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The kinase activity of PKR represses inflammasome activity
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The protein kinase R (PKR) functions in the antiviral response by controlling protein translation and inflamma-
tory cell signaling pathways. We generated a transgenic, knock-in mouse in which the endogenous PKR is expressed
with a point mutation that ablates its kinase activity. This novel animal allows us to probe the kinase-dependent and
-independent functions of PKR. We used this animal together with a previously generated transgenic mouse that is
ablated for PKR expression to determine the role of PKR in regulating the activity of the cryopyrin inflammasome.
Our data demonstrate that, in contradiction to earlier reports, PKR represses cryopyrin inflammasome activity. We
demonstrate that this control is mediated through the established function of PKR to inhibit protein translation of
constituents of the inflammasome to prevent initial priming during innate immune signaling. These findings identify
an important role for PKR to dampen inflammation during the innate immune response and caution against the pre-

viously proposed therapeutic strategy to inhibit PKR to treat inflammation.
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Introduction

An important mechanism by which eukaryotes re-
spond to stress is to modulate protein translation via reg-
ulation of the activity of the eukaryotic initiation factor
2a (elF2a) [1]. Repression of elF2a activity reprograms
translation and transcription to resolve stress in a coordi-
nated response termed the integrated stress response [2].
In humans, the activity of elF2a is controlled through
inhibitory phosphorylation by four related kinases that
respond to separate stress stimuli. One of these kinas-
es, the protein kinase R (PKR, encoded by the el/F20k2
gene), constitutes part of the innate immune response.
PKR has been reported to promote the activity of the
cryopyrin (encoded by the NOD-like receptor family,
pyrin domain containing 3 (Nlrp3) gene) inflammasome
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[3], a multi-protein complex that activates inflammatory
caspases (CASP). This proposition appears at odds with
the corollary of the integrated stress response, to inhibit
general gene expression and relieve stress. It also runs
counter to the finding that the cognate interferon re-
sponse, which induces the expression of PKR, represses
inflammasome activity [4]. Two subsequent independent
studies have either contradicted [5] or supported [6]
the initial report that PKR promotes the activity of the
cryopyrin inflammasome. The predominance of the in-
flammasomes in inflammatory pathology has prioritized
efforts to understand how they are regulated in order to
appropriately target their activity to mitigate diseases.
The inflammasomes are activated in two steps: first, a
priming stimulus induces the expression of sensor pro-
teins and the pro-form of the caspase substrate, interleu-
kin (IL)-1B, before a second stimulus triggers assembly
of the multi-protein inflammasome complex to activate
the pro-CASP-1 zymogen and subsequently process the
pro-forms of IL-1p and IL-18. These processed cytokines
then signal via their cognate receptors to directly induce
inflammation or secondary inflammatory cytokines and
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chemokines, induce pathogenic cytokines and promote
recruitment of immune cells. It has been asserted that
PKR promotes the activity of the cryopyrin inflam-
masome by acting as a scaffold molecule [3]. Previous
reports have advanced that PKR modulates other cell
signaling pathways by acting as a scaffold molecule [7,
8]. This activity of PKR appears not to require kinase
activity [9, 10] and is at least partly mediated through
an association with the tumor necrosis factor (TNF) re-
ceptor-associated factor (TRAF) adaptor molecules [11].
However, the TRAF adaptors, which have an uncertain
role in inflammasome activity [12], were not implicat-
ed. Rather, it is contended that PKR directly links the
constituents of the inflammasome, and that this function
depends on the kinase activity of PKR [3].

To clarify the role of PKR in inflammasome activity,
we generated a novel knock-in kinase-dead PKR mouse.
We used macrophages from this animal in parallel with
an existing PKR-ablated transgenic animal to establish
the kinase-dependent and -independent functions of
PKR in controlling the activity of the cryopyrin inflam-
masome.

