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Abstract

Inflammation is a pathological hallmark associated with bacterial and viral infections, 

autoimmune diseases, genetic disorders, obesity and diabetes, as well as environmental stresses 

including physical and chemical trauma. Among numerous proteins regulating proinflammatory 

signaling, very few such as Protein kinase R (PKR), have been shown to play an all-pervading 

role in inflammation induced by varied stimuli. PKR was initially characterized as an interferon-

inducible gene activated by viral double-stranded RNA with a role in protein translation inhibition. 

However, it has become increasingly clear that PKR is involved in multiple pathways that promote 

inflammation in response to stress activation, both dependent on and independent of its cellular 

protein activator PACT. In this review, we discuss the signaling pathways that contribute to 

the initiation of inflammation, including Toll-like receptor, interferon, and RIG-I-like receptor 

signaling, as well as inflammasome activation. We go on to discuss the specific roles that 

PKR and PACT play in such proinflammatory signaling, as well as in metabolic syndrome- and 

environmental stress-induced inflammation.
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INTRODUCTION

The cellular response to stimuli that threaten homeostasis involves the induction of programs 

aimed at the elimination of or adaptation to the continuous presence of those stimuli. These 

programs often involve the upregulation of genes and increased synthesis of gene products 

associated with recovery or adaptation [1]. These are in turn accompanied by the inhibition 

of general protein synthesis to route cellular resources towards these stress response 

programs [2,3]. Inflammatory signaling is often activated if these programs are insufficient 

to manage the stimuli’s damaging effects, and cell death mechanisms are engaged if the 

negative effects cannot be overcome by the adaptive stress response programs, which are 

unique to individual stress conditions and are reviewed elsewhere [4].

The inhibition of protein synthesis in response to diverse stimuli is mediated by one of 

four serine/threonine kinases that phosphorylate the α subunit of the eukaryotic initiation 

factor 2 (eIF2α) [5]. It is well known that stimuli-induced phosphorylation of eIF2α acts 

a signaling mechanism that initiates a cellular response known as the Integrated Stress 

Response (ISR) [6]. However, functions of the eIF2α kinases independent of their roles 

in the ISR have also been reported [7]. Of the eIF2α kinases, protein kinase R (PKR) 

was initially discovered as an interferon-inducible gene [8] and characterized as the eIF2α 
kinase activated in response to double-stranded RNA, a common intermediate in several 

viral infections [9]. Since then, PKR has also been shown to be activated in response 

to stimuli such as oxidative stress, serum deprivation, heat shock, and ER stress, among 

others [10–13]. It has also become increasingly apparent that PKR plays an integral role 

in the activation and initiation of pro-inflammatory signaling in response to pathogens or 

environmental stressors through Toll-like receptor (TLR)-, nuclear factor-κB (NF-κB)-, and 

inflammasome-activated signaling pathways [14,15].

While dsRNA can bind to and activate PKR directly [16], activation of PKR in response 

to several other stress-inducing stimuli depends on its interaction with a cellular protein, 

the protein activator of PKR (PACT) [17]. The phosphorylation of PACT at serine-287 

under stress conditions increases its interaction with PKR, resulting in the activation of 

PKR, subsequent phosphorylation of eIF2α, and activation of downstream signaling [18]. 

Recent studies have also elucidated PKR-independent functions of PACT; direct interaction 

with the retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) RIG-I, melanoma 

differentiation-associated gene 5 (MDA5), and laboratory of genetics and physiology 2 

(LGP2) is integral to the activation of interferon signaling in response to host cell infection 

by various viruses of significant consequence to human health [19,20].

In this review, we will highlight emerging evidence that squarely places PKR and PACT 

in the induction of inflammatory signaling as part of the cellular response to pathogens 

or chronic physiological stress conditions. We will conclude with reflections on how 

therapeutic intervention of PKR, PACT or PACT-PKR mediated signaling may be beneficial 

in various pathological conditions in which their dysregulation has been implicated.
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INFLAMMATION: NUTS AND BOLTS

Inflammation is a defense mechanism evolved in higher organisms to respond to extreme 

insults, such as infection or dramatic changes in pH or temperature that threaten to disrupt 

homeostasis at the level of the cell, tissue, or the whole organism [21]. The detection 

of such insults results in the activation of pro-inflammatory gene expression programs. 

These gene expression programs are typically driven by NF-κB, interferon regulatory 

factor (IRF), Janus-activated kinase (JAK)-signal transducer and activator of transcription 

(STAT), or mitogen-activated protein kinase (MAPK)-mediated signaling cascades (Figure 

1) [21]. Activation of these pathways results in the synthesis and secretion of inflammatory 

mediators such as cytokines and chemokines. These mediators together exert influence 

on the local vasculature to increase blood flow and blood vessel permeability, actively 

facilitating the passage of plasma and specific mediator-responsive effector cells into 

affected sites [21–23].

The resolution of the inflammatory response upon the successful elimination of the 

inflammatory insult is achieved at the intracellular level through the expression of feedback 

regulators of inflammatory signaling [24], and at the intercellular level through the actions 

of anti-inflammatory soluble mediators such as resolvins, protectins, and maresins [25]. 

These soluble mediators stop the further recruitment of specialized effector cells and 

facilitate tissue remodeling via repair and removal of damaged tissue and cellular debris. 

Conversely, a failure of the acute innate phase inflammatory response to eliminate the 

inflammatory stimulus engages more specialized effector cells of the adaptive immune 

system, such as lymphocytes [26]. The persistent inability of these two phases to clear 

the primary inducers of the inflammatory response, or the continuous presence of such 

inducers, results in a chronic inflammatory state, which is at the core of several pathological 

conditions [27].

The presence of pathogenic insults is detected by a variety of plasma membrane or 

cytosolic receptors collectively referred to as pattern recognition receptors (PRRs), which 

include RLRs and Toll-like receptors (TLRs), and the cytoplasmic signaling complex, the 

inflammasome (Figure 1) [28,29]. PRRs recognize a broad range of pathogen-associated 

molecular patterns (PAMPs) of bacterial, fungal, or viral origin, such as lipopolysaccharide 

(LPS), CpG DNA, flagellin, or dsRNA [28]. PAMPs are detected by TLRs on the 

extracellular surface or contained within endosomal compartments, while RLRs, PKR, 

and inflammasomes function in the cytosol. Material released from dying cells, such as 

the nuclear protein high-mobility group box protein 1 (HMGB1) categorized as damage-

associated molecular patterns (DAMPs), and heat shock proteins (HSPs) can also act as PRR 

ligands to stimulate proinflammatory signaling [30,31].

Toll-like Receptors (TLRs)

TLRs are type I transmembrane proteins and contain a common extracellular leucine-rich 

repeat (LRR) motif as well as transmembrane and intracellular Toll and IL-1 (TIR) 

domains [32]. Ten TLRs have been identified in humans, with TLR1, 2, 4, 5, 6, and 10 

expressed on the plasma membrane and recognizing microbial entities, and TLR3, 7, 8, 

and 9 expressed on endolysosomal membranes and recognizing nucleic acids [33]. The 
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binding of ligands to their cognate TLR receptors triggers TIR-mediated interactions with 

adaptor proteins myeloid differentiation primary response protein 88 (MyD88), TIR domain-

containing adaptor (TIRAP), TIRAP-inducing interferon-β (TRIF), and translocation chain-

associated membrane protein (TRAM) [34]. MyD88 and TIRAP, in turn, trigger a signaling 

cascade involving interleukin 1 receptor-associated kinase 1 (IRAK1), IRAK2, IRAK4, 

tumor necrosis factor receptor-associated factor 6 (TRAF6), and transforming growth 

factor β-activated kinase 1 (TAK1) [34]. This culminates in TAK1-mediated activation of 

NF-κB and MAPK (c-Jun N-terminal kinase [JNK] and p38) activity and the induction 

of pro-inflammatory cytokines such as interleukin-1β (IL-1β), IL-6, and tumor necrosis 

factor α (TNFα), chemokines such as monocyte chemoattractant protein 1 (MCP1), and 

proinflammatory effector enzymes such as inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2), among others [35,36]. Signaling via TRIF and TRAM also 

results in TRAF6-mediated stimulation of NF-κB transcriptional activity, and additionally 

results in TRAF3-mediated activation of IRF3 [34]. IRF3 subsequently homodimerizes or 

heterodimerizes with IRF7 and translocates to the nucleus, where it induces the transcription 

of genes encoding the type I interferon (IFNα/IFNβ) cytokines [37,38]. The interferons 

(IFNs) are major components of the inflammatory response to viral infection [39]. IFNs 

activate interferon-stimulated genes (ISGs) that include several effector proteins, such as 

PKR or 2’–5’-oligoadenylate synthetase 2 (OAS2), which limit viral proliferation and 

activity within the host cell [39].

