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The proinflammatory cytokine IL-18 mediates high levels of immune activation observed
during acute and chronic human immunodeficiency virus 1 (HIV-1) infection. Little is
known about the mechanisms that drive IL-18 activation during HIV-1 infection. Here,
we have identified a crucial role for abortive HIV-1 RNAs in inducing IL-1f in humans.
Abortive HIV-1 RNAs were sensed by protein kinase RNA-activated (PKR), which triggered
activation of the canonical NLRP3 inflammasome and caspase-1, leading to pro-IL-18 pro-
cessing and secretion. PKR activated the inflammasome via ROS generation and MAP
kinases ERK1/2, JNK, and p38. Inhibition of PKR during HIV-1 infection blocked IL-18 pro-
duction. As abortive HIV-1 RNAs are produced during productive infection and latency,
our data strongly suggest that targeting PKR signaling might attenuate immune activa-
tion during acute and chronic HIV-1 infection.
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Introduction

Untreated human immunodeficiency virus 1 (HIV-1) infection is
characterized by a sustained increase in immune activation [1].
High levels of cytokines and chemokines that contribute to high
levels of immune activation are a strong predictor of disease pro-
gression [2]. Although combination antiretroviral therapy suc-
cessfully reduces viral replication levels, high immune inflamma-
tion levels persist [3]. It is unclear how immune inflammation
in combination antiretroviral therapy-treated people living with
HIV-1 is triggered.
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The proinflammatory cytokine interleukin-1 beta (IL-1B) plays
a central role in virtually all inflammatory conditions and as
such also in HIV-1 infection, via the induction of TNF and IL-6
expression and attraction of various innate immune cells, leading
to sustained proinflammatory responses [4]. It has been reported
that IL1B and CASPI1 gene expression in gut-associated lymphoid
tissue from HIV-1 progressors was elevated compared to HIV-1
controllers [5]. Although IL-18 is produced as a result of HIV-1
infection [6, 7], much remains undetermined about how IL-1B
production is regulated during different phases of HIV-1 infection.
Generation of bioactive IL-1f is a multistep process that is tightly
regulated at the level of transcription, post-translational process-
ing as well as extracellular release [4]. PRR-induced signaling in
response to a plethora of (viral) PAMPs triggers IL1B transcrip-
tion. Following translation, processing of the pro-IL-1f protein is
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required for generation of mature, bioactive IL-1f [4, 8], which is
directed by inflammasome complexes that are comprised of NOD-
like receptor (NLR) members, such as NLRP1, NOD-like receptor
family pyrin domain containing 3 (NLRP3), or NLRC4, together
with adaptor protein apoptosis-associated speck-like adaptor pro-
tein (ASC) and pro-caspase-1. Once procaspase-1 is cleaved into
active caspase-1 upon inflammasome assembly and activation,
pro-IL-1B cleavage follows and mature IL-1B is secreted from the
cell [8].

Different HIV-1-specific PAMPs have been identified during dif-
ferent stages of HIV-1 infection, for example, the envelope protein
gp120 binds to DC-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN) on the DC surface, while
genomic HIV-1 single-stranded RNA (ssRNA) becomes available
upon entry, cDNA after reverse transcription and HIV-1-related
transcripts after integration within the host genome [9-13]. These
HIV-1-specific PAMPs are recognized by different PRRs and could
potentially trigger IL-1p responses. For example, recognition of
synthesized HIV-1 genomic ssRNA by cytosolic RIG-I, a PRR from
the RIG-I-like receptor family, has been shown to result in IL-1p
responses via induction of IL1B transcription in response to differ-
ent virus infections, for example, encephalomyocarditis virus and
dengue virus [14, 15]. However, it remains undetermined if RIG-I
plays a role in IL-1B responses during HIV-1 infection. Triggering
of TLR8 during HIV-1 infection by ssRNA results in IL1B transcrip-
tion and, interestingly, also leads to inflammasome activation and
subsequent pro-IL-18 processing [7], although the underlying
mechanism is unresolved.

Other viral PAMPs are prematurely aborted HIV-1 transcripts,
which are produced during transcription initiation of the inte-
grated provirus in the absence of transcription elongation [10, 11,
16], and which are also expressed in latent infected cells [17].
Abortive HIV-1 RNAs are recognized by the RIG-I-related PRR
Dead-box RNA helicase DDX3, which leads to type I IFN responses
[11, 18]. Dead-box polypeptide 3 (DDX3) specifically recognizes
abortive HIV-1 transcripts by the 5’ cap in combination with the
proximal TAR loop, a complex secondary structure of the first 58
nucleotides of any HIV-1 transcript [11, 16, 18]. Another well-
described PRR to recognize abortive HIV-1 RNAs is protein kinase
RNA-activated (PKR), which likely recognizes the double stranded
(ds) structure of the TAR loop [19, 20], resulting in, among oth-
ers, the phosphorylation of eukaryotic translation initiation factor
2 a. Thus, although different HIV-1-specific PAMPs trigger various
PRRs either during acute or latent infection by HIV-1, it is unclear
how generation of mature, bioactive IL-1B is achieved during HIV-
1 infection.

Here, we investigated the role of abortive HIV-1 RNAs in the
induction and maturation of IL-18 upon HIV-1 infection. Our
data show that triggering of PKR by abortive HIV-1 RNAs results
in NLRP3 inflammasome activation and caspase-1-mediated pro-
cessing of pro-IL-1B, via generation of ROS and MAP kinases.
During HIV-1 infection of PBMCs, the inhibition of PKR activ-
ity and NLRP3 oligomerization inhibited pro-IL-1f processing
and attenuated the IL-1f response. Thus, PKR serves as a cru-
cial PRR in the induction of inflammation and might be a

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Immunity to infection

potential target to attenuate aberrant inflammation during HIV-1
infection.

