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Abstract

The NLRP3 inflammasome responds to microbes and danger signals by processing and activating
proinflammatory cytokines including IL-1p and IL-18. We show that NLRP3 inflammasome
activation is restricted to interphase of the cell cycle by NEK?7, a serine/threonine kinase
previously implicated in mitosis. NLRP3 inflammasome activation requires NEK7, which binds to
the NLRP3 leucine-rich repeat domain in a kinase-independent manner downstream from the
induction of mitochondrial ROS. This interaction is necessary for NLRP3-ASC complex
formation, ASC oligomerization, and caspase-1 activation. NEK7 promotes the NLRP3-dependent
cellular inflammatory response to intraperitoneal monosodium urate challenge, and the
development of experimental autoimmune encephalitis in mice. Our findings suggest NEK7 serves
as a cellular switch that enforces mutual exclusivity between the inflammasome response and cell
division.

Inflammasomes are multiprotein complexes that serve as platforms for the activation of
caspase-1, leading to the processing and secretion of IL-1f and IL-18, and to the induction
of pyroptosis, a form of programmed inflammatory cell deathl. The NLRP3 inflammasome
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is activated in macrophages by a two-step process that involves priming through activation
of NF-xB-activating pathways prior to or simultaneously with exposure to a second NLRP3-
specific trigger such as extracellular ATP, alum, and the pore-forming toxin nigericin. Upon
activation, NLRP3 and the adaptor ASC move from their positions, respectively, at the
endoplasmic reticulum (ER) and mitochondria to form a complex at the perinuclear region,
an event dependent on microtubule polymerization, acetylation of a-tubulin, and dynein-
mediated transport of mitochondria from the periphery2'4. This complex recruits pro-
caspase-1, resulting in caspase-1 activation.

Here, forward genetic analysis of inflammasome activation in C57BL/6J mice revealed that
NEK?7, one of eleven NEK kinases found in vertebrates, is an important component of the
NLRP3 inflammasome in macrophages. NEK7 has also been implicated in mitotic spindle
formation and separation of centrosomes (with NEK6 and NEK9)5'9, in abscission during
cytokinesissv 19, 11, and in the regulation of interphase centrosomes2. Our findings suggest
that NLRP3 inflammasome activation and mitosis cannot occur simultaneously, in part
because the quantity of NEK7 present in macrophages is sufficient for only one or the other.
Thus, NEK7 acts as a switch between mitosis and inflammasome activation competence,
both of which require NEK?7.

Impaired NLRP3 inflammasome activation caused by a Nek7 mutation

To identify regulators of NLRP3-mediated inflammation, we carried out a forward genetic
screen in which macrophages isolated from C57BL/6J mice carrying homozygous and
heterozygous ENU-induced mutations were assayed for IL-1p secretion in response to
priming with lipopolysaccharide (LPS) followed by nigericin stimulation (unless otherwise
indicated, peritoneal macrophages were used throughout the study). We screened 16,816 G3
mice derived from 811 G1 grandsires bearing 49,590 non-synonymous mutations within the
coding regions or splice junctions of 15,927 genes. 16,328 mutations in 9,499 genes were
tested three or more times in the homozygous state; these included one or more putative null
alleles of 924 genes. Among the phenovariants detected, several mice from a single pedigree
displayed diminished IL-1p secretion by macrophages (Fig. 1a). This phenotype was called
Cuties.

To identify the Cuties (Cu) mutation, we sequenced coding exons and flanking splice
junctions in genomic DNA from the G1 grandsire of the Cuties pedigreels. 79 mutations
were found with 97% coverage of target sequences at = 10 reads. Each of the 79 mutation
sites was genotyped in G3 mice of the Cuties pedigree and a mutation in Nek7 showed
strongest linkage with the Cuties phenotype using a semidominant model of transmission
(=10g10[ Pron-linkage] = 4-938) (Fig. 1b). The mutation, a T to A transversion at 138,544,242
bp (GRCm38) on chromosome 1, was predicted to cause a cysteine to premature stop codon
substitution at position 53 of the 302 amino acid NEK7 protein. No NEK7 protein was
detected in Nek7C%/C macrophages, consistent with nonsense-mediated decay of the
transcript (Fig. 1c).
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Nek7/“ mice appeared normal and showed no internal anatomical abnormalities. At birth,
Nek7€¥CU mice were similar in size to their littermates, but by two months of age weighed
on average 30% less than their wild-type or heterozygous siblings. Nek7¢%/“¥ mice had an
abnormal gait and slight paresis of the limbs, and were infertile. Consistent with a previous
reportll, heterozygous mutant crosses (C57BL/6J background) revealed non-Mendelian
transmission ratios of the mutation, with wild-type, heterozygous, and homozygous mice
representing 34.9%, 60.4%, and 4.7% respectively of offspring at birth.

Further analysis demonstrated reduced IL-1p production by LPS-primed Nek7¢¥/Cu
macrophages stimulated with ATP and alum (Fig. 1d). Similar results were obtained using
bone marrow-derived macrophages (BMDM) and bone marrow-derived dendritic cells
(BMDC) (Supplementary Fig. 1a,b). NLRP3-dependent IL-18 production and pyroptosis
were also impaired in LPS-primed Nek7¢“/CY macrophages stimulated with nigericin, ATP,
or alum (Fig. 1ef). The IL-1p and IL-18 responses of Cuties macrophages to E. colior C.
rodentium infection, mediated by non-canonical caspase-11-dependent NLRP3 signalingl4,
were defective (Fig. 1d,e); however, the programmed death response that is NLRP3-
independent but caspase-11-dependent was normal (Fig. 1f). IL-1p and I1L-18 production
and lactate dehydrogenase (LDH) release by unstimulated versus stimulated Nek7¢#/Cu
macrophages were significantly different, indicating that the responses of Nek7c4/Cv
macrophages are severely but not completely impaired. Macrophages from Nek7*/% mice
exhibited intermediate IL-1p and 1L-18 production and pyroptosis relative to Nek7¢%/C and
wild-type cells, confirming semidominant inheritance of the Cuties phenotype (Fig. 1d-f).
Time course analysis of the IL-1p, 1L-18, and pyroptosis responses of Cuties macrophages
supported that they were inhibited rather than delayed following LPS+nigericin or LPS+ATP
stimulation (Supplementary Fig. 1c,d).

The IL-1B, 1L-18, and pyroptosis responses of Cuties macrophages were similar to those of
wild-type macrophages when treated with flagellin or poly(dA:dT), inducers of the NLRC4
and AIM2 inflammasomes, respectively (Fig. 1d-f). In addition, tumor necrosis factor (TNF)
and IL-6 production by Cuties macrophages in response to Toll-like receptor 4 (TLR4),
TLR2/6, or TLR7 stimulation were normal (Supplementary Fig. 1ef). These findings
demonstrate a specific defect in the response of Cuties mice to activators of the NLRP3
inflammasome.