RIG-I-like receptors (RLRs)

The second group of PRRs, the RLRs (RIG-I, MDA5, and LGP2), are a group of cytosolic 

nucleic acid sensors that trigger the induction of type I interferon expression and NF-κB 

activation upon interaction with immunostimulatory RNA [40]. Each RLR except for LGP2 

contains an N-terminal caspase activation and recruitment domain (CARD), in addition to 

their common helicase and C-terminal domains [41]. The binding of cognate dsRNA ligands 

to RIG-I/MDA5 triggers the oligomerization of their CARD domains [42]. This, in turn, 

facilitates CARD-CARD interaction with the signaling hub mitochondrial antiviral signaling 

protein (MAVS)/interferon β promoter stimulator 1 (IPS-1)/virus-induced signaling adaptor 

(VISA), resulting in IκB kinase ε (IKKε)/TRAF family member-associated NF-κB 

activator-binding kinase 1 (TBK1)-dependent phosphorylation and activation of IRF3 

[37,42]. RLR stimulation also results in NF-κB activation through MAVS and CARD9, and 

subsequent NF-κB-driven inflammatory gene expression [42]. RLR activity is modulated 

by post-translational modifications such as phosphorylation and small ubiquitin-like 

modification (SUMOylation), as well as by interactions with the dsRNA binding protein, 

PACT [43–46]. The interaction of PACT with all three members of the RLR family have 

been shown to be an essential component of the cellular response to viruses that are of 

significant clinical consequence to human health, such as the Ebola virus (EBOV) or the 

herpes simplex virus 1 (HSV1) [47–49]. The mechanisms by which PACT augments the 

activities of RLRs will be discussed in greater detail in this review.

The inflammasome

The third group of signaling complexes relevant to this review is the multiprotein 

complex inflammasome, which elicits robust immune responses including the secretion of 
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proinflammatory cytokines and pyroptosis [50]. The prototypical inflammasome consists of 

a (1) receptor protein which can be a member of the nucleotide-binding oligomerization 

(NOD) protein family, leucine-rich repeat (LRR)-containing protein (NLR) family members, 

absent in melanoma 2 (AIM2) like receptors (ALRs), or the pyrin protein; (2) an adaptor 

protein, ASC (apoptosis-associated speck-like protein containing a CARD); and (3) an 

effector protein, usually caspase-1, but also caspase-4/5 in the non-canonical inflammasome 

[50]. In response to PAMP or DAMP recognition, the cognate receptor proteins are 

activated, undergo oligomerization, and subsequently bind to ASC and pro-caspase-1. The 

catalytic activation of caspase-1 in this newly assembled inflammasome triggers caspase-1-

mediated processing of pro-IL-1β and IL-18 [51]. It has been reported that production 

of reactive oxygen species (ROS) in the mitochondria can also induce inflammasome 

activation, and localization of the inflammasome to the mitochondria depends on the 

presence of the adapter protein MAVS [52]. On the other hand, the non-canonical 

inflammasome is activated in response to cytosolic LPS, and results in caspase-11 activation, 

which subsequently activates the NOD-like receptor family pyrin domain-containing 3 

(NLRP3) inflammasome to induce caspase-1 activation and concomitant IL-1β and IL-18 

processing [53]. The activation of both canonical and noncanonical inflammasomes also 

induce pyroptosis, a lytic form of cell death in which IL-1β, IL-18, and inflammatory 

alarmins such as HMGB1 are released into the extracellular environment, where they 

can exert pro-inflammatory effects on effector cells [54,55]. Similar to the other PRRs, 

inflammasome assembly and activation is regulated by post-translational modifications and 

interactions with proteins that further modulate their activity [56]. Evidence exists, though 

controversial, that indicates that PKR directly interacts with various inflammasome receptor 

proteins to facilitate inflammasome activation and the induction of pyroptosis and release of 

HMGB1, IL-1β, and IL-18 from immune cells [15].

Inflammation-linked signaling cascades: The NF-κB and MAPK pathways

The NF-κB signaling pathway is highly associated with inflammation and inflammatory 

signaling in many cell types and organs, and across species [57,58]. Mice deficient in 

NF-κB signaling are often either embryonic lethal, or deficient in the cellular responses 

to external inflammatory stimuli, such as viral infection [59]. NF-κB/Rel family dimers 

are bound in the cytoplasm by inhibitory IκB proteins, which prevent their nuclear 

translocation. Phosphorylation of the IκB kinase (IKK) protein complex by upstream 

activators leads to the activation of the complex, which will then phosphorylate IκB proteins 

at specific serine residues. Phosphorylation of IκB leads to its subsequent ubiquitination 

and proteasomal degradation, revealing nuclear localization signals of NF-κB and promoting 

their translocation to the nucleus [60].

There are many ways that NF-κB signaling can be activated, including external stimuli and 

crosstalk with other signaling pathways [58]. Ligand binding to various TNF receptors, 

interleukin receptors, TLRs, PRRs, T cell receptors, and B cell receptors can recruit 

adaptor proteins, such as TRAFs that also act as ubiquitin ligases, and kinases such as 

receptor-interacting protein (RIP), which bind and activate the IKK complex [60]. Other 

signal receptors that can activate a non-canonical NF-κB signaling cascade via the NF-κB-

inducing kinase (NIK) include lymphotoxin B, B cell activating factor (BAFF), CD27 and 
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CD40 [61,62]. Over 300 NF-κB target genes have been confirmed in various roles related 

to inflammation, including cytokines/chemokines (IFNG [63], IL-1B [64], IL-6 [65], CCL2 
[66], TNFA [67]), immunoreceptors (CD40 [68], TNFR1S1B [69], TLR2 [70], NOD2 [71]), 

cell adhesion molecules (E-selectin [72], ICAM-1 [73], VCAM-1 [74]), stress response 

genes (PTGS2 [75], NOS2 [76], SOD2 [77]), growth factors (IGFBP1 [78], VEGFC [79]), 

and other transcription factors (IRF-1 [80], MYC [81], P53 [82]).

The MAPK signaling pathway is also highly relevant to inflammation and inflammatory 

signaling. The three classes of MAPKs, extracellular signal-related kinases (ERK), c-Jun 

N-terminal kinase (JNK), and p38, are activated by upstream MAPK kinases (MAPKKs) 

MKK1/2, MKK4/7, and MKK3/6, respectively [83]. Upstream activators of the MAPK 

signaling pathway include a number of inflammatory receptors, such as TNF receptors, B 

cell and T cell receptors, TLRs, and IL-1 and IL-17 receptors [84–87]. Upon binding of such 

receptors by appropriate ligands, adaptor proteins are recruited, such as TRAF2, TRAF3, 

and TRAF6 [83]. These adaptor proteins also interact with other signaling transducing 

molecules, such as the IKK complex, the cellular inhibitor of apoptosis proteins (cIAP1/2), 

and TAK1/TAK1 binding protein 2 (TAB2) [83]. Activated MAPK proteins then influence 

gene expression by activating various other transcription factors, in the case of p38 via 

binding to mitogen and stress-activated protein kinase 1/2 (MSK1/2), such as activator 

protein-1 (AP-1), activating transcription factor 2 (ATF2), cyclic-AMP response element 

binding protein (CREB), ATF1, and NF-κB [88–93]. In the cytoplasm, p38 MAPK can 

also inhibit KH-type splicing regulatory protein (KSRP) and tristetraprolin (TTP), which 

in turn inhibit the translation of proinflammatory mRNAs by promoting their degradation 

[94]. MAPKs also phosphorylate histones, which can contribute to the epigenetic regulation 

of gene regions controlling inflammation [95–97]. The proinflammatory molecules induced 

by MAPK signaling include cytokines, such as IL-1, IL-17, IL-6, and others in a cell- and 

species-specific manner [98–100].

Inflammation in the absence of pathogens: Metabolic inflammation or metaflammation

Within the context of the PRRs described above and the cellular activities they elicit in 

response to inflammatory stimuli, the traditional view of the inflammatory response as a 

defense mechanism against infection, sterile foreign bodies, or tissue damage has been 

largely predominant. However, a modern view of inflammation as a response to dysregulated 

metabolic processes has emerged in light of an alarming increase in diagnoses in the general 

population of diseases such as type 2 diabetes, cardiovascular disease, non-alcoholic fatty 

liver steatosis, and atherosclerosis in recent years [101]. These diseases are defined by low 

levels of chronic inflammation and metabolic dysfunction, and the risk of developing these 

diseases is significantly elevated by the presence of a cluster of conditions collectively 

referred to as metabolic syndrome, consisting of low levels of inflammation throughout the 

body, hyperglycemia, dyslipidemia, abdominal obesity, and hypertension [102].

