 proteins from different strains interacted with NLRP3
(Figure 5A). Moreover, the effects of three PPE13 proteins
on the activation of NLRP3 inflammasome were determined.
HEK?293T cells were co-transfected together with the com-
ponents of NLRP3 complex, and then, transfected with each
of PPE13 from different strains, respectively. Similar to Mb_
PPE13, Mtb_PPE13, and Mm_PPE13 enhanced IL-1p secre-
tion into the cell supernatants (Figure 5B).

PPE13 contains a conserved N-terminal domain with Pro-
Pro-Glu (named as PPE domain) and a C-terminal domain
with multiple repeats of motif NxGxNxG (named as MPTR
domain).”® To investigate the domains of PPE13 involved in
NLRP3 interaction, two plasmids containing PPE domain (1-
180 aa) and MPTR domain (165-438 aa) were constructed.
Co-immunoprecipitation assays showed that NLRP3 interacts

with PPE13 and MPTR domain, but not with PPE domain
(Figure 5C). Confocal microcopy revealed that NLRP3 and
MPTR domain were co-localized (Figure 5D). In addition,
MPTR domain, but not PPE domain, enhanced the secre-
tion of IL-1p into the cell supernatants of HEK293T cells
co-transfected with the components of NLRP3 complex
(Figure 5E). Overall, these data suggested that MPTR do-
main of PPE13 interacts with NLRP3 and enhances NLRP3
inflammasome activation.

4 | DISCUSSION
Previous studies suggested that pathogenic mycobacteria can
activate the NLRP3 inflammasome, a process that is regu-
lated by the secretion system ESX-1 and ESX-5. However,
the mechanism and mycobacterial factors involved in
NLRP3 inflammasome activation are poorly understand. In
this study, we found that PPE13 facilitates NLRP3 inflam-
masome assembly and activation by interacting with NLRP3.
Previous studies indicated that M. smegmatis strain in-
duces IL-1f secretion.”**® Our results showed that the re-
combinant M. smegmatis strain expressing PPE13 (named
as Ms_PPE13) enhanced cell death and IL-1p secretion in
J774A.1, BMDMSs, and THP-1 cells. PPE13 induces the tran-
scription of pro-IL-f, raising the possibility that increased
IL-1p protein may be due to increased transcription. To ex-
clude this possibility, we used CHX to inhibit new pro-IL-1f
synthesis. Although the majority of the IL-1p released by
BMDMs in response to Ms_PPE13 was inhibited in the pres-
ence of CHX, Ms_PPEI13 still induced more IL-1p release
compared to Ms_Vec, suggesting that increased synthesis of
pro-IL-1p in part accounts for the increased release of IL-1f
by Ms_PPEI13. A previous study revealed that even M. mari-
num Esx-5 mutant reduced levels of pro-IL-1f synthesis com-
pared to WT, failure of NLRP3 inflammasome activation by
Esx-5 mutant mainly accounts for reduction of IL-1p release,
as induction of high and equal expression of pro-IL-1f by
adding LPS still resulted in strongly reduced IL-1p secretion
in the ESX-5 mutant compared with that in the WT."® Given
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FIGURE 4 PPE13 activates NLRP3 inflammasome by interacting with NLRP3. A, HEK293T cells were transfected with Flag-PPE13
together with Myc-Tag (an empty vector), Myc-NLRP3, Myc-ASC, or Myc-Caspase-1. Cell lysates were either directly analyzed by western

blot using anti-Flag, anti-Myc, and anti-GAPDH antibodies (Input, lower panel), or were immunoprecipitated with anti-Flag antibody, and then,
analyzed with anti-Flag and anti-Myc antibodies by western blot (IP, upper panel). B, HEK293T cells were transfected with Flag-PPE13 together
with Myc-NLRP3. Cell lysates were immunoprecipitated with IgG, anti-Flag antibody, or anti-Myc antibody and then analyzed with anti-Flag and
anti-Myc antibodies by western blot (IP, upper panel). C and D, HEK293T cells were transfected with Flag-PPE13 together with Myc-Tag (an
empty vector), Myc-NLRP3 (full length), Myc-PYD, Myc-LRR, and Myc-NBD. C, Cell lysates were immunoprecipitated with anti-Flag antibody
and then analyzed with anti-Flag and anti-Myc antibodies by western blot (IP, upper panel). Asterisk denotes nonspecific band. D, Subcellular
localizations of Flag-PPE13 (red), Myc-proteins (green), and the nucleus marker DAPI (blue) were observed by confocal microscopy. Scale