The frequencies of macrophages, neutrophils, and other major lymphocyte populations were
normal in the peripheral blood of Cuties mice (Supplementary Fig. 2a). In addition, colony
forming unit assays showed normal differentiation and proliferation of Nek7¢%/Ct hone
marrow hematopoietic stem cells and myeloid progenitor cells in response to treatment with
macrophage colony-stimulating factor (M-CSF) (Supplementary Fig. 2b). Recruitment of
exudate cells, macrophages, and neutrophils to the peritoneal cavity in response to i.p.
injection with bioactive IL-1j was also normal (Supplementary Fig. 2c). Although RNAI-
mediated NEK7 depletion has been reported to result in apoptosis , we observed a similar
frequency of apoptotic cells among wild-type and Nek 7€/t macrophages before or after
LPS priming (Supplementary Fig. 2d).
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We performed siRNA-mediated knockdown of endogenous NEK?7 in the mouse macrophage
cell line J774A.1 and observed dramatically reduced IL-1 secretion in response to nigericin
or ATP stimulation after LPS priming (Supplementary Fig. 3a). Similarly, in HEK293T
cells reconstituted with functional mouse NLRP3 inflammasomes, siRNA-mediated
knockdown of endogenous NEK7 inhibited IL-1f secretion in response to nigericin or ATP
stimulation (Supplementary Fig. 3b). A null allele of Nek7 generated by CRISPR/Cas9
gene targeting reproduced the Cuties phenotype in homozygous mice (Nek7”")
(Supplementary Fig. 3c). Importantly, in a cultured human monocyte cell line (THP1) and
in primary human monocytes, knockdown of endogenous NEK?7 resulted in reduced IL-1p
secretion in response to LPS priming plus nigericin or ATP stimulation (Supplementary
Fig. 3d,e), whereas LPS-induced IL-6 secretion was unaffected by NEK7 knockdown
(Supplementary Fig. 3f). These findings indicated that NEK?7 is necessary for NLRP3
inflammasome activation in mouse macrophages and human monocytes.

NEK7 promotes cellular inflammatory responses in vivo

In vivo, intraperitoneal injection of monosodium urate crystals (MSU) induces NLRP3-
dependent recruitment of inflammatory cells and IL-1B production in the peritoneal cavity.
When challenged with MSU, Cuties mice showed impaired recruitment of total cells,
neutrophils, and F4/80-positive monocytes/macrophages to the peritoneal cavity (Fig. 2A).
Bone marrow chimeras generated by reconstitution of irradiated wild-type mice with either
wild-type or Nek7~~bone marrow responded similarly to non-chimeric wild-type and

Nek 7¢%/Ct mice, respectively (Fig. 2B). MSU-induced IL-1p secretion detected in the lavage
fluid was also significantly decreased in NVek7~~ chimeras relative to wild-type chimeras
(Fig. 2C). Thus, NEK7 functions in the hematopoietic compartment to promote an NLRP3-
dependent inflammatory response to intraperitoneal challenge with MSU.

We also investigated whether Cuties mice are protected against IL-1p-driven inflammatory
disease using an experimental autoimmune encephalitis (EAE) model™® *®. Recombinant
human myelin oligodendrocyte glycoprotein (rhMOG) immunization of wild-type mice
induced EAE with paralysis and immune cell infiltration of the CNS. Nek7”~ mice
exhibited reduced disease severity relative to wild-type mice (Fig. 2d), as well as reduced
recruitment of lymphocytes (CD4, CD8, TCRy§, CD19" B cells), monocytes/microglia, and
NK cells to the spinal cord (Fig. 2€). Thus, NEK?7 is necessary for the development of EAE.

NEK?7 is required for inflammasome assembly and activation of caspase-1

Mitochondrial reactive oxygen species (ROS) generation, calcium influx, and reduction of
cellular cyclic AMP (cCAMP) have been reported to activate the NLRP3

inflammasome® 17217 though their effect(s) have been disputed™". We found that LPS-
primed wild-type and NVek7¢%/C¥ macrophages induced similar amounts of mitochondrial
ROS after nigericin treatment (Fig. 3a). Calcium influx to the cytoplasm induced by ATP
was also similar between LPS-primed wild type and Nek7¢“/CV macrophages, although
intracellular calcium levels decreased more rapidly in Nek7¢%C¥ macrophages than in wild-
type macrophages over a 30 minute period after ATP administration (Fig. 3b). CAMP, which
may bind directly to NLRP3 to inhibit inflammasome assembly17, was more abundant in
Nek 7¢/Ct macrophages compared to wild-type macrophages after LPS priming plus
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nigericin stimulation, and showed a similar trend toward higher amounts in LPS-primed
Nek 7¢%/Ct macrophages treated with ATP (Fig. 3c). Thus, NLRP3 inflammasome activation
may be partially impaired in NVek7¢%Ct macrophages due to a defective cCAMP response in
which elevated cAMP concentrations inhibit inflammasome assembly.

Upon NLRP3 activation, ASC oligomerizes and forms a complex with NLRP3 at the
perinuclear regionz' 19'21. NLRP3, ASC, pro-caspase-1, and pro-1L-1p expression were
similar in wild-type, Nek7C%/Ct and Nek7*/C“ macrophages primed with LPS (Fig. 4a).
NEK?7 expression was unaffected by LPS priming in wild-type or NLRP3-deficient
macrophages (Fig. 4a). However, when primed with LPS and stimulated with either
nigericin or ATP, reduced association between NLRP3 and ASC (Fig. 4b), as well as a
failure of ASC oligomerization (Fig. 4c) were detected in Nek7¢%/Ct and Nek7*/CV
macrophages compared to wild-type macrophages. Amounts of acetylated a-tubulin, a
regulator of NLRP3-ASC binding4, were similar between wild-type, Nek7¢%/C4, and
Nek7~macrophages (Fig. 4d,e). Mutant macrophages also secreted reduced amounts of
mature IL-1f and active caspase-1 (p10 subunit) relative to wild-type macrophages (Fig. 4a).
These findings indicate that NEK7 is dispensable for the induction of core inflammasome
components, but necessary for subsequent formation of the NLRP3-ASC complex, and
activation of caspase-1.

NEK?7 directly binds NLRP3 to promote inflammasome assembly

In unstimulated cells, NLRP3 homo-oligomerizes to form inactive preassembled complexes,
which undergo conformational changes to form active inflammasome complexes containing
ASC upon stimulationzz. Consistent with this, using the mouse macrophage cell line
RAW264.7 that lacks ASC expressionzg, we found NLRP3 in complexes ranging from
approximately 125 kd to 1000 kd when cells were primed with LPS and extracts subjected to
gel filtration chromatography (Fig. 5a). LPS priming plus nigericin treatment resulted in a
shift of NLRP3 to higher molecular mass fractions; the recruitment of NLRP3 to these
fractions was blocked by siRNA-mediated knockdown of NEK7, suggesting that NLRP3
binds directly to NEK7 to form a complex upon inflammasome stimulation (Fig. 5a).
Indeed, when co-expressed in HEK293T cells, NEK7 could be coimmunoprecipitated with
NLRP3, but not with NLRC4 or AIM2 (Fig. 5b). The NEK7-NLRP3 interaction was
mediated by the intact leucine-rich repeat (LRR) domain of NLRP3 (Fig. 5c,d). Deletions of
the N-terminal 20 or 30 amino acids of NEK7 did not affect binding to NLRP3 (Fig. 5e);
deletions from the central or C-terminal portion of NEK7 abrogated protein expression and
could not be tested. A direct interaction was confirmed via maltose-binding protein (MBP)
pull-down of purified recombinant MBP-NEK7 and NLRP3 (Supplementary Fig. 4a). ASC
could not interact directly with MBP-NEK?7, but was recruited to the NEK7-NLRP3
complex (Supplementary Fig. 4b).