Hyperglycemia activates the body’s inflammatory defense mechanism, leading to an 

inflammatory cytokine cascade, and if unchecked, organ damage [103]. Glucose intake can 

lead to superoxide radical production, activation of NF-κB and AP-1 transcription factors, 

and expression of TNF-α and IL-6, while the hormone insulin reduces the expression of 
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TLRs, expression of inflammatory mediators intracellular adhesion molecule-1 (ICAM-1), 

MCP1, and TNF-α [104–108]. Insulin resistance is highly associated with inflammation, 

and anti-TNF-α therapy has been shown to improve insulin resistance in rheumatoid arthritis 

patients [109]. Inflammation is also characterized by changes in lipid metabolism; activation 

of inflammatory cascades leads to decreased HDL cholesterol and increased triglycerides in 

the blood, as well as increased levels of C Reactive Protein (CRP), ICAM-1, and E-selectin, 

which in turn promote inflammatory signaling in a feed-forward loop [110–112]. Both 

insulin resistance following hyperglycemia and dyslipidemia are associated with obesity, 

which has been shown to correlate with chronic low-grade inflammation, as well as being 

underlying causes for diseases such as type 2 diabetes [113]. The increase in adipocytes 

can lead to overproduction of cytokines, such as TNF-α and IL-6, that induce inflammation 

[114,115]. It is possible that inflammatory signaling is stimulated by a stress response to the 

increase of intracellular nutrients, the increase of macrophage infiltration into adipocytes, an 

increase in hypoxic tissue, or direct adipocyte-mediated activation of inflammatory pathogen 

sensors [116–120]. Also, build-up of cholesterol and increased triglycerides in the blood 

contribute to atherosclerosis, the primary cause of cardiovascular disease in obese patients 

[121]. Regulatory T cells (Tregs), Th17 cells, and dendritic cells in the blood can produce 

TNF-α, IL-6, IL-17, and MCP1 to induce an inflammatory response in hypertensive patients 

[121]. Expression of TLRs has been shown to be increased in hypertensive conditions, 

including diabetes and obesity, while DAMPs produced in these conditions can activate the 

inflammasome to further increase inflammation [122].

AN INTRODUCTION TO THE dsRNA BINDING PROTEINS PACT AND PKR

Function determined by structure: dsRNA binding motifs (dsRBMs) of PACT and PKR

In line with the established role of PKR as a key effector of the cellular innate immune 

response to viral infection, the PKR gene (EIF2AK2) is one of several ISGs upregulated 

as a direct consequence of type I Interferon signaling [123]. Despite increased cellular 

abundance, PKR remains latent within the cell until it binds dsRNA, an indicator of viral 

presence within the cell, at which point PKR is activated and subsequently inhibits viral 

and host cell protein synthesis [124]. Like the other three stress-activated eIF2α kinases 

(PKR-like ER-resident kinase, PERK; general control non-derepressible 2, GCN2; and 

heme-regulated inhibitor, HRI), PKR is a serine-threonine kinase containing a conserved 

C-terminal kinase domain and an N-terminal regulatory domain responsible for fine-tuning 

its activation in response to its specific stimuli [125].

The N-terminal domain of PKR is made of up two tandem evolutionarily conserved double-

stranded RNA binding motifs (dsRBM1 and dsRBM2), which together make up the dsRNA 

binding domain (dsRBD) [126]. Each of PKR’s dsRBMs consists of ~70 amino acids and 

is separated from the other by a 20-amino acid flexible linker. Each dsRBM also contains 

the canonical α-β-β-β-α fold, characteristic of other dsRBMs, with the α-helices packed 

atop the anti-parallel β-sheets [126]. Information about the interaction between PKR’s 

dsRBMs and dsRNA has been gleaned from structural studies of other dsRBMs; based 

on those studies, the two dsRBMs of PKR would predictably bind along both faces of 

a minor groove in A-form dsRNA [127]. Binding to dsRNA by PKR is not restricted 
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to only dsRNAs of viral origin; endogenous intramolecular dsRNAs such as Alu RNAs 

and mitochondrial RNAs also bind and activate PKR to regulate various cellular processes 

[128,129]. Furthermore, PKR can bind ssRNA with secondary dsRNA structural features 

such as stem loops [130]. In this way, PKR can be activated by non-dsRNA species as is the 

case with the TAR RNA element in the 5’ ends of human immunodeficiency virus-1 (HIV-1) 

mRNA transcripts [131]. In addition to mediating interactions between PKR and its cognate 

RNA ligands, the dsRBMs of PKR also mediate its homomeric interactions with other PKR 

molecules, as well as its heteromeric interaction with other dsRBPs [132,133]. The catalytic 

C-terminal domain of PKR consists of a smaller lobe made up of predominantly β-sheets 

and a larger lobe made of primarily α-helices [134].

Initial observations that PKR could also be activated independently of viral infection and 

in direct response to a diverse range of stress conditions led investigators to hunt for a stress-

stimulated PKR-activating protein. PACT and its murine homolog, PKR-associated protein 

X (RAX), were identified as two such presumptive PKR activators in two-hybrid screens 

using human K296R PKR and mouse K271R PKR (kinase activity-deficient) respectively 

as bait proteins [17]. PACT was subsequently classified as a dsRBP based on the close 

sequence similarity between the first two dsRBMs of PACT and those of PKR; poly(I:C) 

binding assays confirmed direct PACT-dsRNA interaction [135]. PACT also has a third 

dsRBM with significantly less sequence similarity to its first two dsRBMs, much like the 

TAR RNA-binding protein (TRBP), another dsRBP that binds to both PKR and PACT and 

inhibits PACT-mediated PKR activity [136–140].

In vitro kinase activity assays and PACT overexpression experiments in cells showed that 

PACT strongly activated PKR activity and subsequently increased eIF2α phosphorylation 

and translation inhibition, similar to what was observed during dsRNA-mediated PKR 

activation [12]. The exposure of cells to stress signals increased the interaction between 

PACT and PKR in a time course that correlated with phosphorylation of both PKR and 

eIF2α, indicating that PACT is an endogenous activator of PKR [141]. PKR activity assays 

using PACT deletion mutants and TRBP-domain swapping experiments showed that PACT’s 

first two dsRBMs are primarily responsible for mediating the interaction of PACT with 

PKR, while the third dsRBM is responsible for PACT-mediated PKR activation [135,142].

Also of note was the observation made during in vivo metabolic labeling studies that PACT, 

like PKR and eIF2α, was also phosphorylated in response to stress signals [18]. Two 

serine residues in PACT’s third dsRBM were found to be essential to PACT-mediated PKR 

activation in response to non-viral stress signals. The first, serine 246, is constitutively 

phosphorylated and is absolutely required for the stress-induced phosphorylation of 

the second residue serine 287 by an as-yet-unidentified kinase. This stress-induced 

phosphorylation was eventually shown to serve two purposes; the first to weaken the 

inhibitory interaction between PACT and TRBP [18,139], and the second to increase PACT 

homodimer formation and in turn increase PACT-PKR binding and PACT-mediated PKR 

activation [143,144].
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PACT, PKR, AND THE CELLULAR INFLAMMATORY RESPONSE TO 

PATHOGENS

PKR and the induction of inflammatory signaling during infection

PKR has been shown to play a role in inflammatory signaling following bacterial and 

viral infections via a number of inflammatory signaling pathways (Figure 2). The role 

of PKR and its activation have been most studied following viral infection, as dsRNA 

is historically the primary activator of PKR. Upon binding to viral dsRNA, PKR will 

become activated and subsequently phosphorylate the α subunit of eukaryotic translation 

initiation factor 2 (eIF2), leading to the inhibition of synthesis of viral and normal cellular 

proteins. While inflammatory signaling upon viral infection occurs primarily via the sensing 

of dsRNA by RIG-I and PAMPs by TLR3 leading to activation of NF-κB and IRF3 

transcription factors, PKR also has some direct effects on other inflammatory signaling 

pathways [145,146]. Following infection with vaccinia virus (VV) or encephalomyocarditis 

virus (EMCV), PKR has been shown to interact with both RIG-I and MDA5, but was only 

necessary for IFN induction in an eIF2α phosphorylation-independent manner following 

MDA5-interaction [147]. However, as cycloheximide can rescue PKR-dependent maximal 

interferon production downstream of IRF3 activation, it cannot be discounted that PKR 

also mediates interferon signaling indirectly via inhibition of protein synthesis [148]. 

Interestingly, both PKR and downstream RLR mediator IPS-1 have been determined to 

be involved in formation of stress granules following dsRNA sensing [149], although the 

mechanism is not clear. It is similarly unclear how PKR mediates the phosphorylation 

of STAT1, leading to interferon gene expression; PKR has been shown to interact with 

STAT1, preventing its activation prior to viral infection, followed by a separation of this 

complex upon dsRNA or IFN sensing [150]. It is known that PKR does not directly 

phosphorylate STAT1, as the interaction is kinase activity-independent and RNA-binding 

domain-dependent, although in addition to eIF2α, PKR can also phosphorylate the T 

cell protein tyrosine phosphatase (TC-PTP), which dephosphorylates and deactivates 

STAT1 [151]. Tissue antigen human leukocyte antigen (HLA)-B27-mediated STAT1 

phosphorylation is also dependent on PKR in human monocyte-macrophages [152].