Results

Generation of a kinase-dead PKR transgenic mouse

To dissect the consequences of substrate phosphor-
ylation from other functions of PKR, we generated a
kinase-dead transgenic animal by point mutagenesis.
Alignment of kinase protein sequences distinguishes an
invariant lysine residue within the N-lobe of the kinase
domain, within a region termed the Hank’s conserved
region II [13] that is essential for kinase activity (Figure
1A). This conserved lysine is located within the catalytic
pocket of the enzyme and catalyzes the transfer of the
phosphate from ATP to the substrate. Mutation of this
residue (number 296) to an arginine in human PKR ab-
lates phosphorylation activity [14]. We engineered the
equivalent mutation of the lysine residue (number 271)
in the murine PKR (Figure 1B). This mutation was intro-
duced into 129/Sv embryonic stem cells by homologous
recombination of an 8 240 bp fragment of the e/F20k2
locus that encodes two altered nucleotides. A floxed
neomycin gene divided this fragment into two arms that
centred on intron 9, so that CRE-mediated excision pro-
duced a loxP site within intron 9 and a changed codon
(AAG > CGG) in exon 10 at nucleotide positions 811-
813 within the open reading frame of the gene. This
change altered the critical phosphotransfer site lysine
271 to an arginine (K271R) (Figure 1B). Correct incor-
poration of the targeting cassette into the genome of neo-
mycin-resistant clones was determined by Southern blot

using DNA probes that detect sequence immediately 5’
and 3’ to the targeting cassette, within introns 4 and 12 of
the genetic locus. Endonuclease digestion and southern
hybridization distinguished the wild-type 13 010 bp Pa-
cl-Xhol and 7 171 bp EcoRV-Xhol fragments from 7 720
bp Pacl-Pacl and 5 273 bp Xhol-Xhol fragments in the
recombinant genome, produced by additional restriction
endonuclease sites (Pacl and Xhol) within the targeting
cassette (depicted in Figure 1B). Subsequent excision of
the floxed neomycin cassette was confirmed by two sep-
arate PCR reactions. The first amplified a product within
the neomycin cassette that is lost by CRE-mediated exci-
sion. The second, priming from within intron 9 and exon
10 of the gene locus, amplifies sequence that encompass
the floxed neomycin cassette. In this instance, three dif-
ferent amplicons are produced that distinguish the wild-
type sequence, full-length targeted construct (containing
the floxed neomycin cassette) and the CRE-excised con-
struct (containing a flox site within intron 9) (Figure 1B
and 1C).

Transgenic cells were introduced into blastocyst and
chimeric mice were produced. Correct genomic transfer
was confirmed by PCR and the heterozygous mutant
animals were backcrossed to the C57BI16J mouse for 10
generations. The point mutation was confirmed in the
homozygous mutant (K271R), isogenic C57Bl16J mouse
(designated elF2ak2™""") by PCR (Figure 2A) and then
sequencing of the e/F2ak2 locus (Figure 2B). The loss of
kinase activity was verified in fibroblasts from embryos
isolated from wild-type, PKR-ablated [15] (eIF2ak2™")
and K271R-PKR (elF2ak2™""") mice treated with the
PKR-activating ligand polyinosinic:polycytidylic acid
(polyl:C) by measuring phosphorylation of elF2a and
autophosphorylation of PKR by western blot (Figure
20).

