
Article
K+ Efflux-Independent NLR
P3 Inflammasome
Activation by Small Molecules Targeting
Mitochondria
Graphical Abstract
Highlights
d NLRP3 inflammasome activation by imiquimod and CL097 is

K+ efflux-independent

d Imiquimod and CL097 inhibit NQO2 and Complex I

d Imiquimod and CL097 trigger ROS and cysteine oxidation

d NLRP3 activation by these molecules requires ROS,

Complex I dysfunction, and NEK7
Groß et al., 2016, Immunity 45, 1–13
October 18, 2016 ª 2016 Elsevier Inc.
http://dx.doi.org/10.1016/j.immuni.2016.08.010
Authors

Christina J. Groß, Ritu Mishra,

Katharina S. Schneider, ...,

Sabine Schneider, Fabiana Perocchi,

Olaf Groß

Correspondence
olaf.gross@tum.de

In Brief

Potassium (K+) efflux is widely accepted

as a universal requirement for NLRP3

inflammasome activation. Groß et al.

report that the topical immunomodulator

imiquimod and the related molecule

CL097 trigger K+ efflux-independent

NLRP3 activation by targeting the ROS-

producing quinone oxidoreductases

NQO2 and mitochondrial Complex I.
Accession Numbers

5LBT

5LBU

mailto:olaf.gross@tum.�de
http://dx.doi.org/10.1016/j.immuni.2016.08.010


Please cite this article in press as: Groß et al., K+ Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria,
Immunity (2016), http://dx.doi.org/10.1016/j.immuni.2016.08.010
Immunity

Article
K+ Efflux-Independent NLRP3 Inflammasome
Activation by Small Molecules Targeting Mitochondria
Christina J. Groß,1,13 Ritu Mishra,1,13 Katharina S. Schneider,1 Guillaume Médard,2 Jennifer Wettmarshausen,8

Daniela C. Dittlein,7 Hexin Shi,10 Oliver Gorka,1 Paul-Albert Koenig,1 Stephan Fromm,3 Giovanni Magnani,1

Tamara �Cikovi�c,1 Lara Hartjes,1 Joachim Smollich,1 Avril A.B. Robertson,11 Matthew A. Cooper,11

Marc Schmidt-Supprian,4,5 Michael Schuster,3 Kate Schroder,11 Petr Broz,12 Claudia Traidl-Hoffmann,7 Bruce Beutler,10

Bernhard Kuster,2,9 Jürgen Ruland,1,5 Sabine Schneider,6,9 Fabiana Perocchi,8 and Olaf Groß1,5,*
1Institut für KlinischeChemie undPathobiochemie, Klinikum rechts der Isar, TechnischeUniversität München (TUM), 81675Munich, Germany
2Chair of Proteomics and Bioanalytics, TUM, 85354 Freising, Germany
3Fachgruppe Analytische Chemie, Department of Chemistry, TUM, 85748 Garching, Germany
4Department of Hematology and Oncology, Klinikum rechts der Isar, TUM, 81675 Munich, Germany
5TranslaTUM: Zentralinstitut für translationale Krebsforschung, TUM, 81675 Munich, Germany
6Department of Chemistry, TUM, 85748 Garching, Germany
7Chair and Institute of Environmental Medicine, UNIKA-T, TUM, 86156 Augsburg, and Helmholtz Zentrum München, 85764 Neuherberg,
Germany
8Genzentrum, Department of Biochemistry, Ludwig-Maximilians-Universität München, 81377 Munich, and Institute of Human Genetics,

Helmholtz Zentrum München, 85764 Neuherberg, Germany
9Center for Integrated Protein Science Munich (CIPSM), 81377 Munich, Germany
10Center for the Genetics of Host Defense, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA
11Institute for Molecular Bioscience, The University of Queensland, Brisbane, QLD 4067, Australia
12Focal Area Infection Biology, Biozentrum, University of Basel, 4003 Basel, Switzerland
13Co-first author

*Correspondence: olaf.gross@tum.de

http://dx.doi.org/10.1016/j.immuni.2016.08.010
SUMMARY

Imiquimod is a small-molecule ligand of Toll-like re-
ceptor-7 (TLR7) that is licensed for the treatment of
viral infections and cancers of the skin. Imiquimod
has TLR7-independent activities that are mechanisti-
cally unexplained, including NLRP3 inflammasome
activation in myeloid cells and apoptosis induction
in cancer cells. We investigated the mechanism
of inflammasome activation by imiquimod and the
related molecule CL097 and determined that K+ efflux
was dispensable for NLRP3 activation by these
compounds. Imiquimod and CL097 inhibited the
quinone oxidoreductases NQO2 and mitochondrial
Complex I. This induced a burst of reactive oxygen
species (ROS) and thiol oxidation, and led to NLRP3
activation via NEK7, a recently identified component
of this inflammasome. Metabolic consequences of
Complex I inhibition and endolysosomal effects of
imiquimodmight also contribute to NLRP3 activation.
Our results reveal a K+ efflux-independent mecha-
nism for NLRP3 activation and identify targets of
imiquimod that might be clinically relevant.

INTRODUCTION

Inflammasomes are cytoplasmic complexes that control the

bioactivity of interleukin-1 (IL-1) family members such as
IL-1b by activating the protease caspase-1 (Schroder and

Tschopp, 2010). These potent pro-inflammatory cytokines

promote protective inflammatory responses in the context of

infection, but their dysregulation can lead to pathological inflam-

mation. Although some inflammasomes are triggered by direct

binding to pathogen components within the cytoplasm, the

NLRP3 inflammasome instead appears to respond to cellular

stress signals triggered by structurally diverse pathogens,

endogenous danger signals, and environmental irritants (Gross

et al., 2011). Despite over a decade of research and over-

whelming evidence of a role for NLRP3 in various auto-inflamma-

tory diseases, the precise mechanism of NLRP3 inflammasome

activation remains unresolved. A first signal, termed priming,

triggers NF-kB-dependent upregulation of NLRP3 and pro-

IL-1b expression and also lowers the activation threshold of

NLRP3 by additional transcription-independent means (Juliana

et al., 2012; Schroder and Tschopp, 2010). Many factors can

trigger subsequent NLRP3 activation, including extracellular

ATP, potassium (K+) ionophores, crystals, insoluble particles,

and certain pathogens. ROS, K+ efflux, and endolysosomal

leakage drive NLRP3 activation by these diverse agents (Gross

et al., 2011). The importance of ROS in NLRP3 activation has

been questioned (Muñoz-Planillo et al., 2013), and endolysoso-

mal leakage is selectively involved in NLRP3 activation by parti-

cles and crystals (Hornung et al., 2008). In contrast, it is widely

accepted that K+ efflux is a universal requirement for NLRP3 acti-

vation (Muñoz-Planillo et al., 2013). NEK7 has been recently

identified as a component of the NLRP3 inflammasome, is pro-

posed to sense ROS (Shi et al., 2016) or K+ efflux (He et al., 2016).

Imiquimod (also known as R837) is a prominent member of a

family of small nucleoside-analogs termed imidazoquinolines.
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Topical imiquimod formulations obtained FDA approval in 1997

and are a standard therapy for the treatment of superficial skin

cancers, actinic keratosis, and genital warts. It was later discov-

ered that imiquimod and the similar molecule R848 (resiquimod)

are TLR7 ligands (Hemmi et al., 2002). TLR7 activation mecha-

nistically explains the interferon production and antiviral activity

triggered by this class of molecules, and it is classically thought

to account for their anti-tumor effect. However, imiquimod also

has TLR7-independent effects, such as direct impairment of

the growth and survival of cancer cells (Schön et al., 2003),

NLRP3 inflammmasome activation in myeloid cells (Kanneganti

et al., 2006), and effects on dermal nociceptive neurons (Riol-

Blanco et al., 2014), but the underlying molecular mechanism(s)

are unknown. These effects of imiquimod might contribute to its

antiviral and anti-tumor activity, but also to its adverse effects,

including itch, pain, and psoriasis-like inflammation.

The objective of this study was to investigate the mechanism

of NLRP3 activation by imiquimod. NLRP3 activation by imiqui-

mod did not require K+ efflux, but was dependent on ROS and

NEK7. We identified the quinone oxidoreductases NQO2 and

mitochondrial Complex I as ROS-producing molecular targets

of imiquimod. The ROS induced by imiquimod caused rapid

oxidation of cysteines in cytoplasmic proteins, which points

to a potential mechanism by which ROS signals to NEK7 and

NLRP3. Inflammasome activation by imiquimod was greatly

impaired by bypass of electron transport through Complex I,

revealing a critical role for Complex I dysfunction in NLRP3 acti-

vation by imiquimod.

RESULTS

Imiquimod and CL097 Activate NLRP3 to Trigger ASC
Oligomerization, IL-1 Secretion, and Pyroptosis
Previous studies have shown that the TLR7 agonist imiquimod

can activate the NLRP3 inflammasome (Kanneganti et al.,

2006). To determine whether this activity is unique to imiquimod

or shared by other TLR agonists, we primed bone-marrow-

derived dendritic cells (BMDCs) with lipopolysaccharide (LPS)

and then treated with agonists of various other TLRs, and with

control inflammasome activators. While all TLR agonists trig-

gered tumor necrosis factor (TNF) secretion from unprimed cells

as expected, only imiquimod and the related imidazoquinoline

CL097 activated the inflammasome, as indicated by their ability

to trigger secretion of IL-1b, IL-1a, and caspase-1 in LPS-primed

cells (Figures 1A–1E). The kinetics of IL-1 secretion induced by

imiquimod and CL097 were similar to that of ATP and nigericin,

which are rapid activators of NLRP3 (Figure 1E). In contrast,

R848 from various commercial sources did not activate the in-

flammasome in LPS-primed BMDCs or bone-marrow-derived

macrophages (BMDMs) (Figures 1A–1D, S1A–S1D), despite a

superior ability to induce TNF and other NF-kB-dependent cyto-

kines (Figures 1B and 1D) (Hemmi et al., 2002). Other imidazo-

quinoline and nucleic acid ligands of endosomal TLRs also

failed to induce IL-1b secretion (Figures 1A–1D, S1A–S1D).

This suggests that TLR7 activation is insufficient for inflamma-

some activation by imidazoquinolines.

Deficiency of NLRP3 or of the adaptor protein ASC prevented

IL-1bcleavageandsecretion in response to imiquimod (Figure1F)

(Kanneganti et al., 2006). Imiquimod triggered NLRP3-depen-
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dent ASC oligomerization and formation of ‘‘specks’’ (Figures

1G and 1H), and it also triggered pyroptotic release of lactate de-

hydrogenase (LDH) (Figure 1I). Gasdermin D (GSDMD) is a cleav-

age target of caspases-1 and -11 that drives pyroptosis and IL-1

secretion in response to inflammasome activators (Kayagaki

et al., 2015; Shi et al., 2015). Imiquimod triggered GSDMD cleav-

age (Figure S1E). GSDMDwas dispensable for intracellular IL-1b

cleavage but was required for IL-1b secretion in response to

imiquimod and other inflammasome activators (Figures 1J and

1K). ASCcan recruit caspase-8,which contributes to IL-1b cleav-

age and secretion after long or strong activation of NLRP3, espe-

cially in caspase-1-deficient cells (Sagulenko et al., 2013).