HeLa and amnion U cells deficient in PKR demonstrated a lack of p38, JNK, and 

ATF2 phosphorylation following infection with the measles virus, which was restored 

upon reconstitution with wild-type human PKR but not with kinase activity-deficient 

PKR [153]. It has not been shown that PKR can directly phosphorylate these proteins, 

but it remains unclear whether PKR phosphorylates activating proteins upstream of these 

MAPKs or whether they are indirectly activated following PKR phosphorylation of its 

substrate eIF2α and subsequent viral protein synthesis inhibition. The phosphorylation 

of human protein tripartite motif-containing protein 28 (TRIM28) at serine-473 has been 

recently shown to be dependent on PKR-mediated p38 MAPK activation, leading to the 

inactivation of this repressor of interferon signaling in response to highly pathogenic avian 

influenza viruses (HPAIV) such as H1N1, a novel alternative pathway of PKR-mediated 

interferon signaling downstream of p38 [154]. Interestingly, the PKR/p38 signaling axis 

affects not only inflammation, but may also affect protein synthesis; Newcastle disease virus 

(NDV) infection induced PKR-dependent activation of p38 MAPK, which subsequently 
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phosphorylated MAPK-interacting protein 1 (MNK1), which promoted eIF4E-mediated cap-

dependent translation, boosting viral protein synthesis despite simultaneous PKR-mediated 

phosphorylation of eIF2α [155].

Many viruses have evolved strategies to bypass or inhibit PKR-mediated inhibition of 

protein synthesis. The herpes simplex virus type 1 (HSV-1) encodes several proteins that aid 

in the evasion of PKR, including γ134.5, which recruits a phosphatase to dephosphorylate 

eIF2α [156], and Us11, which can physically bind to PKR and prevent activation, or 

bind to activated PKR to prevent binding to eIF2α [157]. HIV-1 encodes the protein Tat, 

which competes with eIF2α for PKR binding [158]. PKR phosphorylation of Tat also 

then improves Tat binding to TAR-containing viral mRNA and its subsequent translation 

elongation [159]. In addition, Tat can activate NF-κB in manners both dependent on and 

independent of PKR interaction [160,161], leading to the coordinated transcription of 

viral mRNAs. More recently, it was shown that Tat-mediated PKR activation following 

HIV infection also promoted the growth of parasitic Leishmania amazonensis in a PKR-

dependent manner, by modulating NF-κB activity [162]. Meanwhile, Ebola virus, Lloviu 

virus, and Marburg virus viral protein 35 (VP35) can also inhibit PKR activity, albeit 

via a different mechanism. VP35 binds to the dsRNA itself, likely masking recognition 

by endogenous PKR, RIG-I, or MDA5 proteins [163]. Expression of VP35 not only 

inhibits PKR-dependent inhibition of protein synthesis, but also STAT1 phosphorylation 

and induction of interferon gene transcription in a cell type-dependent manner [164–166].

Viruses also directly engage known PKR-associated host proteins such as TRBP to inhibit 

PKR-mediated inhibition of viral protein synthesis [131]. PACT itself is also a direct target 

of viral evasive strategies; in addition to binding to dsRNA and PKR, the Orf virus (ORFV)-

encoded protein OV20.0 interacts with PACT to block PACT-mediated PKR activation 

[167]. In contrast, other studies have revealed rather surprising proviral functions of PACT 

during HIV infection with respect to PKR activity. In this unexpected role of PACT as 

a PKR inhibitor, PACT, alongside the ISG product adenosine deaminase acting on RNA 

1 (ADAR1), forms a multiprotein complex that increases its interaction with PKR over 

the course of HIV infection [168,169]. This increased interaction serves to inhibit PKR 

and facilitate virion production and replication in infected cells by enhancing viral protein 

synthesis. Evidence from other studies involving PACT/RAX knockout mice support the 

notion that PACT can act as a PKR inhibitor under specific cellular contexts [170]. The 

mice generated from these studies had severe anterior pituitary hypoplasia, craniofacial 

defects, and hearing impairments, and a complementary knockout of PKR or functional 

replacement with the dominant negative PKR mutant (K271R) rescued the observed defects. 

This strongly suggested that the defects were a direct result of the activation or the absence 

of inhibition of PKR activity brought on by PACT/RAX ablation. It is currently unknown 

if PACT/RAX is phosphorylated in either scenario in which PACT inhibits PKR, and it 

may be possible that an absence of or changes in stress-induced PACT phosphorylation 

or additional unidentified post-translational modifications are responsible for the switch of 

PACT from an inhibitor to an activator, and vice versa. It is also possible that the singly 

phosphorylated PACT isoform (at serine 246), which readily heterodimerizes with TRBP, 

may act cooperatively to prevent PKR activation [18].
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ADAR1 can be expressed along with PKR, and has both pro- and antiviral functions; 

ADAR1 catalyzes the deamination of adenosine in RNA duplexes, leading to their 

degradation, and coincidently serving as a negative feedback mechanism of PKR activation 

[171], while in response to measles virus, NDV, Sendai virus, and influenza A virus 

(IAV) the p150 segment of ADAR1 displayed protective effects and restricted viral growth 

[172]. In addition, ADAR1 edits Alu repeat elements in endogenous mRNAs, thereby 

preventing overactive PKR responses to self RNA and limiting autoimmunity [173]. 

ADAR1 also antagonizes the activation of PKR independently of its deaminase activity 

during HIV infection by forming a complex with both PACT and PKR to inhibit PKR-

mediated inhibition of viral replication [138]. ADAR1 also attenuates ORFV inhibition of 

PKR through the OV20.0 protein and stimulates Zika virus replication in infected cells 

by inhibiting PKR activation and consequently stimulating Zika viral protein synthesis 

[174,175].

PKR has long been linked to other signaling pathways, including MAPK signaling, 

following pathogen infection. Following stimulation with bacterial endotoxin, such as LPS, 

PKR-deficient cells demonstrated a decrease in p38 MAPK activation and production of 

inflammatory cytokines IL-6 and IL-12 [145]. It is unclear how PKR is activated following 

bacterial infection, although PKR activation has been observed in human monocyte-derived 

dendritic cells downstream of TLR4 and MyD88 and dependent on IRE1α following 

Chlamydia trachomatis infection [176]. In PKR-deficient mouse embryonic fibroblasts, 

activation of p38 MAPK and subsequent IL-6 and IL-12 production were limited following 

LPS administration, although not abolished, as p38 can be activated by crosstalk of other 

signaling pathways independent of PKR [145]. This activity appeared to be independent 

of dsRNA, as only the bacterial endotoxin was used, although a role for PACT was not 

investigated.

PKR and the activation of NF-κB pathway

There have been many studies that link PKR to NF-κB activation, although the mechanism 

remains unclear. Initially, it was determined that PKR could directly phosphorylate the 

inhibitor of NF-κB, IκBα, in vitro [177]. Later, it was shown that PKR induced IκBα 
phosphorylation via interaction with the IKK complex, but that kinase-deficient PKR was 

also able to induce this phosphorylation, indicating an indirect role for PKR in mediating 

NF-κB activation [178]. Further studies indicated that not only is the N-terminal protein-

binding domain of PKR necessary for interaction with IKKβ [179], but this interaction 

could be stabilized by the leukemia-related protein 16 (LRP16), leading to NF-κB activation 

following treatment of a colorectal carcinoma cell line with DNA damaging agents [180]. 

As the understanding of PKR-mediated NF-κB activation evolved, it has become clear that 

other protein interactions can limit the free PKR available to affect NF-κB activity. It is, 

however, unclear whether PKR interacts with these proteins as a monomer or as an activated 

dimer. PKR, its protein activator PACT, and dsRNA can all interact with TRBP in the 

cytoplasm [140], inhibiting PKR from interacting with these activators and subsequently 

activating NF-κB signaling [138,181].
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Induction of interferon gene expression programs during viral infection: PACT and the 
RIG-I like receptors (RLRs)

As mentioned previously, PACT was initially revealed as a PKR-interacting protein in 

a cDNA library screen, and subsequent studies using recombinant proteins in in vitro 
PKR activity assays and as well as in cultured cells showed that PACT’s interaction 

with PKR resulted in PKR activation. The first indication that PACT could stimulate an 

antiviral inflammatory response independent of PKR was provided in a study assessing 

the induction of pro-inflammatory signaling through IRF3 and NF-κB in response to 

Newcastle Disease Virus (NDV) [182]. In this study, Iwamura et al. demonstrated that 

PACT, not PKR, stimulated IFN-β promoter activity in NDV-infected cells. Additional 

reporter assays showed that this was due to increased IRF3 and IRF7 nuclear translocation 

and transcriptional activity. The authors also established that PACT-mediated stimulation 

of IFNα/β gene expression in response to viral infection hinges on coordination between 

the dsRNA binding domains of PACT and their interactions with the host or viral effector 

proteins.