PKR represses production of the inflammatory IL-1§ and
IL-18 cytokines

We tested the role of PKR in inflammasome acti-
vation by measuring the production of IL-1p and IL-
18 in primary macrophages isolated from wild-type,
elF2ak2”" and the kinase-dead K271R-PKR (eIF2ak-
2" mice. Peritoneal macrophages were treated with
lipopolysaccharide (LPS) to activate PKR [7, 16] and
prime the inflammasome. Because different stimuli that
trigger the cryopyrin inflammasome are taken up by cells
through distinct mechanisms with differing dependence
on the actin cytoskeleton, which is modulated by PKR
[17], we used the ionophore nigericin to minimize this
potential source of variance [18]. Measures of IL-1 and
IL-18 by ELISA demonstrated elevated levels of these
cytokines in the supernatant from macrophages isolated
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Figure 1 Generation of PKR kinase-dead (K271R) embryonic stem cells. (A) Aligned protein sequence of the Hank’s con-
served domains of murine PKR (Mm-PKR) with the four human (Hs-) elF2a kinases, with the essential conserved lysine
indicated in bold at position 271 in the murine and 296 in the human PKR protein. (B) A schematic of the wild-type (WT), tar-
geting mutagenic cassette and resulting mutant eif2ak2 gene locus. Restriction endonuclease sites (Pacl, EcoRV and Xhol),
position of hybridization probes (Probe-L, Probe-R) and sites of PCR primers (PCR-1 and -2) used to identify the correctly
targeted allele are indicated. (C) Image of amplicons generated from PCR reaction (PCR-1 and -2) that were used to distin-
guish WT, targeted (Rec) and CRE-mediated excision of the mutagenic cassette in embryonic stem cells, resolved by aga-
rose electrophoresis and visualized with SYBR Safe.
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Figure 2 Generation of PKR kinase-dead mice. (A) Amplicons generated by PCR reaction (PCR-1) from the progeny of
transgenic PKR-K271R heterozygous mating, resolved by agarose electrophoresis and visualized with SYBR Safe. (B) Se-
quencing tracers detecting point mutation of two adenines to cytosine and guanine at positions 811 and 812 within the open
reading frame of the gene, within exon 10 of the eif2ak2 locus of homozygous mutant PKR-K271R mice, which changes the
essential lysine 271 to arginine (K271R). (C) Quantitation of PKR kinase activity by detecting elF2a phosphorylation and
PKR autophosphorylation in fibroblasts isolated from the WT and transgenic mice (eif2ak2” and elF2ak2™"") treated with
JetPRIME and polyl:C (3 ug/ml) for 2 h. Whole-cell lysates were probed with anti-pS®'-elF2a and -elF2 antibodies (n = 3).
PKR expression is detected by western blot with an anti-PKR antibody. Autophosphorylation of the protein is detected as an
electrophoretic shift in WT compared to the kinase-dead PKR (indicated with arrows), which is reduced by treatment with a
protein phosphatase (PPase). An anti-actin antibody is used as an additional loading control.
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from elF2ak2”" and kinase-dead K271R-PKR mice,
compared with the wild-type mice (Figure 3A and 3B).
The anti-IL-18 antibody substantially reacts with the
mature cytokine, and thus the levels of IL-18 detected
denote inflammasome activity. In addition, equivalence
in the levels of the lactate dehydrogenase (LDH) in the
cell supernatant of treated cells demonstrates that the
heightened levels of IL-1p and IL-18 in cell superna-
tants with impaired PKR activity was not the result of
different release of cytosolic constituents due to variable
apoptotic responses (Figure 3C) [19, 20]. Similarly,
there was no increase in the release of the CASP-1-inde-
pendent TNFa in wild-type cells (Figure 3D). Notably,
there is increased LPS-dependent induction of TNFa in
the K271R-PKR cells compared with the wild-type and
PKR-ablated cells (Figure 3D). This is consistent with
the previously reported kinase-independent activation of
nuclear factor kB (NF-kB)-dependent cell signaling by
PKR [9], and is in accordance with the elevated expres-
sion of kinase-dead PKR (Figure 2C) [21]. In keeping
with these genetic experiments, treatment of wild-type
primary peritoneal macrophages with the PKR inhibitor,
2-aminopurine (2-AP), also promoted production of IL-
1B as measured by ELISA (Figure 3E). In keeping with
the preceding data, concurrent measures of the levels of
TNFo demonstrate that caspase-independent cytokine
processing is unaffected by pharmacologically inhibiting
PKR (Figure 3F).

These data demonstrate that through its kinase activ-
ity PKR diminishes the production of IL-1p and IL-18,
suggesting that PKR kinase activity represses inflam-
masome activity.

PKR represses inflammasome assembly

A definitive measure of inflammasome assembly is
the aggregation of apoptosis-associated speck-like pro-
tein containing a CARD (ASC) into a large protein com-
plex in the perinuclear space. Accordingly, we measured
the extent of ASC nucleation within PKR mutant or
wild-type macrophages treated with LPS and nigericin
by immunofluorescence. Consistent with the apparently
increased inflammasome activity evidenced by elevated
cytokine processing in mutant cells, ablation of PKR ex-
pression or kinase activity promoted the aggregation of
ASC (Figure 4A). Coalesced ASC directly recruits pro-
CASP-1, via mutual caspase activation and recruitment
domain (CARD)-mediated interaction, to activate the
protease. Quantitation of CASP-1 activity using fluoro-
chrome-labeled inhibitor of caspases (FLICA) probes in
macrophages isolated from wild-type, e/F2ak2”" and
K271R-PKR mice by fluorescence microscopy demon-
strated that ablation of PKR expression or kinase activity
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promoted CASP-1 activity compared with the wild-type
macrophages (Figure 4B). In keeping with these mea-
sures of ASC nucleation and CASP-1 activity, western
blot analysis demonstrated increased cleavage of cyto-
solic pro-IL-1f in the PKR mutant compared with wild-
type macrophages (Figure 4C).