Similarly, prolonged stimulation with imiquimod also led to cas-

pase-8 cleavage and minor IL-1b cleavage and secretion in cas-

pase-1- but not ASC-deficient cells (Figure S1F–S1H). Thus,

imiquimod triggers the typical effects of NLRP3 activation: ASC

oligomerization, caspase recruitment and activation, GSDMD

cleavage, IL-1 secretion, and pyroptosis.

We next investigated pathways upstream of NLRP3 that were

important for inflammasome activation by imiquimod. LPS prim-

ing enhanced caspase-1 cleavage by imiquimod, but it was not

absolutely necessary (Figure S2A). IL-1b secretion in response to

imiquimod or CL097 was not disrupted by deficiency of purinor-

eceptor P2RX7, indicating that these molecules do not induce

NLRP3 activation indirectly by causing cellular ATP release or

by acting as P2RX7 ligands (Figure S2B). Caspase-11 activation

by intracellular LPS activates NLRP3 by triggering K+ efflux (Rühl

and Broz, 2015). However, this pathway was not involved in

NLRP3 activation in response to imiquimod, because IL-1b

secretion was intact in caspase-11-deficient cells (Figure S2C).

In myeloid cells, NLRP3 activation by certain triggers might

involve apoptotic or necroptotic cell death pathways (Shimada

et al., 2012; Vince et al., 2012), and in tumor cells, imiquimod

is known to impair growth and survival (Schön et al., 2003).

However, we and others observed negligible IL-1a and LDH

release and no caspase-3 activation in inflammasome-deficient

myeloid cells treated with imiquimod (Figures 1F, 1I, S2D) (Allam

et al., 2014). Thus, imiquimod-induced myeloid cell death is a

consequence rather than a cause of inflammasome activation.

Furthermore, cells lacking the necroptosome protein receptor-

interacting protein kinase 3 (RIPK3) or the pro-apoptotic proteins

Bax and Bak show no defect in imiquimod-induced inflamma-

some activation (Allam et al., 2014; Vince et al., 2012), which

together with our findings indicates that neither necrotic nor

apoptotic death pathways are responsible for the activation of

NLRP3 by imiquimod.

Endolysosomal Disruption by Imidazoquinolines Is Not
Sufficient for NLRP3 Inflammasome Activation
We confirmed that NLRP3 activation by imiquimod does not

rely on TLR7 (Kanneganti et al., 2006), and observed similar re-

sults for CL097 (Figures 2A and 2B). However, imiquimod might

engage other endosomal receptors aside from TLR7 for NLRP3

activation. Unc93b1 is required for signaling of TLRs 3, 7, 8, 9,

and 13 because it regulates the trafficking of these TLRs and

other proteins from the endoplasmic reticulum to the endolyso-

some (Tabeta et al., 2006) (Figure 2C), but Unc93b1 deficiency

did not affect IL-1b secretion in response to any NLRP3 activator

(Figure 2D). Similarly, endolysosomal acidification is known to be
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Figure 1. Imiquimod and CL097 Are Unique among TLR Ligands in Activating the NLRP3 Inflammasome

(A and B) BMDCs primed for 3 hr with 20 ngml-1 LPS (A) or left unprimed (B), and then stimulated as indicated. All stimulus concentrations and durations are listed

in the Experimental Procedures. IL-1b (A) and TNF (B) were quantified from cell-free supernatants by ELISA.

(C) Immunoblot analysis of lysates and cell-free supernatants from (A).

(D) BMDCs were treated with imidazoquinolines (15 mg ml-1) for 3 hr. IL-1b and IL-1a were measured from supernatant of LPS-primed cells, and TNF from the

supernatants of unprimed cells.

(E) Time course of IL-1b secretion from LPS-primed BMDCs treated with 100 mM imiquimod, 70 mM CL097, 5 mM ATP, or 5 mM nigericin.

(F) Immunoblot analysis of supernatants from LPS-primed BMDCs of the indicated genotypes that were treated with 15 mg ml-1 of imiquimod for 3 hr.

(G) LPS-primed BMDCs from the indicated mouse strains were treated with imiquimod or ATP. The NP-40-insoluble fraction was enriched by centrifugation,

cross-linked with DSS, and analyzed by immunoblotting for monomeric and oligomerized ASC.

(H) Immunofluorescence staining of ASC (red) in LPS-primed BMDCs stimulated with imiquimod or nigericin and then fixed. Nuclei were counterstained with DAPI

(blue). Scale bar represents 25 mM.

(I) LPS-primed BMDCs from wild-type or NLRP3-deficient mice were treated with increasing amounts of imiquimod or CL097 for 2 hr. IL-1b (top) and LDH

(bottom) were quantified from cell-free supernatants by ELISA and a colorimetric assay, respectively.

(J and K) DCs differentiated from HoxB8-immortalized mouse bone marrow in whichGsdmd or Casp1were targeted using the CRISPR-Cas9 system were LPS-

primed for 3 hr and then stimulated with inflammasome activators. sgRNAs for GFP served as control. (J) Immunoblot analysis of cell-free supernatants and cell

lysates. (K) IL-1b was quantified from cell-free supernatants.

Cytokine secretion and LDH release data are depicted asmean ± SEM of technical triplicates. The results from each experiment in this figure are representative of

at least three independent experiments. See also Figure S1.
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Figure 2. Imidazoquinolines Do Not Require

Endosomal TLR Signaling for NLRP3 Acti-

vation

(A) LPS-primed BMDCs form the indicated mouse

strains were treated with NLRP3 inflammasome

activators. Cell-free supernatants were analyzed by

immunoblotting.

(B) LPS-primed BMDCs from wild-type and TLR7-

deficient mice were treated with the indicated con-

centrations of imiquimod or CL097 for 3 hr. IL-1b

was quantified from cell-free supernatants.

(C and D) BMDCs from wild-type and Unc93b13d/3d

mice were left unprimed (C) or primed with LPS (D)

and stimulated as indicated. Cytokines were quan-

tified from cell-free supernatants.

(E) LPS-primed BMDCs were treated with inhibitors

of phagocytosis (cytochalasin D), endosomal traf-

ficking (EGA), and lysosomal acidification (bafilo-

mycin A or chloroquine) 30 min prior to addition of

the indicated inflammasome activators. IL-1b was

quantified from cell-free supernatants.

(F) ASC-deficient BMDMs were labeled with acri-

dine orange, and, subsequently, endolysosomal

leakage was analyzed over time by ratiometric

measurement of the emission intensities after exci-

tation at 405 nm and 488 nm using a flow cytometer.

As a positive control for endolysosomal leakage,

LLO was added at the end of each measurement

Cytokine secretion data are depicted as mean ±

SEM of technical triplicates. The results from each

experiment in this figure are representative of at

least two or three separate experiments. See also

Figure S2.
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important for endosomal TLR signaling but was not required for

IL-1b secretion in response to imiquimod, CL097, or other

NLRP3 activators (Figures 2E, S2E).

Disruption of the endolysosomal compartment and subse-

quent leakage of cathepsins into the cytoplasm is implicated in

NLRP3 activation by particles and crystals (Hornung et al.,

2008). Monosodium urate (MSU) crystals require phagocytosis

in order to disrupt the endolysosome and activate NLRP3 (Mar-

tinon et al., 2006). In contrast, imiquimod-induced IL-1b secre-

tion was not inhibited by cytochalasin D, an inhibitor of actin

polymerization and phagocytosis (Figure 2E). Acridine orange

accumulates in the acidic endolysosomal compartment where

it fluoresces red, whereas cytoplasmic or nuclear acridine or-

ange fluoresces green. Imiquimod, CL097, and gardiquimod,

but not R848, caused a loss of red fluorescence, suggesting

that they can induce endolysosomal leakage and/or interfere

with endosomal acidification (Figure 2F). While these endolyso-

somal effects might be involved in NLRP3 activation by imiqui-

mod or CL097, the finding that they are induced by imidazoqui-

nolines that do not activate NLRP3 (i.e., gardiquimod) indicates

that they are not sufficient for NLRP3 activation.

K+ Efflux Is Dispensable for NLRP3 Activation by
Imiquimod and CL097
The precise mechanism of NLRP3 activation remains unknown,

but a universal requirement for K+ efflux is now widely accepted.
4 Immunity 45, 1–13, October 18, 2016
Many studies have shown that preventing K+ efflux, albeit rather

crudely by the use of high extracellular concentrations of KCl, in-

hibits NLRP3 activation by canonical and non-canonical activa-

tors (Muñoz-Planillo et al., 2013; Rühl and Broz, 2015). We were

surprised to observe that in BMDCs, caspase-1 and IL-1 cleav-

age and secretion induced by imiquimod and CL097 were not

blocked by extracellular KCl (Figures 3A–3C, S3A). ASC oligo-

merization in response to imiquimod was similarly resistant to

extracellular KCl concentration (Figure 3D). Consistent with the

established requirement for K+ efflux in NLRP3 activation by

extracellular ATP, nigericin, MSU, and Candida, IL-1 secretion

by these activators was inhibited by increasing concentrations

of extracellular KCl. In contrast, the NLRC4 inflammasome acti-

vator Salmonella and the AIM2 inflammasome activator intracel-

lular poly(dA:dT) behaved similarly to imiquimod and CL097

in that they triggered cleavage and secretion of caspase-1 and

IL-1b even when cells were cultured with extracellular KCl (Fig-

ures 3A, 3B, S3A).

The minor but consistent reduction in AIM2 inflammasome

activation and LPS-induced TNF secretion suggest that non-

physiological K+ and Cl� concentrations in the extracellular

milieu can influence ASC oligomerization and/or have cellular

effects beyond inhibiting K+ efflux. We therefore examined

whether imiquimod induces K+ efflux. Wild-type or inflamma-

some-deficient cells were treated with imiquimod, CL097, niger-

icin, or ATP, and intracellular K+ concentrations and IL-1b
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Figure 3. K+ Efflux-Independent NLRP3 In-

flammasome Activation by Imiquimod and

CL097

(A) LPS-primedBMDCswere treated with increasing

concentrations of extracellular KCl directly before

stimulation with the indicated inflammasome acti-

vators. IL-1b was quantified from cell-free super-

natants.

(B) Immunoblot analysis for caspase-1 in cell-free

supernatants from (A).

(C) Unprimed BMDCs were treated with increasing

amounts of KCl in parallel to (A) directly before

stimulation with 20 ng ml-1 LPS for 3 hr. TNF was

quantified from cell-free supernatants.

(D) Primed wild-type or NLRP3-deficient BMDCs

were pretreated with 20 mM z-VAD-fmk or 50 mM

KCl and stimulated with imiquimod. Immunoblot

analysis of monomeric and oligomeric ASC in DSS

cross-linked NP-40 insoluble fractions (top), and

caspase-1 in cell-free supernatants (bottom).

(E) Primed wild-type or NLRP3-deficient BMDCs

were treated with nigericin (5 mM) or imiquimod

(20 mg ml-1) for the indicated times. IL-1b was

quantified from cell-free supernatants (right y axis,

dotted lines). Intracellular K+ concentrations from

the same cells were determined by ISE, depicted as

percentage of unstimulated cells (right y axis, solid

lines).

