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Abstract 

 

Broad Spectrum Antiviral Activities of Recombinant Enhanced Antiviral 

Restrictors (REAVRs) 

 

Most virus families produce double-stranded (ds) RNA during their lifecycles, which 

can be sensed by multiple dsRNA-dependent innate immune sensors, including two 

potent host restriction factors OAS/RNase L and PKR. PKR mainly restricts replication of 

viruses that are dependent on eIF2, and RNase L inhibits viral replication via degradation 

of host and viral RNAs. However, while PKR is directly activated by dsRNA, RNase L 

activation depends on the OAS to both bind dsRNA and synthesize 2’-5’ oligoadenylate 

(2-5A). We hypothesized that engineering proteins to combine the dsRNA sensor domain 

of PKR with the effector domain of RNase L would bypass the need for OAS activation, 

making them less susceptible to inhibition by viral molecules, and preserve their potent 

antiviral activity. To test this, we generated Recombinant Enhanced Antiviral Restrictors 

(REAVRs) by combining dsRNA-binding domains of PKR from different species with the 

effector domain of human RNase L. We show that REAVRs led to RNA degradation and 

decreased the activity of a luciferase reporter, suggesting the REAVRs are functionally 

active. To investigate whether REAVRs could restrict viral replication, we generated T-

REx 293 cells containing a single REAVR copy under the control of a doxycycline-

inducible promoter. Some REAVRs exerted potent antiviral activities against five tested 

viruses: vaccinia virus, dengue virus, Zika virus, SARS-CoV-2, and vesicular stomatitis 

virus. Importantly, these REAVRs were also effective against viruses that are resistant to 
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PKR activation, for example, SARS CoV-2 and flaviviruses. This study provides proof-of-

concept that REAVRs are active in vitro and exhibit antiviral effects on various families of 

viruses. We envision that REAVRs can be used to generate transgenic organisms with 

increased viral resistance and represent promising candidates as therapeutics for viral 

infections.
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Chapter 1: Diverse strategies used by viruses to evade PKR and OAS/RNase L 

pathways 

Dewi Megawati1, Ryan C. Bruneau1, Greg Brennan1, Stefan Rothenburg 1 

1. Department of Medical Microbiology and Immunology, School of Medicine, University of California, 
Davis, California, USA 

ABSTRACT 

Protein kinase R (PKR) and 2',5'-oligoadenylate synthetase (OAS)/RNase L are 

potent antiviral proteins that act as both as sensors and effectors in response to viral 

infections. Both pathways are activated by double-stranded RNA produced during virus 

replication, yet they exert distinct antiviral activities. While PKR mainly restricts replication 

of viruses that depend on eIF2 for the synthesis of viral proteins, RNase L displays broad 

antiviral activity via host and viral RNA degradation. The critical role played by the PKR 

and OAS/RNase L pathways is emphasized by the many ways that viruses have evolved 

mechanisms to overcome the antiviral effects of these two pathways. In this review, we 

describe the mechanism of PKR and OAS/RNase L activation, how they exert their 

antiviral activities, and propose a new classification of diverse strategies evolved by 

viruses to antagonize PKR and OAS/RNase L pathways.  

1. INTRODUCTION 

An effective host immune response against viral infections depends on recognizing 

viral invasion by the innate immune system as the first line of defense. Sensing of viral 

infection by innate immunity is mediated through the recognition of pathogen-associated 
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molecular patterns (PAMPs) by host pattern recognition receptors (PRRs). One of the 

best-characterized PAMPs during viral infections is double-stranded RNA (dsRNA). 

Almost all viruses, including dsRNA viruses, both positive- and negative-stranded RNA 

viruses, and DNA viruses produce dsRNA during their lifecycle (1, 2). The origin of the 

dsRNA structures for RNA viruses could be the genome of dsRNA viruses, hybrids of 

RNA of opposite polarity generated during genome replication, and transcription or 

intramolecular secondary structures within ssRNA molecules (Table 1.1) (3). For DNA 

viruses, dsRNA can be derived from convergent bidirectional transcription, resulting in 

overlapping RNA formation (4). In addition, dsRNA sensors can also recognize long RNA 

with secondary structure or 5’ppp plus structured short ssRNA (3). 