Over the next ten years, successive reports revealed that some of these effector proteins were 

members of the RLR family. The close similarity between the functional DExD/H box RNA 

helicase domain of Dicer and that of RIG-I, as well as the stimulatory effect of PACT and 

TRBP on Dicer activity, led researchers to question whether PACT similarly stimulated RIG-

I activity. Interaction studies in various systems demonstrated that PACT directly interacted 

with RIG-I independently of RNA presence in Sendai virus-infected cells [47]. Analysis of 

IRF3 dimerization in HEK 293 cells overexpressing PACT and RIG-I corroborated results 

from IFN-β enhancer and IRF3 binding element reporter assays. Taken together, these data 

strongly suggest that the functional significance of the observed PACT-RIG-I interaction was 

the enhanced stimulation of RIG-I-mediated IRF3 activation and consequent IFN induction 

in response to viral infection. Mechanistic studies using a helicase-dead RIG-I mutant and 

in vitro ATPase activity assays showed that the enhancement of RIG-I activity by PACT 

was primarily achieved through PACT-mediated stimulation of the ATP-dependent helicase 

activity of RIG-I [47]. It was also found that defective interfering (DI) RNA from the 

Hu-191 vaccine strain of the measles virus activated production of IFN-β in a PACT and 

RIG-I-dependent manner, supporting a model in which PACT and RIG-I work together to 

sense viral DI RNA and initiate an innate immune response [183].

The important conclusions from these findings were further underscored by reports from 

subsequent independent investigations into mechanisms employed by the EBOV, HSV-1, 

IAV, and Mĕnglà virus (MLAV) to evade host innate immune defenses [48,49,184,185]. 

In two different studies, investigators elucidated mechanisms by which EBOV and MLAV 

dampened RIG-I-mediated type I IFN induction through the viral-encoded innate immune 

antagonist, VP35. The authors observed that EBOV VP35 robustly inhibited PACT-mediated 

activation of RIG-I ATPase activity by directly binding to PACT to preclude its interaction 

with RIG-I. Similarly, other virally encoded proteins such as the HSV-1 encoded protein 

Us11 and the IAV-encoded protein non-structural protein 1 (NS1) inhibited RIG-I activation 

and RIG-I mediated type I IFN induction by preventing PACT-RIG-I interaction in favor of 

viral protein-PACT interaction [48,184].
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Based on the observation that PACT could also stimulate MDA5-mediated IRF3 activation 

and IFNβ promoter activity, subsequent studies explored the mechanisms through which 

PACT could augment type I IFN induction in cells infected by RNA viruses recognized by 

MDA5, such as ECMV [47]. The genetic ablation of PACT expression completely abolished 

IFNβ expression in EMCV-infected fibroblasts and was accordingly restored upon ectopic 

expression of PACT. PACT-MDA5-specific involvement in this increased IFNβ expression 

was determined by IFNβ-promoter reporter assays in cells exposed to an MDA5 ligand 

mimic [186]. Co-expression of PACT significantly boosted MDA-5 induction of IFNβ 
promoter activity and IRF3 dimerization, demonstrating that MDA5, like RIG-I, is also 

directly positively regulated by PACT. MDA5 is known to oligomerize upon stimulation 

by its ligand, so it was expected that PACT’s direct enhancement of MDA5 activity 

would be reflected in increased MDA5 oligomerization. Results from non-denaturing 

native polyacrylamide gel electrophoresis experiments showed that this was the most likely 

scenario, as PACT stimulated MDA5 oligomerization in the presence of its ligand in a 

time-dependent manner [187].

PACT was also shown to interact directly with MDA5, and further experimentation with 

PACT deletion mutants showed that PACT’s stimulation of MDA5 activity was highly 

dependent on PACT’s dsRNA binding ability [186]. Based on this, it was proposed that 

PACT activated MDA5 activity by binding to MDA5’s ligand, and in so doing, increased 

the interaction between the ligand and MDA5 to stimulate MDA5 activity. In line with this 

mechanism, results from an MDA5 ligand (high molecular weight-poly(I:C)) pull-down 

assay showed significantly enhanced interaction between MDA5 and its ligand in the 

presence of PACT, suggesting that PACT may stimulate MDA5 activity by increasing its 

interaction with its ligand, the result of which was increased oligomerization, IPS-1/VISA 

interaction, and IRF3 activity. As seen with RIG-I, the interaction of PACT with MDA5 

was also shown to be the target of innate immune evasion strategies from the Middle 

East Respiratory Syndrome Coronavirus (MERS-CoV) [188] and Severe Acute Respiratory 

Syndrome Coronavirus (SARS-CoV) [189]. In these instances, the viruses used the viral-

encoded proteins MERS-CoV 4a and SARS-CoV N respectively to inhibit PACT-mediated 

activation of both RIG-I and MDA5, and in so doing attenuated IFNβ expression.

Finally, a recent study demonstrated that PACT also interacts with the third member of the 

RLR family, LGP2, to modulate PACT-mediated activation of RIG-I and MDA5 [190]. 

In similar IFNβ promoter assays as described above, LGP2 overexpression effectively 

blunted the response of RIG-I to the presence of its activators and viruses recognized 

by RIG-I. This was in stark contrast to its effect on MDA5, as LGP2 overexpression 

significantly enhanced MDA5-mediated induction of IFNβ promoter-driven expression in 

the presence of MDA5-specific ligand and responsive viruses. Unbiased proteomic screening 

approaches to detect LGP2-interacting proteins that could modulate RIG-I and MDA-5 and 

account for the markedly different effects of LGP2 on both proteins identified PACT as 

one such protein. Subsequent interaction validation experiments identified a mutation in 

the C-terminal domain of LGP2 that disrupted the interaction between PACT and LGP2. 

The inability of this mutant LGP2 to alter PACT’s aforementioned effects on MDA5 and 

RIG-I activity established clearly that the interaction between PACT and LGP2 was the 

determining factor in the LGP2-mediated modulation of RIG-I, MDA5-mediated activation 
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of Type I IFN induction, and ISRE-driven gene expression in response to the distinct ligand 

of each protein.

While the initial PACT and IRF3 activity study reported that PACT overexpression enhanced 

NF-κB reporter activity in addition to IRF3/IRF7-driven expression [185], none of the 

subsequent studies reported a similar effect on NF-κB transcriptional activity. Interaction 

studies showed that PACT did not promote the increased association of the NF-κB activity 

stimulating enhancer CARD9 with IPS-1/MAVS/VISA, in line with the observed lack of 

enhanced NFκB -driven promoter activity [47,191]. It may be possible that there are 

cell type-specific scenarios in which PACT further stimulates MDA5 or RIG-I mediated 

NF-κB transcriptional activity. It is also possible that differences in NF-κB subunit species 

present in the cell types tested could account for the observed inability of PACT to 

stimulate RIG-I or MDA5-driven NF-κB activity. As yet, the mechanism that limits PACT-

mediated enhancement of MDA5 and RIG-I activity leading to IRF3 activation has not been 

elucidated.

Evidence also exists to suggest that the antiviral activities of PACT are not limited to 

its stimulation of type I IFN induction through the RLRs; PACT also directly interferes 

with viral replication and RNA transcription by preventing the formation of a competent 

RNA-dependent RNA polymerase complex with VP35 as is the case with EBOV [192], or 

by binding to and inhibiting viral RNA polymerase activity, as is observed in IAV infection 

[193,194]. It should also be noted that PACT’s inhibition of IAV replication is chiefly 

independent of PACT-RIG-I mediated IFNβ induction; future studies of other host-virus 

interactions during infection may unveil other scenarios in which PACT functions as an 

independent host antiviral factor.

It is currently unclear if and how TRBP acts to directly antagonize or facilitate the PKR-

independent antiviral activities of PACT, as has been the case in the cellular response 

to physiological stressors [137]. Both PACT and TRBP can bind to Dicer via the dsRNA-

binding domains, the sequences of which confer some specificity on the size of miRNAs 

processed by these two non-redundant complexes [195]. Experimental evidence showed 

that the PACT-Dicer complex inhibited the biogenesis of siRNAs in comparison with the 

TRBP-Dicer complex [196]. Interestingly, the RIG-I-like sensor LGP2 binds to TRBP via 

the dsRNA-binding domains, preventing TRBP-mediated siRNA processing [197]. This 

finding suggests a regulatory convergence of small RNA processing, as interaction between 

TRBP and LGP2 not only sequesters TRBP to dampen miRNA biogenesis, but LGP2 can 

also directly associate with Dicer to inhibit RNA cleavage into miRNAs.

INVOLVEMENT OF PACT-PKR SIGNALING IN THE ESTABLISHMENT OF 

STERILE INFLAMMATION

PACT, PKR, and inflammasome activation

Given the established multi-faceted roles of PKR in stimulating proinflammatory signaling 

in various contexts, reports of an additional stimulatory role for PKR in the activation of 

inflammasome were not surprising [15,198]. As mentioned previously, the activation of 
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NOD-like receptor proteins (NLRP1, NLRP3, NLRC4) or AIM2 by associated DAMPs 

or PAMPs initiates the formation of the multi-protein inflammasome. This in turn results 

in caspase-1/caspase-4/5-mediated proinflammatory cytokine release and the induction of 

pyroptotic cell death in immunocompetent cells. As more inflammasome-activating stimuli 

were uncovered, it became increasingly apparent that there was some overlap between 

these stimuli and certain PKR-activating stimuli [146,199] (Figure 2). This led researchers 

to speculate about a possible connection and crosstalk between PKR activation and the 

activation of the inflammasome.