(F) BMDCs from six different mice were stimulated

on separate occasions with nigericin or imiquimod

(15-20 mg ml-1) for 30 min and intracellular K+ con-

centrations were determined by ISE. Data is de-

picted as percentage K+ content of unstimulated

cells. Mean ± SD are shown.

Cytokine secretion data are depicted as mean ±

SEM of technical triplicates. The results from each

experiment in this Figure are representative of

at least three independent experiments. See also

Figure S3.

Please cite this article in press as: Groß et al., K+ Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria,
Immunity (2016), http://dx.doi.org/10.1016/j.immuni.2016.08.010
secretionweremeasured. Imiquimod triggered IL-1b secretion in

wild-type cells without triggering a loss of cellular K+ in inflamma-

some-deficient cells (Figures 3E, 3F, S3B). A minor decrease in

cellular K+ concentrations was observed only at later time points

and only in wild-type cells, likely reflecting pyroptotic release of

K+ and other cellular molecules (Fink and Cookson, 2006; Rühl

and Broz, 2015). In contrast, nigericin- or ATP-induced IL-1b

secretion was preceded by a large and immediate drop in

cellular K+ concentration that was not influenced by inflamma-

some deficiency (Figures 3E, 3F, S3B). Therefore, K+ efflux

can be a consequence of inflammasome activation but is not

required for NLRP3 activation by imiquimod.

ROS Are Required for NLRP3 Activation by Imiquimod
and CL097
Considering the lack of a requirement for K+ efflux in NLRP3 acti-

vation by imiquimod and CL097, we asked whether ROS is

required for NLRP3 activation by these compounds. NLRP3 acti-

vation by imiquimod and CL097 was inhibited by the glutathione

peroxidase mimetic ebselen and by pyrrolidine dithiocarbamate

(PDTC), neither of which inhibited LPS-induced TNF production,

or dsDNA-induced activation of the AIM2 inflammasome (Fig-
ures 4A, S4A). Both a cell permeable ethyl ester of glutathione

(GSH-EE) as well as N-acetylcysteine (NAC), which increases

the cellular glutathione pool, also inhibited NLRP3 activation

(Figure S4A), suggesting that ROS-induced NLRP3 activation

can be counteracted by thiol-active antioxidants. Indeed, imiqui-

mod and CL097 were potent inducers of general (CellROX),

as well as mitochondrial (MitoSOX) ROS (Figures 4C–4E), in in-

flammasome-deficient cells, demonstrating that ROS provides

an upstream signal for NLRP3 activation by these compounds.

These findings suggested that ROS might activate NLRP3 by

influencing the oxidation of protein thiol groups. To determine

whether ROS induced by imiquimod and CL097 was sufficient

to trigger disulfide bond formation, we expressed in macro-

phages a variant of GFP (roGFP2) that is sensitive to the gluta-

thione redox potential (Waypa et al., 2010), and which can be

targeted to the mitochondrial matrix or cytoplasm (Figure S4B).

roGFP2 harbors dual cysteines that can be oxidized by ROS to

form a disulfide bond, which can be reduced by glutathione.

The changes in the oxidation status of roGFP2 leads to a shift

in its fluorescence excitation spectrum (Waypa et al., 2010).

Imiquimod and CL097 triggered a rapid disulfide bond formation

in roGFP2 both in the mitochondria and in the cytoplasm, as
Immunity 45, 1–13, October 18, 2016 5
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Figure 4. ROS Are Required for NLRP3 Activation by Imiquimod and CL097

(A, B) BMDCs or BMDMswere LPS-primed (A) or left unprimed (B), and treated with increasing doses of Ebselen or PDTC for 30min and subsequently stimulated

as indicated. IL-1b (A) and TNF (B) were quantified from cell-free supernatants.

(C) ASC-deficient BMDMs were labeled with CellROX and then treated with increasing concentrations of imiquimod and analyzed by flow cytometry.

(D and E) ASC-deficient BMDMs were labeled with MitoSOX and then stimulated with imidazoquinolines at 70 mM (D) or with 2 mM rotenone (E) and analyzed by

flow cytometry.

(F) BMDMs from expressing the CAR1 adenoviral receptor were transduced with an adenovirus encoding mitochondrial matrix-targeted roGFP2. Fluorescence

emission of roGFP2 at 405 nm (oxidized) and at 488 nm (reduced) was measured by flow cytometry and is shown as a ratio. Cells were stimulated with 100 mM

Imiquimod or CL097. H2O2 served as a positive control for roGFP2 oxidation.

(G) mito-roGFP2-expressing BMDMs as in (F) were treated with 100 mM imiquimod or 2 mM rotenone and analyzed by flow cytometry as in (F).

(H) BMDMs expressing cytoplasmic roGFP2 were stimulated as in (G) and monitored by flow cytometry as in (F).

(legend continued on next page)

6 Immunity 45, 1–13, October 18, 2016

Please cite this article in press as: Groß et al., K+ Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria,
Immunity (2016), http://dx.doi.org/10.1016/j.immuni.2016.08.010



Please cite this article in press as: Groß et al., K+ Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria,
Immunity (2016), http://dx.doi.org/10.1016/j.immuni.2016.08.010
determined by the shift in the fluorescence intensity for the two

excitation maxima of roGFP2 (405 nm for the oxidized form

and 488 nm for the reduced form) (Figures 4F–4H, S4B). Antiox-

idants that inhibited NLRP3 activation also protected roGFP2

from imiquimod-induced oxidation (Figures 4I and 4J). There-

fore, ROS are required for NLRP3 activation by imiquimod and

CL097 and might actively signal to NLRP3 by causing the

cysteine oxidation of cellular proteins.

The well-established Complex I inhibitor rotenone has been

previously reported to activate NLRP3 (Zhou et al., 2011). How-

ever, we did not observe NLRP3 activation in response to rote-

none, which is in line with several recent studies (Juliana et al.,

2012; Muñoz-Planillo et al., 2013; Won et al., 2015) (Figures

S4C, S4D, and data not shown). Though rotenone induced mito-

chondrial ROS, it did not do so as robustly as imiquimod and

CL097 (Figure 4E). Rotenone did not induce roGFP2 oxidation,

which is in marked contrast to imiquimod and CL097 (Figures

5G and 5H). This suggests that rotenone does not induce suffi-

cient ROS production to oxidize proteins or other macromole-

cules and thereby fails to activate NLRP3.

Imiquimod and CL097 Target NQO2 and Mitochondrial
Complex I
In contrast to other NLRP3 activators, which are either large and

complex (e.g., pathogens or particles) and/or which activate

NLRP3 by triggering K+ efflux (e.g., ATP and nigericin), imiqui-

mod and CL097 are small molecules whose mechanism of

NLRP3 activation is unique in its independence of K+ efflux.

Additionally, the requirement of ROS for NLRP3 activation by

imiquimod and CL097 prompted us to identify protein targets

of imiquimod and CL097 that might account for their ability to

induce ROS.

We performed chemical proteomics with a bead-coupled imi-

dazoquinoline to identify the targets of imiquimod. Though many

proteins from lysates of LPS-primed BMDCs bound to the

beads, only the interaction of NQO2 was specific in that binding

could be prevented by pre-incubation of BMDC lysates with free

imiquimod (Figure 5A). NQO2 is a promiscuous quinone oxidore-

ductase with unclear physiological function (Vella et al., 2005).

NQO2 can produce ROS directly when interacting with certain

small molecule inhibitors (Miettinen and Björklund, 2014) and

also indirectly via redox cycling of semiquinone radicals (Vella

et al., 2005). Indeed, co-crystal structures revealed that imiqui-

mod and CL097 bound the active site of NQO2 and formed an

aromatic stack with the isoalloxazine rings of the flavin cofactor

(Figures 5B, 5C, S5A–S5F). Interaction of imiquimod and CL097

with NQO2 weakly inhibited its enzymatic activity in an in vitro

assay, whereas R848 did not inhibit NQO2 (Figure 5D). The

related quinone oxidoreductase NQO1 was not inhibited by

imiquimod or CL097 (Figure S5G).

However, NQO2 alone cannot be the only source of ROS

induced by imiquimod and CL097, since it is a cytoplasmic pro-

tein and we also observed a shift in the mitochondrial redox po-

tential. Furthermore, several established NQO2 inhibitors failed
(I and J) BMDMs expressing mito-roGFP2 (I) or cyto-roGFP2 (J) as in (F) were pre

imiquimod.

Cytokine secretion data are depicted as mean ± SEM of technical triplicates. The

three independent experiments. See also Figure S4.
to trigger IL-1b secretion (Figure S5H), indicating that NQO2 inhi-

bition is not sufficient for NLRP3 activation. The electron trans-

port chain is a major source of mitochondrial ROS, and electron

transport chain inhibition induces ROS production (Murphy,

2009). To determine whether imiquimod influenced the electron

transport chain, we measured the oxygen consumption rate

(OCR) in ASC-deficient BMDMs and BMDCs. NLRP3-activating

concentrations of imiquimod caused an immediate and dose-

dependent decrease in the respiratory rate of both cell types (Fig-

ures 5E, 5F, S5I). CL097 also suppressed respiration, but

imidazoquinolines that did not activate NLRP3 failed to suppress

respiration. Consistent with inhibition of the respiratory chain,

imiquimod and CL097, but not R848, caused an immediate

reduction in cellular ATP concentrations comparable to the

reduction observed with the Complex I inhibitor rotenone or the

ATP synthase inhibitor oligomycin A (Figure 5G). Suppression

of respiration by imiquimod was observed in a variety of human

and murine non-myeloid cell types, indicating that this effect on

respiration is not species- or cell type-specific (Figure S5J).

A direct block of the electron transport chain, inhibition of

the tricarboxylic acid (TCA) cycle, or general defects in cellular

or mitochondrial fitness could account for the suppression of

respiration observed with imiquimod. In permeabilized cells, the

activity of individual respiratory complexes can be assessed by

supplying exogenous TCA cycle intermediates or other electron

donors (Salabei et al., 2014). Digitonin-permeabilized BMDMs

were incubated with ADP and with substrate combinations to

feed Complex I (NADH-linked substrates malate and pyruvate or

glutamate), Complex II (succinate, with rotenone), and cyto-

chrome c-Complex IV (TMPD with ascorbate). Imiquimod and

CL097 selectively blocked Complex I-mediated respiration

without affecting respiration via Complex II or via cytochrome

c-Complex IV, which are downstream of Complex I and Complex

II in the respiratory chain (Figure 5H). As observed in intact cells,

imidazoquinolines such as R848 and gardiquimod that do not

activateNLRP3also did not influence respiration in permeabilized

cells (Figure 5I). Imiquimod also caused an increase in the Com-

plex I substrate NADH, and decreased the NAD+/NADH ratio

(Figure 5J). Collectively, these data suggest that in addition to in-

hibiting NQO2, imiquimod and CL097 can enter mitochondria,

where they are specific inhibitors of another ROS-producing

flavoprotein, namely Complex I. Though gardiquimod alone did

not trigger NLRP3 activation (Figure 1D), it did influence the

endolysosome (Figure 2F) and its combination with separate

inhibitors ofNQO2andComplex I did result in IL-1b secretion (Fig-

ureS5K). In contrast, dual treatmentwithNQO2 andComplex I in-

hibitors did not result in inflammasome activation in the absence

of gardiquimod, suggesting that imiquimod activates NLRP3 by

simultaneously influencing the endolysosome and ROS-produc-

ing flavoproteins or that imiquimod has effects on these or addi-

tional proteins that are not fully recapitulated by combining other

inhibitors.