Table 1. 1. Viral RNA structures that potentially activate dsRNA innate immune sensors  

Genome Virus  Origin of dsRNA References 
dsDNA Vaccinia virus 

Herpes simplex virus 
Adenovirus 

Overlapping converging 
transcription 

(1, 4-6) 

 
dsDNA HIV-1 TAR RNA possibly as 

dimer 
(7) 

dsRNA Reovirus 
Rotavirus 

dsRNA genome (1, 8) 

+ssRNA Sindbis virus  
Dengue virus 
West Nile virus  
Japanese encephalitis 
virus 
Zika virus 
Hepatitis C 
Mouse hepatitis virus 
SARS-CoV, 
Encephalomyocarditis virus 
Polio virus 
Theiler murine virus 

Replication 
intermediates or 
complementary based 
paired secondary 
structure elements 

(1, 2, 9-11) 

-ssRNA 
(segmented) 

Influenza A virus Panhandle structure of 
vRNA 

(2) 
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-ssRNA 
(non-
segmented) 

Vesicular stomatitis virus Replication 
intermediates or based 
paired secondary 
structure elements 

(2, 11) 

There are two categories of dsRNA innate immune sensors. The first category of 

dsRNA sensors comprises PRRs that, upon sensing dsRNA, upregulate the expression 

of antiviral effector proteins, chemokines, and cytokines (Figure 1.1) (12). The antiviral 

response by this first category of dsRNA innate immune sensors is dominated by type I 

IFN, and IFN stimulated genes (ISGs). This first category of dsRNA innate immune 

sensors comprises the family of RIG-I-like receptors (RLRs) and Toll-like receptor 3. The 

RLR family consists of the retinoic-inducible gene I (RIG-I), melanoma differentiation-

associated gene 5 (MDA5), and laboratory of genetics and physiology 2 (LPG2). The 

RLRs helicase families are ubiquitously expressed in the cytoplasm and recognize distinct 

types of dsRNA (11). MDA5 recognizes long dsRNA >300bp independent of 5’ 

triphosphate, while RIG-I preferentially bind to short dsRNA (13). Upon binding of dsRNA, 

MDA5 and RIG-I associate with mitochondrial antiviral signaling protein (MAVS) through 

its tandem caspase activation and recruitment domains (CARDs) (14). Activated MAVS 

phosphorylates the IⲕB kinase (IKK) complex, leading to the release of transcription factor 

NF-ⲕB and IRF3/IRF7 into the nucleus to induce expression of pro-inflammatory cytokines 

and type I IFNs, respectively (Figure 1.1). Unlike MDA5 and RIG-I, LPG2 lacks tandem 

CARD domains, thus it is unable to interact with MAVS. LPG2 has been shown to 

recognize short dsRNA similarly to RIG-I and to modulate MAVS and RIG-I activation 

(15). Toll-like receptor 3 (TLR3) recognizes both short and long dsRNA in endosomes 

(12). Upon binding of dsRNA, TLR3 signals through myeloid differentiation primary 

response protein 88 (MYD88) and TIR domain-containing adaptor protein (TRIF) resulting 
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in pro-inflammatory cytokines and type I IFN induction (16). Type I IFNs bind to the IFN 

receptors (IFNAR1 and IFNAR2) present on the infected cells' surface and neighboring 

cells. Binding of type I IFNs to IFN receptors triggers a JAK-STAT signaling pathway, 

which leads to the expression of hundreds of IFN-stimulated genes (ISGs). ISGs further 

activate antiviral states in the infected cells and neighboring cells, as well as recruiting 

immune cells to the site of infection (17). Taken together, activation of these innate 

immune pathways orchestrates cellular antiviral states and commences host immune 

responses during viral infections. 

 
Figure 1. 1. Double-stranded RNA (dsRNA) sensing by the innate immune system.  
Viral dsRNA is recognized as a pathogen associated molecular pattern (PAMP) by dsRNA innate immune 
sensing pathways in the cytosol and in endosomes. Viral dsRNA in the endosome is detected by TLR3. 
MDA5 and RIG-I detect dsRNA in the cytosol and signal via MAVS to induce type-I IFN and proinflammatory 
production and to promote apoptosis. These receptors signal via IRF3-IRF7 to induce type-I IFN production 
and via nuclear factor-ⲕB (NF-ⲕB) to induce proinflammatory cytokines and chemokines. OAS and PKR 
sense dsRNA in cytosol. Binding of dsRNA activates OAS to produce of 2’-5’ oligoadenylates (2-5A), which 
promotes RNase L dimerization and activation. The OAS/RNase L pathway blocks viral infections through 
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degradation of viral and cellular single strand RNAs. In addition, RNase L activity produces cleaved RNAs 
that can amplify IFN signaling through activation of RIG-I. Activated PKR confers direct antiviral activity, by 
phosphorylating the alpha subunit of eukaryotic initiation factor (eIF2a) resulting in inhibition of general 
protein synthesis and thereby repress virus replication. Activation of these dsRNA immune sensing 
receptors further promote expression of type-I IFN which enhances an antiviral immune response through 
induction of IFN-stimulated genes. The graphic was created using Biorender.com. 