In LPS-primed macrophages, the interaction between endogenous NEK7 and NLRP3 was
significantly enhanced by nigericin or ATP stimulation (Fig. 5f). Moreover, gel filtration
chromatography of extracts from macrophages primed with LPS and treated with nigericin
demonstrated co-elution of NEK7, NLRP3, and ASC and a shift to higher molecular mass
fractions as compared to LPS-stimulated macrophage extracts (Fig. 5g). The NEK7-NLRP3
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interaction was partially dependent on microtubule polymerization (Supplementary Fig.
5a). However, ciliobrevin D, an inhibitor of dynein that prevented NLRP3-ASC complex
formation at the perinuclear region4 had no effect on the NEK7-NLRP3 interaction
(Supplementary Fig. 5a). The NEK7-NLRP3 interaction was also dependent on ROS-
induced phosphorylation of NEK7. Treatment of macrophage lysates with the non-specific
phosphatase calf intestinal alkaline phosphatase (Supplementary Fig. 5b) or the ROS
scavenger A-acetylcysteine (NAC) (Supplementary Fig. 5¢) reduced both NEK7
phosphorylation and the interaction between NEK7 and NLRP3. IL-1p production by
J774A.1 cells in response to ATP stimulation was dose-dependently diminished by NAC
treatment (Supplementary Fig. 5d).

Mutant NLRP3 proteins containing the LRR domain missense mutations G755A and
G755R, associated with neonatal onset multisystem inflammatory disease (NOMID)24'26,
showed increased binding to NEK7 in HEK293T cells (Fig. 5h). Conversely, a hypomorphic
NLRP3 missense mutant (D946G) that failed to support IL-1p secretion by LPS-primed
macrophages treated with nigericin, showed reduced binding to NEK7 (Fig. 5i,j). Together,
these data suggest that inflammasome assembly requires the physical association of

phosphorylated NEK7 with NLRP3.

NEK?7 kinase activity is dispensable for NLRP3 inflammasome activation

We reconstituted functional NLRP3 inflammasomes in HEK293T cells and showed that
overexpression of either wild-type NEK?7 or kinase-inactive NEK7 (K64M)
(Supplementary Fig. 4c)8 enhanced secretion of mature IL-1f into the culture medium
(Fig. 6a). Wild-type NEK7 and NEK7X64M coimmunoprecipitated with similar amounts of
NLRP3 in HEK293T cell lysates (Fig. 6b), and a direct interaction between recombinant
MBP-NEK7K64M and NLRP3 was also observed (Supplementary Fig. 4a). Moreover, both
NEK7 and NEK7X64M promoted recruitment of NLRP3 into high molecular mass protein
complexes without significantly changing total NLRP3 expression (Fig. 6¢). Finally, when
introduced by electroporation into NVek7¢“/€ macrophages both wild-type NEK7 and
NEK7K64M rescued IL-1p secretion in response to LPS priming plus nigericin or ATP (Fig.
6d).

We found that NEK®, a related NEK family member 87% identical to NEK7 in its kinase
domain27, failed to bind NLRP3 (Supplementary Fig. 6a), and was not required for
macrophage production of IL-1f in response to activators of NLRP3, NLRC4, and AIM2
inflammasomes (Supplementary Fig. 6b,c). These results indicate that the kinase activity of
NEK?7 is nonessential for activation of the NLRP3 inflammasome.

NLRP3 inflammasome activation is blocked in mitotic cells

Since NEK?7 is required for both NLRP3 inflammasome activation and mitosis, we
investigated the interaction between NEK7 and NLRP3 during mitosis versus interphase of
the cell cycle. Endogenous NEK7 and NLRP3 coimmunoprecipitated from both mitotic and
interphase J774A.1 cells, with a greater amount of NLRP3 bound to NEK?7 during
interphase than during mitosis (Fig. 7a). LPS priming plus nigericin stimulation of
interphase cells, but not mitotic cells, increased the amount of NLRP3 interacting with
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NEK?7 relative to the amount in unstimulated cells at the corresponding phase of the cell
cycle (Fig. 7a). Moreover, stimulated cells in interphase displayed increased caspase-1
activation relative to cells in mitosis (Fig. 7b). 25% of stimulated interphase cells expressed
activated caspase-1, as compared to only 2% of stimulated mitotic cells (Fig. 7b). Consistent
with these data, J774A.1 cells synchronized by chemical arrest at the G2/M phase border?®
and released to synchronously enter mitosis (Fig. 7c, left panel) exhibited diminished
NLRP3-NEK?7 interaction (Fig. 7c, right panel) and produced less IL-1f in response to LPS
+nigericin treatment than unsynchronized cells (Fig. 7d), which contained approximately
2% mitotic cells (Fig. 7c, left panel). Note that although they do not maximally express the
mitosis marker phosphorylated histone H3, cells with continuous RO-3306 treatment behave
as mitotic cells with respect to NEK7-NLRP3 complex formation and IL-1f production,
presumably because they are held in a state in which all cellular proteins are poised in their
mitosis positions. Similarly, G2/M-synchronized HEK293T cells overexpressing NEK7 and
NLRP3 exhibited diminished NLRP3-NEK?7 interaction upon release to mitosis, which
recovered when cells later entered the G1 phase (Supplementary Fig. 7a).

Together, these data indicate that a higher basal quantity of the NEK7-NLRP3 complex
exists in interphase cells than in mitotic cells, and that inflammasome stimulation increases
the amount of NLRP3 bound to NEK7 and the amount of activated caspase-1 specifically in
interphase cells, resulting in greater IL-15 production from interphase than from mitotic
cells. We also found that overexpression of NEK7 in J774A.1 cells enhanced NEK7-NLRP3
binding in mitotic cells stimulated with LPS+nigericin compared to mitotic cells without
NEK7 overexpression (Fig. 7a, compare lanes 6 and 10). In addition, IL-1p production by
mitotic J774A.1 cells was enhanced by overexpression of NEK7 or NEK7X64M (Fig. 7e).
Our findings suggest that a limiting amount of cellular NEK7 may be available for either
mitosis or inflammasome activation, but not both simultaneously.

We tested whether component(s) of mitotic cell extracts activate the NLRP3 inflammasome
in a NEK7-dependent manner. We found that I1L-1p production induced by mitotic cell
extracts was similar between LPS-primed Nek7~ and wild-type macrophages and
dependent on the AIM2 inflammasome (Supplementary Fig. 7b and data not shown). Thus,
the function of NEK?7 in inhibiting simultaneous mitosis and inflammasome activation is not
likely to be the prevention of aberrant inflammasome activation induced by nuclear
activators exposed during breakdown of the nuclear membrane in mitosis.