Intraperitoneal injection of NLRP3-activating particles, NLRC4-

activating bacterial proteins, or the caspase-11 activator LPS
treated with 20 mM Ebselen or 100 mM PDTC and then stimulated with 100 mM

results from each experiment in this figure are representative of at least two or
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Figure 5. Imiquimod and CL097 Inhibit NQO2 and Complex I
(A) Structure of the imidazoquinoline affinity matrix used for chemical proteomics (top). BMDC lysates were pre-incubated with the indicated concentrations of

imiquimod before being applied to the affinity matrix. The LC-MS/MS signal for NQO2 is shown (bottom).

(B) Crystal structure of NQO2 in complex with imiquimod. Surface representation of the active site of NQO2 in complex with imiquimod.

(C) Unbiased Fo-DFc difference density, contoured at 2.5 s prior to adding imiquimod to themodel coordinates. Imiquimod in its two different binding modes and

residues of NQO2 lining the active side are shown as stick models. Nitrogens are colored blue, oxygens red, carbon atoms of amino acids gray, the FAD cofactor

orange, and imiquimod dark green. Hydrogen bonds are depicted as dashed lines.

(D) Enzymatic activity of recombinant NQO2 in the presence of imidazoquinolines or the control inhibitor quercetin was determined bymeasuring the absorbance

of reduced MTT. Data are representative of three independent experiments.

(legend continued on next page)
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represent classic in vivo models for inflammasome-dependent

responses. In an attempt to determine whether imiquimod-

inducedNLRP3activationwas relevant in vivo,we injected imiqui-

mod or R848 i.p. into mice at concentrations similar to what is

routinely used for LPS (30–50 mg kg�1, or 0.6–1 mg per 20 g

mouse). These high concentrations of systemic imiquimod

induced rapid seizures anddeath (Figures5Kand5L). Thispheno-

type was not observed at systemic doses of imiquimod below

0.3 mg, consistent with several previous reports (Kanneganti

et al., 2006). It cannot be explained by TLR7 activation, for tempo-

ral reasons and because R848 did not have the same effect. The

finding that the mice succumbed within minutes to systemic imi-

quimod is an indication that it is not an inflammasome-driven

phenotype. Rather, this phenotype is consistent with electron

transport chain inhibition and ATP insufficiency in metabolically

active cells such as neurons and cardiomyocytes, as is also

observed in poisoning with the Complex IV inhibitor cyanide.

Given the implication of mitochondrial ROS in NLRP3 activa-

tion and the striking inhibition of Complex I by imiquimod, we

askedwhether Complex I dysfunction is required for NLRP3 acti-

vation by imiquimod. Idebenone and other ubiquinone analogs

are used experimentally and clinically to bypass genetic or

drug-induced defects in Complex I or downstream electron

transport chain complexes (Figure S6A) (Erb et al., 2012; Marti-

nelli et al., 2012). Mechanistically, idebenone delivers electrons

into the respiratory chain downstream of Complex I. Idebenone

pretreatment rendered cells resistant to the effects of the Com-

plex I inhibitors imiquimod, CL097, and rotenone on respiration

(Figures 6A, 6B, S6B–S6D), as expected. Idebenone inhibited

NLRP3 activation by imiquimod and CL097 (Figures 6C, S6E),

indicating that NLRP3 activation by these compounds involves

dysregulated electron transport. In contrast, AIM2 inflamma-

some activation and LPS-induced TNF secretion was not in-

hibited by idebenone (Figures 6C and 6D). These data suggest

that consequences of Complex I inhibition, such as ROSproduc-

tion and potentially insufficiency of NAD+ or ATP as well, are

necessary for NLRP3 activation by imiquimod.

Imiquimod-Induced NLRP3 Activation Is MCC950-
Sensitive and Requires NEK7
The small molecule MCC950 inhibits activation of the NLRP3 in-

flammasome by activators such as ATP, nigericin, particles, and
(E) Respiration (OCR) of ASC-deficient BMDMs stimulated with imidazoquinolines

antimycin A (2 mM). The gray area of the graph below theOCRof antimycin A-treate

depicted as mean ± SEM of technical quadruplicates.

(F) OCR of BMDCs and BMDMs treated with 70–75 mM imidazoquinolines or 2 mM

(mean of technical quadruplicates) from cells derived from an independent mous

performed ****p < 0.0001.

(G) Cellular ATP concentration (mean ± SEM) of LPS-primed ASC-deficient BMD

(2 mM) for the indicated times.

(H) OCR of digitonin-permeabilized BMDMs that were given, in the presence or a

electron donors: succinate+malate+pyruvate (Complex I and II), malate+pyruvate

or TMPD+ascorbate (cytochrome c-Complex IV). Data are representative of at le

(I) OCR of digitonin-permeabilized BMDMs that were given, in the presence or ab

other electron donors as in (H). Data are representative of at least three indepen

(J) Quantification of NAD+ and NADH from NLRP3-deficient BMDMs treated with

*p = 0.0205

(K and L)Micewere injected i.p. with the indicated doses of imiquimod or R848 and

from three experiments are shown.

See also Figure S5.
cytosolic LPS, which all require K+ efflux for NLRP3 activation

(Coll et al., 2015). It is not known how MCC950 prevents

NLRP3 activation, but it does not affect K+ efflux (Coll

et al., 2015). MCC950 blocked inflammasome activation by

imiquimod, CL097, and other NLRP3 activators, whereas

poly(dA:dT)-induced AIM2 inflammasome activation and LPS-

induced TNF secretion were unaffected (Figures 7A, 7B, S7A).

MCC950 did not prevent imiquimod-induced changes in respira-

tion or roGFP2 oxidation (Figures S7B and S7C).

Recently, NEK7 has been identified as a necessary compo-

nent of the NLRP3 inflammasome (Shi et al., 2016). Similar to

MCC950, NEK7 deficiency does not influence K+ efflux (He

et al., 2016). NEK7 deficiency abrogated NLRP3 activation

in response to imiquimod and CL097 (Figures 7C and 7D). In

conclusion, imiquimod and CL097 engage a ROS- and Com-

plex I-driven, MCC950-sensitive, NEK7-dependent pathway for

NLRP3 activation that is independent of K+ efflux.

DISCUSSION

K+ efflux is widely accepted to be a universal requirement

for NLRP3 inflammasome activation. Indeed, canonical activa-

tion of NLRP3 by ATP, nigericin, and particles (Muñoz-Planillo

et al., 2013), as well as non-canonical activation via intracellular

LPS and caspase-11 (Rühl and Broz, 2015), requires K+ efflux for

NLRP3 activation. Here we report that imiquimod and CL097

activate NLRP3 independent of K+ efflux, demonstrating that

K+ efflux is not a universal requirement for NLRP3 activation.

Nonetheless, imiquimod induces all the classical downstream

effects of NLRP3 activation, including ASC oligomerization, py-

roptosis, and secretion of IL-1b.

A role for ROS in NLRP3 activation has been proposed almost

a decade ago, but a consensus on the source of ROS andmech-

anistic data explaining how ROSmight activate NLRP3 are lack-

ing. Imiquimod and CL097 are robust inducers of ROS, and

activate NLRP3 in a ROS-dependent manner. This led us to

postulate that they might have specific protein targets that ac-

count for their ability to produce ROS. We identified the flavin-

containing quinone oxidoreductases NQO2 and mitochondrial

Complex I as molecular targets of imiquimod and CL097. Both

NQO2 and Complex I are known to produce ROS as a delete-

rious byproduct of their normal activity, or when derailed from
(75 mM = 21 mg ml-1 for imiquimod) and subsequently with CCCP (0.5 mM) and

d samples indicates the contribution of non-mitochondrial respiration. Data are

antimycin A for 7 min on six separate occasions. Each dot represents a reading

e. Mean ± SD of biological replicates is shown. A grouped Student’s t test was

Ms treated with imidazoquinolines (70 mM), oligomycin A (3.5 mM), or rotenone

bsence of imiquimod (70 mM), ADP, and substrates of the TCA cycle or other

(Complex I), malate+glutamate (Complex I), succinate+rotenone (Complex II),

ast three independent experiments.

sence of imidazoquinolines (70 mM), ADP, and substrates of the TCA cycle or

dent experiments.

imiquimod or left untreated. Pooled results from two independent experiments.

continuouslymonitored for onset of convulsions (K) and death (L). Pooled data
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Figure 6. Alleviation of Complex I Dysfunction Inhibits NLRP3 Acti-

vation by Imiquimod and CL097

(A and B) OCR of LPS-primed inflammasome-deficient BMDCs, either first

treated with Imiquimod (A, first arrow) and subsequently with two different

doses of idebenone or first treated with idebenone (B, first arrow) and sub-

sequently with Imiquimod, rotenone (2 mM), and finally with antimycin A (2 mM).

(C and D) BMDCs from wild-type mice were LPS-primed (C) or left unprimed

(D), and treated with increasing doses of idebenone for 30 min and subse-

quently stimulated as indicated. Cytokine secretion was determined by ELISA.

The results from each experiment in this figure are representative of three in-

dependent experiments. See also Figure S6.
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their normal function by inhibitors or structural damage (Mietti-

nen and Björklund, 2014; Murphy, 2009; Vella et al., 2005). Elec-

tron transfer from reduced flavin cofactors to oxygen is one of

themost commonmechanisms of protein-mediated ROS gener-

ation (Massey, 1994; Murphy, 2009), but redox-cycling of qui-

nones might also be a source of NLRP3-activating ROS induced

by imiquimod and CL097. Given the small size of imidazoquino-

lines and the abundance of cellular flavoproteins, it is possible

that imiquimod and CL097 have additional ROS-producing tar-

gets that might be involved in NLRP3 activation. Furthermore,

endolysosomal effects of imidazoquinolines are not sufficient
10 Immunity 45, 1–13, October 18, 2016
for NLRP3 activation but might contribute to NLRP3 activation

by imiquimod and CL097. However, the observation that rescue

of electron transport chain dysfunction also alleviates inflamma-

some activation demonstrates an important role for Complex I

inhibition in NLRP3 activation by imiquimod and CL097.

Antioxidant defenses normally quench ROS and limit its diffu-

sion and chance of reacting with cellular macromolecules (Valko

et al., 2007), but our data suggest that imiquimod and CL097

induce ROS robustly enough to overwhelm these defenses and

cause rapid oxidation of cysteines in cytoplasmic proteins. In

contrast, LPS and rotenone induced only minor mitochondrial

ROS and failed to induce cysteine oxidation. Nonetheless, minor

mitochondrial ROS production might be an important factor in

the ability of LPS and rotenone to acutely reduce the threshold

of NLRP3 activation (i.e., to act as priming agents). It has been

postulated that NLRP3must move in close proximity to themito-

chondria in order to be activated by mitochondrial ROS (Zhou

et al., 2011). However, this might be dispensable for activators

such as imiquimod and CL097 that trigger ROS in excess of

the threshold for protein oxidation in the cytoplasm.