The second category of dsRNA sensors comprises dsRNA-sensing pathways that 

act both as sensors and effectors in response to viral infections, for example protein 

kinase R (PKR) and oligoadenylate synthases/RNase L (OAS/RNase L) pathways. Upon 

dsRNA recognition, these two pathways directly inhibit viral replication by inhibiting 

general protein synthesis and cleavage of host and viral RNA (13). Notably, PKR and 

OAS/RNase L pathways have been reported to overlap with the RLR pathways. 

Specifically, activation of PKR has been implicated with NFⲕB signaling (18), and 

cleavage product of RNase L can form duplex RNA that are recognized by RIG-I and 

MDA5 (19). This review discusses the molecular basis and mechanism of action of PKR 

and OAS/RNase L pathways in-depth and provides updated strategies evolved by viruses 

to evade PKR and OAS/RNase L pathways. 

2. DOUBLE STRANDED RNA-INDUCED PKR ACTIVATION 

PKR is one of five eIF2⍺ kinases found in vertebrates (the other four kinases are 

PERK, GCN2, HRI, PKZ) that regulate protein synthesis via eIF2⍺ phosphorylation (20). 

PKR is constitutively expressed in many cell types and tissues at intermediate and is 

upregulated by Type-I IFN (21, 22) . Human PKR consists of 551 amino acids and 

contains of two double-stranded RNA binding domains (dsRBD1 and dsRBD2) in its N-

terminus, a flexible linker that connects the dsRBDs with the kinase domain, and the 

kinase domain in its C-terminal domain (23). The catalytic domain of PKR comprises a 

smaller N-terminal lobe and a larger C-terminal lobe connected by a short hinge. PKR is 
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thought to exist in a monomeric latent form, which was reported to be supported by 

intramolecular inhibitory interaction between the kinase domain and dsRBD2 (Figure 1.2) 

(24).  

 

Figure 1. 2. Strategies by viruses to inhibit the PKR pathway.  
PKR exists in monomeric latent form. Upon binding of dsRNA, PKR undergo dimerization and 
autophosphorylation. Activated PKR subsequently phosphorylates the eukaryotic translation initiation factor 
eIF2a. Phosphorylated eIF2a has high binding affinity to regulatory core of guanine nucleotide exchange 
factor, eIF2B, and prevents eIF2B from catalyzing the GTP-GDP exchange in eIF2. Low availability of GTP-
eIF2 leads to inhibition of general protein synthesis including viral protein synthesis. Many viruses encode 
viral antagonists to evade PKR antiviral activity at each step of the PKR pathway by distinct mechanisms. 
We classified these viral antagonists into 6 classes based on their functions: reduce dsRNA levels, prevent 
PKR homodimerization, induce PKR degradation, interfere with eIF2a phosphorylation, induce P-eIF2a 
dephosphorylation, and inhibit P-eIF2a-eIF2B interaction. 

Class 6: Inhibit P-eIF2⍺-eIF2B interaction 

• Bw-CoV (AcP10) 
• Aichivirus (AiVL) 
• SFSV (ns) 

Class 3: induce PKR 
degradation 

• RVFV (ns) 
• Toscana (ns) 
• FMDV (3C) 
• MAV-1 

Class 1: reduce dsRNA levels 

Decapping enzymes  
• Vaccinia virus (D9) 
• Vaccinia virus (D10) 
• MHV (nsp15) 

 
 Class 4: interfere with 

eIF2⍺ phosphorylation 

eIF2⍺ pseudosubstrate 
• Vaccinia virus (K3L) 
• HIV (Tat) 
• HSV-1 (US11) 
• Ranavirus (vIF2a) 
• HCV (E2) 

Unknown mechanism 
• HuCMV (HuTRS1) 
• RhCMV (rhTRS1) 

 

Class 5: induce P-eIF2⍺ 
dephosphorylation 

• HPV (E6) 
• HSV (𝛾34.5) 
• ASFV (DP71L) 
• CNPV (CNPV231) 

Class 2: prevent PKR 
homodimerization 

dsRNA binding  
• Vaccinia virus (E3L) 
• Reovirus (𝜎3) 
• Influenza A (NS1) 
• HSV (US11) 
• Ebola virus (VP35) 
• MHV (nsp15) 
• MERS (ns4a) 
• HuCMV (HuTRS1) 
• RhCMV (rhTRS1) 