Results
Abortive HIV-1 RNA induces pro-IL-1f processing

To assess the role of abortive HIV-1 RNA in the induction of
IL-1B responses without the interference of other HIV-1-specific
PAMPs during HIV-1 infection, we transfected monocyte-derived
DCs with synthetic HIV-1 Cap-RNAsg, similar to abortive HIV-1
RNA [11, 18]. Stimulation of DCs with different TLR agonists,
that is, TLR2/6 ligand lipoteichoic acid (LTA), TLR3 ligand polyi-
nosinic:polycytidylic acid (poly-I:C), TLR4 ligand lipopolysaccha-
ride (LPS), or TLR7/8 ligand R848, induced robust IL1B transcrip-
tion but only led to undetectable or low levels of secreted IL-1B
(Fig. 1A and B). Notably, costimulation of DCs with HIV-1 Cap-
RNAsg with either LTA, poly-I:C, or LPS significantly enhanced
the levels of IL-18 protein secretion, whereas it did not affect
IL1B transcription (Fig. 1A and B). As a control, LPS-primed DCs
were stimulated with ATE, a well-described activator of the NLRP3
inflammasome via P2X; receptors [21, 22], which resulted in
pro-IL-1B processing, similar to HIV-1 Cap-RNAsg, compared to
untreated or LPS-treated DCs (Fig. 1C and D). Although this pro-
IL-1B processing occurred in every donor, IL-1 secretion was sub-
ject to donor variability (Fig. 1C, Supporting Information Fig. S1)
and, therefore, we show the data as fold change of IL-18 secre-
tion to perform statistical analysis (Fig. 1D). These data suggest
that abortive HIV-1 RNA induces pro-IL-18 processing. We also
observed that HIV-1 Cap-RNAsg enhanced R848-mediated IL1B
transcription as well as IL-18 protein secretion, suggesting that
abortive HIV-1 RNA, aside from activating pro-IL-1B processing,
can modulate IL1B transcription, depending on the PRR (Fig. 1B).
These data strongly suggest that abortive HIV-1 RNA induces
inflammasome activation, leading to subsequent pro-IL-1f pro-
cessing and bioactive IL-1f secretion.

Abortive HIV-1 RNA activates the NLRP3
inflammasome

We next set out to elucidate the molecular mechanism through
which abortive HIV-1 RNA triggers pro-IL-1f processing. First,
we silenced different components of known inflammasomes, that
is, NLRP3 and NLRC4 [8, 23], in DCs by RNA interference and
target gene expression was assessed (Supporting Information
Fig. S2A and B). We observed a complete block of HIV-1 Cap-
RNAsg-induced pro-IL-1B processing in LPS-treated DCs upon
silencing of NLRP3 protein expression, but not in control-silenced
or NLRC4-silenced DCs (Fig. 2A). Silencing of the adaptor protein
ASC, which is crucial for all known inflammasomes, significantly
decreased HIV-1 Cap-RNAsg-induced pro-IL-1f processing, as
shown by fold change of IL-18 secretion due to high donor vari-
ability in IL-1B levels (Fig. 2A). In addition, treatment with the
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Figure 1. Abortive HIV-1 RNA induces pro-IL-1B processing. (A) Monocyte-derived DCs were (co)stimulated with different TLR ligands (LTA, Poly-
I:C, LPS, or R848) and/or HIV-1 Cap-RNAsg. IL-1B secretion in cell culture supernatant was measured after 24 h by ELISA. Responses induced by the
combination of HIV-1 Cap-RNAsg and each TLR ligand were set at 1. See also Supporting information Fig. S1 for IL-1 secretion (pg/mL). (B) Similarly,
DCs were costimulated with HIV-1 Cap-RNAsg and TLR ligands, and mRNA was extracted every 2 h to analyze IL1B transcription by quantitative
real-time PCR. mRNA expression was relative to GAPDH. Responses induced by HIV-1 Cap-RNAsg with TLR ligand at 8 h (LTA, R848), 4 h (poly-I:C),
and 2 h (LPS) were set at 1. (C, D) DCs were stimulated with LPS, ATP, or costimulated with LPS and HIV-1 Cap-RNAsg for 24 h. ATP was added to
the LPS alone condition for the final 4 h of stimulation. IL-1p secretion in the supernatant was measured using ELISA with concentrations ranging
from 50 to 1500 pg/mL, depending on donor variability (C). To statistically compare IL-1p responses in different donors, IL-1p secretion was shown
as fold change compared to HIV-1 Cap-RNAsg-induced responses (D). Data are representative of collated data of six (A) and four (B) donors, or nine
donors (C, D), with each symbol representing a different donor (C) (mean + S.D.). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, Student’s t-test.
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Figure 2. Abortive HIV-1 RNA activates the NLRP3 inflammasome. (A) DCs were treated with LPS alone or in combination with HIV-1 Cap-RNAsg
after silencing of ASC, NLRP3, and NLRC4 by RNA interference. IL-1p secretion was measured by ELISA in the supernatant after 24 h. Responses
induced by LPS with HIV-1 Cap-RNAsg were set at 1. See also Supporting information Fig. S2A and B. (B, C) DCs (B) or PBMCs (C) were incubated with
DMSO control or with NLRP3 inhibitor MCC950 for 2 h, followed by costimulation with HIV-1 Cap-RNAsg and LPS. IL-1p secretion in the supernatant
was measured after 24 h by ELISA. Responses induced by LPS and HIV-1 Cap-RNAsg were set at 1. See also Supporting information Fig. S2C for IL-1B
secretion (pg/mL). (D) DCs were left untreated, or treated with either HIV-1 Cap-RNAsg or ATP. DCs with active caspase-1 were detected after 22 h by
flow cytometry using the FAM-FLICA assay. (E, F) DCs (E) or PBMCs (F) were incubated with DMSO control or with caspase-1 inhibitor Ac-YVAD-cmk
for 2 h, followed by costimulation with HIV-1 Cap-RNAsg and LPS. IL-1p secretion in the supernatant was measured after 24 h by ELISA. Responses
induced by LPS and HIV-1 Cap-RNAsg were set at 1. See also Supporting information Fig. S2D for IL-1p secretion (pg/mL). Data are representative of
collated data of three (C, F) or four donors (A, B, D, E) (mean + S.D.). *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, Student’s t-test.
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NLRP3 inhibitor MCC950 abrogated IL-1f secretion by both DCs
and PBMCs stimulated with LPS and HIV-1 Cap-RNAsg (Fig. 2B
and C, Supporting Information Fig. S2C). Caspase-1 within the
assembled NLRP3 inflammasome is the enzyme responsible
for instigating pro-IL-1B processing [8, 23] and we, therefore,
measured caspase-1 activation. Treatment with HIV-1 Cap-RNAsg
led to a significant increase in the percentage of DCs with active
caspase-1 (Fig. 2D). As a positive control, treatment of DCs with
ATP strongly increased the percentage of DCs with activated
caspase-1 (Fig. 2D). Additionally, we observed that treatment
of both DCs and PBMCs with caspase-1 inhibitor Ac-YVAD-CMK
abrogated IL-1f secretion by cells costimulated with LPS and
HIV-1 Cap-RNAsg (Fig. 2E and F, Supporting Information Fig.
S2D). Stimulation of DCs with LPS and HIV-1 Cap-RNAsg did not
lead to IL-1B-driven pyroptosis as no increase in LDH release was
observed (Supporting Information Fig. S2E). These data strongly
suggest that abortive HIV-1 RNA activates the canonical NLRP3
inflammasome for caspase-1-dependent processing of pro-IL-18.

