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Abstract
Tuberculosis is a communicable disease caused by Mycobacterium tuberculosis 
which primarily infects macrophages and establishes intracellular parasitism. A 
mycobacterial virulence factor Zn2+ metalloprotease 1 (Zmp1) is known to sup-
press interleukin (IL)- 1β production by inhibiting caspase- 1 resulting in phagosome 
maturation arrest. However, the molecular mechanism of caspase- 1 inhibition by 
Zmp1 is still elusive. Here, we identified GRIM- 19 (also known as NDUFA13), an 
essential subunit of mitochondrial respiratory chain complex I, as a novel Zmp1- 
binding protein. Using the CRISPR/Cas9 system, we generated GRIM- 19 knock-
out murine macrophage cell line J774.1 and found that GRIM- 19 is essential for 
IL- 1β production during mycobacterial infection as well as in response to NLRP3 
inflammasome- activating stimuli such as extracellular ATP or nigericin. We also 
found that GRIM- 19 is required for the generation of mitochondrial reactive oxygen 
species and NLRP3- dependent activation of caspase- 1. Loss of GRIM- 19 or forced 
expression of Zmp1 resulted in a decrease in mitochondrial membrane potential. 
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1  |  INTRODUCTION

Mycobacterium tuberculosis (Mtb), a causative agent of 
human tuberculosis, is an intracellular pathogen that 
primarily infects macrophages. To achieve intracellular 
parasitism, Mtb utilizes several strategies to avoid kill-
ing by macrophages, including inhibition of phagosome- 
lysosome fusion,1 escape from phagosome into the cytosol,2 
inhibition of autophagy,3 and inhibition of IL- 1β produc-
tion.4 Macrophages cultured in the presence of anti- IL- 1β 
neutralizing antibodies lose control of intracellular Mtb 
replication. Conversely, the addition of recombinant IL- 1β 
in the macrophage culture restricts the intracellular Mtb 
replication,5,6 indicating the critical role of IL- 1β for the 
bactericidal activity of macrophages against Mtb.

IL- 1β production is regulated by transcriptional and 
post- translational mechanisms.7 It is synthesized as an 
inactive cytosolic precursor form, pro- IL- 1β, via transcrip-
tional activation mediated by nuclear factor- κB (NF- κB). 
Pro- IL- 1β is then cleaved by caspase- 1 to become biologi-
cally active mature IL- 1β. This process is often accompa-
nied by a lytic cell death termed pyroptosis.8 Caspase- 1 is 
activated by a multi- protein complex called the inflam-
masome, consisting of sensor and adapter proteins and 
caspase- 1 itself.9 There are several types of inflammasomes 
based on the types of sensor proteins such as nucleotide- 
binding domain, leucine- rich repeat containing family, 
pyrin domain- containing 3 (NLRP3) or absent in mela-
noma 2 (AIM2), both of which are implicated in the IL- 1β 
production upon Mtb infection.10,11 The NLRP3 inflam-
masome consisted of NLRP3, apoptosis- associated speck- 
like protein containing a CARD (ASC), and caspase- 1 is 
the most extensively studied among all types of inflam-
masomes.12 The NLRP3 inflammasome can be activated 
by a wide variety of endogenous and exogenous stimuli, 
including extracellular ATP and nigericin.9,12 Although it 
is appreciated that mitochondrial reactive oxygen species 
(mtROS) is one of the critical endogenous mediators of 
NLRP3 activation,13 the protein(s) responsible for mtROS 
generation with regard to NLRP3 inflammasome regula-
tion have been elusive.

A previous study has shown that the mycobacterial 
Rv0198c gene that encodes Zmp1 is required for phago-
some maturation arrest and intracellular survival of Mtb 

in macrophages.4 It was suggested that Zmp1 inhibits 
caspase- 1 activation and thereby reduces IL- 1β secretion 
resulting in phagosome maturation arrest. It was also 
demonstrated that wild- type, but not zmp1- deficient, 
Mycobacterium tuberculosis variant bacillus Calmette- 
Guérin (BCG), can suppress activation of caspase- 1 in-
duced by ATP or nigericin,4 indicating that Zmp1 can 
inhibit the NLRP3 inflammasome. However, the molec-
ular mechanisms underlying the inhibition of NLRP3 in-
flammasome by Zmp1 are currently unclear.

In this study, we identified gene associated with reti-
noic and interferon- induced mortality 19 protein (GRIM- 
19) [also known as NADH:Ubiquinone Oxidoreductase 
Subunit A13 (NDUFA13)] as a Zmp1- binding protein. 
Functional analysis revealed that GRIM- 19 is required for 
NLRP3- dependent IL- 1β production induced by Zmp1- 
deficient (∆zmp1) BCG infection as well as other NLRP3- 
activating stimuli such as extracellular ATP or nigericin. 
GRIM- 19 was found to be essential for the complex I ac-
tivity and the production of mtROS. Furthermore, either 
loss of GRIM- 19 or forced expression of Zmp1 resulted in 
decreased mitochondrial membrane potential. Our results 
suggest that Zmp1 inhibits NLRP3 inflammasome by tar-
geting GRIM- 19.

2  |  MATERIALS AND METHODS

2.1 | Preparation of ∆zmp1 BCG

BCG Tokyo 172 strain Type I14 were cultured in 
Middlebrook 7H9 broth (Becton Dickinson). The bacte-
ria were suspended in electroporation buffer consisted 
of 272  mM mannitol, 2  mM sodium phosphate buffer 
(pH 7.1), and 0.05% Tween 80, transformed with pJV53 
plasmid containing recombinase of mycobacteriophage 
Che9c15 (a gift from Graham Hatfull, Addgene plas-
mid # 26904), and selected with kanamycin. The pJV53 
transformed BCG were cultured in Middlebrook 7H9 
with kanamycin and 0.2% acetamide overnight to induce 
expression of Che9c recombinase, suspended in elec-
troporation buffer, and Zmp1 knockout construct was 
introduced. The Zmp1 knockout construct consisted of 
500  bp zmp1 flanking sequences at 5′ and 3′ sites and 

Our study revealed a previously unrecognized role of GRIM- 19 as an essential reg-
ulator of NLRP3 inflammasome and a molecular mechanism underlying Zmp1- 
mediated suppression of IL- 1β production during mycobacterial infection.
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hygromycin- resistant gene with aphII promoter of Tn5 
transposon and Mycobacterium kansasii Ag85B termina-
tor (Figure 1A). After the electroporation, the hygromycin- 
resistant clones were selected as candidates of ∆zmp1 
clones. To prepare ∆zmp1 BCG complemented with Zmp1 
(c∆zmp1 BCG), zmp1 gene with FLAG sequence at its C 

terminus was cloned with aphII promoter and Ag85B ter-
minator into an Escherichia coli (E. coli)— mycobacteria 
plasmid pYT937H, a derivative of pYT93716 in which 
kanamycin- resistant gene was replaced to gentamicin- 
resistant gene from pJH110 (Addgene plasmid # 68376) 
and introduced into ∆zmp1 BCG by electroporation. The 