 
 

PKR binding protein 
• Vaccinia virus (E3L) 
• Reovirus (𝜎3) 
• Influenza A (NS1) 
• HSV (US11) 
• HCV (NS5A) 
• JEV (NS2a) 
• HuCMV (HuTRS1) 
• RhCMV (rhTRS1 
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PKR senses dsRNA in a sequence-independent manner and both dsRBDs are 

required for the high-affinity interaction with dsRNA (23, 25). The binding of dsRNA leads 

to PKR homodimerization and autophosphorylation (26) (Figure 1.2). PKR 

autophosphorylation occurs at multiple serine and threonine sites, including Ser242, 

Thr255, Thr258, Ser83, Thr88, Thr89, Thr90, Thr446, and Thr451 (26-28). Thr446 and 

Thr451 are consistently phosphorylated during PKR activation, with phosphorylation of 

Thr451 shown to be dependent on T446 phosphorylation (29). Further studies have 

shown that the catalytic-domain dimerization of PKR triggers Thr446 autophosphorylation 

and specific eIF2⍺ recognition, emphasizing the importance of Thr446 as the major site 

of autophosphorylation (30) (31). The cellular substrate of the catalytic domain of PKR is 

Ser51 of eIF2⍺. Specific recognition of eIF2⍺ is mediated primarily by a helix- αG located 

on the surface of the C-terminal lobe of the kinase domain (31).  

PKR acts as an effector by decreasing global protein synthesis. Serine-threonine 

kinases tightly regulate phosphorylation of eIF2⍺ in response to stress signals. During 

active translation, eIF2 binds GTP and Met-tRNAi to form the ternary complex (Figure 

1.2). The ternary complex is then associated with the 40S ribosomal subunit and several 

eIF factors to form the 43S preinitiation complex (32). The 43-preinitiation complex 

recognizes specialized cap-binding complex at the 5’ of the eukaryotic mRNAs, allowing 

the 43-preinitiation complex to scan the mRNA UTR for an AUG start codon. Various 

molecular events occur upon AUG recognition, starting with eIF2 hydrolysis of GTP to 

GDP with the help of the GTPase activating protein eIF5 and dissociation of EIF1, EIF1A, 

EIF2-GDP, EIF3, EIF5, and EIF5-B-GDP from the mRNA and 40s ribosomal subunit, 

followed by the joining of the 60S ribosomal subunit to the mRNA/40s complex and 
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elongation of the polypeptide chain (33). eIF2 remains bound to GDP in the presence of 

eIF5 acting as a GDP dissociation inhibitor (GDI) (34). To allow another round of initiation, 

eIF2B acts as a GDI displacement factor by replacing eIF5 and as a guanine exchange 

factor to exchange GDP for GTP on eIF2. Phosphorylation of eIF2⍺ by PKR or other 

kinases stabilizes the binding of rate-limiting enzyme eIF2B to p-eIF2 and prevents the 

enzymatic activity of eIF2B from catalyzing GDP-GTP exchange (35). The accumulation 

of eIF2⍺-GDP limits the availability of the ternary complex, and therefore, causes a 

decrease in global protein synthesis (36). In addition to translational control, PKR has 

been reported to mediate apoptosis by regulating FADD and play a role in transcriptional 

control by interacting with stress-activated protein kinase family (p38, c-Jun N-terminal 

kinase) and IⲕB kinase (37). 

3. STRATEGIES DEVELOPED BY VIRUSES TO INHIBIT PKR 

PKR activation has deleterious effects on the replication of many viruses. For their 

survival, many viruses have developed strategies to overcome the antiviral effects of 

PKR. This review describes strategies developed by several families of viruses to evade 

the PKR pathway, including the expression of viral antagonists and activation of non-

canonical cap-independent viral protein synthesis. 

a. Expression of viral antagonists 

A large number of viruses encode viral antagonists to circumvent PKR antiviral effects. 