Abortive HIV-1 RNA induces pro-IL-1f8 processing via
PKR

We next set out to identify the PRR through which abortive
HIV-1 RNA induces NLRP3 inflammasome activation. We have
previously identified DDX3 as a sensor for HIV-1 Cap-RNAsg
and shown that DDX3 triggering leads to type I IFN production
[11, 18]. Notably, silencing of DDX3 protein expression did not
interfere with HIV-1 Cap-RNAsg-induced pro-IL-18 processing
in LPS-treated DCs (Fig. 3A, Supporting Information Fig. S3C),
suggesting that DDX3-dependent sensing of HIV-1 Cap-RNAsg
is dispensable for pro-IL-1B processing. Target gene and protein
expression upon RNAi was assessed (Supporting Information Fig.
S3A and B). It has been described that abortive HIV-1 RNAs are
also bound by ds RNA sensor PKR, a process that depends on
the presence of the ds secondary structure of the TAR loop [19,
20]. We observed a strong reduction in pro-IL-1p-processing after
silencing of PKR expression in DCs costimulated with LPS and
HIV-1 Cap-RNAsg (Fig. 3A), suggesting that PKR is the PRR that
leads to inflammasome activation in response to the presence of
abortive HIV-1 RNA. Next, DCs were stimulated with a capless
synthetic HIV-1 RNAsg, which still contains the double-stranded
TAR structure. We observed that capless HIV-1 RNAsg resulted
in PKR-dependent pro-IL-1f processing in LPS-treated DCs,
similar to HIV-1 Cap-RNAsg, which is also consistent with the
sustained pro-IL-1f processing we observed in DDX3-silenced
cells (Fig. 3A and B, Supporting Information Fig. S3C and D).
In order to investigate whether PKR kinase activity was needed
for pro-IL-18 processing by abortive HIV-1 RNA, we used the
PKR inhibitor C16 that binds to the ATP site, thus, blocking its
kinase activity. We observed that PKR inhibition abrogated IL-1p
production by DCs costimulated with not only TLR4 ligand LPS
and HIV-1 Cap-RNAsg, but also other TLR agonists (Fig. 3C,
Supporting Information Fig. S3E). As treatment with LPS and
HIV-1 Cap-RNAsg induced IL-1B processing via caspase-1, we next

© 2021 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Eur. J. Immunol. 2021. 51: 2464-2477

assessed the involvement of PKR in caspase-1 cleavage. We found
that treatment with LPS and HIV-1 Cap-RNAsg indeed induced
caspase-1 cleavage, which was blocked by PKR inhibition (Sup-
porting Information Fig. S3F and G). Moreover, costimulation of
PBMCs with either HIV-1 Cap-RNAsg or HIV-1 RNAsg together
with LPS, induced significant levels of IL-1f secretion, which was
significantly decreased upon inhibition of PKR (Fig. 3D, Support-
ing Information Fig. S3H). Next, we performed a PKR-specific
kinase activity assay. Both HIV-1 Cap-RNAsg and HIV-1 RNAsg
significantly increased the kinase activity of PKR in treated DCs
compared to untreated DCs (Fig. 3E). These data strongly suggest
that recognition of abortive HIV-1 RNA by PKR results in PKR
kinase activation and subsequent pro-IL-1B processing.