F I G U R E  1  Zmp1- deficient BCG infection induces IL- 1β in a NLRP3- dependent manner. (A) Schematic representation of the Zmp1 
genomic locus (wild- type), a knockout construct, and a mutated locus (∆zmp1). (E) EcoRI. (B) Confirmation of homologous recombination 
at the zmp1 genomic locus. PCR analysis was performed with the primers indicated in (A) using genomic DNA extracted from wild- type 
or three independent hygromycin- resistant clones (∆1– 3) as templates. PCR products were digested with EcoRI and analyzed on agarose 
gel electrophoresis. (C) Confirmation of zmp1 gene disruption by western blot. Cell lysates of wild- type and ∆zmp1 BCG were separated 
on SDS- PAGE followed by western blotting using anti- Zmp1 monoclonal antibody MAZ10. The arrow indicates the position of the Zmp1 
protein. (D,E) BMDMs were infected with the indicated BCG strain for 24 h at MOI of 10 (WT, wild- type; ∆zmp1, a zmp1- deletion mutant; 
c∆zmp1, a zmp1- deletion mutant complemented with Zmp1- FLAG expression plasmid). MCC950 (1 µM) was added into the culture 20 min 
prior to BCG infection. The culture supernatant was analyzed by ELISA for IL- 1β (D) and TNF- α (E). The results are shown as mean ± SD of 
quadruplicate wells from one representative experiment of two independent experiments. Data were analyzed by ordinary one- way ANOVA 
with Tukey's multiple comparisons. **p < .01; ****p < .0001; ns, not significant

(A)

(C) (D) (E)

(B)
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transformants were selected on Middlebrook 7H10 agar 
plates containing 20  µg/ml gentamicin. The procedures 
of gene modification of BCG were approved by the Living 
Modified Organism Experiments Safety Committee of the 
University of the Ryukyus.

2.2 | Plasmids

The full- length of mycobacterial zmp1 gene was cloned 
by PCR using genomic DNA obtained from wild- type 
BCG as a template and following primers: sense, 5′- CG
CGGATCCATGACACTTGCCATCCCCTC- 3′; antisense,  
5′- GTGCTCGAGCTAGTTCCAGATCCGGACCCT- 3′. The  
DNA fragment of zmp1 was subcloned into the pET28a 
vector (Novagen) to generate pET28a- Zmp1. For expres-
sion in eukaryotic cells, a synthetic gene encoding the full- 
length Zmp1 (663 amino acids) with mouse- optimized 
codon usage (mZmp1) was purchased from GenScript 
(NJ, USA). pGBKT7- Zmp1 was generated by subcloning 
the open reading frame of mZmp1 into the pGBKT7 vec-
tor (Clontech, CA, USA). The full- length murine Grim- 19  
cDNA was cloned by reverse- transcribed PCR from J774.1 
cells using the following primers: sense, 5′- GAGAGAT
CTATGGCGGCGTCGAAGGT- 3′; antisense, 5′- TCTCT
CGAGCTAAGTGTACCAGGTGAAGC- 3′. Mammalian 
expression vectors pCMV- FLAG and pCMV- T7 were de-
scribed previously.17 The full- length of mZmp1 and mu-
rine Grim- 19 cDNA was subcloned into the pCMV- FLAG 
and pCMV- T7 vectors to generate pCMV- FLAG- Zmp1 
and pCMV- T7- Grim19, respectively. Transfection of 
293T cells was performed using polyethylenimine (PEI, 
Sigma- Aldrich, Cat #408727) transfection method18 or 
Lipofectamine LTX (Thermo Fisher Scientific).

2.3 | Yeast two- hybrid screening

For yeast two- hybrid screening, the Matchmaker Gold 
Yeast Two- hybrid System (Clontech, Cat #630489) and the 
Mate & Plate Library (Clontech, Cat #630483) were used. 
Yeast strain Y2HGold was transformed with the pGBKT7- 
Zmp1 plasmid using the standard lithium chloride method. 
Transformants were selected on minimal yeast medium 
agar plates lacking tryptophan (SD- Trp). Then, the trans-
formants were mated with Y187 library strain harboring 
normalized universal mouse cDNA according to the manu-
facturer's instruction. Approximately 4 × 105 diploids were 
obtained and cultured on minimal yeast medium agar 
plates lacking tryptophan, leucine, and histidine (SD- Trp/
Leu/His). Colonies were picked at day 2 through day 5 and 
re- streaked onto agar plates containing 40 µg/ml of 5- bro
mo- 4- chloro- 3- indolyl- α- d- galactoside (X- α- gal) (Nacalai 

Tesque, Cat #02897- 04) or 100  ng/ml of Aureobasidin 
A (Clontech, Cat #630466) to eliminate pseudo positive 
clones. Fifty- four clones were isolated as candidate Zmp1- 
binding proteins. The library plasmids were recovered from 
these clones and retransformed into Y187 for two- hybrid 
analysis. Twenty- seven clones were confirmed positive for 
the interaction with Zmp1. DNA sequencing analysis re-
vealed that one of these clones contains cDNA encoding 
the 86– 144 amino acids of murine GRIM- 19/NDUFA13.

2.4 | Cell culture

Dulbecco's Modified Eagle's Medium (DMEM, Cat 
#D5796), RPMI- 1640 (Cat #R8758), and Minimum 
Essential Medium Eagle (MEM, Cat #M4655) were pur-
chased from Sigma- Aldrich. L929 cell- conditioned me-
dium (LCM) was prepared by culturing L929 cells in 
MEM containing 10% heat- inactivated fetal bovine serum 
(HI- FBS, Sigma- Aldrich, Cat #F7524) supplemented 
with non- essential amino acid (Gibco, Cat #11140- 050), 
Sodium Pyruvate (Gibco, Cat #11360- 070) and Penicillin/
Streptomycin (Nacalai Tesque, Cat #09367- 34). Mouse 
bone marrow- derived macrophages (BMDMs) were pre-
pared by culturing bone marrow cells obtained from 
C57BL/6 mice (Japan SLC, Shizuoka, Japan) in RPMI- 1640 
medium containing 10% HI- FBS and 30% LCM for seven 
days by replenishing with fresh medium every 2– 3 days. 
293T and J774.1 cells were cultured in DMEM supple-
mented with 10% HI- FBS and Penicillin/Streptomycin. 
J774.1 cells were provided by the RIKEN BRC through 
the National Bio- Resourse Project of the MEXT, Japan. 
All cells were grown at 37°C in a 5% CO2 humidified in-
cubator. The animal experiments were conducted with 
the approval of the Animal Experiment Committee of the 
University of the Ryukyus.