Our observation that ROS production by NLRP3 activators

alters the cysteine oxidation state of cytoplasmic proteins is

important because it has been postulated but never demon-

strated that ROS-induced cysteine oxidation of a cytoplasmic

protein might be a mechanism by which ROS engages signaling

pathways for NLRP3 activation. In addition to anti-oxidants,

many other inhibitors of NLRP3 activation can modify cysteine

residues in proteins (Baldwin et al., 2016). ROSmay trigger disul-

fide bonds in proteins to activate NLRP3, though NLRP3 might

also be directly oxidized. For instance, global protein phosphor-

ylation increases rapidly in response to ROS, at least in part

because phosphatases are subject to ROS-induced inactivation

by oxidation of active site cysteines (Meng et al., 2002). NEK7

has recently been shown to bind NLRP3 and to be necessary

for NLRP3 activation by conventional (i.e., K+ efflux-dependent)

activators (He et al., 2016; Shi et al., 2016). We find that NLRP3

activation by imiquimod and CL097 requires NEK7. NEK7 is

phosphorylated in a ROS-dependent manner, and dephosphor-

ylation of NEK7 precludes its association with NLRP3 (Shi et al.,

2016). Inhibition of phosphatases is one of many possible mech-

anisms by which ROS induced by imiquimod and other NLRP3

activators might trigger phosphorylation-dependent association

of NEK7 and NLRP3.

Pharmacological rescue of electron transport downstream

of Complex I by idebenone inhibits NLRP3 activation by imiqui-

mod, demonstrating an important role of Complex I inhibition

in NLRP3 activation by imiquimod. In addition to inducing mito-

chondrial ROS by Complex I inhibition, imiquimod also reduces

the NAD+/NADH ratio and rapidly depletes ATP. These effects of

Complex I dysfunction are relieved by idebenone (Erb et al.,

2012), suggesting they are important for NLRP3 activation in

myeloid cells. The finding that rotenone does not activate

NLRP3 indicates that Complex I inhibition is not sufficient for

NLRP3 activation in the absence of a robust ROS signal. None-

theless, it is possible that Complex I defects in vivo might lead

to NLRP3-dependent inflammation. Genetic and acquired defi-

ciency in Complex I and other respiratory chain components is

associated with inflammation, as seen in some cases of Leigh’s

syndrome, as well as Alzheimer’s disease and Parkinson’s
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Figure 7. Imiquimod-Induced NLRP3 Activation Re-

quires NEK7 and Is Inhibited by MCC950

(A and B) LPS-primed (A) or unprimed (B) BMDCs were treated

with the indicated concentrations of MCC950 30 min prior to

stimulation with imiquimod, nigericin, or poly(dA:dT) (A) or LPS

(B). Cytokine were quantified from the cell-free supernatant.

(C) LPS-primed BMDCs from wild-type or NEK7-deficient mice

were treated with different inflammasome activators, and IL-1b

secretion was quantified from the cell-free supernatant.

(D) Immunoblot analysis of cell lysates and cell-free superna-

tants from (C).

Cytokine secretion data are depicted as mean ± SEM of tech-

nical triplicates. The results from each experiment in this figure

are representative of at least three independent experiments.

See also Figure S7.
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disease (Coskun et al., 2012). Complex I activity, and oxida-

tive phosphorylation in general, promote an anti-inflammatory

phenotype in myeloid cells and suppresses their pro-inflamma-

tory functions (O’Neill and Hardie, 2013). Macrophages deficient

for the Complex I subunit NDUFS4 produce greater amounts of

pro-inflammatory cytokines, and this contributes to inflamma-

tion observed in the NDUFS4-deficient mouse model of Leigh’s

syndrome (Jin et al., 2014). These findings raise the possibility

that NLRP3 might be involved in inflammation associated with

Complex I dysfunction.

Imiquimod is the only FDA-approved imidazoquinoline, and

topical imiquimod is the standard treatment for several types

of skin cancer. Imiquimod was developed in parallel with R848,

and it has been known for many years that in terms of type I

IFN production and NF-kB activation in vitro and in vivo, R848

and other imidazoquinolines are up to 100-fold more potent

than imiquimod (Hemmi et al., 2002). Our finding that imiquimod

inhibits Complex I might explain its direct, TLR7-independent

suppression of cancer cell growth and survival (Schön et al.,

2003). Despite accumulating evidence for a critical role of Com-

plex I in supporting cancer cell growth and survival (Birsoy et al.,

2014; Pollak, 2012), a major concern of using electron transport

chain inhibitors as anti-cancer agents is their known toxicity
stemming from effects on metabolically active

cells. Thus, there is great interest in minimizing the

adverse systemic effects of electron transport chain

inhibitors, for instance by careful dosing and/or

by targeting them to specific tissues (Pollak, 2012;

Weinberg and Chandel, 2015). The effects of

elevated doses of systemic imiquimod in mice

resemble cyanide poisoning, and are consistent

with Complex I inhibition and an energetic crisis in

metabolically active tissues such as the brain and

the heart. It further suggests that a critical component

of imiquimod’s success and established clinical

safety is that topical application maximizes local

efficacy and minimizes potentially adverse systemic

effects.

EXPERIMENTAL PROCEDURES

Mice

A list of mouse strains used can be found in the Supple-

mental Information. Housing (SPF or SOPF) and animal exper-
imentation were performed in accordance with European and local

guidelines.

Inflammasome Activation and Analysis

BMDCs and BMDMs were generated and stimulated as described in the Sup-

plemental Information (Schneider et al., 2013). Imiquimod, CL097, and other

imidazoquinolines (Invivogen) were used at 15–20 mg m�1 or 70 mM for 0.5–

3 hr. ELISA (eBioscience), immunoblot analysis of cell-free supernatants, cell

lysates, and NP-40-insoluble fractions, immunofluorescence imaging of ASC

specks, flow cytometric analysis of endolysosomal leakage, and ROS mea-

surements (CellROX and MitoSOX) were performed as described in the

Supplemental Information.

CRISPR-Cas9 Mediated Gene Targeting in HoxB8 Cells

ER-HoxB8 immortalized myeloid progenitor cells (‘‘HoxB8 cells’’) were gener-

ated and cultured as described (Wang et al., 2006). pMSCV-Cas9-GFP and

pMSCV-sgRNA vectors and retroviral particles were generated and sequen-

tially transduced as described in the Supplemental Information. Cas9- and

sgRNA-expressing HoxB8 cells were differentiated for 6–7 days after estrogen

withdrawal and treated as described above.

K+ Measurement

Intracellular K+ concentrations were determined from cell lysates using an

ion-selective electrode (Roche Cobas Analyzer), or by total reflection X-ray

fluorescence analysis (Atomika TXRF 8010) as described in the Supplemental

Information.
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Metabolic Analysis

Oxygen consumption rate (OCR) was measured using a Seahorse XF96 Extra-

cellular Flux Analyzer (Agilent). BMDMs or BMDCs (6–8 3 104/well in quadru-

plicates) were seeded the evening before the experiment. The cells were

primed with 50 ng ml-1 LPS for 2–3 hr before the medium was changed to bi-

carbonate- and phenol red-free DMEM 5030 (Sigma) containing 20 ng ml-1 re-

combinant murine M-CSF or GM-CSF, 10 mM glucose, and 2 mM glutamine.

Before the assay, the cells were incubated for at least 1 hr at 37�C in a non-CO2

incubator.

To analyze the activity of individual respiratory chain complexes, we per-

meabilized BMDMs for 5min inMAS buffer (220mMmannitol, 70mMsucrose,

10mMKH2PO4, 5 mMMgCl2, 2 mMHEPES, 1mMEGTA, 0.4% fatty acid-free

BSA pH 7.2) containing 40 mM digitonin. Digitonin-containing medium was

removed and replaced with MAS buffer containing 2 mMADP and imidazoqui-

nolines in the presence of different combinations of TCA cycle intermediates

and electron donors (Salabei et al., 2014).

Intracellular ATP was quantified using the CellTiterGlo Assay (Promega).

NAD+/NADH ratios were measured by enzymatic cycling using the NAD+/

NADH Quantification kit (Biovision).

Measurement of roGFP2 Oxidation

BMDMs from CAR1 transgenic mice (Heger et al., 2015) were transduced with

roGFP2-encoding adenovirus (Waypa et al., 2010) as described in the Supple-

mental Information. The redox status of roGFP2 was expressed by a ratio-

metric readout of the emission intensities of roGFP2 at 520 nm when exited

at 405 or 488 nm.

Chemical Proteomics and NQO2 Biochemistry

An imidazoquinoline affinity matrix was synthesized, and chemical proteomics

fromBMDC lysates was performed (Médard et al., 2015). Recombinant human

NQO2 was bacterially expressed and purified; human NQO1 was from Sigma.

Purification and structure determination of NQO2 and enzyme activity assays

are described in the Supplemental Information. Structure data can be found at

wwPDB under ID 5LBT and 5LBU.

Statistical Analysis

Data were analyzed using a Student’s t test. p < 0.05 was considered

significant.

ACCESSION NUMBERS

Structure data can be found at wwPDB under the IDs PDB: 5LBT, 5LBU.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, one table, and Supple-

mental Experimental Procedures and can be found with this article online at

http://dx.doi.org/10.1016/j.immuni.2016.08.010.
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Figure S1. Supplemental data corresponding to main Figure 1: Imiquimod and CL097 are unique among 
TLR ligands in activating the NLRP3 inflammasome. 

(A) LPS-primed BMDCs (top) or BMDMs (bottom) were stimulated with 15 µg ml-1 imiquimod, CL097, or R848 
from different commercial sources. IL-1β release was quantified from cell-free supernatants by ELISA. 
(B) Structures of selected imidazoquinolines and other TLR7/8 ligands used in this study. 
(C, D) LPS-primed BMDCs were treated with increasing concentrations of imidazoquinoline or ssRNA ligands 
of TLR7/8 (C) or 16 µg ml-1 of the indicated TLR7/8 ligands from Invivogen (D). IL-1β secretion was quantified 
from cell-free supernatants by ELISA. 
(E) Bone marrow cells from Caspase-1-deficient or wild-type mice were transduced with an N-terminally HA-
tagged version of GSDMD or an empty vector control and differentiated into BMDMs. Cells were LPS-primed 
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and stimulated with inflammasome activators as indicated. Cell lysates were analyzed for the full-length and 
cleaved forms of GSDMD and for β-actin by immunoblotting. 
(F, G) LPS-primed BMDCs from ASC- (Pycard, F) or Caspase-1- (G) deficient mice were treated with different 
NLRP3 inflammasome activators for prolonged periods as indicated. IL-1β secretion was quantified from cell-
free supernatants by ELISA. 
(H) Cell lysates and cell-free supernatants from (G) were subjected to immunoblotting and analyzed for the 
presence of the mature form of IL-1β in the supernatant (top) and for caspase-8 cleavage in cell lysates 
(bottom). 
ELISA data are depicted as mean ± SEM of technical triplicates. The results from all experiments were verified 
on at least two or three separate occasions. 
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Figure S2. Supplemental data corresponding 
to main Figure 2: Imidazoquinolines do not 
require endosomal TLR signaling for NLRP3 
activation. 