PKR triggering by abortive HIV-1 RNA induces
inflammasome activation via ROS and MAP kinases

The precise role of PKR activation in inflammasome activa-
tion is unclear. It has been described that active PKR triggers
NADPH oxidase (NOX)-mediated generation of ROS [24, 25],
and ROS has been previously linked to NLRP3 inflammasome
activation [26]. To investigate whether abortive HIV-1 RNA-
dependent pro-IL-1f processing is dependent on ROS generation,
we treated DCs and PBMCs with Racl inhibitor NSC23766 or
NOX inhibitor DPI, hereby interfering with NADPH oxidase assem-
bly and activity, respectively. Treatment with either inhibitor sig-
nificantly decreased pro-IL-18 processing after costimulation of
DCs with LPS and HIV-1 Cap-RNAsg, similar to the PKR inhibitor
(Fig. 4A, Supporting Information Fig. S4A and B). Moreover, both
Racl and NOX inhibitors blocked pro-IL-1p processing in PBMCs
stimulated with LPS and HIV-1 Cap-RNAsg, comparable to PKR
inhibition (Fig. 4B, Supporting Information Fig. S4C and D).
These data suggest that ROS generation is involved in abortive
HIV-1 RNA-mediated pro-IL-1p processing. We also observed that
NOX inhibitor DPI, but not Racl inhibitor NSC23766, strongly
decreased IL1B transcription in DCs (Fig. 4C), which could
account for the observed decreased IL-1B levels. Therefore, we
directly determined the role of the NADPH oxidase pathway on
caspase-1 activity. We observed that inhibition of both NOX and
Racl significantly inhibited caspase-1 activation by HIV-1 Cap-
RNAsg, to a similar level as PKR inhibition (Fig. 4D), further
implying a role for ROS in inflammasome activation downstream
of PKR.

It also has been described that PKR activation leads to acti-
vation of the MAP kinases ERK1/2, JNK, and p38, which in
turn have been linked to inflammasome activation [27-31]. We
investigated whether either kinase is involved in inflammasome
activation as a downstream target of PKR. Inhibition of either
ERK1/2, JNK, or p38 significantly decreased IL-1f secretion in
DCs (Fig. 4A, Supporting Information Fig. S4A and B), while
IL1B transcription remained unaffected (Fig. 4C). Inhibition of
these MAP kinases significantly decreased IL-1f secretion in
PBMCs (Fig. 4B, Supporting Information Fig. S4C and D). Treat-
ment of DCs with HIV-1 Cap-RNAsg induced phosphorylation
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Eur. J. Immunol. 2021. 51: 2464-2477 Immunity to infection

-
()}
1

A 157 — @ siControl B 15 @ | PS + HIV-1 Cap-RNA,,
5 - i @ siDDX3 5 - @ [ PS + HIV-1 RNA,,
T O 1.0 3 1.0
5 g I siPKR £
38 32
[&] [&]
) T €o
i o 0.5+ o 05
= '|' 4
0.0
LPS + HIV-1 LPS + HIV-1
Cap-RNA,  RNA_
C 20 - -
. @8 DVSO

3 PKR inhibitor

IL-113 secretion
(fold change)
o o =
° o <
_|

<> O ) pO
v Qo\\X’\ K &
+ HIV-1 Cap-RNA,,
D 1.2 *% *% - ) E 600 = o D )
5\ *%
S+ @8 DMSO 2 — @ HIV-1 Cap-RNA,,
g £ 08 3 PKR inhibitor = %0 @ HIV-1 RNA,,
? S 06- =2
25 ®
T o r 2004
4 E
0
LPS + HIV-1  LPS +
Cap-RNA_, HIV-1 RNA,,
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followed by costimulation with either HIV-1 Cap-RNAsg and different TLR ligands (C) or with LPS and HIV-1 Cap-RNAsg or HIV-1 RNAsg (B). IL-18
secretion was measured in the supernatant after 24 h by ELISA. Responses induced by TLR ligand with HIV-1 Cap-RNAsg were set at 1. See also
Supporting information Fig. S3D and E for IL-1p secretion (pg/mL). (D) PBMCs were incubated with DMSO or PKR inhibitor C16 for 2 h, followed
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collated data of three donors (C), four or more donors (A, B, D, E). (mean + S.D.). *p < 0.05, *p < 0.01, **p < 0.001, Student’s t-test.

HIV-1gp46, infection induces IL-1 secretion via PKR
and inflammasome activation

of ERK1/2, JNK, and p38 in a PKR-dependent manner as the
PKR inhibitor C16 completely abrogated this phosphorylation
(Fig. 4E). Moreover, inhibition of either ERK1/2, JNK, or p38

significantly inhibited caspase-1 activation by HIV-1 Cap-RNAsg
(Fig. 4D). Our results imply that PKR-mediated canonical inflam-
masome activation by abortive HIV-1 RNA is mediated by MAP

kinases.
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We next investigated whether PKR activation during HIV-1
infection leads to IL-1B maturation and secretion. HIV-1 blocks
cytosolic sensing in DCs by various mechanisms [11, 32], thereby
suppressing innate immunity. Therefore, we investigated IL-18
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secretion upon HIV-1 infection in PBMCs. We infected PBMCs
with R5-tropic HIV-1gp62 in the absence or presence of the PKR
inhibitor. PKR inhibition significantly reduced secreted IL-1B
levels (Fig. 5A, Supporting Information Fig. S5A), while HIV-1
infection of total PBMC, CD3" and CD3~ cell populations was
unaffected (Fig. 5B and C, Supporting Information Fig. S5C and
D). Since PKR inhibition did not affect viral replication, these
results suggest that PKR activation enhances IL-1p production at
the level of pro-IL-1B processing during HIV-1 infection. Inhibi-
tion of NLRP3 in HIV-1-infected PBMCs showed decreased IL-1B
secretion (Fig. 5D, Supporting Information Fig. S5B). In contrast
to the mock infection, caspase-1 activity was increased upon
HIV-1 infection of PBMCs and PKR inhibition blocked caspase-1
activation (Fig. 5E). To identify which cells in the PBMC pool
secrete IL-1B, we infected PBMCs and examined the intracellular
expression of cleaved IL-1f in CD3" and CD11c" cells, by flow
cytometry. CD3" T cells in infected PBMCs contained low levels
of intracellular cleaved IL-1B, at 24 and 48 h after infection
(Fig. 5F). Furthermore, CD11c* cells, such as DCs or monocytes,
contained intracellular cleaved IL-1B, which increased over time
(Fig. 5F). These data strongly suggest that HIV-1gp62-infection
of PBMCs results in IL-1f secretion via PKR-mediated inflamma-
some activation, similar as to what we observed for the synthetic
treatment of DCs with abortive HIV-1 RNA.