Discussion

A member of the NIMA-related serine/threonine kinase family, NEK7 has been implicated
in mitotic progression downstream of NEK9 (refs. 5'9). Depletion of NEK7 by RNAI arrests
cells in mitosis and induces apoptosis; these defects stem from impaired mitotic spindle
formation that may be secondary to deficiencies in microtubule organizatioan 8,10 |1
allowed to progress past the spindle assembly checkpoint, NEK7-depleted cells then arrest
in cytokinesiss' 10, 1 Mouse embryo fibroblasts derived from homozygous NEK7 null
embryos displayed aneuploidy, polyploidy, and increased frequencies of binuclear cells,
confirming the role of NEK7 in mitosis and cytokinesisll. Our findings that only 18.8% of

the expected number of Nek7C%/CU offspring were born from heterozygous crosses, and
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these mice displayed infertility, abnormal gait, and slight paralysis of the limbs, support an
important but redundant role for NEK7 in mitosis. Here, we established that NEK7, by
direct interaction with NLRP3, is also an important component of the NLRP3
inflammasome, contributing to its assembly in macrophages in response to priming with
LPS and stimulation with nigericin, ATP, or alum. The observation that binding of NEK7 to
NLRP3 requires ROS, a mediator for multiple activators of NLRP329, supports a broad role
for NEK7 in NLRP3 inflammasome activation.

Our findings strongly suggest that NEK7 serves non-redundant functions in NLRP3
inflammasome activation and mitosis that cannot occur simultaneously. In support of this
hypothesis, caspase-1 activation and IL-1f production induced by LPS+nigericin were
robust during interphase but greatly reduced during mitosis, and NEK7 overexpression
partially rescued IL-1B production by mitotic cells. This latter point, and the fact that LPS
+nigericin stimulation failed to increase endogenous NEK7-NLRP3 interaction in mitotic
cells, suggest that cellular NEK7 amounts are limiting in the choice between mitosis and
inflammasome activation. The cellular significance of precluding NLRP3 inflammasome
activation during mitosis is unknown. We hypothesized that this regulation may prevent
aberrant activation of the NLRP3 inflammasome by putative nuclear activators exposed to
the cytosol upon breakdown of the nuclear envelope during mitosis. However, mitotic cell
extracts induced similar IL-1p production by LPS-primed Nek7~ and wild-type
macrophages, which was dependent on the AIM2 inflammasome, suggesting that NLRP3 is
not activated by nuclear components exposed during mitosis.

During mitosis, the nuclear membrane dismantles, vesicle trafficking halts, Golgi and ER
membranes reorganize, actin and microtubule cytoskeletons dramatically restructure,
chromosomes condense, and transcription and translation slow or stopso. These cellular
changes may prohibit an NLRP3-dependent inflammatory response, which requires
microtubule polymerizati0n4, localization of NLRP3 and ASC at the perinuclear region21 3,
secretion of IL-1p and IL-18 (ref. 31), and the induction of IL-1B- and IL-18-dependent
transcriptional programs. IL-1p is known to induce the production of H,0, and oxygen
radicals capable of damaging DNA%. 33, which is not readily repaired during mitosis>". The
phagocytic response also involves the generation of abundant ROS during the respiratory
burst. Thus, NEK7 dependence may have evolved as one of several proximal switches to
avoid a futile or potentially damaging inflammatory response during cell division. In
principle, if NEK7 is a switch between mitosis and the NLRP3 inflammasome response, the
converse situation in which mitosis cannot be initiated in cells with activated NLRP3
inflammasomes should be true, possibly for similar reasons, but this has not been formally
tested.

NEK?7 binds directly to NLRP3, an interaction dependent on the LRR domain of NLRP3 and
required for inflammasome assembly. Notably, several mutations within the LRR domain of
NLRP3 have been linked with the autoinflammatory disease NOMID?+?® our findings
suggest that the aberrant activation of NLRP3 inflammasomes in myeloid cells of patients
with such mutations may stem from an increased association between NLRP3 and NEK?7.
Targeting this interaction may represent an alternative to neutralizing IL-1f for the treatment
of NLRP3-mediated autoinflammatory diseases.

Nat Immunol. Author manuscript; available in PMC 2016 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shietal.

Page 9

Online Methods

Mice

Eight- to ten-week old male and female mice (Mus musculus) on a pure C57BL/6J
background were used in experiments. Male C57BL/6J mice purchased from The Jackson
Laboratory were mutagenized with ENU as described™. Mutagenized GO males were bred
to C57BL/6J females, and the resulting G1 males were crossed to C57BL/6J females to
produce G2 mice. G2 females were backcrossed to their G1 sires to yield G3 mice, which
were screened for phenotype. Whole exome sequencing and mapping were performed as
described™>, Nek7Cuties, Nirp3P946G (Nirp3Pak3) and Nek6 mutant strains were generated
by ENU mutagenesis and are described at http://mutagenetix.utsouthwestern.edu.

All experimental procedures using mice were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Texas Southwestern Medical Center, and were
conducted in accordance with institutionally approved protocols and guidelines for animal
care and use. All mice were maintained at the University of Texas Southwestern Medical
Center in accordance with institutionally approved protocols. Animals were to be excluded
from analysis only if they displayed obvious illness or death; these conditions were not
observed and no animals were excluded. No randomization of the allocation of samples or
animals to experimental groups was performed.

Bone marrow chimeras

Recipient wild-type (CD45.1) mice were lethally irradiated with 950 rads using a 137Cs
source and injected intravenously 2-3 h later with 5 x 108 bone marrow cells derived from
the tibia and femurs of the respective donors (CD45.2). Seven weeks after engrafting, the
chimeras were assessed by /in vivo MSU challenge.