With several new viral antagonists against PKR have been discovered, we classified 

these viral antagonists into 6 classes. 
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Class 1 antagonists: reduce dsRNA levels 

VACV encodes two decapping enzymes (D9 and D10) that remove 5’ caps on 

mRNAs. Uncapped mRNAs are susceptible to degradation by the host exonuclease Xrn1 

(38). Thus, D9 and D10 decapping enzymes act coordinately with Xrn1 to prevent dsRNA 

accumulation and inhibit PKR and OAS/RNase L activation (39). BALB/c mice infected 

with a high dose of wild type VACV WR strain showed severe weight loss and succumbed 

on day 8 post-infection while no weight loss and death occurred in mice infected with a 

D9 and D10 double knock out virus, indicating strong attenuation (39). In addition, 

endonucleases (EndoU) encoded by mouse hepatitis virus (MHV) nsp15 have been 

shown to prevent dsRNA accumulation (40). Infection with EndoU deficient MHV virus 

significantly increased the cytosolic dsRNA and triggered PKR and OAS/RNase L 

pathways (40). 

Class 2 antagonists: prevent PKR homodimerization by dsRNA binding and direct 

binding to PKR 

Vaccinia virus (VACV) E3 is arguably one of the most studied dsRNA binding viral 

proteins. E3 contains a Z-DNA binding domain in the N-terminus and a dsRNA binding 

domain in the C-terminus (41, 42). Infection of E3 deficient vaccinia virus (VACV△E3L) 

leads to PKR activation and eIF2⍺ phosphorylation, and the virus fails to replicate in HeLa 

cells, indicating the dsRNA-binding domain of E3 is required for productive infection in 

HeLa cells (43). E3 is a multifunctional protein that has been suggested to directly interact 

with PKR leading to heterodimer formation, and therefore, inhibiting PKR activation (44). 

Similar to E3, reovirus 𝜎3 (45), influenza A virus (IAV) NS1 (46), herpes simplex virus 1 
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(HSV-1) US11 (47), human cytomegalovirus (HuCMV) TRS1 (48-50) and rhesus 

cytomegalovirus (RhCMV) rhTRS1 (50) have been shown to function as multifunctional 

proteins that can bind dsRNA as well as bind to PKR to inhibit PKR activity. It is interesting 

to note that CMV HuTRS1 and rhesus CMV RhTR1 appear to have different binding 

properties and activities. HuTRS1 can bind inactive human PKR and prevent its 

autophosphorylation (50). HuTRS1 also can bind to phosphorylated human PKR and 

prevent eIF2⍺ phosphorylation. In contrast, RhTRS1 cannot bind to inactive African green 

monkey PKR, but it can bind to phosphorylated African green monkey PKR and block 

eIF2⍺ phosphorylation ((50), reviewed in (51). 

Other viral antagonists have been shown to inhibit PKR by sequestering dsRNA, 

including Middle East Respiratory Coronavirus (MERS-CoV) ns4a (52) and Ebola virus 

VP35 (53). In addition, Japanese encephalitis virus (JEV) NS2A and hepatitis C virus 

(HCV) NS5A have been reported to interact with PKR directly and suppress eIF2⍺ 

phosphorylation (54, 55). 

Class 3 antagonists: induce PKR degradation 

PKR degradation during virus infection was first described in HeLa cells infected with 

poliovirus. Both PKR and eIF2⍺ are phosphorylated during poliovirus infection, yet the 

PKR level was significantly depleted (56). Further analysis has shown poliovirus-encoded 

proteases (2A and 3Cpro) are not responsible for the PKR degradation. Although the 

precise mechanism of PKR degradation remains elusive, the study has shown that the 

proteolysis of PKR requires divalent cations, RNA, and protein components (57). Two 

members of the bunyavirus family, Rift valley fever virus (RVFV) and Toscana virus NSs 
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can downregulate PKR with similar efficiency via proteasomal system (58-60). In contrast 

to poliovirus, foot and mouth disease virus (FMDV) 3Cpro has been shown to induce PKR 

degradation via lysosomal pathway (61). Interestingly, in mouse adenovirus 1 (MAV-1) 

infected cells, cellular proteasomes alone are responsible for PKR degradation as 

inhibiting proteasome resulted in reduced PKR depletion, whereas inhibiting cellular 

lysosomes had no effect (62), however the hypothetical viral protein behind this PKR 

degradation and it’s mechanism of action is unknown. 

Class 4 antagonists: interfere with eIF2⍺ phosphorylation  

Vaccinia virus encodes K3 that has been shown to act as pseudosubstrate of PKR 

(63). The S1 domain of K3, a homolog to eIF2⍺ has been shown to interact with PKR and 

inhibit eIF2⍺ phosphorylation (30, 31). K3L inhibits eIF2⍺ phosphorylation without being 

phosphorylated itself (64). Orthologs of K3 protein are found in many genera of vertebrate 

poxviruses  (Reviewed in Haller et al. (65) and Bratke et al. (66)). We and others have 

shown that inhibition of host PKR by K3 orthologs of several poxvirus families contribute 

to host-specificity (43, 67-71). Similar to VACV K3L, human CMV HuTRS1 and rhesus 

CMV RhTR1 also exhibit species specific PKR inhibition and prevent eIF2⍺ 

phosphorylation. However, the mechanism of eIF2⍺ phosphorylation inhibition by these 

two viral antagonists is currently unknown (50).  