Discussion

Chronic immune activation caused by proinflammatory cytokines,
such as IL-1B, accompanies HIV-1 disease progression, leading to
tissue damage and rapid cell turnover [1]. It has previously been
described that HIV-1 modulates the host pro-IL-18 levels [7, 331,
but it remains unclear whether and how HIV-1 directs pro-IL-18
processing. Our data strongly suggest that PKR detects abortive
HIV-1 RNA, which is produced during productive infection as
well as in latent infected cells. Abortive HIV-1 RNA-dependent
PKR activation leads to pro-IL-1B processing via activation of the
canonical inflammasome consisting of NLRP3 and caspase-1 in
both DCs and PBMCs. Triggering of PKR mediates NLRP3 inflam-
masome activation via pathways involving ROS generation and
activation of MAP kinases. Both transfection with abortive HIV-
1 RNAs as well as productive HIV-1 infection of PBMCs induced
PKR- and NLRP3-mediated processing of pro-IL-1p. These data
suggest that abortive HIV-1 RNA produced during infection and
latency contributes to immune inflammation by inducing IL-1p
via PKR-mediated activation of the NLRP3 inflammasome.
During productive HIV-1 infection, TLR8 detects genomic HIV-
1 ssRNA upon unveiling in the endosomal compartments [34],
which induces expression of pro-IL-1B, while an unknown signal
then proceeds to IL-1B maturation via the activation of the NLRP3
inflammasome [7]. Our study reveals that the signal needed for
NLRP3 inflammasome activation is provided by PKR when it
detects the presence of abortive HIV-1 transcripts. We show that
abortive HIV-1 RNA-mediated PKR activation not only resulted in
processing of TLR8-induced pro-IL-18, but that this mechanism
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also induced IL-1f maturation after triggering of signaling path-
ways downstream of other TLRs.

Triggering of PKR by abortive HIV-1 RNA resulted in the acti-
vation of caspase-1 within the context of the canonical NLRP3
inflammasome during transfection of abortive HIV-1 RNAs as well
as during HIV-1 infection. The role of PKR in inflammasome acti-
vation is controversial as some reports mention that PKR func-
tions as a scaffold molecule during inflammasome assembly, a
function that is independent of its kinase activity, while other
reports state that this assembly brings the inflammasome com-
ponents in proximity of PKR and their activation benefits from
PKR kinase activity, while yet another study reports that PKR
kinase activity dampens inflammasome activation [35-38]. Here,
we provide evidence that PKR-mediated inflammasome activa-
tion required its kinase activity, as caspase-1 activation and pro-
IL-1B processing are abrogated after both PKR protein silencing
as well as PKR kinase inhibition. Whether PKR is solely involved
in inflammasome activation or whether it also affects inflamma-
some priming steps remains unclear. We have identified roles for
both NADPH oxidase-mediated ROS generation and the activa-
tion of the MAP kinases ERK1/2, JNK and p38, in PKR-mediated
NLRP3 inflammasome activation. The role of ROS in activation
of the inflammasome has been studied extensively, identifying a
crucial role for ROS-mediated release of thioredoxin-interacting
protein from thioredoxin which then binds to NLRP3, resulting
in NLRP3 inflammasome activation [22, 26]. PKR has previously
been reported to induce the assembly of the NADPH oxidase com-
plex that consists of several NOX proteins together with the small
GTPase Racl via PKC [25]. Here, we show for the first time that
PKR-mediated ROS generation is linked to inflammasome activa-
tion. Interestingly, it has been described that during HIV-1 infec-
tion, ROS formation is crucial in the production of IL-1p [7].

Another link between PKR and inflammasome activation can
be found in the three MAP kinases, ERK1/2, JNK, and p38: PKR
activation has been shown to result in activation of all three MAP
kinases in different settings [27-29, 39], while ERK1/2, JNK,
and also p38 can target NLRP3 for phosphorylation, a priming
event crucial for inflammasome activation [30, 31]. Activation of
ERK1/2, JNK, and p38 as a result of ROS generation has been pre-
viously described [25, 40—42]. It will be interesting to investigate
whether the two mechanisms we have identified downstream of
PKR work sequentially or synergistically.