2.5 | Reagents and antibodies

Ultrapure LPS from E. coli O111:B4 strain (Cat #tlrl- 
3pelps), ATP (Cat #tlrl- atp) and MCC950 (Cat #inh- mcc) 
were purchased from Invivogen. Nigericin (Cat #AG- 
CN2- 0020) and Poly(dA:dT) (Cat #P0883) were pur-
chased from AdipoGen (CA, USA) and Sigma– Aldrich 
(MO, USA), respectively. Specific monoclonal and poly-
clonal antibodies against the following antigens were 
used: IL- 1β (Cat #12507, Lot #1), NLRP3 (Cat #15101, 
Lot #3), ASC (Cat #67824, Lot #1), PDI (Cat #3501, Lot 
#3), RCAS1 (Cat #12290, Lot #4), α- tubulin (Cat #2125, 
Lot #1), β- actin (Cat #4970, Lot #2), vimentin (Cat #5741, 
Lot #8) (Cell Signaling Technology, MA, USA), Caspase- 1 
(Cat #ab179515, Lot #GR287996- 16), GRIM- 19 (Cat 
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#ab110240, Lot #GR250711- 3), NDUFA9 (Cat #ab14713, 
Lot #GR3268847- 12), UQCRC2 (Cat #ab203832, Lot 
#GR247396- 9) (Abcam, Cambridge, UK), and β- Actin 
(Sigma- Aldrich, Cat #A1978, Lot #101M4755). Anti- FLAG 
tag (Cat # PA1- 984B, Lot #QJ223606) and anti- T7 tag (Cat 
#69522, Lot #D00132322) antibodies were purchased 
from Thermo Fisher Scientific (MA, USA) and Novagen 
(WI, USA), respectively. Secondary antibodies used in this 
study are as follows: HRP- conjugated antibodies against 
mouse IgG (Cat #7076) and rabbit IgG (Cat #7074) (Cell 
Signaling Technology), and Alexa Fluor 488- conjugated 
cross- absorbed secondary antibodies against mouse IgG 
(H+L) (Invitrogen, Cat #A11001) and rabbit IgG (H+L) 
(Invitrogen, Cat #A11010). Hoechst 33342 (Cat #B2261) 
was purchased from Sigma- Aldrich.

2.6 | Preparation of anti- Zmp1 
monoclonal antibody (mAb)

Recombinant mycobacterial Zmp1 was purified from 
E. coli BL21(DE3) strain harboring the pET28a- Zmp1 
plasmid. The recombinant Zmp1 protein was emulsified 
with incomplete Freund's adjuvant, and intra- muscularly 
(day  0) and subcutaneously (day 14) inoculated into 
BALB/c mice. The mice were further inoculated with the 
recombinant Zmp1 intraperitoneally on day 21 and 24 to 
boost immune response, and the spleen cell suspension 
was prepared. The spleen cells were fused with SP2/0 
murine myeloma cell line using the HVJ- Envelop- based 
GenomeOne- CF kit (Ishihara Sangyo, Osaka, Japan) ac-
cording to the manufacturer's instructions. The fused 
cells were selected with HAT medium (Sigma- Aldrich), 
and clones producing anti- Zmp1 mAb were isolated by 
limiting dilution. A representative clone MAZ10 was used 
as a hybridoma- producing mouse anti- Zmp1 mAb in this 
study.

2.7 | In vitro BCG infection

BMDMs were collected and re- plated on 24- well plates 
at 1 × 106 cells/well and incubated overnight. Wild- type, 
∆zmp1, or c∆zmp1 BCG were added into the culture at 
the multiplicity of infection (MOI) of 5, incubated over-
night, and culture supernatant was collected and filtrated 
through 0.45 μm disc filter to analyze the concentration 
of IL- 1β and TNF- α. J774.1 cells were seeded onto 24- well 
plates at 4 × 105 cells/well and incubated overnight. Wild- 
type or ∆zmp1 BCG was opsonized in FBS for 30 min prior 
to infection, then added into the culture at MOI of 10 and 
incubated for 24 h. Culture supernatant was collected and 
analyzed for the production of IL- 1β and IL- 6.

2.8 | RNAi and CRISPR/Cas9

J774.1 cells were transfected with a Stealth siRNA du-
plex against murine Grim- 19/Ndufa13 (Invitrogen, 
siRNA ID: MSS289193) or a negative control Medium 
GC Duplex #2 (Invitrogen, Cat #46- 5372) at the final 
concentration of 40  nM using Viromer GREEN trans-
fection reagent (Lipocalyx, Cat #VG- 01LB- 00) accord-
ing to the manufacturer's instructions. For CRISPR/
Cas9- mediated gene disruption, J774.1 cells were 
transfected with a guide RNA targeting murine Grim- 
19/Ndufa13 (Invitrogen, ID: CRISPR249728_SGM, 
5′- GGTTCCGCTTGTAGTCGATG- 3′) and a recombinant 
Cas9 protein (Invitrogen, Cat #B25641) by electroporation 
using a neon electroporator (Thermo Fisher Scientific). 
Eighteen clones were obtained by limiting dilution and 
analyzed for expression of GRIM- 19 by western blotting.

2.9 | Immunofluorescence staining

BMDMs were cultured on collagen- coated coverslips in 
six- well plates and infected with c∆zmp1 BCG at MOI of 
40 in the presence of 20 μg/ml gentamicin overnight. The 
infected cells were then stained with 200 nM MitoTracker 
Deep Red (Thermo Fisher Scientific) for 30 min at 37°C, 
washed three times with phosphate- buffered saline 
(PBS), and fixed with formalin and permeabilized with 
0.1% Triton X- 100 (Wako, Osaka, Japan) and 0.1% BSA. 
The cells were further stained with mouse anti- Grim19 
(Abcam) and rabbit anti- FLAG (Thermo Fisher Scientific) 
antibodies, followed by Alexa Fluor 488- conjugated goat 
anti- mouse Ig and Alexa Fluor 546- conjugated anti- rabbit 
Ig (Molecular Probe). The coverslips were mounted with 
ProLong Gold with DAPI (Invitrogen). The stained cells 
were analyzed using Stellaris 8 confocal LASER- scanning 
microscope (Leica microsystems, Wetzlar, Germany) with 
a 63× oil immersion lens and applied 6.3× Zoom. The ob-
tained data were further processed by the LIGHTNING 
program to visualize fine structure using the LAS- X pro-
gram. To further analyze the subcellular localization of 
Zmp1 in infected cells, BMDM were infected with c∆zmp1 
BCG, fixed and permeabilized as described above, and 
stained with mouse anti- FLAG mAb M2 (Sigma- Aldrich, 
Cat #F9291) and the following rabbit mAbs: anti- PDI, anti- 
RCAS1, anti- α- tubulin, anti- β- actin, and anti- vimentin, to 
detect endoplasmic reticulum, Golgi apparatus, microtu-
bules, actin filaments, and intermediate filaments, respec-
tively. To detect the primary antibodies, cells were stained 
with Alexa Fluor 488- conjugated goat anti- mouse Ig and 
Alexa Fluor 546- conjugated goat anti- rabbit Ig. The cells 
were analyzed using a C2 confocal LASER- scanning mi-
croscope (Nikon, Tokyo, Japan) with a 60× oil immersion 
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lens and applied 4× zoom. The obtained data were ana-
lyzed with the NIS Element program (Nikon). For analysis 
of the ASC speck formation, J774.1 cells were seeded onto 
coverslips in 6- well plates. Cells were stimulated with LPS 
for 4  h, followed by treatment with ATP for 1  h. Then, 
cells were fixed with 4% paraformaldehyde for 15  min 
and permeabilized with permeabilization buffer contain-
ing 0.1% Triton X- 100 and 0.1% BSA at −30°C, overnight. 
After thawing, the cells were incubated with anti- ASC 
and anti- β- Actin antibodies for 2.5 h at room temperature, 
followed by incubation with Alexa Fluor 488- conjugated 
goat anti- mouse Ig and Alexa Fluor 546- conjugated anti- 
rabbit Ig (Molecular Probe) and Hoechst 33342 for 1 h at 
room temperature. The coverslips were mounted with 
ProLong Gold (Invitrogen), and the stained cells were 
analyzed by fluorescence microscopy (Eclipse Ti, Nikon 
Solutions, Tokyo, Japan).