bar is 10 pm. E, Domain of structure and deletion constructs of NLRP3. F, G, and H, HEK293T cells were transfected with Myc-NLRP3, HA-
NLRP3, and Flag-PPE13 (F); transfected with Flag-NLRP3, Myc-NEK7, and HA-PPE13 (G); transfected with Flag-Caspase-1, Myc-ASC, and
HA-PPE13 (H). Cell lysates were immunoprecipitated with anti-Flag or anti-Myc antibody, and then, analyzed with anti-Flag, anti-HA, and anti-
Myc antibodies by western blot (IP, upper panel). Densitometry was performed to analyze NLRP3 oligomerization, interaction between NLRP3

and NEK, interaction between ASC and caspase-1. Data are representative of three independent experiments. Values are mean + SD, *P < .05,

#*P < .01, ¥*¥*P < .001



12830 - YANG ET AL.
FASEBJOURNAL
(A) Myc-Tag + - - - (B) 20001 (C) Myc-Tag + - - -
Myc-Mb_PPE13 - + - - Myc-PPE13 - + - -
Myc-Mtb_PPE13 - - 4 Myc-PPE - -4 -
Myc-Mm_PPEI3 - - - 4 _ Myc-MPTR - -
Flag-NLRP3 + o+ + o+ 'g Flag-NLRP3 + + + +
Lane 12 3 4 ) Lane 1 2 3 4 ko
& 1B: Mye _1;15>a i -
F‘.‘ . - - 40 3 g IB: Myc -3
=~ | IB: Flag & T
IB: Myc - 55
- -— = 40 — —55
2, . 130 Lane 1 2 3 4 5
ASC + 0+ o+ o+ o+ IB: Myc 25
1B: GAPDHE—% Pro-Caspase-1 + + + + + i — _15
Myc.Tag - + - - - 1B: Flag
Myc-Mb_PPEI3 - - + - - 1B: GAPDH | s |35
Myc-Mtb_PPE13 - - -+ -
Myc-Mm_PPE13 - - - - + HEK 293T
HEK 293T
(D) (E) 2000-
*%k
Myc-PPE13 1500
Flag-NLRP3 )
% **
£ 10004
Ef ns
Myc-PPE 2
Flag-NLRP3 500+
0-
Lane 1 2 3 4 5
Myc-MPTR NLRP3 + + + + +
Flag-NLRP3 ASC + + + + +
Pro-Caspase-1 + + + + +
Pro-IL-1B + + + + +
Myc-Tag - + - - -
Myc-PPE13 .
Myc-PPE - - -
Myc-MPTR - - - - +
HEK 293T
FIGURE 5 PPE13 interacts with NLRP3 through its MPTR domain. A, HEK293T cells were transfected with Flag-NLRP3 together with

Myc-Tag (an empty vector), Myc-Mb_PPE13, Myc-Mtb_PPE13, or Myc-Mm_PPE13. Cell lysates were either directly analyzed by western blot
using anti-Flag, anti-Myc, and anti-GAPDH antibodies (Input, bottom), or were immunoprecipitated with anti-Flag antibody and then analyzed
with anti-Flag and anti-Myc antibodies by western blot (IP, top). B, HEK293T cells were transfected with plasmids encoding NLRP3, ASC,
pro-Casp-1, pro-IL-1f together with Myc-Mb_PPE13, Myc-Mtb_PPE13, or Myc-Mm_PPE13, respectively. C and D, HEK293T cells were
transfected with Flag-NLRP3 along with Myc-Tag, Myc-PPE13 (full length), Myc-PPE domain, and Myc-MPTR domain. C, Cell lysated were
immunoprecipitated with anti-Flag antibody and then analyzed with anti-Flag and anti-Myc antibodies by western blot (IP, top). Asterisk denotes
nonspecific band. D, Subcellular localizations of Flag-NLRPR3 (red), Myc-proteins (green), and the nucleus marker DAPI (blue) were observed
by confocal microscopy. Scale bar is 10 pm. E, HEK293T cells were transfected with plasmids encoding NLRP3, ASC, pro-Casp-1, and pro-IL-1p
together with Myc-PPE or Myc-MPTR, respectively. Data are representative of three independent experiments. Values are mean + SD, *P < .05,