Ranaviruses encode viral (v) IF2⍺, which possess a S1 domain, which is 

homologous to eIF2⍺. vIF2a has been shown to act as pseudosubstrate of PKR in a 

manner comparable to VACV K3 (72). Both K3 and vIF2⍺ are unable to block Thr446 

phosphorylation and their binding to PKR is dependent on Thr446. Interestingly in a yeast 
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assay, vIF2⍺ could effectively inhibit eIF2⍺ phosphorylation by human and zebrafish PKR, 

whereas VACV K3 could only inhibit human PKR. Similar to K3 and vIF2⍺, HIV-1 trans-

activating protein, Tat, has been shown to bind to PKR directly and act as a 

pseudosubstrate to eIF2⍺ (73). However, in contrast to K3 and vIF2⍺, both the two-exon 

form (Tat-86) and the single exon form of Tat (Tat-72) are efficiently phosphorylated by 

PKR (74), leading to inhibition of cellular eIF2⍺ phosphorylation and thereby allowing 

protein synthesis to resume (74). Like Tat, an in-vitro experiment showed that HSV-1 

US11 inhibits eIF2⍺ phosphorylation by providing an alternative substrate site for PKR 

(75). In the context of virus infection, the studies showed that the activated PKR 

phosphorylates 3 amino acids of the US11, which are located adjacent to the 30 amino 

acid PKR binding domain (76). Pseudosubstrate activity was also reported for the HCV 

E2 envelope protein. The E2 protein contains a short amino acid stretch that show 

similarity to the eIF2⍺ phosphorylation site (4 amino acids are identical) and to residues 

83 to 90 in human PKR (8 amino acids are identical). Interestingly, PKR phosphorylation 

is not required for HCV E2 binding, and E2 appears to be not phosphorylated by PKR 

(77).  

Class 5 antagonists: induce dephosphorylation of p-eIF2⍺ by recruiting the cellular 

phosphatase PP1 

Under stress conditions, eukaryotic cells downregulate protein synthesis through 

eIF2⍺ phosphorylation. To recover from stress, cellular GADD34 protein binds to the 

protein phosphatase 1 (PP1) that promotes dephosphorylation of p-eIF2⍺ (78). In addition 

to GADD34, mammalian cells express CReP protein that also interacts with PP1 to 
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maintain pools of active eIF2⍺ in unstressed cells (79). Both GADD34 and CReP use their 

C-terminus domain to recruit PP1 and bind to eIF2⍺ to promote specific p-eIF2⍺ 

dephosphorylation. Several viruses encode viral antagonists homologous to the C 

terminal regions of cellular GADD34 and CReP, which functions like GADD34 and CReP 

(80). This type of viral antagonist was first reported to be encoded by the HSV 𝛾34.5 gene. 

In the absence of the C-terminus of 𝛾34.5 protein, eIF2⍺ remained phosphorylated and 

late viral protein synthesis was inhibited (81). Similarly, African swine fever virus (ASFV) 

DP71L protein recruits PP1 to reverse p-eIF2⍺ in infected cells (82). Other families of 

viruses were shown to encode viral antagonists, which share homology with the C-

terminus of GADD34, including the canarypox virus (CNPV), macropoid herpes virus 

(MaHV), and Amsacta moorei entomopoxvirus (AmEPV) (80). Other mechanisms to 

mediate eIF2⍺ dephosphorylation include through physically associating with 

GADD34/PP1 holophosphatase complex as demonstrated by human papillomavirus 

(HPV) type18 E6 protein (83) and induction of GADD34 expression by the coronavirus 

infectious bronchitis virus (IBV) (84). 

Class 6 antagonists: inhibit p-eIF2⍺ and eIF2B interaction.  