(A) Unprimed BMDCs were treated with LPS, 
ATP, imiquimod or combinations thereof as 
indicated for a total of 6h. Cell-free supernatants 
were analyzed for the presence of the cleaved 
forms of caspase-1 (top) and IL-1β (bottom) by 
immunoblotting. 
(B) LPS-primed BMDCs from wild-type or P2rx7-
deficient mice were left untreated or stimulated as 
indicated. IL-1β was quantified from cell-free 
supernatants by ELISA. 
(C) BMDMs from wild-type or caspase-4/11-
deficient mice primed with Pam3CSK4 in 
OptiMEM were left untreated or stimulated as 
indicated. IL-1β was quantified from cell-free 
supernatants by ELISA. 
(D) LPS-primed BMDCs from wild-type or ASC 
(Pycard)-deficient mice were treated with 
imiquimod or doxorubicin for different time 
points. Caspase-1 release and cleavage from 
cell-free supernatants (top) and caspase-1 and 
caspase-3 cleavage in cell lysates were 
determined by immunoblotting. 
(E) Corresponding to main Figure 2E: Unprimed 

BMDCs were treated with inhibitors of phagocytosis, endosomal trafficking, and lysosomal acidification 30 
min prior to addition of LPS or the TLR9 ligand CpG ODN. TNF secretion was quantified from cell-free 
supernatants by ELISA. 
ELISA data are depicted as mean ± SEM of technical triplicates. The results from all experiments were verified 
on at least two or three separate occasions. 
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Figure S3. Supplemental data 
corresponding to main Figure 3: K+ 
efflux-independent NLRP3 
inflammasome activation by 
imiquimod and CL097 

(A) Corresponding to main Figure 3A: 
LPS-primed BMDCs were treated with 
increasing concentrations of 
extracellular KCl directly before 
stimulation with the indicated 
inflammasome activators. IL-1α 
secretion was quantified from cell-free 
supernatants by ELISA. 
(B) LPS-primed wild-type or ASC 
(Pycard)-deficient BMDMs (left) or 
BMDCs (right) were left unstimulated 
(t=0) or stimulated with imiquimod (70 
µM), CL097 (50 µM), ATP (5 mM), or 
nigericin (5 µM) for 10 or 60 minutes as 
indicated. K+ efflux (left Y-axis, 
diamonds, solid lines) was determined 
from cell lysates prepared with HNO3 
containing vanadate as an internal 
standard by total reflection x-ray 
fluorescence analysis. IL-1β secretion 
(right Y-axis, circles, dashed lines) was 
quantified from cell-free supernatants 
by ELISA and is depicted as mean ± 
SEM of technical triplicates. The results 
from all experiments were verified on at 
least two or three separate occasions. 
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Figure S4. Supplemental data corresponding to main Figure 4: ROS is required for NLRP3 activation by 
imiquimod and CL097 

(A) LPS-primed BMDCs (top) or BMDMs (bottom) were treated with increasing doses of ebselen, PDTC, GSH-
EE or NAC for 30 min subsequently stimulated with imiquimod. The maximum dose of each inhibitor of a 1:1 
dilution series is indicated. IL-1β was quantified from cell-free supernatants by ELISA. 
(B) Corresponding to main Figure 5F, G, I: cells from CAR1 mice, transduced with an adenoviral construct 
encoding a mitochondrial matrix-targeted roGFP2 construct were analyzed by wide-field microscopy. 
Respective emission at 520 nm upon excitation at 405 and 488 nm is indicated. 
(C) BMDCs (top) or BMDMs (bottom) were left unprimed or LPS-primed for 3h, 9h, and 24 and then stimulated 
with different inflammasome activators or different doses of rotenone as indicated. IL-1β secretion was 
quantified from cell-free supernatants by ELISA.  
(D) Human THP-1 monocytes were PMA-primed and differentiated for 20h and stimulated with different 
inflammasome activators (120 µM imiquimod, 50 µM CL097, 400 µg ml-1 MSU, 5 µM nigericin) or different 
doses of rotenone as indicated. IL-1β secretion was quantified from cell-free supernatants by ELISA.  
ELISA data are depicted as mean ± SEM of technical triplicates. The results from all experiments were verified 
on at least two separate occasions. 
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Figure S5. Supplemental data corresponding to main Figure 5: Imiquimod and CL097 inhibit the quinone 
oxidoreductases NQO2 and inhibit Complex I. 
(A,   B)   Schematic   representation   of   the   interactions   between   NQO2   and   imiquimod   (green).   Hydrophobic  
interactions  are  shown  as  half  circles.  
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(C) Crystal structure of NQO2 in complex with CL097. Surface representation of the active site of NQO2 in 
complex with CL097.  
(D, E) Unbiased Fo-DFc difference density, contoured at 2.5 σ prior to adding CL097 to the model 
coordinates, indicating possible alternative orientations. The residues of NQO2 lining the active side are 
shown as dark and light grey stick model (nitrogens are coloured blue, oxygens red, carbon atoms of amino 
acids grey, the FAD cofactor orange, CL097 blue, and hydrogen bonds are depicted as dashed lines).  
(F) Superposition of both active side residues as in D, E, with the carbon atom of the different chains colored 
in light and dark grey, and CL097 (blue). 
(G) Enzymatic activity of recombinant NQO1 in the presence of imidazoquinolines or the control inhibitor 
dicoumarol was determined by measuring the absorbance of reduced MTT. 
(H) LPS-primed BMDCs were stimulated with the indicated NQO2 ligands (50 µM resveratrol, 25 µM nilotinib, 
250 µM melatonin, 250 µM L-DOPA, 250 µM dopamine, 100 µM quercetin) or with gramicidin. IL-1β secretion 
was quantified from cell-free supernatants by ELISA.  
(I) Oxygen consumption rate (OCR) of ASC-deficient BMDMs stimulated with increasing doses of 
imidazoquinolines or antimycin A (2 µM) for 7 min. The grey area of the graph below the level of antimycin A-
treated samples is the level of non-mitochondrial respiration. 
(J) Oxygen consumption rate (OCR) of four different cell lines, left untreated or stimulated with 75 µM 
imiquimod for 7 min.  
(K) LPS-primed BMDCs were treated with the NQO2 inhibitor resveratrol (100 µM), the complex I inhibitor 
rotenone (2 µM) and the imidazoquinoline gardiquimod (75 µM) or combinations thereof as indicated. IL-1β 
secretion was quantified from cell-free supernatants by ELISA.  
ELISA and OCR data are depicted as mean ± SEM of technical triplicates or quadruplicates. The results from 
all experiments were verified on at least two or three separate occasions. 
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Figure S6. Supplemental data corresponding to main Figure 6: Elevation of Complex I dysfunction 
inhibits NLRP3 activation by imiquimod and CL097. 

(A) Chemical structure of idebenone 
(B, C) OCR of LPS-primed inflammasome-deficient BMDCs cells, either first treated with imiquimod (B, first 
arrow) and subsequently with four different doses of idebenone or first treated with four different doses of 
idebenone (C, first arrow) and then with imiquimod and subsequently with rotenone (2 µM) and finally with 
antimycin A (2 µM). 
(D) OCR of LPS-primed inflammasome-deficient BMDCs, treated with idebenone and then with imiquimod or 
CL097 and subsequently with rotenone (2 µM) and finally with antimycin A (2 µM). 
(E) LPS-primed BMDMs from wild-type mice were treated with increasing doses of idebenone for 30 min and 
subsequently stimulated with imiquimod as indicated. IL-1β was quantified from cell-free supernatants by 
ELISA. 
ELISA and OCR data are depicted as mean ± SEM of technical triplicates or quadruplicates. The results from 
all experiments were verified on at least two or three separate occasions. 
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Figure S7. Additional data corresponding to main 
Figure 7: Imiquimod-induced NLRP3 activation requires 
NEK7 and is inhibited by MCC950 

(A) LPS-primed wild-type BMDCs were treated with 1 µM 
MCC950 30 min prior to stimulation with various 
inflammasome activators as indicated. IL-1β secretion was 
quantified from cell-free supernatants by ELISA. 
(B) OCR of LPS-primed inflammasome-deficient BMDCs, 
treated with MCC950 and then with imiquimod or CL097 
and subsequently with rotenone (2 µM) and finally with 
antimycin A (2 µM). 
(C) BMDMs from Vav-Cre - CAR1 mice, transduced with an 
adenoviral construct encoding a mitochondrial matrix-
targeted roGFP2 construct were left untreated (black and 
dark-red line) or pre-treated with MCC950 (grey and light-
red line) and monitored by flow cytometry. Upon base line 
determination for 200 seconds, cells were stimulated with 
100 µM imiquimod (red lines) or medium (black and grey) 
and measurement was continued.  
ELISA data are depicted as mean ± SEM of technical 
triplicates. The results from all experiments were verified 
on at least two or three separate occasions.  
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Table S1. Supplemental data corresponding to main Figure 5: Data collection and structure refinement 
statistics for crystal structure determination of NQO2. Statistics for the highest-resolution shell are shown 
in parentheses. Friedel mates were averaged when calculating reflection statistics. 
 

 Imiquimod CL097 
Wavelength 0.976 0.976 
Resolution range 44.4-1.75 (1.81-1.75) 44.3-1.65 (1.71-1.65) 
Space group P 21 21 21 P 21 21 21 
Unit cell 57.7 80.9 106.2  57.7 80.9 106.2  
Total reflections 224,722 (17,122) 200,332 (11,797) 
Unique reflections 49,249 (2,863) 59,424 (5,486) 
Multiplicity 4.6 (4.7) 3.4 (2.2) 
Completeness (%) 0.93 (0.74) 0.99 (0.92) 
Mean I/sigma(I) 6.01 (0.05) 9.42 (0.86) 
Wilson B-factor 27.2 21.1 
R-merge 0.124 (1.82) 0.069 (0.818) 
R-meas 0.14 (2.05) 0.08 (1.04) 
CC1/2 0.995 (0.749) 0.998 (0.544) 
CC* 0.999 (0.925) 1 (0.84) 
Reflections used in refinement 47,228 (2,802) 59,401 (5,484) 
Reflections used for R-free 2,364 (142) 2,967 (273) 
R-work 0.19 (0.395) 0.19 (0.379) 
R-free 0.218 (0.378) 0.217 (0.367) 
CC(work) 0.963 (0.785) 0.968 (0.661) 
CC(free) 0.950 (0.749) 0.958 (0.765) 
Number of non-hydrogen atoms 4,086 4,142 
  macromolecules 3,634 3,658 
  ligands 231 223 
Protein residues 454 456 
RMS(bonds) 0.960 0.958 
RMS(angles) 1.72 1.41 
Ramachandran favored (%) 97 97 
Ramachandran allowed (%) 3.3 3 
Ramachandran outliers (%) 0 0 
Rotamer outliers (%) 0.77 0.76 
Clashscore 2.26 1.45 
Average B-factor 27.6 27.1 
  macromolecules 27.2 26.2 
  ligands 31.6 34.9 
  solvent 31.1 33.7 
Number of TLS groups 18  
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Mice  
 Nlrp3-/- (Martinon et al., 2006), Pycard-/- (Mariathasan et al., 2006), ICE-/- (Casp1/11-/-) (Kuida et al., 
1995), Il1b-/-, Il1a-/- (Horai et al., 1998), TLR7-/- (Hemmi et al., 2002), MyD88-/- (Adachi et al., 1998), P2rx7-/- 
(Solle et al., 2001), and CAR1 transgenic (Heger et al., 2015) mice on C57BL/6 background were housed 
under SOPF or SPF conditions at the Zentrum für Präklinische Forschung (Munich, Germany), Institut für 
Medizinische Mikrobiologie, Immunologie und Hygiene (Munich, Germany), Charles River Laboratories (Italy), 
or the Center of Infection and Immunity (University of Lausanne) in accordance with local and European 
guidelines. Bone marrow from Nek7-/- (Shi et al., 2016) and Unc93b13d/3d (Tabeta et al., 2006) mice was 
obtained from Prof. Bruce Beutler and Dr. Philipp Yu, respectively. 
 