P < .01, ##€P <.001

that the increase of IL-1p secretion by Ms_PPE13 was in a
translation-independent manner, we further investigated the
effect of Ms_PPE13 on NLRP3 inflammasome activation.
We found that treatment with caspase-1 specific inhibitor,
z-Y VAD-fmk, and NLRP3 inflammasome-specific inhibitor,
MCC950, decreased Ms_PPE13-induced IL-1p secretion in
BMDMs, indicating that Ms_PPE13-induced IL-1p secretion

is required for caspase-1 cleavage and NLRP3 inflammasome
activation. This effect was further validated using NLRP3 de-
ficient THP-1 cells, in which Ms_PPE13-induced IL-1f se-
cretion was inhibited.

Ms_PPE13 induced more cleavage of GSDMD, which
is regarded as an executor of pyroptosis.37 IL-1 family cy-
tokines have a diameter of 4.5 nm,”® which is theoretically
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narrow enough to pass through the GSDMD pore (inner di-
ameter of 10-15 nm).*’ Interestingly, we observed that IL-1§
release between Ms_Vec and Ms_PPE13 in THP-1 cells
at 48 hours was not different. However, the expression of
GSDMD p30 induced by Ms_PPEI13 increased eight times
between 24 and 48 hours whereas the level of GSDMD p30
by Ms_Vec increased almost eighty times, which may be the
reason for observed changes in IL- IL-1p release. Notably,
we observed amount of IL-1p release into the supernatants of
THP-1 at 6 hours during M. smegmatis infection, even though
there was no cleavage of GSDMD detected at the same time.
This indicated that we could not exclude the pyroptotic role
of other members of the gasdermin family, like GSDMA,
GSDMB, and GSDME, which also display pore-forming and
pyroptotic activity.‘m'42

Further analysis revealed that PPE13 was localized to the
surface of cells, which is consistent with results of a previ-
ous study.20 The presence of PE/PPE proteins on the cell sur-
face might enable them to directly interfere with host innate
immune pathways.43 Thus, we investigated whether PPE13
activates NLRP3 inflammasome directly or through other
mycobacterial factors. We found that introduction of lentivi-
rus expressing PPE13 significantly enhanced IL-1f secretion
in THP-1 cells. The similar results also found in THP-1 cells
stably expressing PPE13. Moreover, this enhanced IL-1p
secretion was inhibited by z-YVAD-fmk and MCC950. We
also showed PPE13 enhanced IL-1f secretion of in vitro
NLRP3 inflammasome system reconstituted in HEK 293T
cells. These findings indicate that PPE13 plays a direct role
in NLRP3 inflammasome activation.

Recent studies suggest that PE/PPE proteins interact
with TLR2 to modulate innate and adaptive immune re-
sponse.44 For example, PPE18 specifically interacts with
TLR2, thereby stimulating IL-10 via the activation of p38
MAPK.* PPE60 directly binds to TLR2, induces DCs mat-
uration and T-cell differentiation, as well as stimulates cy-
tokines secretion. Other studies have shown that PPE60 can
promote IL-1p secretion and activate NLRP3 inflammasome
in a TLR2-dependent manner. However, knock-out of TLR2
did not completely abrogate the expression of NLRP3 protein
and the secretion of IL-1f induced by PPE60, indicating that
other receptors may contribute to NLRP3 inflammasome ac-
tivation.*® Interestingly, we found that PPE13 can directly in-
teract with NLRP3 protein, but not with ASC and caspase-1.