We show that not only transfection of DCs and PBMCs with
abortive HIV-1 RNA results in PKR activation and subsequent pro-
IL-1B processing, but also HIV-1 infection of PBMCs, a heteroge-
neous and, therefore, relevant population of cells, resulted in acti-
vation of caspase-1 and subsequent IL-1p production, which was
attenuated upon inhibition of PKR activity and NLRP3 oligomer-
ization. Transfection of PBMCs with abortive HIV-1 RNA induced
IL-1B secretion. These data suggest that abortive HIV-1 RNAs that
are also observed in productively infected cells are sensed by
PKR, leading to inflammasome activation. Both CD3™ T cells and
CD11c™" cells in the PBMC pool expressed cleaved IL-1B, indicat-
ing that these cells are responsible for IL-1p secretion. CD11c is
expressed by myeloid cells such as macrophages and DCs. These
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Figure 5. HIV-1gri6, infection induces IL-1p secretion via PKR and inflammasome activation. (A, D) PBMCs were incubated with IL-2 for 3 days,
treated with PKR inhibitor C16 (A) or NLRP3 inhibitor MCC950 (D) for 2 h and infected with CCRS5 (R5)-tropic virus HIV-1gpi6, with MOI 0.1. IL-1p was
measured in the supernatant after 48 h by ELISA. Responses induced by HIV-1spi6, Were set at 1. See also Supporting information Fig. S5A and B
for IL-1p secretion (pg/mL). (B,C) Similarly, IL-2-treated PBMCs were incubated with C16 for 2 h and infected with HIV-1gp6,. Intracellular p24 was
measured after 4 days by flow cytometry (B) or in the supernatant after 5 days by ELISA (C). See also Supporting information Fig. S5C and D for
intracellular p24 analysis in CD3* and CD3~ populations. (E) PBMCs were incubated with IL-2 for 3 days, treated with PKR inhibitor C16 for 2 h and
infected with HIV-1gp6, with MOI 0.1. Caspase-1 activity was assessed after 46 h, using a caspase-1-Glo assay. Responses induced by untreated
mock controls were set at 1. (F) PBMCs were incubated with IL-2 for 3 days, infected with HIV-1gp16, with MOI 0.1, and treated with brefeldin A.
Intracellular cleaved IL-1p was assessed in CD3* and CD11c" cells of the PBMC pool and analyzed using flow cytometry to determine fluorescence
intensity (FI). Data are representative of collated data of four (A) or three (B-E) donors. Data are representative of at least two (F, 48 h timepoint) or
three (F, 24 h timepoint) donors (mean + S.D.). *p < 0.05, Student’s t-test.
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data suggest that both T cells and myeloid cells sense HIV-1 infec-
tion via PKR to induce IL-1B.

The role of PKR during HIV-1 infection is versatile as acti-
vated PKR inhibits both cellular and viral translation of mRNAs
via phosphorylation of eukaryotic translation initiation factor 2
a [28], hereby affecting viral replication. HIV-1 escapes PKR-
dependent translational inhibition of viral mRNAs via binding of
the HIV-1 Tat protein to PKR, thus, repressing its activity or via
protein-dependent inhibition of PKR [43, 44]. We observed no
differences in the levels of p24 in the PBMC population or in
the supernatant, suggesting that the effect of the PKR inhibitor
was on viral PAMP recognition and not on viral replication.
Interestingly, it has recently been described that HIV-1 protease
induces caspase-1 activation and IL-1f secretion via sensing by
the caspase recruitment domain-containing protein 8 (CARDS)
inflammasome [45]. In addition, NLRP1 activation has also been
reported to induce IL-1f secretion, via the detection of viral
dsRNA [46]. Whether abortive HIV-1 RNA is solely responsible
for PKR-dependent inflammasome activation during HIV-1 infec-
tion or whether other types of viral dsRNA, viral PAMPs, or host
sensors lead to pro-IL-1f processing remains to be determined.

Besides contributing to inflammation, HIV-1-
associated IL-1f production has also been linked to the induc-
tion of pyroptosis, IL-18-mediated programmed cell-death [47].
Pyroptosis occurs in nonpermissive CD4™ T cells that appear as
dying uninfected “bystander” CD4" T cells, but are in fact non-

immune

productively infected cells [48]. In these nonproductively infected
CD4™" T cells, impaired reverse transcription results in the accu-
mulation of incomplete reverse transcription products, which
trigger IL-1f production through an unknown mechanism [49].
Importantly, abortive HIV-1 RNA transcripts are generated during
viral latency, as a product of incomplete transcription [16, 17].
Therefore, targeting PKR signaling might attenuate immune acti-
vation in chronic HIV-1 infection.

In conclusion, HIV-1 infection directs maturation of pro-IL-18
leading to excessive IL-1f levels and as such continuous immune
activation and inflammation. Triggering of PKR by detection of
abortive HIV-1 RNA, either synthetic or during HIV-1 infection,
leads to activation of the canonical NLRP3/caspase-1 inflamma-
some that controls pro-IL-18 processing. Considering that abortive
HIV-1 transcripts are produced at different stages during the
course of HIV-1 infection, our data provide a rationale for tar-
geting PKR to control continuous HIV-1-mediated immune activa-
tion.

Materials and methods

Cells, stimuli, and inhibitors

This study was performed according to the Amsterdam University
Medical Centers, location AMC Medical Ethics Committee guide-
lines. All donors gave written informed consent in accordance
with the Declaration of Helsinki. Human PBMCs from buffy coats
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of healthy individuals (Sanquin) were isolated using lymphoprep
and cultured in RPMI medium supplemented with 10% fetal calf
serum (FCS), penicillin (100 U/mL, Thermo Fisher), streptomycin
(100 pwg/mL, Thermo Fisher), and recombinant IL-2 (20 U/mL,
Novartis) at a cell density of 2 x 10° cells/mL at 37°C, 5% CO5.
To obtain human monocytes, PBMC isolation was followed by per-
coll gradient steps. Monocytes were cultured in RPMI medium
supplemented with 10% FCS, L-glutamine (2 mM, Lonza), peni-
cillin and streptomycin (100 U/mL and 100 pwg/mL, respectively,
Thermo Fisher) in the presence of GM-CSF (800 U/mL, Invitro-
gen) and IL-4 (500 U/mL Invitrogen) at 37°C, 5% CO- to obtain
monocyte-derived DCs. On day 4, cells were plated at a cell den-
sity of 1 x 10° cells/mL and on day 6-7 DCs were stimulated with
1 nM synthetic abortive HIV-1 RNA complexed with transfection
reagent lyovec (Invivogen), constituting the first 58 nucleotides of
the HIV-1 genome, including a 5’m7GTP cap incorporated using
cocapping during in vitro transcription and lacking a polyA tail
(HIV-1 Cap-RNAsg, Biosynthesis) as previously described [11,18].
As a control, the same RNA sequence was synthesized, how-
ever, without the 5’m7GTP cap (HIV-1 control RNAsg, 1 nM).
Furthermore, DCs were stimulated with lipopolysaccharide (LPS)
Salmonella enterica serotype typhimurium (10 ng/mL, Sigma),
LTA, poly-I:C, R848 (all 10 pg/mL, Invivogen), recombinant
adenosine triphosphate (5 mM, Promega), and staurosporin (1
uM, Merck). Cells were preincubated in the presence of various
inhibitors as indicated for 2 h to target NLRP3 (MCC950, 5 uM,
Invivogen), caspase-1 (Ac-YVAD-cmk, 50 pM, Tocris), PKR (C16,
0.5 uM, Merck), NOX (diphenyleneiodonium chloride, 25 M,
Sigma), Racl (NSC23766, 100 mM, Tocris), ERK1/2 (FR180204,
10 uM, R&D systems), JNK1/2/3 (SP600125, 100 mM, Tocris),
and p38u/B (SB203580, 25 mM, Invivogen). Upon treatment
with the different inhibitors, cell viability was assessed using the
CellTiter-Glo 2.0 Viability Assay (Promega) according to manu-
facturer’s instructions (Supporting information Fig. S4B and D).