Beluga whale coronavirus (Bw-CoV) encodes the AcP10 protein that has been 

shown to rescue global mRNA translation in the presence of p-eIF2⍺ through 

competitively binding to eIF2B.  Essentially, direct binding of AcP10 to eIF2B causes 

eIF2B to preferentially bind eIF2 over p-eIF2⍺, thereby allowing the translation to proceed 

(85). Similarly, AiVL protein of Aichi picornavirus was shown to evade cap-dependent 

translation suppression in a similar manner as AcP10 (85). Interestingly, nonstructural 
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protein (NSs) of bunyavirus Sandfly Fever Sicilian Virus (SFSV) was found to interact with 

p-eIF2⍺-eIF2B complex and modify the catalytic structure of eIF2B, thereby restoring the 

nucleotide exchange activity of eIF2B (86). However, two recent publications suggest a 

slightly different mechanism of eIF2B inhibition by SFSV NSs. The studies have shown 

that the interaction of SFSV NSs with eIF2B blocks p-eIF2⍺ binding, thus protecting eIF2B 

function to recycle eIF2⍺ (87, 88). 

b. Non-canonical cap-independent viral protein synthesis 

It is also worth discussing that some viruses evade antiviral effects of PKR without 

expressing viral antagonists to PKR. They can switch from cap-dependent to cap-

independent mRNA translation when eIF2⍺ is phosphorylated by several mechanisms 

(89, 90). Infections of some members of Togaviridae (e.g. chikungunya, Sindbis, and 

Semliki Forest virus) induce PKR activation and trigger PKR-dependent phosphorylation 

of eIF2⍺ (91-93). Phosphorylation of eIF2⍺ during chikungunya infection appears to 

induce the widespread shutoff of host cell protein synthesis (92). Sindbis virus 

subgenomic 26s mRNA translation is resistant to phosphorylated eIF2⍺. Genetic and 

biochemical data suggest that a highly stable RNA hairpin loop located downstream of 

the AUG initiator codon is necessary to promote efficient translation. Essentially, the 

downstream hairpin loop stalls the 40S ribosome and allows non-canonical eIF2 to deliver 

the Met-tRNAi to the initiation complex of 26S subgenomic Sindbis mRNA (91). Unlike 

eIF2, non-canonical eIF2 does not require GTP to bind the Met-tRNAi; thereby, non-

canonical eIF2⍺ provides an alternative mechanism to carry out mRNA translation in the 

presence of phosphorylated eIF2⍺ (91). 
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Internal Ribosomal Entry Site (IRES)-driven translation is another mechanism of 

eIF2 independence for protein synthesis initiation. IRESs are complex RNA structure 

located at 5’ of mRNA or in the intergenic region of a polycistronic mRNA that can 

efficiently recruit 40s ribosomal subunit through a cap-independent mechanism (94). 

IRESs were originally discovered in uncapped picornavirus genomes, 

encephalomyocarditis virus (EMCV) and poliovirus (95, 96). These picornaviruses control 

their translation strictly through IRESs where the 43S ribosome is recruited by an 

eIF4G/eIF4A complex (95, 96). IRES of cricket paralysis virus can initiate mRNA 

translation in the absence of Met-tRNAi, eIF2 or GTP hydrolysis (97). However, IRES-

driven translation is not exclusively used by uncapped viruses as the 5’UTR of capped 

DENV and ZIKV were shown to function as IRESs to facilitate mRNA translation when 

the canonical cap-dependent translation is inhibited (90). Other mechanisms have been 

proposed to modulate DENV translation when the canonical cap-dependent translation 

was inhibited, including binding of PABP to non-polyadenylated 3’ UTR (98) and 

activation of the p38-Mnk1 signaling pathway (99). 

4. DOUBLE STRANDED RNA-INDUCED OAS/RNASE L ACTIVATION 

Like PKR, OAS/RNase L is an IFN-inducible antiviral system in vertebrate cells that 

is upregulated by IFN and activated in response to dsRNA produced during viral infections 

(100, 101). In the OAS/RNase L pathway, sensing of viral dsRNA by OAS leads to 

catalytic activation of OAS to convert ATP to secondary messenger 2-5A, short 

oligoadenylates with unconventional 2’-5’ linkages (Figure 1.3) (102, 103). 2-5A is an 

unstable molecule that can be degraded by phosphatases and phosphodiesterase (103). 
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There are four OAS genes (OAS1, OAS2, OAS3, and OAS-like (OASL)) in humans 

encoded by OAS family genes. The first three OAS differ in their number of OAS domains, 

level of oligomerization, and type of synthesized 2-5A (104). Whereas OASL is 

catalytically inactive and does not synthesize 2-5A, however activation of OASL by 

dsRNA is required to enhance RIG-I signaling (105). 