Generation of Nek7~/~ mice using CRISPR/Cas9 targeting

Female C57BL/6J mice were superovulated by injection with 6.5 U pregnant mare serum
gonadotropin (PMSG; Millipore), then 6.5 U human chorionic gonadotropin (hCG; Sigma-
Aldrich) 48 h later. The superovulated mice were subsequently mated with C57BL/6J male
mice overnight. The following day, fertilized eggs were collected from the oviducts and in
vitro transcribed Cas9 mRNA (50 ng/ul) and Nek7 small base-pairing guide RNA (50 ng/pl;
5'-CTGCTTAATTAAATTACCTG-3’) were injected into the cytoplasm or pronucleus of the
embryos. The injected embryos were cultured in M16 medium (Sigma-Aldrich) at 37°C and
95% air/5% CO,. For the production of mutant mice, 2-cell stage embryos were transferred
into the ampulla of the oviduct (10-20 embryos per oviduct) of pseudopregnant Hsd:ICR
(CD-1) (Harlan Laboratories) females. Chimeric mutant mice were first crossed with
C57BL/6J mice and their offspring were intercrossed to generate the Nek7”~ mice. Nek7/~
mice have 4 bp net deletion in AMek7exon 2 (5 bp deletion [italic] and 1 bp insertion
[underlined]: “ttccagc a cacag gtaatttaatta’). The ek 7~ mice were genotyped by capillary
sequencing using 5’-CCGGAGAAGTGGAAATGGTGT-3’ and 5’-
CCAGACTATCAGTAACCCTCAAAGCC-3’ as PCR primers, and 5’-
TTATGTGAACTAAACAGAGCTTGG-3’ as the sequencing primer.
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Ultra-pure LPS, MALP-2 and R848 were obtained from Enzo Life Sciences; for stimulation
of human monocytes, LPS (0111:B4) was from List Biologicals. Recombinant murine IL-1/
(rIL-1B) was from R&D Systems. The inflammasome agonists Alum, MSU and
poly(dA:dT) were from InvivoGen; nigericin was from Sigma-Aldrich; ATP was from GE
Healthcare; and flagellin was from AdipoGen. RO-3306, A-acetylcysteine, colchicine,
nocodazole, and cytochalasin D were from Sigma-Aldrich. Ciliobrevin D was from Xcess
Biosciences. cDNAs encoding NEK7, pro-IL-1p, NLRP3 (human and mouse), ASC, pro-
caspase-1 and AIM2 (GE Healthcare) were amplified using standard PCR techniques and
subsequently inserted into mammalian expression vectors. All point mutations were
introduced using QuickChange Il XL site-directed mutagenesis kit (Agilent Technologies).
All constructs were confirmed by sequencing. Recombinant NLRP3 and ASC protein were
obtained from Abnova. Recombinant MBP-tagged NEK7 and NEK7K64M were expressed
and purified from Escherichia coli. The following antibodies were used: mouse IL-15 (R&D
Systems, AF-401-NA); NLRP3 (cryo-2) and ASC (AL177) (AdipoGen); HA (F7), mouse
caspase-1 p10 (sc-514), and NEK7 (N-20) (Santa Cruz Biotechnology); NEK7 (EPR4900)
(GeneTex); NEK6 (EPR5283) (Abcam); Flag (M2), B-actin (A2228) and a-tubulin (T6199)
(Sigma-Aldrich); GAPDH (Cell Signaling Technology, 8884); CD45.2 (109835), CD11b
(101237), and histone H3-phosphorylated (Ser28) (641006) (BioLegend); CD16/32
(553142), Ly6G (560602), CD3 (553062), CD4 (563727), CD8a. (553035), B220 (557957),
NK1.1 (564143) and F4/80 (565410) (BD Biosciences).

None of the cell lines used (J774A.1, THP1, RAW264.7, HEK293T) are listed in the
database of commonly misidentified cell lines maintained by ICLAC and NCBI Biosample.

Flow cytometry

Blood was collected in Minicollect Tubes (Mercedes Medical), centrifuged at 700g to
separate serum, and red blood cells remaining in the serum lysed (eBioscience) before
immune cell staining and flow cytometric analysis. Cells were incubated with mAb to
CD16/CD32 and labeled for 1 h at 4°C using fluorochrome-conjugated mAb against mouse
CD3, CD4, CD8a, B220, NK1.1, F4/80, CD11b. Data were acquired using an LSRFortessa
Cell Analyzer (BD Biosciences).

Isolation and culture of peritoneal macrophages, BMDM, BMDC

Thioglycollate-elicited macrophages were recovered 4 days after i.p. injection of 2 ml BBL
thioglycollate medium, brewer modified (4%; BD Biosciences) by peritoneal lavage with 5
ml phosphate buffered saline (PBS). The peritoneal macrophages were cultured in DMEM
cell culture medium (DMEM containing 10% FBS (Gemini Bio Products), 1% penicillin and
streptomycin (Life Technologies) at 37°C and 95% air/5% CO,. For electroporation, 2x10°
macrophages were electroporated with GFP mRNA only (2 pg), GFP mRNA (0.5 pg) +
Nek7 mRNA (2 ug), or GFP mRNA (0.5 pg) + Nek7K64M mRNA (2 pg). Cell Line
Nucleofector Kit V (Lonza) and program Y-001 were applied. Murine BMDMs were
collected by flushing bone marrow cells from femurs and tibiae of mice. These cells were
cultured for 7 days in DMEM cell culture medium containing 10% conditioned medium
from L929 cells. For BMDCs, bone morrow cells were cultured in Petri dishes in 10 ml
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DMEM cell culture medium containing 10 ng/ml of murine GM-CSF (R&D Systems). On
day 3 of culture, this was replaced with fresh GM-CSF medium. Loosely adherent cells were
transferred to a fresh Petri dish and cultured for an additional 4 days.

Measurement of cytokine production

Cells were seeded onto 96-well plates at 1x10° cells per well and stimulated as follows: LPS
(10 ng/ml, 4 h); MALP-2 (400 pg/ml, 4 h); R848 (20 ng/ml, 4 h); nigericin (10 pg/ml, 1 h);
ATP (5 mM, 1 h); alum (400 ug/ml, 8 h), Escherichia coli, (ATCC 11775, 16 h) and
Citrobacter rodentium (ATCC 51459, 16 h). Poly(dA:dT) (4 ug/ml, 8 h) and flagellin (500
ng/ml, 2 h) were complexed with Lipofectamine 2000 (Life Technologies) and transfected
according to the manufacturer's instructions.

HEK?293T cells were washed with cold PBS and lysed in Homogenization buffer (10 mM
Tris-HCI pH 7.5, 2 mM MgCly,, 250 mM sucrose) by 20 strokes in a Dounce homogenizer.
The homogenate was centrifuged at 5,000¢g for 10 min, and the supernatant was used as
cytosol extract. Mitotic cell extract was prepared from HEK293T cells treated overnight
with RO-3306 in the culture medium followed by 1 h release in fresh medium. The cells
were washed with cold PBS and lysed in Homogenization buffer with gentle sonication.
Following priming with LPS, 1.5 ug extract was transfected per 10° cells using
Lipofectamine 2000 for 14 h.

Primary human monocytes were stimulated with LPS (1 ng/ml, 4 h) and nigericin (10 pg/ml,
1 h). Cytokine concentrations in the supernatants were measured using enzyme-linked
immunosorbent assay (ELISA) kits for human IL-18, IL-6, mouse IL-1f, IL-18, IL-6, and
TNF (eBioscience).

Lactate dehydrogenase assay

The release of lactate dehydrogenase (LDH) into the culture medium was determined by
Pierce LDH cytotoxicity assay kit according to the manufacturer's instructions.

Measurement of mitochondrial ROS

Peritoneal macrophages were stained with MitoSOX for 30 min in accordance with the
manufacturer's instructions (Life Technologies). The cells were suspended in 1% Fetal
Bovine Serum (FBS) in PBS and then analyzed by flow cytometry using an LSRFortessa
Cell Analyzer.

Measurement of intracellular cAMP

1x10°% peritoneal macrophages were treated as indicated. The cells were resuspended in cold
0.1 N HCI/Cell Lysis Buffer (provided by the kit). The cAMP in the cell lysates was assayed
using the Mouse/Rat cCAMP Parameter Assay Kit (R&D Systems) following the
manufacturer's instructions.

Calcium measurement

Peritoneal macrophages were plated on 4-chambered coverglass dishes (Fisher Scientific) at
a density of 4x10* cells per well and incubated with fluo-4/AM (Life Technologies). Images
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of untreated cells were acquired (t = 0), then cells were treated with 5 mM ATP in DMEM
cell culture medium and imaged every 15 sec for 30 min. Images were acquired using an
Andor Confocal Spinning Disk microscope using the 488-nm laser and emission in the range
of 500-560 nm. Images were analyzed using ImageJ 1.47v software. Absolute intensity for
all cells in a field at different time points was obtained and normalized to time O to obtain
the fold increase in intensity. Data are displayed as the mean fluorescence intensity of all
cells in a field (about 20 cells per field) relative to time 0 and are representative of four
independent fields.