IL-1B secretion

DC and PBMC supernatants were harvested 24 or 48 h after
stimulation as the most efficient inductions of IL-18 secretion
were observed during these time points. IL-1f secretion levels
were quantified using ELISA according to manufacturer’s instruc-
tions (eBiosciences) and OD450 nm values were obtained using
BioTek Synergy HT. The induction of IL-1B-mediated pyropto-
sis was assessed using an LDH cytotoxicity assay (Thermofisher)
according to manufacturer’s instructions of which the Positive
Control of the kit was set at 100% LDH release.

Quantitative RT-PCR

DCs were lysed to extract mRNA using the mRNA capture kit
(Roche), followed by reverse transcription to generate cDNA
using the Reverse transcriptase kit (Promega). Quantitative real-
time PCR was performed using SYBR Green (Thermo Fisher),
with primer sets designed with Primer Express 2.0 (Applied
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Biosystems, Supporting information Table S1), on an ABI 7500
Fast Real-Time PCR detection system (Applied Biosystems).
Target gene expression levels were normalized to expression
levels of household gene GAPDH, using the formula: N, =
2Ct(GAPDH)—Ct(target) - Relative expression levels were calculated
when N; in HIV-1 Cap-RNAsg or LPS + HIV-1 Cap-RNAsg-treated

cells was set at 1.

Caspase-1 activity

Active caspase-1 was detected using the FAM-FLICA Caspase-1
Assay kit (Immunochemistry Technologies) according to manufac-
turer’s instructions. In brief, DCs were washed in IMDM medium
lacking phenol red (Gibco), supplemented with 10% FCS, peni-
cillin and streptomycin (100 U/mL and 100 pg/mL, respectively,
Thermo Fisher) prior to stimulations. DCs were stimulated as pre-
viously described. After 22 h, DCs were treated with FAM FLICA
reagent and incubated at 37°C, 5% CO, for 1 h. Cells were washed
three times in apoptotic wash buffer (Immunochemistry Tech-
nologies), immediately followed by flow cytometry analysis using
the FACSCanto II (BD Bioscience) and FlowJo software version
10.7 and guidelines for the use of flow cytometry and cell sort-
ing in immunological studies were followed. Live cells were gated
based on FSC/SSC and the caspase-1" population within this live
cell population was assessed. Processing of caspase-1 was deter-
mined via detection of the processed 20 kDa unit (p20, 1:1000.
41998, Cell Signaling) in DC cell lysates (40 ng) 8 h after stimula-
tion, using immunoblot analysis. Primary antibody stainings were
followed by HRP-labeled anti-rabbit (1:2000, P0217, Dako) and
developed using an ECL detection system (Pierce). B-Actin expres-
sion was used as a loading control (1:1000, sc-81178, Santa Cruz)
and primary antibody stainings were followed by HRP-labeled
anti-mouse (1:2000, P0161, Dako). In addition, caspase-1 activ-
ity was measured using the Caspase-Glo 1 inflammasome assay
(Promega) according to manufacturer’s protocol. In short, DCs or
PBMCs were treated as previously described and incubated with
Caspase-Glo 1 reagent containing the proteasome inhibitor MG-
132 to prevent nonspecific substrate cleavage. After 90 min, the
cell/Caspase-Glo 1 mixture was transferred to a white 96-well
opaque plate (Corning) and luminescence was measured using
the TriStar? S LB 942 (Berthold).

RNA interference

On day 4 of monocyte-derived DC cultures, cells were washed
with PBS, resuspended in buffer R according to manufacturer’s
instructions (Thermo Fisher) and mixtures were divided for
transfection with the different SMARTpool small interfering (si)
RNAs (all from Dharmacon) to target DDX3 (siDDX3, M-006874-
01), PKR (siEIF2AK2, L.-003527-00), ASC (siASC, M-004378-01),
NLRP3 (siNLRP3, M-017367-00), NLRC4 (siNLRC4, M-004396-
00), or with a nontarget control (siControl, D-001206-13). Cells
were transfected with 1500V for 20 ms using the Neon Trans-
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fection System (Thermo Fisher) and seeded in 24-well plates
in RPMI medium supplemented with 10% FCS and 2 mM L-
glutamine (Lonza) in the absence of antibiotics. Cells were col-
lected, washed, seeded in a 96-well round bottom plate, and incu-
bated O/N at 37°C 5% CO,, 72 h after transfection, cells were
stimulated as previously indicated and silencing efficiency was
assessed using flow cytometry and/or quantitative RT-PCR (Sup-
porting information Figs. S2A, B and S3A, B). For flow cytom-
etry analysis, DCs were fixed with 4% paraformaldehyde , per-
meabilized with 90% methanol at —20°C for at least 16 h and
stained with anti-ASC (1:50, 4628S, Cell Signaling), anti-NLRP3
(1:50, 131588, Cell Signaling), anti-NLRC4 (1:50, 124218, Cell
Signaling), anti-DDX3 (1:50, 2635S, Cell Signaling), and anti-
PKR (1:50, ab32052, Abcam), followed by PE-conjugated donkey
anti-rabbit (1:200, Jackson Immuno Research), measured using
FACSCanto II (BD Biosciences) and analyzed with FlowJo soft-
ware version 10.7. Cells were gated on based on FSC/SSC and the
ASC*, NLRP3*, NLRC4*, DDX3*, and PKR* population within
this live cell population was assessed.