A subsequent study comparing the responses of PKR-deficient macrophages exposed 

to various inflammasome-activating stimuli to those of wildtype macrophages revealed 

showed that PKR loss correlated with a marked decrease in inflammasome activation 

and assembly, as well as with diminished pyroptotic death induction and the secretion of 

inflammasome-associated cytokines such as HMGB1 [15]. This apparent necessity of PKR 

for inflammasome activation was further corroborated by similar findings in PKR-depleted 

bone-marrow derived dendritic cells, in which PKR ablation significantly diminished 

caspase-1 activation and the concomitant maturation and release of IL-1β and IL-18 [15].

Since several of the inflammasome-activating stimuli used in the aforementioned study 

specifically stimulate NLRP3 inflammasome activity, it was suggested that PKR directly 

regulates the activity of the NLRP3 inflammasome. This was supported by results from 

pull-down assays showing a direct interaction between PKR and NLRP3, which was 

strengthened in the presence of NLRP3 inflammasome-activating stimuli [15]. However, 

similar interactions were observed between PKR and the NLRP1, NLRC4 and AIM2 

receptor proteins as well, and the ablation of PKR significantly dampened the activation 

of all three inflammasomes by their cognate stimuli, indicating that PKR may be a central 

regulatory protein for inflammasome activation [15].

Intriguingly, the kinase activity of PKR was found to be required for caspase-1 activation 

and the secretion of IL-1β, IL-18 and HMGB1 from macrophages in which each of the 

aforementioned inflammasomes had been activated. Additional experiments to decipher the 

necessity of the kinase activity of PKR to NLRP3 inflammasome activation showed that 

the inhibition of PKR activity (either via 2-aminopurine (2-AP) treatment or expression of 

K296R PKR) precluded the assembly of the inflammasome in response to activating stimuli 

[15]. However, none of the inflammasome components were found to be phosphorylated, 

raising interesting questions about which of the proteins in the complex is a substrate 

of PKR and if not, how PKR can regulate inflammasome activation as a kinase. It is 

plausible that the kinase activity of PKR may be important for critical steps preceding 

NLRP3 inflammasome assembly; NLRP3 activation is a two-step process, the first of which 

is a priming step in which NLRP3 and IL-1β expression are induced through NF-κB 

transcriptional activity, and the second in which the NLRP3 inflammasome is activated by 

cytosolic DAMPs or PAMPs [200]. The loss of PKR, however, had no effect on expression 

levels of NLRP3 and IL-1β, the step preceding inflammasome activation [15]. The PACT-

mediated kinase activity of PKR was also required for an increase in production of cellular 

ROS, which may also promote MAVS-dependent inflammasome mitochondrial localization 
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[52]. This leaves the purpose of the kinase activity of PKR in inflammasome activation 

unclear.

This question was reexamined in a subsequent study, in which PKR was identified as 

a target of a small-molecule inhibitor of anthrax lethal toxin (LT)-induced cell death in 

macrophages, 7-desacetoxy-6,7-dehydrogedunin (7DG) [201]. 7DG was shown to protect 

macrophages from LT-induced pyroptosis, as LT is known to trigger the activation of 

the NLRP1 inflammasome. The authors subsequently performed pull-down assays using 

biotinylated 7DG to identify protein targets that could account for its protective effects; PKR 

was identified as one such protein, and PKR knockdown was sufficient to confer protection 

from LT-induced cell death. Studies into the mechanisms by which 7DG inhibited PKR 

activity revealed that PKR phosphorylation, which was observed in the previous study, was 

largely absent in LT-treated macrophages. Furthermore, inhibition of the kinase activity of 

PKR using 2-AP or the imidazolo-oxindole PKR inhibitor compound 16 (C16) had no effect 

on LT-induced pyroptotic cell death, contrasting the previous study, that the kinase activity 

of PKR was not required to stimulate NLRP1 inflammasome-mediated pyroptosis. The 

conclusions drawn from both of these findings have been called into question by subsequent 

investigations that do not observe the previously stated activation of inflammasome [202], 

or even demonstrate that PKR inhibits, rather than stimulates, inflammasome activation 

[203]. Since significant differences in PKR-mediated cellular signaling have been observed 

in cells derived from mice with C-terminal or N-terminal PKR deletions, an attempt was 

made to replicate the findings from the initial study that showed that PKR was required 

for inflammasome activation [204]. Differences in inflammasome activation in macrophages 

from either null or wild type mice exposed to various inflammasome-activating stimuli 

were undetectable, in contrast to those observed in the initial study. These discrepancies 

in findings stress the need for more uniform genetic models to define the effects of PKR 

ablation on cellular signaling and especially in inflammasome activation.

PACT-mediated PKR activation and inflammatory signaling during environmental stress

PACT has been shown to activate PKR in response to several stimuli, including IL-3 

deprivation, and treatment with thapsigargin, arsenite, and H2O2 in cultured cells [136] 

(Figure 2). In addition, overexpression of PACT by artificial or genetic means can lead to 

PKR activation [136]. However, it is not clear what the primary environmental signals are 

that lead to endogenous in vivo PACT-mediated PKR activation and subsequent induction of 

proinflammatory signaling.

In addition to infection and other sterile inflammation sources such as metabolic 

inflammation, PKR can be activated in response to various environmental stresses, including 

ER stress, oxidative stress, heat shock, and hyperosmotic stress [13,205–207]. PACT has 

been shown to be phosphorylated in response to thapsigargin- and tunicamycin-induced ER 

stress, leading to its increased association with PKR and increased apoptosis independent of 

PERK activation [13,205]. However, it is unclear what signal leads to PACT phosphorylation 

upstream of this PKR activation. In oxidative stress conditions, it was shown that PKR 

expression is induced downstream of IFN-γ, and that this expression further contributed 

to oxidation-mediated apoptosis, although the mechanism by which PKR acted was not 
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investigated [206]. However, overexpression and phosphorylation of TRBP, which forms 

dimers with both PACT and PKR in homeostatic conditions, by MAPKs ERK1/2 and JNK 

was able to inhibit PKR activation in oxidative stress conditions [10]. The role of PACT-

mediated PKR activation in heat shock conditions is unclear; while PKR can be activated 

by heat shock [208], PACT has not been determined to be involved, although several heat 

shock-induced proteins such as P58IPK and HSP90 appear to subsequently inhibit this PKR 

activation [209,210]. Additionally, PACT has been demonstrated to be phosphorylated in 

high-intensity hyperosmotic stress conditions, promoting its association with and activation 

of PKR, subsequently leading to nuclear localization of a subset of NF-κB dimers made 

up of p65, and p50, while excluding those including c-Rel, promoting proinflammatory 

gene transcription and apoptosis [208,211]. It is important to note, however, that not all 

of these signaling mechanisms were corroborated by PACT-deficient mice, suggesting that 

these signaling pathways may be redundant or act on gradient scales to induce inflammation 

[11]. PACT-mediated PKR activation appears to have a fine-tuning effect on inflammatory 

signaling, rather than an all-or-nothing response; inflammation can still arise in the absence 

of PACT or PKR, but their contribution to inflammatory signaling can be missed in, for 

example, high-intensity stress conditions [211].

Cellular localization of PKR in response to stress

PKR is generally considered to be active in the cytoplasm, where viral dsRNA is 

released upon infection. Stress granules (SGs) are a class of membraneless cytoplasmic 

aggregates containing messenger ribonucleoprotein (mRNP) complexes which are formed 

in cells in response to environmental stressors such as heat shock and sodium arsenite 

[212,213]. eIF2α kinase activation and the subsequent inhibition of protein synthesis lead 

to the accumulation of stalled translation initiation complexes, which are assembled into 

stress granules facilitated by SG-nucleating proteins such as Ras GTPase-activating protein-

binding protein 1 (G3BP1), G3BP2, and T-cell intracellular antigen 1 (TIA1) [214,215]. 

These SGs keep the mRNAs sequestered from ribosomes, and translation resumes upon 

the removal of the stressful conditions. SG formation is also induced in response to viral 

infection, and it has been shown that PKR is involved both in the initial inhibition of 

viral protein synthesis and is actively recruited into these antiviral SGs (avSGs) through 

its interaction with G3BP1 or IPS-1 [216,217]. In these avSGs, PKR, alongside the RLR 

proteins, RIG-I and MDA5, serves as a key member of an antiviral signaling hub inhibiting 

viral protein synthesis and activating the IFN-induced signaling pathway.