ASC oligomerization assay

Peritoneal macrophages were lysed with TBS buffer (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl) containing 0.5% Triton X-100, EDTA-free protease inhibitor cocktail and
phosphatase inhibitor cocktail (Roche). The lysates were centrifuged at 6,000g at 4°C for 15
min, and the pellets and supernatants were used as the Triton-insoluble and Triton-soluble
fractions, respectively. For the detection of ASC oligomerization, the Triton-insoluble pellets
were washed twice with TBS buffer and then resuspended in 300 pul TBS buffer. The
resuspended pellets were crosslinked for 30 min at 37°C with 2 mM disuccinimidyl suberate
(DSS) (Pierce) and then centrifuged for 15 min at 6,000g. The pellets were dissolved in SDS
sample buffer.

siRNA-mediated interference

J774A.1 or THP1 cells (ATCC) in 12-well cell culture plates were transfected with 40 pM
small interfering RNA using Lipofectamine RNAIMAX (Life Technologies). After
incubation for 48 h, the cells were washed and used in experiments. The mouse and human
NEK7 siRNA (SMART pool) and the non-targeting siRNA were from Dharmacon (GE
Healthcare).

Isolation and culture of human monocytes and shRNA-mediated interference

shRNA lentiviruses for human NEK7 (sequence 1: ACATTAGCCAACTTTCGAA;
sequence 2: GGAACACATGCATTCTCGA, sequence 3: GAGGCTAATTCCTGAAAGA)
and non-targeting control were obtained from Dharmacon (GE Healthcare). Monocytes were
isolated from heparinized blood of normal human donors by Ficoll Paque centrifugation
followed by negative isolation using Miltenyi Pan Monocyte Isolation reagents. The cells
were plated at a density of 1x10° cells per square cm in 24-well plates in IMDM containing
10% heated FBS (Hyclone Defined) and 30 ng/ml GM-CSF (R&D Systems). After 7 days in
culture, the cells were infected at a multiplicity of infection of 5 particles per cell. Two days
later, the efficiency of infection was estimated by assessing red fluorescent protein (RFP)-
positive cells. In some cases, RFP-expressing cells were selected using puromycin (4 ug/ml)
for 7 days or sorted for RFP-positive cells using flow cytometry. RFP-enriched populations
of infected cells (>90% RFP positive) were stimulated with LPS (1 ng/ml, 4 h) and then
treated with nigericin (10 pg/ml, 1 h). Cell culture medium (sup) was harvested for ELISA
to measure IL-15 and IL-6 (BioLegend). In addition, cells were collected and NEK7gene
expression was measured using MagMax Total RNA Isolation (Ambion) followed by reverse
transcription (RT)-PCR using SuperScript VILO Master Mix (Invitrogen) and TagMan
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assays and gene expression master mix (Applied Biosystems) (not shown). Expression of
NEK?7 protein was estimated by immunoblot.

Reconstruction of the inflammasome system in HEK293T cells

HEK?293T cells were plated in 24-well microplates at a density of 2x10° cells per well and
incubated overnight. The cells were transfected with plasmids expressing mouse pro-1L-1p-
Flag (200 ng/well) and mouse inflammasome components ASC (20 ng/well), pro-caspase-1
(100 ng/well) and NLRP3 (200 ng/well) using Lipofectamine 2000. These modified cells
were then co-transfected with plasmids encoding mouse NEK7 or specific siRNA to
knockdown the endogenous NEK7. The total amount of DNA was adjusted to a
concentration of 1 ug per well with empty vector. The cells were washed with culture
medium 36 h after transfection and were further incubated for 12 h. Cell culture medium
was collected and analyzed for IL-1p maturation by immunoblot analysis.

Immunoprecipitation

24 h after transient transfections, HEK293T cells were lysed in cold NP-40 lysis buffer (1%
NP-40, 50 mM Tris-HCI at pH 7.4, 150 mM NacCl) supplemented with Roche Complete
Protease Inhibitor. Flag-tagged proteins were immunoprecipitated with Anti-FLAG M2
Magnetic Beads (Sigma-Aldrich). For the endogenous interaction assay, macrophages or
J774A.1 cells were lysed with NP-40 lysis buffer with Complete Protease Inhibitor. The cell
lysates were incubated with the indicated antibodies and Protein G Mag Sepharose (GE
Healthcare) overnight at 4°C. For the NLRP3-ASC interaction assay, macrophages or
J774A.1 cells were lysed with NP-40 lysis buffer and gentle sonication.

Gel filtration chromatography

Fresh lysates from mouse macrophages were prepared using NP-40 lysis buffer and gentle
sonication. Soluble lysate (0.6 mg of total protein) was run on a gel filtration
chromatography column (Superdex 200 Increase 10/300 GL, GE Healthcare) in NP-40 lysis
buffer with 1mM dithiothreitol (DTT). 1 ml fractions were collected and 1.5% of each
fraction subjected to immunoblot analysis.

In vitro kinase assay

The kinase assay was performed with 10 ug recombinant MBP-NEK or MBP-NEK7K64M
and 15 pg B-casein (Sigma-Aldrich) as a substrate using the Universal Kinase Activity Kit
(R&D Systems) according to the manufacturer's instructions. MBP-NEK and MBP-
NEK7K64M were expressed in £.coliand purified with amylose beads.

Bone marrow progenitor colony forming unit assay

Bone marrow cells were collected from tibiae and femurs and treated with red blood cell
lysis buffer (Sigma-Aldrich). 10° cells and 50 ng/ml mouse M-CSF (eBioscience) were
added to Mouse Methylcellulose Base Media (R&D Systems) according to the
manufacturer's instructions. Individual colonies were counted 8 days later.
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Apoptosis analysis
Peritoneal macrophages were plated in 96-well clear flat bottom ultra-low attachment

microplates (Corning). The cells were treated as indicated and then stained with Annexin V
and 7-AAD (BD Biosciences) following the manufacturer's instructions.

In vivo MSU and IL-1B challenge

Mice were challenged by i.p. injection with MSU (1 mg) or one dose of active recombinant
murine IL-1p in sterile PBS (50 ng/100 ul). After 6 h, the mice were euthanized and
peritoneal cavities were lavaged with 5 ml PBS. PECs were collected and analyzed by flow
cytometry using an LSRFortessa Cell Analyzer. For IL-1p ELISA analysis, the peritoneal
fluid was concentrated using Amicon Ultra 10K filtration units (Millipore) and then
processed.

Induction of EAE and flow cytometric analysis of leukocyte infiltration in CNS

rhMOG (1-125aa) was generated as previously described®. EAE was induced by
subcutaneous immunization at four sites on the back with 100 ug of rhMOG emulsified in
complete Freund's adjuvant (Difco) containing 5 mg/ml of mycobacteria (BD Biosciences).
On days 0 and 2, mice were injected i.p. with 300 ng pertussis toxin (List Biological
Laboratories). Clinical disease was assessed as follows: 0, no disease; 1, loss of tail tone; 2,
weakness of hind limbs; 3, partial hind limb paralysis; 4, total hind limb paralysis with or
without front limb paralysis; 5, moribund or death.