2.10 | Enzyme- linked immunosorbent 
assay (ELISA)

J774.1 cells (3  ×  105 cells) were cultured overnight in 
growth media in 48- well plates. Culture media were re-
placed with serum- free DMEM, and cells were treated 
with 1 μg/ml of LPS for 4 h, followed by treatment with 
ATP, nigericin, or Poly(dA:dT). Culture supernatant was 
collected and analyzed for IL- 1β, TNF- α, and IL- 6 using 
ELISA kits according to the manufacturer's instruction. 
The ELISA kits used in this study are as follows: Mouse 
IL- 1β/IL- 1F2 DuoSet ELISA (R&D Systems, Cat #DY401), 
Mouse TNF- α DuoSet ELISA (R&D Systems, Cat #DY410), 
and Mouse IL- 6 ELISA MAX Standard (BioLegend, Cat 
#431305).

2.11 | Lactate dehydrogenase (LDH) 
release assay

Lytic cell death was assessed using the Cytotoxicity LDH 
Assay Kit- WST (Dojindo, Cat #CK12) according to the 
manufacturer's instruction. LDH release was calculated 
as percentages of lysis control.

2.12 | Immunoprecipitation and 
western blotting

Cells were washed once with ice- cold PBS and lysed in cell 
lysis buffer containing 20 mM Tris/HCl pH 7.5, 150 mM 
NaCl, 1% Triton X- 100 supplemented with a protease in-
hibitor cocktail (Roche, Cat #05892791001) and a phos-
phatase inhibitor cocktail (Roche, Cat #04906837001). 

Cellular debris was removed by centrifugation at 20,000 g 
for 10 min. Whole- cell extracts were incubated with 1 µg 
of anti- FLAG antibody (Thermo Scientific) and 5  µl of 
Dynabeads Protein G (Thermo Scientific, Cat #DB10003) 
for 3  h at 4°C. The immune complex was washed three 
times with PBS and suspended in 30 µl of PBS. The im-
munoprecipitates or whole- cell extracts were resolved 
on SDS- polyacrylamide gel electrophoresis (SDS- PAGE) 
and transferred to polyvinylidene fluoride (PVDF) mem-
branes (GE Healthcare Life Scientific, Cat #10600023). 
The membranes were incubated with various primary 
antibodies followed by incubation with horseradish 
peroxidase- conjugated secondary antibodies against rab-
bit or mouse IgG. The bound antibodies were visualized 
using Chemi- Lumi One L reagent (Nacalai Tesque), and 
the chemiluminescent signal was captured by ImageQuant 
LAS 4000  mini image analyzer (GE Healthcare Life 
Scientific).

2.13 | Complex I enzyme activity assay

Mitochondrial complex I activity was measured using 
Complex I Enzyme Activity Assay Kit (Abcam, Cat 
#ab109721) according to the manufacturer's instruc-
tion. Briefly, J774.1 cells were lysed with detergent, and 
mitochondrial complex I was immobilized by capture 
antibody pre- coated on the microplate. The complex I 
(NADH- dehydrogenase) enzyme activity was determined 
by oxidation of NADH to NAD+ and the simultaneous 
reduction of the dye resulting in increased absorbance at 
OD 450 nm.

2.14 | Flow cytometry

The level of mtROS was measured by staining cells with 
MitoSOX (Invitrogen, Cat #M36008) at 5 µM for 20 min at 
37°C. Cells were washed twice with Hank's Balanced Salt 
Solution and analyzed on FACSCanto™ II flow cytometer 
(BD Biosciences, CA, USA).

2.15 | JC- 1 staining

JC- 1 staining was performed as described previously.19 
Briefly, cells cultured in eight- well chamber slides 
(Matsunami) coated with poly- D- lysine (Sigma- Aldrich) 
were washed with HKRB buffer (20 mM HEPES, 103 mM 
NaCl, 4.77 mM KCl, 0.5 mM CaCl2, 1.2 mM MgCl2, 1.2 mM 
KH2PO4, 25 mM NaHCO3, and 15 mM glucose, pH 7.3), 
incubated with 20 µM of JC- 1 probe (Abcam) at 37°C for 
20  min, rinsed twice with HKRB buffer, and examined 
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using confocal laser scanning microscopy (Nikon C2 plus, 
with NIS- Elements 5.01 software). ImageJ software was 
used for image processing and calculation of JC- 1 fluores-
cence intensity.

2.16 | Isolation of mitochondrial 
fraction and blue native (BN)- PAGE  
analysis

HEK293T cells (6  ×  106 cells) were transfected with 
pCMV- FLAG- Zmp1 plasmid or empty vector and 
cultured overnight. Cells were harvested and mito-
chondrial fraction was prepared by a reagent- based 
fractionation method using mitochondria isolation kit 
for cultured cells (Thermo Scientific, Cat #89874) ac-
cording to the manufacturer's instruction. Half of the 
isolated mitochondrial fraction was resolved by BN- 
PAGE using NativePAGE Bis- Tris Gel System (Thermo 
Scientific, Cat #BN1002BOX) and analyzed by western 
blotting. Another half of the mitochondrial fraction was 
also resolved by BN- PAGE and analyzed by Coomassie 
Brilliant Blue (CBB) staining using Quick- CBB reagent 
(Wako, Cat #299- 50101).

2.17 | Statistical analysis

One- way analysis of variance (ANOVA) with Tukey's 
multiple comparisons test was performed to test for sig-
nificant differences among sample means. Differences 
between groups were tested using two- way ANOVA with 
Tukey's multiple comparisons test. The GraphPad Prism 
9 software (GraphPad Software, CA, USA) was used for 
the statistical analyses. The p values shown are *p < .05, 
**p < .01, ***p < .001, and **** p < .0001.

3  |  RESULTS

3.1 | Zmp1 inhibits NLRP3- dependent 
IL- 1β production during BCG infection

To confirm the role of Zmp1 during mycobacterial infec-
tion, we generated Zmp1- deficient BCG (∆zmp1 BCG). 
BCG Tokyo 172 strain Type I was transformed with a 
zmp1- knockout construct (Figure 1A), and deletion of the 
zmp1 gene was confirmed by polymerase chain reaction 
(PCR) and western blot analysis (Figure 1B,C). Consistent 
with the previous study,4 mouse bone marrow- derived 
macrophages (BMDMs) secreted little IL- 1β upon infec-
tion with wild- type BCG, but these cells secreted a sig-
nificant amount of IL- 1β when infected with ∆zmp1 BCG 

(Figure 1D). Complementation of the ∆zmp1 mutant with 
a plasmid- borne Zmp1 (c∆zmp1) reversed the IL- 1β pro-
duction from BMDMs, suggesting that the loss of Zmp1 
causes the enhanced IL- 1β production from BMDMs dur-
ing BCG infection (Figure 1D). We also observed a higher 
level of TNF- α production from BMDMs upon ∆zmp1 
BCG infection compared to wild- type BCG, although this 
was not significantly suppressed by the complementation 
with the zmp1 gene (Figure 1E).