While generally accepted that PERK is the principal eIF2α kinase activated in response 

to ER stress, it has been shown that PKR is also activated in response to ER stress 

inducers such as tunicamycin and thapsigargin [13,136,205,218,219]. This raises a number 

of questions as to how PKR is activated by ER perturbations when it has been shown that 

it is primarily localized to the cytoplasm. It is possible then that subcellular localization of 

PKR, as well as PACT, which has been shown to be essential for PKR activation in these 

instances, may be the key to the activation of PKR’s kinase activity.
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Metabolic disease-associated inflammation – Potential involvement of PKR activation

As previously discussed, chronic low-level inflammation is a hallmark of metabolic 

syndrome, insulin resistance, and related disorders. Several studies have shown that PKR 

contributes to the proinflammatory signaling in adipocytes and other tissues [220]. Increases 

in dietary and genetic obesity are generally accompanied by increased PKR activation, 

while PKR inhibition can reduce metabolic dysregulation, as excess nutrients and energy 

can be utilized by protein synthesis [198]. Increased leptin receptor also correlated with 

increased PKR activity in white adipose tissue of obese mice [198]. Reduction in PKR 

also correlates with a reduction in phosphorylation of insulin receptor substrate-1 (IRS-1) 

phosphorylation, which led to the discovery that this protein is a substrate of PKR 

phosphorylation [198]. PKR phosphorylates IRS-1 at the inhibitory site Ser-307, which 

allows the transcription factor Foxo1 to increase protein expression of IRS-2 [221,222]. 

In support of PKR-mediated insulin resistance, PKR-deficient mice can display increased 

insulin sensitivity and glucose tolerance [223]. Downstream effectors of PKR, including 

JNK, IKK, and protein phosphatase 2A (PP2A) can also contribute to IRS-1 phosphorylation 

and subsequent insulin resistance [199].

In patients displaying obesity and insulin resistance, although both PKR and TLR4 are 

active in adipose tissues, PKR activation has been shown to be independent of TLR4 

activation [120]. It is unclear how PKR is activated in this condition, as no requirement 

for dsRNA or PACT has been demonstrated. However, it was shown that PKR could 

be activated by free fatty acids (FFA); at high concentrations, the long unsaturated FFA 

palmitate can interact with the kinase domain of PKR to inhibit kinase activity [224]. It was 

also shown that PKR activation is dependent on interaction with phosphorylated TRBP, and 

show that inhibition of TRBP can lead to increased glucose sensitivity [225]. Once again, 

it is important to note that PKR-induced inflammation in obesity and diabetes may be a 

redundant or gradient pathway, as PKR deletion does not always inhibit inflammation in 

animal models [226].

CONSEQUENCES OF PACT- AND PKR-MEDIATED INFLAMMATORY 

SIGNALING IN HEALTH AND DISEASE

In addition to metabolic syndrome, PACT and PKR have been implicated in a number 

of human diseases, including autoimmune disorders such as systemic lupus erythematosus 

(SLE), neurodegenerative disorders such as Alzheimer’s disease (AD), genetic disorders 

such as dystonia, and inflammatory conditions such as inflammatory bowel disease (IBD). 

Therapies directed against PACT or PKR have also been developed for laboratory research, 

although none have been approved yet by the FDA for use in humans.

SLE is a disease characterized by disordered immune cell responses that promote 

autoantibody production [227]. In patients with SLE, PKR protein is preferentially 

overexpressed in T cells, despite decreased EIF2AK2 mRNA levels, and mRNA translation 

rates are decreased [228]. No definitive mechanism has been elucidated that leads to an 

autoimmune response; although it is possible that PKR-dependent inhibition of translation 

contributes to the deficiency of mitogen-activated T cell proliferation. PKR activity has been 
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shown to be inhibited by the binding of endogenous 16–26 bp circular RNAs (circRNAs) in 

SLE, which was decreased upon RNAse L-mediated circRNA degradation [229].

IBD, including Crohn’s disease and ulcerative colitis, is an inflammatory condition 

characterized by lesions in the intestinal epithelial wall and inflammatory signaling. 

PACT is highly expressed in colonic epithelial cells, particularly at the top of the crypt 

morphology, where cells are fated to undergo apoptosis [230]. A cell culture model of 

hyperosmotic stress mimicking IBD showed that this stress condition led to PACT-mediated 

PKR activation, increased transcription of a subset of proinflammatory genes, and caspase-

mediated apoptosis [208]. It is likely that PACT-mediated PKR activation plays a role in IBD 

in humans, as well as in other pathologies and environmental stress conditions, via similar 

pathways.

A form of early-onset dystonia (DYT16) has been linked to mutations in PACT. A recessive 

inherited disease results from the point mutation P222L, while a dominant inherited 

disease arises from a frameshift-induced missense mutation, both of which leads to robust 

spontaneous PKR activation and apoptosis [230,231]. These mutant PACT proteins also 

display altered affinity for TRBP, and release of wild-type PACT from the inhibitory 

PACT-TRBP complex upon cellular stress signals led to longer-lasting PKR- and caspase-

activation in patient-derived lymphoblasts [231,232].

AD is characterized by accumulation of amyloid β plaques and tau fibrillary tangles in 

degenerating neurons [233]. It was also observed that PKR was highly phosphorylated in 

these generating neurons, as well as in degenerating neurons in other neurodegenerative 

diseases such as Parkinson’s disease (PD), Huntington’s disease (HD), and amyloid lateral 

sclerosis (ALS) [7,234]. It is presumed that PKR-mediated inflammatory signaling and 

apoptosis may contribute to the phenotype of these diseases. However, in AD, a more 

direct link was found, as PKR phosphorylation of eIF2α promoted the selective synthesis of 

beta-secretase 1 precursor protein (BACE1) through upstream open reading frame (uORF) 

modulation, which cleaves the amyloid precursor protein to amyloid β [235]. In addition, 

PKR can signal via glycogen synthase kinase 3β (GSK3β) to stimulate tau phosphorylation 

in AD brains and amyloid β or tunicamycin-treated SH-SY5Y neuronal cell cultures [236].

In neurodegenerative models in particular, the uses of small molecule inhibitors and 

plant derivatives to inhibit PKR have shown some efficacy. The compound C16, an 

ATP analog that binds to the ATP-binding pocket of PKR, was able to inhibit neuronal 

loss in a mouse model of AD [237]. The flavonoid luteolin was able to disrupt the 

protein-protein interaction between PACT and PKR, leading to reduced PKR activation and 

inflammatory gene induction in murine microglial cells, although it did lead to increased 

PKR-mediated inflammasome activation [238]. Various PKR regulators can limit or promote 

inflammasome activation; for example, amyloid β1–42 can induce activation of the NLRP3 

inflammasome dependent on PKR [13], and the inhibitor protein P58IPK can bind to PKR to 

inhibit NF-κB and JNK-mediated proinflammatory signaling and activation of the NLRP3 

inflammasome [239]. In addition, endogenous or pathological conditions that promote 

PKR-TRBP interaction or inhibit TRBP phosphorylation might also limit PKR-mediated 

inflammatory activity.
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CONCLUSIONS AND FUTURE DIRECTIONS

PKR and PACT are intricately and inextricably linked to inflammation and inflammatory 

signaling. These two proteins can mediate signaling by TLRs, RLRs, and the 

inflammasome, in NF-κB and MAPK signaling pathways, in response to infection, 

environmental stresses, and metabolic syndrome. PKR can have positive or negative effects 

on homeostasis, depending on stimuli and cellular contexts. PKR activation is necessary to 

mount a proper antiviral response following infection. Also, proliferation of hematopoietic 

and mesenchymal stem cells can also be initiated by PKR activation [240,241]. However, 

prolonged activation can promote inflammatory signaling, apoptosis, and disease pathology. 

One emerging example of this is in cancer development, where it has recently been shown 

that dysregulation of PACT-mediated PKR activation induces NF-κB-mediated pro-growth 

gene expression and can even sensitize resistant HER2+ breast cancers to trastuzumab 

treatment [242].

It remains to be determined whether drugs that inhibit PACT/PKR interaction or PKR 

activation, such as C16 or luteolin [238,243], will be effective in treating diseases with 

an inflammatory component. Understanding the unique molecular targets in homeostatic 

and stress contexts will be of critical importance in targeted therapeutics. It is possible 

that inhibiting the activation of PKR in non-stress conditions may additionally represent 

a means of prevention or delay of the initiation of inflammatory signaling. A case can 

also be made for stimulating PACT or PKR-mediated pro-inflammatory signaling in certain 

contexts where such signaling would be beneficial, such as during vaccination and the 

subsequent build-up of immunity against the target pathogen. Further research may confirm 

that targeting or disrupting the interaction between these proteins or their interaction with 

inflammatory signaling molecules could be beneficial in homeostatic conditions (the best 

of times) and the various pathological conditions in which their dysregulation has been 

implicated (the worst of times).

ACKNOWLEDGMENTS

This body of work was supported by the following grants: NIH R01DK53307, R01DK060596, and R01DK113196 
to M.H., CDDRCC pilot grant NIH DK097948 to M.H, NIH/NIAID grants R01AI116730 and R21AI144264 to 
P.R.; and CDDRCC pilot grant NIH DK097948 to P.R.