Together, these data demonstrate that the kinase ac-
tivity of PKR reduces the production of IL-1p and I1-18
by reducing the formation of ASC specks and the subse-
quent activation of pro-CASP-1.

PKR represses the induction of inflammasome constitu-
ents

To determine the mechanism by which PKR regulates
this response, we measured the expression of cryopy-
rin inflammasome constituents. Analysis of the levels
of selected transcripts in wild-type, elF20k2”" and the
kinase-dead K271R-PKR macrophages treated with
LPS demonstrated that PKR did not alter the transcrip-
tional response (Figure 5SA) [20]. However, measures
of the levels of gene products demonstrated that PKR
repressed the induction of pro-IL-1p and cryopyrin
during LPS-dependent priming, although this measure
of repression only reached statistical significance for the
highly induced pro-IL-1p (wild-type vs elF2ak2”" F =
99.6286, DFn = 1, DFd = 20, P = 0.005607; wild-type
vs PKR-K271R F = 9.89311, DFn =1, DFd = 20, P =
0.005093, by linear regression) (Figure 5B and 5C). No-
tably, this effect was not ubiquitous, as levels of the ef-
fector enzyme CASP-1 and critical adaptor protein ASC
were equivalent between wild-type and PKR mutant
cells (Figure 5B and 5C). This control of the induction
of proteins is in keeping with the established function of
PKR to inhibit protein translation.

To investigate the significance of translational control
for inflammasome activity, we treated wild-type prima-
ry peritoneal macrophages with the established protein
biosynthesis inhibitor cycloheximide. Equivalent to the
preceding experiment, measures of the levels of constit-
uents of the inflammasome by western blot showed that
cycloheximide repressed the LPS-dependent induction
of pro-IL-1p and cryopyrin, with no major change to the
levels of CASP-1 and ASC (Figure 5D). Quantitation of
the levels of IL-1P and IL-18 by ELISA demonstrated
that the inhibition of protein translation with cyclohex-
imide repressed the activity of the cryopyrin inflam-
masome (Figure 5E). Notably, the levels of both active
cytokines were repressed, although only IL-1B induction
is affected. The impairment in the processing of pro-
IL-18 demonstrates that the activity of the cryopyrin
inflammasome is controlled by gene expression at the
level of protein translation. To verify that PKR imposed
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Figure 3 Ablating the expression or kinase activity of PKR suppresses the production of IL-13 and IL-18. (A, B) Production
of IL-18 (A) and IL-18 (B) in the culture supernatant of peritoneal macrophages from WT and transgenic mice (eif2ak2™"
and elF2ak2™™", n = 3), primed for 4 h with LPS (10 ng/ml) then nigericin (10 uM) for 2 h for IL-1p, or 30 min for IL-18. (C)
Assessment of membrane integrity by LDH cytotoxicity assay in the culture supernatant of peritoneal macrophages from WT
and transgenic mice (eif2ak2” and elF2ak2™"", n = 3), primed for 4 h with LPS (10 ng/ml), then nigericin (10 uM) for 30 min. (D)
Assessment of TNFa production in the culture supernatant of peritoneal macrophages from WT and transgenic mice (eif2ak2”"
and elF2ak2™™" n = 3-4), primed for 4 h with LPS (10 ng/ml), then nigericin (10 uM) for 2 h. (E, F) Production of IL-1p (E)
and TNFa (F) in the culture supernatant of peritoneal macrophages from WT mice (n = 3) treated with the PKR inhibitor 2-AP
(1 mM) for 1 h before stimulation with LPS (10 ng/ml) for 4 h, then nigericin (10 uM) for 30 min. Cytokine levels are measured

by ELISA (*P < 0.05).
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Figure 4 PKR suppresses the assembly of the cryopyrin inflammasome. (A) A micrograph (at top) demonstrating ASC nucle-
ation, which is quantitated in the graph below in peritoneal macrophages from WT and PKR mutant mice (n = 3-4) that were
treated with LPS (10 ng/ml) for 4 h, then either the solute (ethanol) or nigericin (10 pM) for 15 min. The ASC protein is de-
tected by immunofluorescence with an anti-ASC antibody. (B) A micrograph (at top) demonstrating CASP-1 activity, which is
quantitated in the graph below in peritoneal macrophages from WT and PKR mutant mice (n = 3) that were treated with LPS
(10 ng/ml) for 4 h, then either the solute (ethanol) or nigericin (10 pM) for 15 min. CASP-1 activity is measured using FLICA. (*P
< 0.05) (C) Immune blot detection of the processing of pro-IL-1p in lysates from WT and eif2ak2”" peritoneal macrophages
treated with LPS (10 ng/ml) for 4 h, then either the solute (Eth) or nigericin (Nig, 10 uM) for 30 min.