Reagents 
 All tissue culture reagents were from Invitrogen, unless indicated otherwise. Imidazoquinolines and all 
other TLR ligands were from Invivogen, unless indicated otherwise. MCC950 was synthesized as previously 
reported (Coll et al., 2015). All other chemicals and reagents were from Sigma, unless indicated otherwise. 
MSU crystals were prepared as previously described (Martinon et al., 2006). Preparation of and stimulation 
with C. albicans and Salmonella was performed as previously described (Groß et al., 2012).  
 
BMDC and BMDM Preparation and Stimulation 
 Cells were cultured at 37oC/5% CO2 in a humidified incubator unless indicated otherwise. Murine 
bone marrow-derived dendritic cells (BMDCs) and bone marrow-derived macrophages (BMDMs) were 
differentiated from tibial and femoral bone marrow aspirates as previously described in detail (Schneider et al., 
2013). Recombinant murine M-CSF (for BMDMs) and GM-CSF (for BMDCs) were both from Immunotools and 
were used at 20 ng ml-1. After 6-8 days of differentiation, cells were plated in 96-well plates at a density of 
0.12-0.15x106 cells/well, primed with 20 ng ml-1 E. coli K12 ultra-pure LPS for 3h and treated with 
inflammasome activators for 0.5-6h. All stimulations were performed in triplicate and cytokine production in 
cell-free supernatants was measured by ELISA. Typical stimulus concentrations for TLR ligands used for 
priming or TNF production (2.5-4h stimulation) were: 20-100 ng ml-1 LPS, 2 µg ml-1 R848, 10 µg ml-1 CpG 
DNA, 5 µg ml-1 PGN, 2 µg ml-1 Pam3CSK4. Typical inflammasome activator concentrations and times were as 
follows: 5 mM ATP 30 min, 5 µM nigericin 30-45 min, MOI 5 C. albicans 4 h, 300 µg ml-1 MSU/Alum/Silica for 
4h, 2 µg ml-1 poly(dA:dT) 2-3h (transfected with Lipofectamine 2000, Invitrogen), MOI 20 Salmonella 1-2h. 
Imiquimod and CL097 were used at 15-20 µg ml-1 or 70 µM for 1-2h for inflammasome activation, though 
inflammasome activation can be observed as early as 10 min after stimulation with these compounds. 
Inhibitors were added after 2.5-3h of priming, and 20-30 min before stimulation with inflammasome activators. 
Inhibitor concentrations were as follows, unless indicated otherwise: 20 µM zVAD-fmk (Enzo), 20 µM Ac-
YVAD-cmk (Enzo), 30 µM ebselen (Enzo), 50 µM ammonium pyrrolidinedithiocarbamate (PDTC), 20 mM GSH-
EE, 20 mM N-acetyl-L-cysteine (NAC), 30 µM idebenone, 5 µM MCC950. To minimize off-target effects of 
extracellular KCl, it was added and mixed well by careful pipetting immediately before addition of 
inflammasome activators. All inflammasome activators were carefully titrated and used at the lowest dose and 
the shortest time required to cause significant IL-1 secretion. Inhibitors were also titrated, and the lowest 
effective dose was used.  
  
Immunodetection of Proteins 

For cytokine quantification of cell-free supernatants, ELISA kits for murine IL-1α, IL-1β, and TNF from 
eBioscience were used according to manufacturer’s instructions. ELISA data is depicted as mean ± SEM of 
technical triplicates. For immunoblot analysis of cell-free supernatant and cell lysates prepared in SDS- and 
DTT-containing sample buffer, triplicate samples were pooled and proteins were separated by SDS-PAGE and 
transferred to nitrocellulose using standard techniques (Schneider et al., 2013). To analyze inflammasome 
formation, the insoluble fraction of NP-40-lysed cells was left untreated or cross-linked with disuccinimidyl 
suberate (Thermo Scientific) before immunoblot analysis, as previously described (Fernandes-Alnemri et al., 
2007). Primary antibodies were as follows: goat anti-mouse IL-1β (AF-401, R&D Systems), mouse anti-mouse 
caspase-1 p20 (Casper-1, Adipogen), hamster anti-mouse IL-1α (ALF-161, eBioscience), mouse anti-mouse 
NLRP3 (Cryo-2, Adipogen), rabbit anti-ASC (AL177, Adipogen), anti-mouse caspase-8 (1G12, Enzo), rabbit 
anti-caspase-3 (9662 Cell Signaling), and anti-NEK7 (EPR4900, Abcam). 
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Fluorescence Imaging 
For immunofluorescence imaging of ASC specks, murine BMDCs were seeded at 8×105 cells/well in 

8-chamber culture slides (Falcon). Cells were primed with 50 ng ml-1 of LPS for 2h followed by a treatment 
with imiquimod (100 µM for 1.5 h), nigericin (10 µM for 45 mins) or left untreated. After treatments, cells were 
washed with PBS, fixed in 4% paraformaldehyde for 10 min and extracted in PBS with 0.1% (v/v) Triton-X100 
for 5 min. Cells were stained with anti-ASC antibody (AL177, Adipogen) diluted in blocking buffer consisting of 
PBS, 5% FCS and 0.1% Triton X-100, followed by an anti-rabbit secondary and finally mounted in Vectashield 
containing DAPI (Vector Laboratories). Confocal microscopy of immunostained cells was performed with a 
Leica SP8 confocal microscope equipped with a 63×/1.40 oil objective (Leica Microsystems) keeping the laser 
settings of images constant for comparison. 
 
Retroviral transduction 
 HEK293T cells were transfected with GSDMD-HA-Flag-pMIP, gag-pol, and VSV-G envelope using 
TurboFect (Thermo). Supernatant containing the viral particles was harvested 48h after transfection and 
filtered (0.45 μm). Polybrene was added to a final concentration of 4 μg ml-1. Day 1 BMDMs were mixed with 
viral supernatant, and spun in 6-well plates for 2h at 32°C, 1000 xg. The transduction was repeated after 24 
hours with fresh virus. Transduced BMDMs were harvested on day 8. 
 
Generation of mutant HoxB8 cells using CRISPR/Cas9 technology 
 Conditionally immortalized myeloid progenitor cells (‘HoxB8 cells’) were generated and cultured as 
described before (Wang et al., 2006) by transducing bone marrow from a C57BL/6 mouse with a retrovirus 
containing ER-HoxB8 in the presence of estrogen and GM-CSF. SpCas9-2A-GFP from pSpCas9(BB)-2A-GFP 
(pX458, Addgene plasmid # 48138, a gift from Feng Zhang (Ran et al., 2013)) was cloned into pMIG and then 
introduced into HoxB8 cells by retroviral transduction. Cas9-expressing HoxB8 cells (‘Cas9-HoxB8 cells’) 
were obtained by sorting for cells with high GFP expression. sgRNAs were cloned as described (Ran et al., 
2013) into a pMSCVpuro-based plasmid coding for the expression cassette for an sgRNA under the U6 
promoter (pMSCV-sgRNA) derived from pX458. Mutant HoxB8 cells were made by introducing individual 
sgRNAs with retroviral transduction into Cas9-HoxB8 cells followed by selection in medium containing 5 µg 
ml-1 Puromycin. We used the same sgRNA sequences as in the Brie library (Doench et al., 2016), except for 
Gsdmd_5, which was selected using the benchling tool (benchling.com) and GFP_1 to GFP_5, which were 
selected using the CHOPCHOP tool (Montague et al., 2014). The specific sgRNA target sequences are: 
 
Gsdmd_1:  5’-AGGTTGACACATGAATAACG-3’ 
Gsdmd_2:  5’-CAGTATACACACATTCATGG-3’ 
Casp1_1:  5’-GAGGGCAAGACGTGTACGAG-3’ 
Casp1_2:  5’-AAACATTACTGCTATGGACA-3’ 
GFP_1:   5’-GGGCGAGGAGCTGTTCACCG-3’ 
GFP_2:   5’-GGTCAGGGTGGTCACGAGGG-3’ 
 
For stimulation assays, HoxB8 cells were differentiated for 6 days by withdrawing estrogen from the culture 
medium (Wang et al., 2006). 
 
Flow Cytometric Analysis of Endolysosomal Leakage 
 ASC-deficient BMDMs were incubated for 30 min with acridine orange (1 µg ml-1), washed three times 
in phenol red-free HBSS with 5mM EDTA and 3% FCS. After a constant baseline was obtained by flow 
cytometry, the stimulation of cells with imiquimod, R848, CL097 and gardiquimod (100 µM) was followed as a 
time course for 1h at 37°C. Maximum endolysosomal rupture was confirmed by addition of LLOMe (1 µM) in 
the last 10 min. Endolysosomal leakage was assessed by a ratiometric measurement of the change in 
distribution of the dye in the acidic endolysosomal compartment (red, on PerCP channel) and the 
cytoplasmic/nuclear compartment (green, on FITC channel). A FACS Aria III (BD Biosciences) flow cytometrer 
was used. Data were acquired with DIVA (BD Biosciences) and were analyzed with FlowJo software. 
 
K+ Measurement 

Intracellular K+ measurements were performed using an ion-selective electrode (ISE) (Cobas analyzer, 
Roche). Cells were dislodged and 107 cells per condition were stimulated in suspension. After the intended 
duration, cells were immediately transferred to ice and pelleted by centrifugation at 400xg for 5 min at 4°C in 
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15 ml conical tubes. Medium was carefully and completely removed and subjected to IL-1β measurement by 
ELISA. The cell pellet was suspended in 150 µl of ultrapure water and cellular content was released by 
repeated freeze-thaw cycles in liquid nitrogen. Debris was pelleted by centrifugation at 14000 xg for 10 min at 
4°C and 100 µl of the clarified lysate was subjected to K+ measurement.  