Upon activation, NLRP3 undergoes conformational
changes leading to oligomerization, which enables it to
assemble with ASC, and subsequent recruitment of pro-
caspase-1 via CARD-CARD interaction. Clustered pro-
caspase-1 is autocleaved to active caspase-1 (p10/20), which
triggers the maturation of IL-IB.47 NLRP3 protein contains
three domains, namely, PYD, NACHT, and LRR domain.
PYD domain is required for NRLP3 and ASC interaction.
ATPase activity in NACHT domain is important for NLRP3
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oligomerization and activation.* NEK7 is newly identified
NLRP3 inflammasome component which binds to LRR
domain of NLRP3 to facilitate its assembly.49 Our results
showed that PPE13 interacts with the NACHT and LRR
domains of NLRP3. We also showed that PPE13 promotes
NLRP3-ASC, NLRP3-NLRP3, and NEK7-NLRP3 interac-
tion, as well as the oligomerization of ASC in the presence of
NLRP3. Taken together, this study demonstrates that PPE13
activates NLRP3 inflammasome by facilitating NLRP3 in-
flammasome assembly, a process that might be achieved by
NLRP3.

Recent studies demonstrated that the posttranslational
modifications (PTMs), including phosphorylation, ubiquiti-
nation, and deubiquitylation, regulate NLRP3 inflammasome
activation. For example, BRCC3 targets the LRR domain
of NLRP3 to promote NLRP3 inflammasome activation
by deubiquitylation.”® PTPN22 interacts with NLRP3 and
dephosphorylates it at Tyr861 in the LRR domain, leading
to efficient NLRP3 inflammasome activation and IL-1pB
secretion.”! Yet, whether PTMs of NLRP3 are part of the
molecular mechanisms by which PPE13 facilitates NLRP3
inflammasome assembly remains to be determined.

Pathogenic mycobacteria triggers inflammasome ac-
tivation, and thus, IL-1f secretion in T7SS-dependent
manner.'®'*!3 The role of ESX-1 in inflammasome acti-
vation has been extensively studied. ESX-1 mutant strains
of pathogenic mycobacteria failed to activate AIM2 and
NLRP3 inflammasomes, due to the inability of bacteria to
translocate from phagosome to cytosol.m‘]z’13 Interestingly,
ESX-5 mutants fail to activate the NLRP3 inflammasome
and promote IL-1 secretion, even though ESX-5 mutants
are able to escape from the phagolysosome into the cyto-
sol.'”1 This observation indicated that ESX-1 is needed
for the cytosolic localization, which allows ESX-5 effec-
tor molecules to be secreted in the cytosol to manipulate
immune response. It is therefore conceivable that PPE13
protein can interact with NLRP3 of host cells during in-
fection after phagolysosome escape. Interaction of sur-
face-exposure members of PE/PPE family with molecules
in the host cytosol during infection has been previously
described. For instance, PE_PGRS33 interacts with the mi-
tochondria to affect cell death during infection,52 whereas
PE_PGRS protein Rv0297 localizes to endoplasmic reticu-
lum to mediate apoptosis.5 3 Clearly, future experiments are
required to unravel the mechanism on interaction between
PPE13 and NLRP3 during natural infection. In the pres-
ent study, we found that all the PPE13 proteins from M.
bovis, M. tuberculosis, and M. marinum activate NLRP3
inflammasome through binding to NLRP3. PPE13 belongs
to PPE_MPTR (major polymorphic tandem repeat) subfam-
ily, which is characterized by multiple C-terminal repeats
of motif NxGxNxG.?*>* The highly repetitive domain of
PPE_MPTR families is primarily responsible for induction
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of antibody responses.”> More interestingly, we demon-
strated that PPE13 activates NLRP3 inflammasome and
interacts with NLRP3 through repetitive MPTR domain but
not through conserved PPE domain.

In summary, our study demonstrates that PPE13 triggers
NLRP3 inflammasome activation and IL-1f secretion. More
importantly, PPE13 interacts directly with NLRP3 to facili-
tate assembly of NLRP3 inflammasome, and this interaction
requires NACHT and LRR domains of NLRP3 as well as the
MPTR domain of PPE13. These datasets reveal a new role
of PPE13 in the activation of NLRP3 inflammasome. PPE13
may be a new candidate which can be used to unravel the
mechanism of ESX-5-mediated IL-1f secretion.
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