its effects through elF2o phosphorylation, we tested an
inhibitor of this response pathway for its effect on the
expression of inflammasome constituents. In keeping
with the preceding data, pre-treatment of peritoneal mac-
rophages with the small molecule integrated stress re-
sponse inhibitor, ISRIB, which counteracts the effect of
elF2a phosphorylation, increased the expression of pro-
IL-1P (Figure 5F).
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Collectively, our data demonstrate that through its
kinase activity PKR controls the induction of proteins to
limit the assembly and ensuing activity of the cryopyrin
inflammasome.

Discussion

With this report, four studies have now assessed the
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role of PKR in inflammasome activation [3, 5, 6]. There
is disagreement between each, with Lu et al. [3] and Hett
et al. [6] proposing that PKR promotes inflammasome
activity, although there is a discrepancy over the de-
pendence for kinase activity between these reports. In
contradicting to this, He et al. [5] concluded that there
was no role for PKR in controlling the inflammasomes,
and we show that PKR represses inflammasome activity.
We discuss differences between each study here that ac-
count for these discrepancies.

The report by He ef al. [S] most closely approximates
our findings. Their study assessed inflammasome activity
in bone marrow-derived macrophages (BMDM:s) isolated
from both PKR-ablated mouse strains that were used by
either Lu et al. [3] or ourselves that targeted either exons
12 [22] or 2-3 [15] of the elF2ak2 locus, respectively.
Although these researchers reported no role for PKR, we
contend that close examination of their data from the ex-
on-12-targeted mouse shows that it supports our findings.
This data shows a modest increase in pro-CASP-1, -IL-
1B and -IL-18 processing, and a corresponding elevation
of IL-1p levels in response to at least one of the stimuli
used in the PKR-ablated cells. The cytokine levels are
more significant than immediately apparent, if consid-
ered in relation to the accompanying measures of TNFa
in wild-type and PKR-ablated cells. Against this, the data
generated from the exon-2-3-targeted transgenic mouse
showed no role for PKR. However, these comparisons
were made between homozygous and heterozygous
mutant cells, which risks diminishing the effect of PKR
through a gene dosage effect. Consequently, we contend
that the report by He et al. [5] generally accords with our
findings.

Also in agreement with He et al. [5], we did not ob-
serve PKR dependence for all stimuli that activate the
inflammasome and propose that this is, at least in part,
due to indirect effects of PKR on the cell [17]. Effects
of PKR on the cell cytoskeleton mean that the uptake of
some stimuli is not equivalent between wild-type and
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PKR-ablated cells, and this activation of the inflam-
masomes is not equivalent. For this reason, we present
data in which the inflammasome was solely activated by
treatment with nigericin.

In addition, we posit that our findings and those of
He et al. [5] would be more analogous if conducted in
equivalent cell models. He et al. [5] performed their ex-
periments in BMDM. In our hands, BMDM demonstrate
diminished PKR-dependent responses (Supplementa-
ry information, Figure S1). BMDM requires cytokine
modulation for culture and survival. We contend that
PKR-dependent responses are best measured in cells
that are differentiated in vivo and therefore used prima-
ry macrophages isolated without manipulation. Related
to this, the cell model used in the related report by Hett
et al. [6] is even less favorable. This study tested PKR
control of inflammasome activity in immortalized mu-
rine cell lines. We are able to replicate the phenomenon
reported by Hett ef al. [6] using the human monocytic
cell line THP-1, by knocking down PKR expression by
RNA interference. Accordingly, we do not contest their
findings in this experimental context, but contend that
such immortalized monocytic cell lines do not recapitu-
late PKR-dependent cell signaling. Apposite to this, the
established function of PKR to control protein translation
is best evidenced in our experiments performed in prima-
ry peritoneal macrophages.

It has been suggested that discordant responses that
have previously been recorded between the differently
targeted PKR transgenic animals [23, 24], could be the
consequence of residual peptides that may be expressed
in each animal. However, the demonstration by He et al.
[5] of the relative equivalence of the response in BMDM
isolated from either mouse, argues against this explana-
tion. Also, our demonstration of equivalent responses in
macrophages isolated from kinase-dead and PKR-ablated
mice further repudiates this explanation.