It has been shown that NLRP3 and AIM2 inflam-
masomes are involved in IL- 1β production in response to 
mycobacterial infection.10,11 We, therefore, examined the 
effect of an NLRP3 inhibitor MCC950 on ∆zmp1 BCG- 
induced production of IL- 1β and TNF- α and found that 
MCC950 significantly and specifically inhibits IL- 1β pro-
duction induced by ∆zmp1 BCG infection (Figure 1D,E). 
These results indicate that Zmp1 inhibits NLRP3- 
dependent IL- 1β production during BCG infection.

3.2 | Zmp1 interacts with GRIM- 19

To investigate the molecular mechanisms of the Zmp1- 
mediated inhibition of IL- 1β production, we searched 
for host protein(s) that interact with Zmp1 by yeast two- 
hybrid screening. The mouse cDNA library was screened 
using the full- length Zmp1 as a bait. A cDNA encoding 
the C- terminal portion (86– 144 amino acids) of murine 
GRIM- 19 was isolated in this screening (Figure 2A). We 
then examined the interaction of full- length GRIM- 19 
with Zmp1 in mammalian cells by immunoprecipitation 
assay. T7- tagged GRIM- 19 (T7- GRIM- 19) and FLAG- 
tagged Zmp1 (FLAG- Zmp1) were transiently expressed 
in human embryonic kidney (HEK) 293T cells, and the 
whole- cell extracts were immunoprecipitated using an 
anti- FLAG antibody. We found that T7- GRIM- 19 was co-
immunoprecipitated with FLAG- Zmp1, indicating that 
these proteins interact with each other in mammalian 
cells (Figure  2B). Since GRIM- 19 functions as an acces-
sory subunit of mitochondrial respiratory chain complex 
I,20– 23 we examined the subcellular localization of Zmp1 
in macrophages by fluorescence microscopy. Mouse 
BMDMs were infected with ∆zmp1 BCG complemented 
with C- terminally FLAG- tagged Zmp1 and immu-
nostained with anti- FLAG and anti- GRIM- 19 antibodies. 
We found that endogenous GRIM- 19 is mainly expressed 
in mitochondria, and a fraction of GRIM- 19 was colocal-
ized with Zmp1 in BMDMs (Figure 2C,D). Since the non- 
mitochondrial localization of Zmp1 was also detected by 
confocal microscopy, we further examined whether Zmp1 
colocalizes with other organelle or cytoskeletal systems, 
using the following antibodies: anti- PDI (endoplasmic 
reticulum), anti- RCAS1 (Golgi apparatus), anti- α- tubulin 
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(microtubules), anti- β- actin (actin filaments), and anti- 
vimentin (intermediate filaments) antibodies. There ap-
peared no obvious colocalization of Zmp1 with any of 
those marker proteins (Figure S1). Collectively, these data 
indicate that Zmp1 interacts with GRIM- 19 in mitochon-
dria during mycobacterial infection.

3.3 | Generation of Grim- 19- deficient 
J774.1 mouse macrophage cell line

GRIM- 19 was originally identified as a cell death- 
regulatory protein induced by the interferon- β and 
retinoic acid24 and later found as a subunit of mito-
chondrial respiratory complex I.20 To date, multiple 
functions of GRIM- 19 have been reported, including 
cellular growth, cell death, and innate anti- bacterial 
responses.25 However, it is currently unclear whether 
GRIM- 19 is involved in IL- 1β production. To under-
stand the role of GRIM19 in macrophages, we generated 

Grim- 19- deficient J774.1 mouse macrophage cells using 
the CRISPR/Cas9 system. A guide RNA designed to tar-
get the first exon of murine Grim- 19, and a recombinant 
Cas9 protein were transfected into J774.1 cells. Among 
18 clones obtained by limiting dilution, two clones (1B7 
and 3D1) were found deficient in GRIM- 19 expression as 
assessed by western blot analysis (Figure S2). Hereafter, 
we refer to clones 1B7 and 3D1 as Grim- 19 knockout 
(KO)- 1 and KO- 2, respectively, and these cells were used 
for further analysis.

3.4 | GRIM- 19 is essential for  
NLRP3- dependent IL- 1β production

We first asked whether GRIM- 19 is involved in IL- 1β pro-
duction during mycobacterial infection. Similar to that 
observed in BMDMs (Figure  1D), IL- 1β production was 
barely detected when J774.1 cells were infected with wild- 
type BCG, but it was significantly increased when these 

F I G U R E  2  Zmp1 interacts with GRIM- 19. (A) Yeast two- hybrid interaction of GRIM- 19 with Zmp1. Three independent colonies of 
yeast transformants harboring the indicated bait and prey plasmids were streaked onto agar plates containing X- α- Gal and incubated for 
48 h at 30°C. GRIM- 19C encodes the 86– 144 amino acids of murine GRIM- 19 originally isolated in the yeast two- hybrid screening. NC, 
negative control harboring pGBKT7- p53 and pGADT7 vector; PC, positive control harboring pGBKT7- p53 and pGADT7- LargeT. (B) Co- 
immunoprecipitation of the full- length GRIM- 19 with Zmp1 in mammalian cells. HEK293T cells were transiently transfected with the 
plasmids expressing T7- tagged full- length GRIM- 19 (T7- GRIM- 19) and FLAG- tagged Zmp1 (FLAG- Zmp1) using PEI, as indicated. Whole- 
cell extracts (WCE) were immunoprecipitated with anti- FLAG antibody (IP: FLAG), and immune complexes were analyzed by western 
blotting using the indicated antibodies. Asterisks indicate possible degradation products of T7- GRIM- 19 and FLAG- Zmp1. The numbers 
on the left indicate the molecular masses in kDa. (C,D) Co- localization of endogenous GRIM- 19 with Zmp1 in BCG- infected BMDM. 
BMDMs infected with the Zmp1- FLAG- complemented ∆zmp1 BCG were fixed with formalin followed by an indirect immunofluorescence 
assay using anti- FLAG and anti- GRIM- 19 antibodies. Mitochondria were visualized using MitoTracker Deep Red. Images were obtained 
by confocal LASER- scanning microscopy (scale bar, 10 μm). Magnified images of the regions indicated by squares and their merged image 
(merged) are shown in (D)

(A) (C)

(B)

(D)
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cells were infected with ∆zmp1 BCG, confirming that 
Zmp1 suppresses IL- 1β production in BCG- infected J774.1 
cells (Figure 3A). The IL- 1β production induced by ∆zmp1 
BCG infection was abolished in Grim- 19- deficient J774.1 
cells, suggesting that GRIM- 19 plays an essential role in 
IL- 1β production in macrophages upon mycobacterial in-
fection (Figure 3A). We also confirmed that ∆zmp1 BCG- 
induced IL- 1β production was dependent on NLRP3 in 
J774.1 cells since pretreatment of these cells with MCC950 
blunted the production of IL- 1β, but not IL- 6, upon ∆zmp1 
BCG infection (Figure S3A,B).