Abbreviations:

2-AP 2-aminopurine

7DG 7-desacetoxy-6,7-dehydrogedunin

AD Alzheimer’s Disease

ADAR1 adenosine deaminase acting on RNA 1

AIM2 absent in melanoma 2

ALR AIM2-like receptor

ALS amyotrophic lateral sclerosis
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AP-1 activator protein-1

ASC apoptosis associated speck-like protein containing a CARD

ATF activating transcription factor

ATP adenosine triphosphate

avSG antiviral stress granule

BACE1 beta secretase 1 precursor

BAFF B cell activating factor

C16 PKR inhibitor compound 16

CARD caspase recruitment domain

cDNA complementary deoxyribonucleic acid

cIAP cellular inhibitor of apoptosis

circRNA circular ribonucleic acid

COX-2 cyclooxygenase-2

CREB cyclic-AMP response element binding protein

CRP C-reactive protein

DAMP damage-associated molecular pattern

DI RNA defective interfering RNA

dsRBD double-stranded RNA binding domain

dsRBM double-stranded RNA binding motif

dsRBP double-stranded RNA binding protein

dsRNA double-stranded ribonucleic acid

EBOV ebola virus

eIF2α eukaryotic translation initiation factor 2 subunit alpha

EMCV encephalomyocarditis virus

ER endoplasmic reticulum

ERK extracellular signal-related kinase

FDA Food and Drug Administration

FFA free fatty acid

G3BP Ras GTPase-activating protein-binding protein
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GCN2 general control non-derepressible 2

GSK3β glycogen synthase kinase 3 beta

HD Huntingtin’s Disease

HDL high-density lipoprotein

HIV human immunodeficiency virus

HLA-B27 human leukocyte antigen-B27

HMGB1 high-mobility group box protein 1

HPAIV highly pathogenic avian influenza virus

HRI heme-regulated inhibitor

HSP heat shock protein

HSV herpes simplex virus

IAV influenza A virus

IBD inflammatory bowel disease

ICAM intracellular adhesion molecule

IFN interferon

IκB inhibitor of κB

IKK inhibitor of κB kinase

IL interleukin

iNOS induced nitric oxide synthase

IPS-1 interferon β promoter stimulator-1

IRAK interleukin-1 receptor-associated kinase

IRF interferon regulatory factor

IRS-1 insulin receptor substrate-1

ISG interferon-stimulated gene

ISR integrated stress response

JAK Janus-activated kinase

JNK c-Jun N-terminal kinase

KSRP KH-type splicing regulatory protein

LGP2 laboratory of genetics and physiology 2
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LPS lipopolysaccharide

LRP leukemia-related protein

LRR leucine-rich repeat

LT lethal toxin

MAPK mitogen-activated protein kinase

MAPKK mitogen-activated protein kinase kinase

MAVS mitochondrial antiviral signaling protein

MCP monocyte chemoattractant protein

MDA5 melanoma differentiation-associated gene 5

MERS-CoV Middle East respiratory syndrome coronavirus

MLAV Mĕnglà virus

MNK1 MAPK-interacting protein kinase

mRNP messenger ribonucleoprotein

MSK mitogen and stress-activated protein kinase

MyD88 myeloid differentiation primary response protein 88

NDV Newcastle Disease virus

NF-κB nuclear factor kappa B

NIK NF-κB-inducing kinase

NLR NOD-like receptor

NLRC4 NLR-family CARD domain-containing protein

NLRP3 NOD, LRR, and pyrin domain-containing protein

NOD nucleotide-binding oligomerization domain

NS1 non-structural protein 1

OAS2 2’–5’-oligoadenylate synthase 2

PACT protein activator of PKR

ORFV Orf virus

PAMP pattern-associated molecular pattern

PD Parkinson’s Disease

PERK PKR-like ER kinase
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PKR protein kinase R

PP2a protein phosphatase 2A

PRR pattern recognition receptor

RAX PKR-associated protein X

RIG-I retinoic acid-inducible gene I

RIP receptor interacting-protein

RLR RIG-I-like receptor

RNA ribonucleic acid

ROS reactive oxygen species

SARS-CoV sudden acute respiratory syndrome coronavirus

SG stress granule

siRNA small interfering RNA

SLE systemic lupus erythematosus

ssRNA single-stranded ribonucleic acid

STAT signal transducer and activator of transcription

SUMO small ubiquitin-like modifier

TAB2 TAK1 binding protein 2

TAK1 TGFβ-activated kinase 1

TBK-1 TANK-binding kinase-1

TC-PTP T-cell protein tyrosine phosphatase

TIA1 T-cell intracellular antigen 1

TIR Toll and IL-1 receptor domain

TIRAP Toll and IL-1 receptor domain-containing adaptor

TLR Toll-like receptor

TNF tumor necrosis factor

TRAF TNF receptor associated factor

TRAM translocating chain-associated membrane protein

TRBP TAR mRNA-binding protein

Treg regulatory T cell
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TRIF TIR domain-containing adaptor-inducing interferon-β

TRIM tripartite motif-containing protein

TTP tristetraprolin

uORF upstream open reading frame

VCAM vascular cell adhesion molecule

VISA virus-induced signaling adaptor

VP35 viral protein 35

VV vaccinia virus
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Figure 1. 
Inflammatory signaling pathways induced by PRRs such as the TLRs and RLRs, as well 

as the inflammasomes. The binding of cognate ligands to cell surface TLRs (TLR1, TLR2, 

TLR4, TLR5, TLR6 and TLR10 (not depicted)) and intracellular TLRs (TLR3, TLR7, 

TLR8, and TLR9) associated with endosomes results in the recruitment of adaptor proteins 

such as MyD88, TIRAP, TRAM, and TRIF. MyD88 in turn forms a complex with IRAK4 

and IRAK1 resulting in IRAK1 activation. This leads to TRAF6-mediated TAK1 and 

MAPK signaling activation resulting in p38 and JNK -mediated activation of AP-1, ATF1, 
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ATF2, and CREB driven pro-inflammatory signaling. TAK1 activation also leads to nuclear 

translocation of NF-κB and transcription of KB target genes. TLR engagement can also 

result in the stimulation of IRF3-driven type I IFN induction through TRAF3-mediated 

activation of TBK1 and IKKε. The binding of RNA ligands to the RIG-I like receptor 

(RLR) proteins RIG-I and MDA5 triggers their oligomerization and increased interaction 

with the adaptor protein MAVS/IPS-1. This leads to TBK1-IKKε-mediated activation of 

IRF3 and CARD9-mediated activation of NF-κB activity. LGP2 suppresses RIG-I and 

activates MDA-5-mediated signaling. Recognition of DAMPs and PAMPs by the sensors 

NLRP1, NLRP3, AIM2, NLRC4 or pyrin results in the assembly of the multiprotein 

complexed inflammasome, consisting of the oligomerized sensor, the adaptor protein ASC 

during NLRP3 inflammasome assembly, and pro-caspase 1. MAVS/IPS-1 also facilitates 

NLRP3 mitochondrial localization and NLRP3 inflammasome activation associated with 

ROS generation. Caspase 1 activation results in IL-1β and IL-18 maturation from their 

inactive forms, and stimulates pyroptotic cell death, releasing IL-1β and IL-18 and alarmins 

like HMGB1 into the extracellular environment. Figure was created using Biorender.com.
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Figure 2. 
PACT and PKR are involved in several aspects of inflammatory signaling. Long dsRNA of 

cellular or viral origin activates PKR; PKR subsequently phosphorylates eIF2α and inhibits 

general protein synthesis and stimulates stress granule formation. PKR also stimulates 

MAPK mediated proinflammatory signaling through the phosphorylation and activation 

of the MAPKs p38 and JNK. As such, PKR’s’ antiviral activities are targeted by viral 

factors such as Us11, Tat, VP35, and γ134.5. Controversial evidence suggests that PKR 

also stimulates inflammasome activation and assembly through its interactions with DAMP/
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PAMP sensors NLRP3, NLRP1, NLRC4, and AIM2. PACT-mediated PKR activation 

generates ROS that drive MAVS-associated NLRP3 inflammasome activation. Inhibitors 

2-AP and 7DG appear to inhibit PKR’s inflammasome-stimulatory activity. </P/> PACT 

modulates RIG-I and MDA5 mediated IFN production through direct interactions and 

with LGP2; PACT’s stimulatory activity on RLR-mediated pro-inflammatory signaling 

is targeted by the NS1, Us11, and VP35 viral proteins. Interactions between PACT 

and the ISG-encoded ADAR1 or the viral-encoded OV20.0 subvert PACT-mediated PKR 

activation during viral infection. During environmental stress conditions, PACT, which is 

constitutively phosphorylated on Serine 246, is also phosphorylated on Serine 287 and 

interacts strongly with PKR, leading to activation of PKR’s kinase activity and subsequent 

eIF2α phosphorylation and translation inhibition. Increased intensity of environmental 

stress conditions leads to increased proinflammatory gene induction and apoptosis via 

NF-κB activation. Dysregulation of NF-κB activation through aberrant PACT-PKR signaling 

have been implicated in cancer stem cell proliferation and survival. PACT-mediated PKR 

activation is modulated in these scenarios by other cellular proteins like TRBP, HSP90, and 

p58IPK. Figure was created using Biorender.com.
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