On day 21 after rhMOG immunization, mice were euthanized and perfused via the left
ventricle with cold PBS supplemented with 10 U/ml heparin (Fisher Scientific). Spinal cords
were harvested from the perfused animals. Tissues were pressed through a 70 pm cell
strainer into RPMI 1640 (Corning). Spinal cord cells were pelleted by centrifugation at 390g
for 10 min at 4°C. Cell pellets were resuspended in 30% Percoll (GE Healthcare) and
centrifuged at 390g for 20 min at room temperature with brake off. The cell pellets were
collected, washed with RPMI 1640, and counted. For staining with the 10-color survey
panel, the following anti-mouse monoclonal antibodies were used: CD3¢ (145-2C11), TCRp
(H57-597), CD4 (RM4-5), B220 (RA3-6B2), CD19 (1D3), CD11b (ICRF44), Grl
(RB6-8C5), NK1.1 (PK136) (eBioscience or BD Biosciences); CD45 (clone 30-F11,
BioLegend). The cell viability dye (Tonbo Biosciences) was used to differentiate viable cells
from dead cells.

Infection and treatments of J774A.1 cells

J774A.1 cells were infected with retroviruses encoding mouse NEK7, NEK7K64M and
empty vector (pMXs-IRES-Puro, Cell Biolabs). 48 h after the infection, the cells were
selected and cultured with 2 pg/ml puromycin (InvivoGen).

LPS-primed J774A.1 cells were treated with colchicine (10 pM), nocodazole (10 uM),
cytochalasin D (5 puM) or ciliobrevin D (10 uM) for 2 h, followed by nigericin stimulation
for 1 h. LPS-primed J774A.1 cells were treated with ATP and NAC for 1 h. For calf
intestinal alkaline phosphatase (CIP) treatment, 100 mg cell lysate was incubated with 50
units of CIP (New England Biolabs) at 37°C for 1 h. Immunoprecipitation was performed as
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described above. For CIP treatment, the immunoprecipitated complex was further incubated
with 50 units of CIP for 1 h at 37°C in a 50 ul reaction. Immunoprecipitates were separated
by standard SDS-PAGE, or by Phos-tag SDS-PAGE (Wako Chemicals) to separate
phosphorylated proteins according to their degree of phosphorylation.

Intracellular activated caspase-1 staining

To measure intracellular activated caspase-1, a fluorescent labeled inhibitor of caspases
(FLICA) probe specific for active caspase-1 (ImmunoChemistry Technologies) was used.
The probe is cell-permeable and covalently binds to the active form of caspase-1, which is
retained within the cell while unbound probe diffuses out of the cell and is washed away.
After LPS priming, the FAM-FLICA-caspase-1 probe was added directly to the cell culture
medium together with nigericin, incubated for 1 h at 37°C, and washed twice with the
supplied wash buffer. Cells were fixed and stained to label mitotic cells before analysis by
flow cytometry using an LSRFortessa Cell Analyzer.

Mitotic cell staining and sorting

Where indicated, cells were treated for at least 20 h with RO-3306 (10 uM) in the culture
medium to synchronize cells at the G2/M phase border, and then released from the
RO-3306-imposed cell cycle block for different time periods by replacing with fresh culture
medium.

Cells were collected and fixed in Fixation/Permeabilization solution (BD Biosciences) for
20 min at 4°C, followed by staining with Alexa Fluor 647-conjugated phosphorylated
(Ser28) histone H3 antibody (BioLegend) in 50 pl of BD Perm/Wash buffer (BD
Biosciences). Cells were analyzed by flow cytometry or sorted before immunoprecipitation
and immunoblot analysis.

Statistical analysis

Comparisons of differences were between two unpaired experimental groups in all cases. An
unpaired t-test (Student's t test) is appropriate and was used for such comparisons. The
phenotypic performance of mice (C57BL/6J) and primary cells of these mice is expected to
follow a normal distribution, as has been observed in large datasets from numerous
phenotypic screens conducted by our group. Variation within each dataset obtained by
measurements from mice or primary cells was assumed to be similar between genotypes
since all strains were generated and maintained on the same pure inbred background
(C57BL/6J); experimental assessment of variance was not performed.

Data represent means + s.d. in all graphs depicting error bars unless indicated. The statistical
significance of differences between experimental groups was determined using GraphPad
Prism 6 and the Student's ¢test (unpaired, two-tailed). A<0.05 was considered statistically
significant. No pre-specified effect size was assumed, and in general three animals or
replicates for each genotype or condition were used in experiments; this sample size was
sufficient to demonstrate statistically significant differences in comparisons between two
unpaired experimental groups by unpaired t-test. The investigator was not blinded to
genotypes or group allocations during any experiment.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Impaired NLRP3 inflammasome activation in macrophages from Cuties mice. (a) ELISA

analysis of IL-1p secretion by peritoneal macrophages from mice of the Cuties pedigree.
Macrophages were primed with LPS and treated with nigericin. Data points represent
individual mice; REF, Nek7*/*; HET, Nek7*/C%; VAR, Nek7¢%/Ct. (b) Manhattan plot
showing linkage of a mutation in Aek7 with the Cutfes phenotype using a semidominant
transmission model (P= 1.153 x 107°). The —logyg P values are plotted versus the
chromosomal positions of 79 mutations identified in the G1 founder of the pedigree.
Horizontal red and purple lines represent thresholds of 2= 0.05 with or without Bonferroni
correction, respectively. (c) Immunoblot showing NEK7 expression in Cuties peritoneal
macrophages. ELISA analysis of (d) IL-1f and (€) IL-18 secreted by peritoneal
macrophages primed with LPS and treated with the indicated inflammasome stimuli. (f)
Peritoneal macrophages were primed with LPS and treated with the indicated inflammasome
stimuli. Pyroptosis, as measured by lactate dehydrogenase (LDH) released into the culture
medium, is calculated relative to the total LDH activity in lysates of unstimulated cells. In d-
f, n=5 Nek7*’*, 5 Nek7*/C!, 4 Nek7¢¥/Cu. 4 Nirp3~~ mice. * £<0.05; ** F<0.01; ***
FP<0.001; **** P<0.0001 (unpaired, two-tailed Student's t test). Results in d-f are
representative of two independent experiments.
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Figure2.
NEK7 promotes an inflammatory response /in vivo. (a,b) Flow cytometric analysis of the