PKR kinase assay

PKR kinase activity was assessed using a combination of an
EIF2AK2 kinase enzyme kit (Promega) and ADP-Glo kinase assay
(Promega). DCs were stimulated as previously described to induce
kinase activity. After 2 h, whole-cell extracts were prepared using
PKR lysis buffer (50 mM Tris-HCI [pH 7.5], 1 mM EDTA, 150 mM
NaCl, 0.5% Igepal, 12.5 mM beta-glycerophosphate, 10% glyc-
erol, 1 pg/mL leupeptin, 1 pg/mL pepstatin A, 0.4 mM PMSF).
To capture PKR in whole-cell extract, 96-well high binding plates
(Thermo Fisher) were coated with 10 pg/mL anti-PKR (ab32052,
Abcam) O/N at 4°C. Then, anti-PKR-coated wells were blocked
with 1%BSA for 30 min and incubated with 10 wg whole-cell
extract for 2 h. Recombinant PKR was used to obtain a pro-
tein standard used for quantification (Promega). Wells were incu-
bated with 0.1 mg/mL substrate (myelin basic protein) in 22.5
nL kinase activity buffer (40 mM Tris-HCl [pH 7.5], 20 mM
MgCl,, 50 uM DTT, 0.1 mg/mL BSA, 50 uM ATP) for 1 h at
RT. Kinase activity termination and ATP depletion were achieved
using the ADP-Glo reagent (Promega) for 40 min at RT. Final PKR
kinase activity was measured by incubation with kinase detec-
tion reagent for 30 min at RT, after which the mixture was trans-
ferred to a white opaque plate (Corning). Relative light units were
detected as a measure for generated ADP and, thus, PKR activity,
using the BioTek Synergy HT.

Protein phosphorylation

DCs were stimulated as previously described for 3 h (to detect
p-ERK, p-p38, p-JNK), after which cells were fixed with 4%
paraformaldehyde and permeabilized with 90% methanol at
—20°C for at least 16 h. Cells were stained with phospho-
specific antibodies against ERK1/2 Thr202/Tyr204 (1:50, 437785,

www.eji-journal.eu



Eur. J. Immunol. 2021. 51: 2464-2477

Cell Signaling) and p38 Thr180/Tyr182 (1:50, 92118, Cell Sig-
naling), followed by PE-conjugated donkey anti-rabbit (1:200,
Jackson Immuno Research). Phospho-specific antibodies against
SAPK/JNK Thr183/Tyr185 (1:50, 9255S, Cell Signaling) were
used, followed by Alexa647-conjugated goat anti-mouse (1:200,
A21235, Invitrogen). Flow cytometry analysis was performed
using the FACSCanto II (BD Biosciences) and analyzed with
FlowJo software version 10.7.

Virus production and infection

R5-tropic HIV-1gp16, was obtained from Dr. Jay Levy and prop-
agated on human phytohemagglutinin (PHA)-stimulated PBMCs
as previously described [50]. After 4 days, supernatant was har-
vested, filtered, and titrated using TZM-bl cells (human cervical
cancer cells). IL-1B secretion was examined in infected PBMCs,
treated as previously described. PBMCs were infected with HIV-
1sp162 at a multiplicity of infection (MOI) of 0.1 and cultured at
37°C 5% CO,, 46 h after infection, caspase-1 activity was deter-
mined and after 48 h, supernatant was collected and IL-18 secre-
tion was assessed using ELISA. After 24 or 48 h of infection,
cells were incubated with brefeldin A (10 pg/mL, Sigma) for
the final 4 h, collected and CD3* (APC-Cy7-conjugated anti-CD3,
1:100, 300317, Biolegend) and CD11lc" (APC-conjugated anti-
CDl11c, 1:50, 33144, BD Biosciences) cells were intracellularly
stained for cleaved IL-1f (1:50, 83186S, Cell Signaling). Cells
were gates based on FSC/SSC and assessed using flow cytome-
try. Four days after infection, cells were collected, stained, and
gated based on FSC/SSC, followed by gating on single cells. Infec-
tion levels within the CD3"™ and CD3~ population of the PBMC
pool were determined by staining PBMCs intracellularly using PE-
conjugated anti-p24 (1:200, KC57-RD1, Beckman Coulter) and
APC-Cy7-conjugated anti-CD3 (1:100, 300317, Biolegend). Flow
cytometry analysis was performed using the FACSCanto II (BD
Biosciences) and FlowJo software version 10.7. Alternatively, viral
replication of HIV-1gsp162 Was assessed by Gag p24 production in
the PBMC culture supernatant 5 days after infection, using a quan-
titative in-house p24 ELISA.

Data analysis

Statistical analysis was performed using Student’s t-test for paired
observations using GraphPad version 8 and statistical significance
was set at P < 0.05.
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