A potentially significant point of variance between
the studies is the murine strains that were used. Our re-

Figure 5 PKR represses translation of inflammasome constituents. (A) Induction of the indicated mRNAs, measured by
quantitative PCR, in peritoneal macrophages isolated from WT and PKR mutant mice (n = 3-4), treated for 1 h with LPS (10
ng/ml). (B, C) Quantitation of the indicated proteins (B), measured by immune blot (C) using anti-ASC, -NLRP3, -CASP-1 and
-IL-1pB antibodies in peritoneal macrophages from WT and PKR mutant mice (n = 4), treated for the indicated times with LPS (10
ng/ml). Primary antibodies were detected with fluorescent secondary antibodies then quantitated and normalized to the levels
of actin or, alternatively, ASC (equivalent to the actin normalization shown). (D) Detection of the indicated proteins by immune
blot with anti-ASC, -NLRP3, -CASP-1 and -IL-1p antibodies in peritoneal macrophages from WT mice treated with cyclohexi-
mide (CHX, 1 ug/ml) for 1 h, then LPS (10 ng/ml) for 4 h. (E) Production of IL-18 and IL-18 in the culture supernatant of peritoneal
macrophages from WT mice treated with cycloheximide (1 pg/ml) for 1 h, then LPS (10 ng/ml) for 4 h followed by nigericin (10 uM)
for 30 min, as measured by ELISA (n = 3) (*P < 0.05). (F) Detection of the expression of pro-IL-1p by immune blot using anti-
IL-1pB antibodies in peritoneal macrophages from WT mice treated with ISRIB (10 nM) for 1 h, then LPS (10 ng/ml) for 4 h.
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port tested inflammasome activity in cells isolated from
isogenic C57Bl6 mice, while the other reports used an-
imals that were variable on the 129v background. This
could be significant, as the 129 strain has attenuated in-
flammasome activity due to diminished CASP-11 expres-
sion [25]. As expression of CASP-11 is induced by the
CCAAT-enhancer-binding protein homologous protein,
the expression of which is controlled by elF2a phosphor-
ylation [26], PKR activity could rescue the impairment
in the 129 strain by restoring CASP-11 expression. Lu et
al. [3] used macrophages isolated from a mixed 129Sv/
BALBc background. Although they also established the
elF20k2”" on a C57BL/6 background, the activity of the
inflammasome was not explicitly examined in cells from
this strain. Moreover, their interpretation of the signifi-
cance of IL-1P production in this C57BI6J mouse infect-
ed with E. coli was complicated by diminished clearance,
and thus, elevated bacterial burden in the wild-type com-
pared with e/F2ak2™"" mice. This result appears antithetic
to the proposed proinflammatory role for PKR. The data
generated by He ef al. [5] were from animals that were
not sufficiently backcrossed with a CASP-11 competent
strain to definitively remedy this defect. However, the
exon-12-targeted animal, which we contend shows a
degree of PKR-dependent inhibition of inflammasome
activity, had been backcrossed with the BALBc strain for
six generations. Contrary to this speculation, a report by
Kayagake et al. [25] does not favor a role for CASP-11
in nigericin-induced inflammasome activation. This in-
dependence from CASP-11 relies upon the exclusion of
the priming stimulus, LPS, from the cytosol for exclusive
signaling via Toll-like receptor 4 [27, 28], as LPS direct-
ly binds to the CARD domain of CASP-11 [28]. Howev-
er, release of LPS into the cell cytoplasm and activation
of CASP-11 are dependent on interferon signaling [29,
30], which is promoted by PKR activity. Consequently,
the requisite exclusion of LPS may not be equivalent be-
tween wild-type and PKR-ablated cells.

As to the mechanism by which PKR mediates these
effects, Lu et al. [3] proposed that PKR functions as a
scaffold molecule that directly interacts with protein
components to promote assembly of the inflammasome.
How PKR might promote the homotypic interactions
between the reciprocal pyrin and caspase-recruitment
domains of cryopyrin, ASC and CASP-1, is not clear.
Insights into the assembly of the inflammasome gained
from structural studies indicate that these interacting do-
mains are sufficient to mediate nucleation, with assembly
being initiated by the level and state of cryopyrin [31].
The data from He et al. [5] and ourselves do not support
a role for PKR in inflammasome assembly. Our demon-
stration that PKR restricts the induction of the constitu-

ents of the inflammasome offers an alternative explana-
tion as to how PKR controls this response.