We next examined the role of GRIM- 19 in the regula-
tion of NLRP3 or AIM2 inflammasome- dependent IL- 1β 
production. Unlike wild- type J774.1 cells, lipopolysac-
charide (LPS)- primed Grim- 19- deficient cells produced 
little IL- 1β upon treatment with NLRP3 inflammasome 
activator, ATP (Figure 3B). Lactate dehydrogenase (LDH) 
release, an indicator of lytic cell death, was markedly re-
duced in Grim- 19- deficient cells compared to wild- type 
J774.1 cells upon treatment with ATP (Figure 3C). These 
results suggest that GRIM- 19 plays an essential role in the 
NLRP3 inflammasome pathway. Furthermore, siRNA- 
mediated knockdown of GRIM- 19 in J774.1 cells also 
impaired IL- 1β production in response to LPS and ATP; 
hence, excluding the possibility of off- target effects of 
CRISPR/Cas9 (Figure S4). When LPS- primed Grim- 19- 
deficient cells were treated with Poly(dA:dT), which ac-
tivates AIM2 inflammasome, the IL- 1β production was 
slightly reduced compared to wild- type cells (Figure 3B), 

and inconsistent LDH release was observed (Figure 3C), 
implying the marginal role of GRIM- 19 in AIM2 inflam-
masome pathway.

3.5 | GRIM- 19 is essential for 
NLRP3 inflammasome activation via 
mitochondrial ROS

Next, we analyzed the mechanism of GRIM- 19- mediated 
regulation of the NLRP3 inflammasome. Wild- type and 
Grim- 19- deficient J774.1 cells were primed with LPS to 
induce expression of pro- IL- 1β and treated with ATP or 
nigericin to activate the NLRP3 inflammasome. Then, cell 
lysates and culture supernatants were analyzed by west-
ern blot. We found that mature IL- 1β protein was detected 
in culture supernatants of wild- type, but not Grim- 19- 
deficient, cells treated with ATP or nigericin (Figure 4A, 
top panel). Pro- IL- 1β protein was detected from the cell 
lysates of both wild- type and Grim- 19- deficient cells stim-
ulated with LPS (Figure 4A, third panel). We observed a 
10- kDa fragment of caspase- 1, which is generated upon 
activation of caspase- 1, in the culture supernatant of wild- 
type cells treated with ATP or nigericin. This fragment 
was almost completely diminished in Grim- 19- deficient 
cells (Figure  4A, second panel). Since the components 
of the NLRP3 inflammasome, NLRP3, pro- Caspase- 1 
(Figure 4A, fourth and fifth panels), and ASC (Figure 4B) 
were expressed in Grim- 19- deficient cells to a similar 

F I G U R E  3  GRIM- 19 is essential for IL- 1β production. (A) Wild- type (open columns) or Grim- 19- deficient (KO- 1, light gray column; 
KO- 2, dark gray column) J774.1 cells were infected with the wild- type (WT) or zmp1- deficient (∆zmp1) BCG at MOI of 10, or left uninfected 
(−). 24 h post- infection, culture supernatants were collected and analyzed by ELISA for IL- 1β levels. (B,C) Wild- type (open columns) or 
Grim- 19- deficient (KO- 1, light gray columns; KO- 2, dark gray columns) J774.1 cells were primed with LPS (1 µg/ml) for 4 h, followed by 
treatment with ATP (5 mM) or Poly(dA:dT) (2 µg/ml) for 2 h. Culture supernatants were collected and analyzed by ELISA for IL- 1β levels 
(B) and by LDH release assay for cell death (C). The results are shown as mean ± SD of triplicate wells from one representative experiment 
of three (A) and two (B,C) independent experiments. Data were analyzed by ordinary one- way ANOVA (A) and two- way ANOVA (B,C) 
followed by Tukey's multiple comparisons post hoc test. **p < .01; ***p < .001; ****p < .0001; ns, not significant

(A) (B) (C)
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F I G U R E  4  GRIM- 19 is essential for NLRP3 inflammasome activation. (A) Wild- type (WT) or Grim- 19- deficient (KO- 1 and KO- 2) J774.1 
cells were left untreated (−) or primed with 1 µg/ml of LPS for 4 h followed by treatment with 5 mM of ATP for 1 h or 5 µM of nigericin 
(Nig.) for 2 h. Culture supernatants (Culture Sup.) and cell lysates were separated by SDS- PAGE and analyzed by western blotting using the 
indicated antibodies. The numbers on the left indicate the molecular masses in kDa. (B) Wild- type (WT) or Grim- 19- deficient (KO- 1 and 
KO- 2) J774.1 cells were left untreated (No Stimulation) or primed with 1 µg/ml of LPS for 4 h followed by treatment with 5 mM of ATP for 
1 h. Cells were fixed with paraformaldehyde and stained with an anti- ASC antibody. Images were obtained by fluorescent microscopy and 
quantified by counting the number of cells with ASC specks (indicated by white arrowheads) as a percentage of total cells. One hundred 
cells were randomly selected per count, and the results are shown as mean ± SD of three independent countings. ND, not detected. (C) 
Wild- type (WT) or Grim- 19- deficient (KO- 1 and KO- 2) J774.1 cells were left untreated (open columns) or primed with 1 µg/ml of LPS for 
4 h followed by treatment with 5 mM of ATP for 2 h (grey columns). Cells were collected and stained with MitoSOX and analyzed by flow 
cytometry. The results are shown as mean ± SD of triplicate. (D) Wild- type (open column) or Grim- 19- deficient (KO- 1, light gray column; 
KO- 2, dark gray column) J774.1 cells were cultured in growth media, and cell extracts were examined for complex I enzyme activity. 
The results are shown as mean ± SD of triplicate wells from one representative experiment of two independent experiments. Data were 
analyzed by two- way ANOVA (C) and ordinary one- way ANOVA (D) followed by Tukey's multiple comparisons post- hoc test. **p < .01; 
****p < .0001; ns, not significant

(A) (B)

(C) (D)
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extent to wild- type cells, it is suggested that GRIM- 19 is 
required for activation of the NLRP3 inflammasome.

We then investigated the role of GRIM- 19 in NLRP3 
inflammasome assembly. During the activation of the 
NLRP3 inflammasome, the adapter protein ASC self- 
oligomerizes to form foci known as “speck”.26 We an-
alyzed ASC speck formation by immunofluorescence 
microscopy. Unlike wild- type cells, LPS- primed Grim- 
19- deficient cells did not form ASC specks in response 
to ATP treatment (Figure  4B), demonstrating that 
GRIM- 19 is indispensable for the assembly of the NLRP3 
inflammasome.

Because mtROS is known to induce NLRP3 inflam-
masome activation13 and mitochondrial respiratory 
complex I is a site of mtROS production,27 we exam-
ined whether GRIM- 19 is involved in the production of 
mtROS. As shown in Figure 4C, the level of mtROS was 
significantly increased when LPS- primed wild- type J774.1 
cells were treated with ATP, whereas the level of mtROS 
was not increased in Grim- 19- deficient cells under the 
same condition (Figure 4C). We then examined the activ-
ity of mitochondrial respiratory complex I in these cells. 
The complex I activity was measured based on its ability 
to oxidize NADH to NAD+ and found to be markedly re-
duced in Grim- 19- deficient cells compared to wild- type 
cells (Figure 4D). These results indicate that GRIM- 19 is 
necessary for mtROS production, leading to the NLRP3 in-
flammasome activation, and the diminished mtROS pro-
duction in Grim- 19- deficient cells is most likely due to the 
impaired complex I activity.