Alternatively, total reflection x-ray fluorescence analysis (TXRF) was used, providing high absolute 
detection power (usually in the lower pg range) which in turn dramatically reduces the required sample 
volume. Cells were stimulated as usual in 96-well plates. After supernatants were removed for ELISA or 
immunoblot analysis of inflammasome activation, the residual medium was carefully but completely aspirated. 
The cells were extracted by adding 25 µl 3% dilution of ultra-pure HNO3 containing 5 µg ml-1 vanadium as 
internal standard into the wells. 5 µL of the lysates were spotted on a silicon wafer and evaporated to dryness. 
Measurement was performed with an Atomika TXRF 8010 device equipped with a molybdenum x-ray tube. 
Due to a sophisticated geometry, the monochromatized x-ray beam strikes the ultra-planar and smooth 
surface of the silicon wafer at a very small glancing angle (< 0,1°) and is totally reflected. Both, the incident 
and the reflected beam intensively excite the sample spotted on the wafer (area of excitation is approx. 1 
cm2). The sample then emits element characteristic X-ray fluorescence radiation, which is detected by a liquid 
nitrogen cooled semiconductor detector arranged perpendicular to the sample. Characteristic signals for 
potassium (EKα = 3,31 keV) and vanadium (EKα = 4,95 keV) were used for data evaluation using the software 
Spectra Picofox (Bruker, Berlin, Germany). 

 
Metabolic Analysis 
 Oxygen consumption rate (OCR) was measured using a Seahorse XF96 Extracellular Flux Analyzer 
(Agilent). BMDMs or BMDCs (6-8x104/well in quadruplicates) were seeded the evening before the experiment 
in 96-well plates. The morning of the experiment the cells were primed with 50 ng ml-1 LPS for 2-3h before the 
medium was changed to bicarbonate- and phenol red-free DMEM 5030 (Sigma) containing 20 ng ml-1 
recombinant murine M-CSF or GM-CSF, 10 mM glucose, and 2 mM glutamine. The cells were then incubated 
for at least 1h at 37oC in a non-CO2 incubator. To avoid respiratory chain inhibition that occurs after 8h of 
stimulation with TLR ligands, the time between LPS addition and the beginning of the experiment did not 
exceed 4h (Everts et al., 2012). For analysis of intact cells, mix-wait-measure times 1 min – 2 min – 3 min were 
used, and stimuli were injected via ports. Imidazoquinolines were used at 70 µM (=20 µg ml-1 for imiquimod) 
unless indicated otherwise. Respiratory chain inhibitors were used at the following concentrations: 0.5 µM 
CCCP, 3.5 µM oligomycin A, 2 µM antimycin A. The protocol for OCR measurements of HEK293T human 
embryonic kidney cells, 3T3 murine fibroblasts, HeLa human epithelial cells, NSC34 mouse motor neuron-like 
cells, human primary keratinocytes, and HaCaT immortalized human keratinocytes was the same except 
assay medium did not contain growth factors and cells were not LPS-treated. Cell lines were cultivated in 
DMEM with 10% FCS, 100 U ml-1 penicillin, and 100 mg ml-1 streptomycin, 2 mM glutamine, and 10 mM 
glucose using standard protocols. 
 To analyze the activity of individual respiratory chain complexes, BMDMs were permeabilized for 5 
min in MAS buffer (220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM 
EGTA, 0.4% fatty acid-free BSA pH 7.2) containing 40 µM digitonin. Digitonin-containing medium was 
removed and replaced with MAS buffer containing 2 mM ADP along with combinations of TCA cycle 
intermediates and electron donors at the following concentrations: 10 mM succinate, 2 mM malate, 5 mM 
pyruvate, 5 mM glutamate, 2 µM rotenone, 0.5 mM N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD), 2 mM 
ascorbate (Salabei et al., 2014). Stimuli were added directly to the assay medium before measurement began. 
For analysis of permeabilized cells, mix-wait-measure times of 1 min – 10 s – 2.5 min were used, without initial 
equilibration. Intracellular ATP was quantified using the CellTiterGlo Assay (Promega) according to the 
manufacturers instructions. NAD+/NADH ratios were measured by enzymatic cycling using the NAD+/NADH 
Quantification kit (Biovision). 
 
Measurement of ROS and roGFP2 oxidation 

ASC-deficient BMDMs were stimulated for 1h with imidazoquinoliones or rotenone (2 µM), or left 
untreated. Following stimulation, cells were stained with CellROX or MitoSOX for 10 min in accordance with 
the manufacturer’s instructions (Thermo Fisher). ROS signal was measured with a FACS Canto (BD 
Biosciences) and analyzed using FlowJo software. 

BMDMs from CAR1 transgenic mice (Heger et al., 2015) were transduced for 24h with Ad5 adenovirus 
(MOI 50) encoding redox sensing roGFP2 constructs targeted to the mitochondrial matrix (mito-roGFP) or 
untargeted that localizes in the cytosol (cyto-roGFP) (ViraQuest Inc., North Liberty, Iowa). Viral titer was 
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determined using the Adeno-X Rapid Titer Kit (Takara-Clontech). After baseline acquisition, real-time change 
in redox potential of mito- or cyto-roGFP expressing BMDMs subsequent to stimulation with imiquimod, R848 
(100 µM), or rotenone (2 µM) was followed by flow cytometry for 20 min at 37°C in FACS buffer. Redox 
change was expressed by a ratiometric readout of the change in emission intensities of roGFP2 at 520 nm 
when exited at 405 or 488 nm, where an increase in the 405:488 ratio indicates roGFP2 oxidation. FACS Aria 
III (BD Biosciences) flow cytometer was used. Data were acquired with DIVA (BD Biosciences) and were 
analyzed with FlowJo software. For inhibitor studies, ebselen (20 µM) or PDTC (100 µM) was applied to the 
cells 20 minutes prior to stimulation and left in the buffer during measurement.  

 
Chemical Proteomics 

The imidazoquinoline affinity matrix was prepared in seven steps inspired by Ferguson’s 
retrosynthetic disconnection(Shi et al., 2012), starting from 2-methyl-1H-imidazole-4-carbaldehyde. The 
aldehyde was converted into a nitrile	
  (Kawakami et al., 2003), the 5-position brominated with NBS for further 
Suzuki coupling with (2-aminophenyl)boronic acid. HCl could then help cyclise the di-aryl into the tricyclic 
amine pharmacophore, onto which was appended the boc-protected amino ethylene glycol linker, which, 
once deprotected, was instrumental for the immobilisation on the solid matrix at a concentration of 2 µmol / 
mL beads	
  (Médard et al., 2015). 

 

 
 

The competitive pulldown assay was conducted in a 96 well plate format as reported previously when 
using Kinobeads, using the imidazoquinoline affinity matrix (35 µL beads per pulldown), BMDC lysate (3.1 mg 
total protein per pulldown) and a dilution series of imiquimod (DMSO, 30 nM, 100 nM, 300 nM, 1 µM, 3 µM, 10 
µM, 30 µM and 100 µM). Mass spectrometry readout and data analysis were carried on an Orbitrap QExactive 
and MaxQuant (version 1.4.0.5) using the Uniprot mouse reference database (v06.06.14) as previously 
detailed. Dose-response curves generated using a R script were visually inspected. 

 
Cloning, protein expression and purification of NQO2 

For expression the codon-optimised, full-length DNA sequence (Thermo Fisher) coding for the human 
NQO2 enzyme, which shares 81% and 91% sequence identity and similarity, respectively, with the mouse 
homologue, was cloned in frame with a C-terminal His6-affinity tag into the expression plasmid pET28. The 
expression plasmid was transformed in Escherichia coli BL21 (DE3) (Novagen) and the cells grown in 2YT 
medium supplemented with 50 μg ml-1 kanamycin at 37 °C until an optical density of 1 was reached. Protein 
expression was induced by adding 1 mM isopropyl-β-D- thiogalactoside (IPTG) and continued at 30 °C over 
night. Cells were harvested by centrifugation, resuspended in 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 10 mM 
imidazole (lysis buffer) supplemented with complete protease inhibitor cocktail (Roche) and lysed by 
sonication. Protein purification was carried out by Ni-affinity chromatography (Ni-NTA superflow, Qiagen). The 
protein buffer was exchanged to 50 mM Tris-HCl, pH 8, the protein concentrated to 50 mg ml-1 using 
centrifugal filter devices (Amicon Ultra Centrifugal Filter Device, Millipore), aliquoted and stored at -80 °C until 
further use. 
 
NQO1 and NQO2 enzymatic activity assays 

Inhibition of NQO1 and NQO2 enzymatic activity was determined as previously described, with some 
modifications (2014). Recombinant NQO2 was prepared as described above and recombinant NQO1 was 
from Sigma. Assay buffer (50 mM Hepes-KOH, pH 7.4, with 0.01% Tween20, 0.18 mg ml-1 BSA, and 1 µM 
FAD) with varying concentrations of test compounds was mixed 1:1 with 50 µl enzyme buffer (assay buffer 
with 50 ng of recombinant NQO1 or 20 ng NQO2 per well) and rested for 5 min at room temperature. 
Enzymatic reactions were initiated by adding 50 µl of detection buffer (assay buffer containing 500 µM NADH 
(for NQO1) or 100 µM of 1-benzyl-1,4-dihydronictinamide BNAH (for NQO2) as co-substrates along with 600 



Supplemental Information - Groß et al., K+ Efflux-Independent NLRP3 Inflammasome Activation by Small Molecules Targeting Mitochondria 

	
   16 

µM MTT and 300 µM menadione). Absorbance of the samples was measured after 2 min at 560 nm using a 
plate reader. 

 
Crystallization and structure determination of NQO2 

For co-crystallization human NQO2 in 50 mM Tris-HCl, pH 8, 10 μM flavin adenine dinucleotide, 1 mM 
dithiothreitol were mixed with imiquimod or CL097 (4 mM stock solution in dimethyl sulfoxide) to a final 
concentration of 7.5 mg ml-1 NQO2 and 100 μM of the inhibitor prior to crystallization. Crystals were grown in 
0.1 M Tris-HCl, pH 8.5, 2 M ammonium sulfate, at 20 ºC. Data collection was carried out at the PXI beamline, 
Swiss Light Source (SLS) Villigen Switzerland and ID23-2 beamline, European Synchrotron Radiation Facility 
(ESRF), Grenoble, France. Diffraction data were processed to 1.75 Å (imiquimod) and 1.65 Å (CL097), 
respectively, with XDS (Kabsch, 2010) and belonged to the space group P212121. The resolution cut-offs 
were chosen using the correlation coefficient of random half-data sets (1/2 CC) of about 50% (Diederichs and 
Karplus, 2013; Evans, 2012; Karplus and Diederichs, 2012). For all data sets the same set of FreeR-reflections 
was used. The structures were solved by placing the coordinates of human NQO2 (PDB code 2BZS) in the 
asymmetric crystal unit using rigid-body refinement, followed by restrained refinement in REFMAC5 
(Murshudov et al., 2011). Peaks for imiquimod and CL097 were visible in the corresponding, unbiased 
difference density maps (Figure 4C and S4D, E). Iterative cycles of manual building and refinement were 
carried out in COOT (Emsley et al., 2010) and REFMAC5. Restraints and number of TLS groups were 
optimised using the PDB Redo server (Joosten et al., 2014). For data processing and structure refinement 
statistics see Table S1. Structural superpositions were done with SSM (Krissinel and Henrick, 2004) and 
interactions analysed by LIGPLOT	
   (Wallace et al., 1995). All structural figures were prepared with PyMol 
(Delano Scientific).  
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