A principal function of PKR is to control translation
initiation by phosphorylation of elF2a. PKR-dependent
control of gene expression most impacts proteins that are
labile or that must be induced to exert their influence.
This effect is best evidenced in the current context by the
control of pro-IL-1f levels through the kinase activity of
PKR. This effect was separately confirmed by using an
inhibitor of the integrated stress response pathway that
is induced by elF2a phosphorylation. However, control
of pro-IL-1B expression alone does not account for re-
duced processing of this cytokine or the constitutively
expressed IL-18, altered ASC nucleation and increased
CASP-1 activation. The expression of cryopyrin was also
reduced by PKR activity, although our measure of repres-
sion did not reach statistical significance. Repression of
the induction of cryopyrin was confirmed with the pro-
tein translation inhibitor cycloheximide, which similarly
repressed inflammasome activity. As cryopyrin is critical
to the initial nucleation step in inflammasome activation
[31], reduction of its levels could account for the dimin-
ished activity of the inflammasome. Such a mechanism
would be in keeping with the proposition of how inflam-
masomes form and the recognition that a large proportion
of patients with cryopyrin-associated periodic syndrome
appear to suffer from the consequence of increased ex-
pression of the components of the inflammasome, rather
than an innately more active inflammasome [32]. How-
ever, we have not established that the reduced levels of
cryopyrin wholly account for the reduced activity of this
inflammasome, and therefore, it cannot be excluded that
PKR activity regulates the expression of alternative tran-
scripts that control this response.

To summarize, our study directly contests the claim
by Lu et al. [3] that PKR promotes the activity of the
cryopyrin inflammasome. We assert that there is partial
agreement between our findings and another related
report by He et al. [5], with the remaining differences
due to diminished PKR-dependent responses because
of heterozygosity, separate stimuli and the different cell
models used. The current understanding of how inflam-
masomes form, together with our data and that from He
et al. [5], does not support the proposition that PKR pro-
motes inflammasome assembly by acting as a scaffold
molecule as proposed by Lu et al. [3]. Rather, our data
predict that PKR diminishes inflammasome activity by
controlling protein translation to repress the induction of
factors that are critical for the activity of the cryopyrin
inflammasome. These findings caution against the pre-
viously proposed therapeutic strategy to inhibit PKR to
treat inflammation.
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Materials and Methods

Mice

All mice used in experiments were treated in accordance with
practices approved by the Monash University, Monash Medical
Centre animal ethics committee (Melbourne, Australia), as ob-
ligated by the Australian Code of Practice for the care and use
of animals for scientific purposes, in compliance with standards
mandated by the Australian National Health and Medical Research
Council and National Institutes of Health. Mice were bred in high
barrier-specific pathogen-free conditions on a C57BL/6 genetic
background. Mice were sacrificed for cell collection between 7
and 10 weeks of age.

Cells

Primary peritoneal macrophages were harvested by injecting
10 ml phosphate-buffered saline (PBS, Life Technologies, USA)
into the peritoneal cavity of the mice. The cell suspension was
withdrawn from the peritoneum and centrifuged at 1 300 r.p.m. for
5 min. The cell pellets were re-suspended in RPMI-1640 medium
with 10% fetal bovine serum (FBS, Lonza, Switzerland) at 2 x 10
cells/ml and plated on 24-well plates overnight. The media were
removed. Cells were then washed with PBS and replenished with
RPMI-1640 medium with 1% FBS. After 2 h, cells were primed
with 10 ng/ml LPS for 4 h before addition of inflammasome acti-
vators.

Reagents

2-Aminopurine (2-AP) was purchased from GE Healthcare
Life Sciences. Anti-ASC (AL177) and -NLRP3 antibodies (Cryo-
2) were purchased from Adipogen (USA). The anti-IL-1p antibody
(ab9722) was purchased from Abcam (UK). Anti-Caspase-1 p10
(M20), -PKR (sc-6282) and -elF2a (sc-81261) antibodies were
from Santa Cruz Biotechnology, Inc. (USA). The anti-pS™'-elF2a
(447289) was from Invitrogen. Nigericin was purchased from Invi-
vogen (USA). LPS was extracted from Escherichia coli K-235 (Cat.
No: L2143); (Sigma-Aldrich, USA). ISRIB was purchased from
Sigma-Aldrich (Cat. No: SML0843). FLICA 660 Caspase-1 (Cat
No: 9122) was purchased from Immunochemistry Technologies,
LCC (MN, USA) and used as recommended by the manufacturer.
Polyl:C (GE Healthcare Life Sciences) was transfected into cells
with JetPRIME (Polyplus Transfection).