number of peritoneal exudate cells (PECs), neutrophils (Ly6G* F4/807), and monocytes/
macrophages (F4/80%) in the peritoneum of (a) Cuties mutant mice or (b) bone marrow
chimeric mice 6 h after intraperitoneal injection of MSU. For bone marrow chimeras, donor
genotypes are indicated; recipients were NVek7**. Data points represent individual mice; the
mean is indicated. (c) ELISA analysis of IL-1f in the lavage fluid of chimeric mice 6 h after
MSU injection (/7= 4 mice per genotype or chimera type). For bone marrow chimeras, donor
genotypes are indicated; recipients were Nek7*/*. (d) Mean clinical score of mice
immunized with rhMOG on day 0. Pvalues indicate significance of differences relative to
WT. (e) Flow cytometric analysis of the number of the indicated immune cell types in the
spinal cords of mice 21 days after immunization with rhMOG (/7= 4 mice per genotype).
Cell subsets were gated as: NK (NK1.1*CD3e-), monocytes/microglia (CD11b*Gr17),
neutrophils (CD11b*Gr1*), lymphocytes (CD45MCD11b7). * £<0.05; ** P<0.01; ***
F<0.001; **** P<0.0001 (unpaired, two-tailed Student's t test). Results in a-c are
representative of two independent experiments. Results in d and e are representative of one
experiment.
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Figure 3.
ROS, Ca2* influx, and CAMP in Cuties macrophages in response to NLRP3 inflammasome

stimuli. (a) Mitochondrial ROS. Flow cytometric analysis of MitoSOX staining in wild-type
peritoneal macrophages primed with LPS (Mock), or macrophages of the indicated
genotypes primed with LPS and treated with nigericin. (b) Calcium influx. Peritoneal
macrophages were stained with calcium indicator fluo-4/AM. Images of untreated cells were
acquired (t=0), then ATP was added to the culture medium and cells were imaged at 15 sec
intervals for 30 min. The fold increase in fluorescence intensity of all cells in a field relative
to time O is shown. (c) Intracellular cAMP in peritoneal macrophages primed with LPS and
treated with nigericin or ATP. ** £<0.01 (unpaired, two-tailed Student's t test). For a-c, =3
mice per genotype. Results are representative of two independent experiments.
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Figure 4.
NEK?7 is necessary for NLRP3-ASC complex formation and ASC oligomerization. (a-c)

Peritoneal macrophages were primed with LPS and stimulated with nigericin or ATP.
Genotypes are for Nek7except for lanes marked NV/rp37~. (a) Immunoblots showing
expression of the indicated proteins in cell lysates (Lys) and culture supernatants (Sup).
Secreted mature IL-18 p17 and active caspase-1 (p10 subunit) were measured in
supernatants. (b) NLRP3-ASC association analyzed by immunoprecipitation and
immunoblot. (c) Cell lysates were solubilized with Triton X-100-containing buffer. Insoluble
() fractions were cross-linked with disuccinimidyl suberate (DSS) to capture ASC
oligomers (I+DSS). The soluble (S) and I+DSS fractions were analyzed by immunoblotting
with ASC antibodies. (d,e) Immunoblots showing acetylated a-tubulin and total a-tubulin in
peritoneal macrophage lysates from (d) Cuties mice or (€) Nek7”~ mice. Results are
representative of two independent experiments.
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Figure5.
NEK?7 directly interacts with the LRR domain of NLRP3 to promote inflammasome

assembly. (a) RAW264.7 cells were transfected with non-targeting control siRNA (N.C.) or
Nek7siRNA (siNek7) and then primed with LPS and stimulated with nigericin. Immunoblot
analysis of cell lysates subjected to gel filtration chromatography. (b-€) HEK293T cells were
transfected as indicated. The interaction between HA-NEK?7 and Flag-NLRP3 proteins was
analyzed by immunoprecipitation and immunoblot. (d) Full length NLRP3 or LRR domain
mutants lacking the indicated residues were tested. (€) Full length NEK7 or mutants lacking
the indicated residues were tested. (f,g) Peritoneal macrophages were primed with LPS and
stimulated with nigericin or ATP. (f) Endogenous NEK7-NLRP3 association in wild-type
macrophages analyzed by immunoprecipitation and immunoblot. (g) Immunoblot analysis
of wild-type macrophage lysates subjected to gel filtration chromatography. (h) HEK293T
cells were transfected as indicated. Lysates were analyzed as in b. (i) ELISA analysis of
IL-1B secretion by wild type or homozygous NV/rp3P946G mutant peritoneal macrophages
primed with LPS and stimulated with nigericin. Data points represent individual mice. *
F<0.05 (unpaired, two-tailed Student's t test). (j) HEK293T cells were transfected as
indicated. Lysates were analyzed as in b. Results are representative of two independent
experiments.
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Figure 6.
NEK?7 kinase activity is nonessential for NLRP3 inflammasome activation. (a-c) HEK293T

cells were transfected as indicated. (a) Immunoblots showing pro-1L-18-Flag and HA-NEK?7
expression in cell lysates (Lys) and culture supernatants (Sup). IL-1p maturation was
assessed by p17-Flag immunoblot of the supernatant. (b) The interaction between NEK7 or
NEK7K64M and NLRP3 was analyzed by immunoprecipitation and immunoblot. (c) Flag
immunoblot of cell lysates subjected to native PAGE to detect NLRP3 in high molecular
weight complexes, or SDS-PAGE to detect total NLRP3. (d) Wild type or Nek7¢4/Cu
peritoneal macrophages were electroporated with mRNA encoding GFP, GFP + NEK7, or
GFP + NEK7K®4M_GFp-positive cells were sorted, primed with LPS, and stimulated with
nigericin or ATP. Secreted IL-153 was measured by ELISA. n= 3 mice per genotype. (Inset)
NEK?7 expression was assessed by immunoblot. * A<0.05; ** £<0.01; **** £<0.0001
(unpaired, two-tailed Student's t test). Results are representative of two independent
experiments.
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Figure7.
NLRP3 inflammasome activation is blocked during mitosis. (a) NEK7-NLRP3 association

in LPS-primed J774A.1 mitotic or interphase cells, with or without HA-NEK7
overexpression, analyzed by immunoprecipitation and immunoblot. (b) J774A.1 cells were
primed with LPS and stimulated with nigericin together with fluorescent FAM-FLICA-
caspase-1 probe specific for activated caspase-1. Flow cytometric analysis of cells
containing activated caspase-1 (left); their frequency among mitotic and interphase cells is
graphed (right). (c-e) J774A.1 cells were arrested at the G2/M phase border by incubation
with RO-3306, then released from arrest for different time periods before analysis. (c) Cells
were treated with RO-3306 for 20 h, with LPS added during the last 4 h. Release was in
fresh media without RO-3306 and LPS for the indicated times. Flow cytometric analysis of
phosphorylated histone H3-positive mitotic cells (left); the percentage of mitotic cells is
indicated. The interaction between endogenous NEK7 and NLRP3 was analyzed by
immunoprecipitation and immunoblot (right). (d) ELISA analysis of IL-1f in the culture
supernatants of J774A.1 cells primed with LPS and stimulated with nigericin. Release from
RO-3306 arrest was 1 h before (teal) or concurrent with (blue) nigericin stimulation. (e)
ELISA analysis of IL-1f in the culture supernatants of J774A.1 cells stably overexpressing
NEK7 or NEK7X64M primed with LPS and stimulated with nigericin. RO-3306 release was
at the time nigericin was added. * P<0.05; ** /A<0.01; *** F<0.001 (unpaired, two-tailed
Student's t test). For b, d, and €, the means of triplicate samples are plotted. Results are
representative of two independent experiments.
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