3.6 | Zmp1 decreases mitochondrial 
membrane potential

An intact mitochondrial respiratory chain generates mi-
tochondrial membrane potential (∆Ψm), and a previous 
study showed that GRIM- 19 is essential for the main-
tenance of ∆Ψm in HEK293T cells and MCF- 7 cells.28 
Therefore, we examined the effect of GRIM- 19 defi-
ciency on ∆Ψm in macrophages. Wild- type and Grim- 19- 
deficient J774.1 cells were stained with a cell- permeable 
fluorescent probe, JC- 1, and analyzed by fluorescence mi-
croscopy. Accumulation of JC- 1 in mitochondria depends 
on ∆Ψm and is associated with a fluorescence emission 
shift from green (JC- 1 monomer) to red (JC- 1 aggregates). 
We found that the fluorescence ratio of red/green (JC- 1 
aggregates/monomer) was significantly lower in the 
Grim- 19- deficient cells than in wild- type cells, suggesting 
that GRIM- 19 is essential for maintaining ∆Ψm in mac-
rophages (Figure  5A). We speculate that the decreased 
∆Ψm in Grim- 19- deficient cells may be attributed to the 
reduced complex I activity in these cells.

We then asked whether the forced expression of Zmp1 
in mammalian cells affects the ∆Ψm. HEK293T cells were 
transiently transfected with Zmp1- expression plasmid 
and analyzed by JC- 1 staining. The expression of Zmp1 
in HEK293T cells reduced the fluorescence ratio of red/
green (JC- 1 aggregates/monomer) compared to vector 
control. The degree of this reduction was similar to that 
observed for the cells treated with rotenone, a selective in-
hibitor of the mitochondrial respiratory chain complex I, 
implying that Zmp1 decreases ∆Ψm presumably by mod-
ulating the complex I activity (Figure 5B). Taken together, 
our results indicate that Zmp1 disturbs mitochondrial 
respiratory complex I by targeting GRIM- 19 and thereby 
inhibits mtROS production leading to the inhibition of 
NLRP3 inflammasome activation during mycobacterial 
infection.

4  |  DISCUSSION

In this study, we identified GRIM- 19, an essential ac-
cessory subunit of mitochondrial respiratory chain 
complex I, as a novel Zmp1- interacting host protein. 
CRISPR/Cas9- mediated gene knockout of Grim- 19 in 
a murine macrophage cell line revealed that GRIM- 19 
is required for IL- 1β production during mycobacterial 
infection. Further analysis suggested that GRIM- 19 is 
critically involved in NLRP3 inflammasome activation 
via the production of mtROS. Either loss of GRIM- 19 
or expression of Zmp1 resulted in a significant decrease 
in mitochondrial membrane potential. Collectively, our 
results indicate that Zmp1 inhibits IL- 1β production, by 
targeting GRIM- 19 which is necessary for NLRP3 in-
flammasome activation.

It has been shown that GRIM- 19 is essential for complex 
I activity, the maintenance of mitochondrial membrane 
potential, and the mtROS generation.21,28– 30 Our study re-
vealed a previously unrecognized role of GRIM- 19 as an 
activator of the NLRP3 inflammasome via mtROS genera-
tion. This finding highlights the importance of mitochon-
drial respiratory complex I in the regulation of NLRP3 
inflammasome. In agreement with our conclusion, it was 
recently reported that many proteins that constitute mito-
chondrial respiratory complexes are highly expressed in 
cells forming ASC specks, and knockdown of NDUFB3 or 
NDUFB8, subunits of complex I, impairs NLRP3 inflam-
masome activation.31 In contrast, it was reported that the 
pharmacological inhibition of complex I by rotenone re-
sults in an increase of mtROS and NLRP3 inflammasome 
activation.13 It was also demonstrated that the reduced 
complex I activity by genetic inactivation of NDUFS4 re-
sults in the increase of mtROS level and elevated expres-
sion of IL- 1β mRNA.32 This discrepancy may be explained 
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by the different consequences on the complex I assembly 
caused by the loss of each subunit. HEK293T cells lack-
ing GRIM- 19, NDUFB3, or NDUFB8 fail to assemble the 
mature complex I, whereas the cells lacking NDUFS4 still 
express the mature complex I.22 Hence, the formation of 
mature complex I appears to be critical for mtROS genera-
tion leading to NLRP3 inflammasome activation.

It is currently unclear how Zmp1 disturbs the function 
of GRIM- 19. One possibility is that Zmp1  may induce 
degradation of GRIM- 19. However, the protein level of 
endogenous GRIM- 19 seems to be unchanged by BCG 
infection in J774.1 cells (Figure S5). Therefore, it is un-
likely that Zmp1 targets GRIM- 19 itself for degradation. 
Another possibility is that Zmp1 may sequester GRIM- 19 

from complex I. We also examined this possibility by 
western blotting after BN- PAGE analyzing mitochon-
drial fraction prepared from Zmp1- expressing HEK293T 
cells. We found that the forced expression of Zmp1 in 
HEK293T cells did not significantly affect the level of 
endogenous GRIM- 19 in the supercomplex containing 
complex I (Figure S6). Thus, it is also unlikely that Zmp1 
sequesters GRIM- 19 from complex I. Taken together, our 
results indicate that Zmp1 may affect a small fraction of 
endogenous GRIM- 19 while influencing the overall mi-
tochondrial membrane potential and IL- 1β production 
in macrophages. Future study is needed to clarify the 
molecular mechanisms underlying the Zmp1- mediated 
disturbance of mitochondrial function.

F I G U R E  5  Loss of GRIM- 19 or expression of Zmp1 reduces mitochondrial membrane potential. (A) Wild- type (WT) or Grim- 19- 
deficient (KO- 1, light gray column; KO- 2, dark gray column) J774.1 cells were cultured in growth media, stained with JC- 1, and analyzed 
by confocal LASER- scanning microscopy. The fluorescence intensity of JC- 1 was quantified by ImageJ software and shown as the ratio of 
red (aggregate)/green (monomer). (B) HEK293T cells were left untransfected (−) or transfected with vector or Zmp1 using Lipofectamine 
LTX, stained with JC- 1, and analyzed by confocal LASER- scanning microscopy (scale bars, 100 µm). Untransfected cells were treated with 
rotenone at concentrations of 1, 2, 5, and 10 µM for 10 min and analyzed by JC- 1 staining as described above. The results are shown as 
mean ± SD of four independent views of one representative experiment of two independent experiments. Data were analyzed by ordinary 
one- way ANOVA with Tukey's multiple comparisons. *p < .05; **p < .01; ***p < .001; ****p < .0001; ns, not significant. Scale bars, 100 μm

(A)

(B)
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Our confocal microscopy analysis revealed that Zmp1 
partly colocalizes with GRIM- 19. It should be noted that 
there is a technical limitation in visualizing Zmp1 protein 
in BCG- infected macrophages. Because we are currently 
unable to detect the endogenous Zmp1 protein using 
an anti- Zmp1 antibody, we infected macrophages with 
c∆zmp1 BCG which exogenously expresses FLAG- tagged 
Zmp1 at a high level, and used an anti- FLAG antibody 
for immunofluorescence microscopy. We speculate that 
the mycobacteria- derived Zmp1 may require additional 
factor(s) to be recruited or tethered to mitochondria, and 
such factor(s) may have limited the mitochondrial local-
ization of Zmp1- FLAG under the current experimental 
settings. Future investigations are needed to understand 
the biological significance and mechanisms of the non- 
mitochondrial localization of Zmp1- FLAG in BCG- 
infected macrophages.