Assessing ASC speck formation and CASP-1 activity

Cells were primed with LPS for 4 h, and then treated with
nigericin for 15 min. Cells were fixed by 10% formalin and
permeabilized by 0.1% Triton X-100 in PBS, then stained with
FLICA 660 Caspase-1 (according to the manufacturer’s protocol)
or stained with anti-ASC antibody, followed by incubation with
secondary antibodies conjugated with fluorophore NL557 (R&D
Systems). Cell nuclei were stained with Hoechst 33342 (Life
Technologies, USA). Data were captured as Z-stacks of 12.8 um
thickness at 0.2 pm intervals from five fields of each treatment by
the DeltaVision microscope. Micrographs containing 4-8 cells per
field were analyzed by Imaris software using “Cell” analysis. ASC
specks and activated CASP-1 were defined as vesicles with a di-
ameter of 1 um and 0.5 pm, respectively.

LDH assay
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Cell culture media were collected and analyzed by LDH Cyto-
toxicity Assay (Cayman Chemicals, USA) according to the manu-
facturer’s instructions. The data were expressed as fold induction
as compared with the mock-treated cells.

ELISA

The levels of IL-1 and IL-18 in the cell culture media were
measured by ELISA kits from BD Biosciences (USA) and MBL
(USA), respectively, according to the manufacturer’s protocols.

Immune blot procedure

Cell lysates were harvested by RIPA buffer (10 mM Tris-HCl,
pH 8.0, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulphate
(SDS), protease inhibitor cocktail (P2714, Sigma-Aldrich, USA),
200 nM sodium orthovanadate, 50 mM NaF). To validate that the
observed altered electrophoretic mobility of wild-type PKR com-
pared with kinase-dead PKR was due to autophosphorylation, we
incubated whole-cell lysates with the Lambda protein phospha-
tase as per the manufacturer’s instructions (NEB). Proteins were
heat denatured in sample buffer (125 mM Tris-HCI, pH 6.8, 4%
SDS, 20% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol
blue), separated by 8%-15% SDS-PAGE and transferred to Im-
mobilon-FL Membrane (Millipore, USA). These membranes were
probed with different primary antibodies and fluorophore-conju-
gated secondary antibodies for visualizing the proteins by Odyssey
Imaging System (LI-COR, USA). Protein bands were quantified
by Odyssey Imaging Software (LI-COR, USA).

Quantitative real-time PCR

Quantitative PCR (q-PCR) was performed in triplicate on
an Applied Biosystems 7700 Prism real-time PCR machine us-
ing SYBR Green-based (Applied Biosystems, USA) PCR with
the following primers: Pycard 5'-CAGAGTACAGCCAGAA-
CAGGACAC-3', 5'-GTGGTCTCTGCACGAACTGCCTG-3";
Nlrp3 5'-CGAGACCTCTGGGAAAAAGCT-3', 5'-GCATAC-
CATAGAGGAATGTGATGTACA-3"; Caspl 5'-TCCGCGGTT-
GAATCCTTTTCAGA-3', 5'-ACCACAATTGCTGTGTGTGCG-
CA-3; II-1§ 5-TCTGGGATCCTCTCCAGCCAAG-3', 5'-TCAG-
GACAGCCCAGGTCAAAGG-3"; 1I-18 5'-TTGGCCCAGGAA-
CAATGGCTGC-3', 5'-TGCGGTTGTACAGTGAAGTCGG-3'".
Expression of mRNA was assessed after normalization of each tar-
get to the 18S ribosomal RNA amplicon (detected with the primers
5'-AGTCCCTGCCCTTTGTACACA-3', 5'-CGATCCGAGGG-
CCTCACTA-3') by the change in cycling threshold (AC;) method
and calculated based on 27", Results are expressed as relative
gene expression for each target gene.

Statistical analysis

All statistical analyses were performed with GraphPad Prism
software. Differences were calculated using the unpaired, two-
tailed #-test for pairwise comparisons, or by linear regression cal-
culated for each genotype, for the temporal data. P-values < 0.05
were considered significant.
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