Mtb infection activates the NLRP3 inflammasome in 
a manner largely dependent on the ESX- 1 secretion sys-
tem.11,33,34 RD1 locus, which encodes the ESX- 1 system, 
is important for IL- 1β production during Mtb infection, 
but it is indicated that the ESX- 1- independent mecha-
nism also exists.4,11,33– 36 Indeed, we showed that the 
∆zmp1 BCG, which lacks the entire RD- 1 locus, activates 
the NLRP3 inflammasome in J774.1 cells and BMDMs. 
Our results support the idea that BCG can activate the 
NLRP3 inflammasome in an ESX- 1- independent man-
ner and that Zmp1 inhibits the NLRP3 inflammasome 
during BCG infection. The inhibitory effect of Zmp1 on 
the NLRP3 inflammasome is also suggested by a pre-
vious study demonstrating that wild- type BCG, which 
expresses Zmp1, can inhibit caspase- 1 activation in-
duced by ATP or nigericin.4 On the contrary, it was also 
demonstrated that Zmp1 plays a minor role in modi-
fying the NLRP3 inflammasome activation caused by 
ESAT- 6, a major substrate of the ESX- 1 system, during 
Mtb infection as assessed by IL- 18 production in THP- 1 
cells.37 Currently, it remains unclear whether Zmp1 in-
hibits ESX- 1- dependent IL- 1β production and warrants 
further investigation.

Besides its well- established role as a subunit of mi-
tochondrial respiratory complex I, GRIM- 19 appears 
to have multiple functions. Previous studies reported 
that GRIM- 19 interacts with and negatively regulates 
Signal Transducer and Activator of Transcription 3 
(STAT3),38,39 and Barnich et al. reported that GRIM- 
19 interacts with Nucleotide Oligomerization Domain 
2 (NOD2) and is required to mediate NOD2 signaling 
to activate NF- κB.40 In this study, we observed that 
the IL- 1β production was slightly decreased in LPS- 
primed Grim- 19- deficient J774.1 cells upon activation 
by Poly(dA:dT), while the LDH release was inconsistent 
under the same condition. Furthermore, the amount 

of pro- IL- 1β protein was slightly lower in LPS- primed 
Grim- 19- deficient cells than wild- type cells (Figures 4A 
and S7). Therefore, we speculate that GRIM- 19 may also 
play a role in the transcriptional activation of the IL- 1β 
gene, presumably via the regulation of the NF- κB signal 
transduction pathway. Future study is needed to investi-
gate the involvement of GRIM- 19 in the gene expression 
of IL- 1β.

In summary, our work provides new insights into the 
mechanisms underlying the activation and modulation 
of the NLRP3 inflammasome during mycobacterial in-
fection. The development of a drug that blocks the inter-
action between Zmp1 and GRIM- 19 could potentially be 
a novel host- directed therapeutic option for tuberculosis 
treatment. In addition, our study also provides clues for 
novel approaches for designing anti- inflammatory drugs 
by targeting mitochondrial respiratory complexes.
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FIGURE S1. Immunofluorescence stainig of Zmp1-FLAG in infected cells. 
BMDMs were infected with c∆zmp1 BCG overnight, fixed and immunostained with 
anti-FLAG antibody and antibodies against marker proteins as indicated. Images were 
obtained by confocal LASER-scanning microscopy (scale bar, 10 µm). The signals of 
Zmp1-FLAG are shown in green and those of marker proteins are shown in red in the 
merged images. Nuclei were also visualized by DAPI staining and shown in blue. 
Inset images are the magnified views of the region indicated by white squares.
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FIGURE S2. Generation of Grim-19-deficient J774.1 cells. J774.1 cells were 
transfected with a gRNA targeting Grim-19 and a Cas9 protein and cloned by 
limiting dilution. Whole-cell extracts of eighteen clones and the untransfected 
control cells were analyzed by Western blotting using anti-GRIM19 and 
anti-β-Actin antibodies as indicated.
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FIGURE S3. Effect of MCC950 on cytokine production by J774.1 cells 
upon ∆zmp1 BCG infection. J774.1 cells were treated with MCC950 (1 or 
10 µM) for 30 min or left untreated, then infected with ∆zmp1 BCG at MOI 
of 10 for 24 h. Culture supernatants were collected and analyzed by ELISA 
for IL-1β (A) and IL-6 (B) levels. The results are shown as mean ± SD of 
triplicate wells from one representative experiment of two independent 
experiments. Data were analyzed by ordinary one-way ANOVA with Tukey’s 
multiple comparisons. ***, p < 0.001; ****, p < 0.0001; ns, not significant.
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FIGURE S4. Effect of Grim-19 knockdown on IL-1β production 
by J774.1. J774.1 cells were transfected with a siRNA against 
Grim-19 or control siRNA and incubated for 48 h. Cells were primed 
with LPS (1 µg/ml) for 4 h followed by stimulation with ATP (5 mM) 
for 1h as indicated. Culture supernatants were collected and analyzed 
by ELISA for IL-1β. The results are shown as mean ± SD of triplicate 
wells of single experiment. ND, not detected. Whole-cell extracts 
obtained from the same experiment were analyzed by Western blotting 
using indicated antibodies.
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FIGURE S5. Effect of BCG infection on GRIM-19 expression. J774.1 cells were infected with 
the wild-type (WT) BCG or ∆zmp1 BCG at MOI of 10. 24 h post-infection, cells were harvested and 
whole cell lysates were analyzed by Western blotting using the indicated antibodies. Representative 
blots of three independent experiments are shown. Blots were quantified by densitometry using NIH 
Image J software. The protein levels of GRIM-19 normalized to β-Actin were expressed as relative 
values to the no infection control. The results are shown as mean ± SD. Data were analyzed by 
ordinary one-way ANOVA with Tukey’s multiple comparisons. ns, not significant.
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FIGURE S6. Effect of Zmp1 expression on the composition of complex I. 
HEK293T cells were transfected with empty vector (Empty) or FLAG-Zmp1 
expression vector (FLAG-Zmp1). At 24 h post transfection, mitochondrial fraction 
was prepared and analyzed by BN-PAGE using a 4-16% Bis-Tris gel followed by 
CBB staining or Western blotting using the indicated antibodies. Whole cell 
extracts (WCE) were also prepared from a portion of the transfected cells and 
analyzed by SDS-PAGE followed by Western blotting using anti-FLAG antibody.
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FIGURE S7. Effect of GRIM-19-deficiency on LPS-induced pro-IL-1β 
protein expression. Wild-type (WT) or Grim-19-deficient (KO-1 and KO-2) 
J774.1 cells were treated with 1 µg/ml of LPS for 6 h and cell lysates were 
analyzed by SDS-PAGE and Western blotting for pro-IL-1β and β-Actin. 
Blots were quantified by densitometry using NIH Image J software. The 
protein levels of pro-IL-1β normalized to β-Actin were expressed as relative 
values to the WT. The results are shown as mean ± SD of four independent 
experiments. Data were analyzed by ordinary one-way ANOVA with Tukey’s 
multiple comparisons. *, p < 0.05; **, p < 0.01; ns, not significant.