The 2-5A produced by OAS is a potent activator of RNase L (101). Human RNase 

L is a 741-amino-acid latent endoribonuclease ubiquitously expressed in the cytoplasm 

(101) and mitochondria (106). The structure of RNase L consists of 3 domains: a 9 ankyrin 

repeat (R1-R9) containing domain in its N-terminus, a catalytically inactive pseudokinase 

domain, and an endoribonuclease domain in its C-terminus (107). The crystal structures 

of human RNase L (108, 109) and porcine RNase L (110) further uncovered the function 

of the RNase L domains. The x-ray crystal structures of the RNase L showed direct 

binding of 2-5A to R2-R4 of the ankyrin repeats domain and leads to conformational 

change and dimerization of latent RNase L (108-110). The pseudokinase and RNase 

domains of RNase L are homologous with the serine/threonine-endoribonuclease IRE1, 

which drives the unfolded protein response at the ER membrane (107). Although the 

pseudokinase of RNase L has shown to have no kinase activity, the pseudokinase 

domain of RNase L is essential for 2-5A sensing, nucleotide (ADP/ATP) binding, 

dimerization, and cleavage functions of RNase L (109, 110). Active endoribonuclease 

RNase L cleaves ssRNA, both host and viral RNA, after UpN dinucleotide (111) as well 

as UpU and UpA dinucleotide recognition (112). However, later structural and 

biochemical studies support that RNase L cleaves ssRNA at the consensus sequence 

UN^N (N=A,U,G, or C; ^ is the cleavage site) (109, 113). In vitro assays and rRNA 
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cleavage assays indicated that a R462Q mutation impairs RNase L dimerization and 

R667A or H672A substitution inhibits the catalytic activity of RNase L (107). Further 

structural and biochemical analyses identified several mutations that could affect human 

RNase L activation, including R163A (ankyrin repeat domain), R412A and R427A 

(pseudokinase domain) and H672N (RNase domain) (109).   

 

Figure 1. 3. Strategies developed by viruses to evade the OAS/RNase L pathway.  
Viral dsRNA activates the catalytic site of OAS, which converts ATP into 2’,5’ oligoadenylates (2-5A). 2-5A 
then bind to ankyrin repeat domain of RNase L, which results in RNase L dimerization and activation. Active 
RNase L cleaves viral and cellular ssRNAs, directly inhibiting viral replication. Viruses developed various 
strategies to inhibit OAS/RNase L activation. Some viruses act upstream of the pathway by binding dsRNA 
and prevent OAS activation. Other mechanisms act to prevent RNase L activation including by expression 
of 2-5A phosphodiesterases that convert 2-5A into ATP and AMP, production of inactive or inhibitory 2-5A, 
expression of RLI/ABCE, and direct binding to the RNase L. Some viruses’ genomes are inaccessible to 
RNase L because of their hairpin structures or reduced numbers of RNase L cleavage sites.  
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There are several proposed antiviral mechanisms of RNase L (reviewed in reference  

(104)). First, cleavage of the viral genome of ssRNA viruses due to the endonuclease 

activity of RNase L prevents viral genome replication (114). Second, inhibition of viral 

protein synthesis can occur through degradation of viral mRNA and host rRNA (115, 116) 

and inhibition of mRNA export (117). Upon binding of 2-5A to RNase L, RNase L interacts 

with eRF3, bringing RNase L to proximity to mRNA to act as endoribonuclease (118). In 

addition, formation of a RNase L-eRF3 complex has been shown to modulate translation 

termination by promoting ribosomal readthrough of the termination codon (119). The third 

method is by amplifying type I IFN production. Cleavage products of viral and cellular 

RNAs by RNase L can form duplex RNA, which amplify type I IFN productions through 

RIG-I, MDA5, and PKR activation (19, 120). Fourth, a cleavage product of RNase L 

activity, 2’3’-cyclic phosphorylated termini, activates the NLRP3 inflammasome to 

enhance IL-1β production (121). Fifth, in the absence of 2-5A, the monomeric latent form 

of RNase L interacts with Filamin A to modulate the actin cytoskeleton and inhibit virus 

entry independent of its usual enzymatic role (122). Sixth, RNase L activation cleaves Y-

RNA and cytosolic tRNA, leading to arrest protein synthesis (113).  Lastly, in the event of 

viral overload, RNase L can trigger a mitochondrial pathway of apoptosis to prevent viral 

dissemination (123).  

5. STRATEGIES DEVELOPED BY VIRUSES TO EVADE THE OAS/RNASE L 

PATHWAY 

Viruses have developed diverse strategies to evade the OAS/RNase L pathway 

(Figure 1.3). Some viruses inhibit the early stage of the OAS/RNase L pathway by 
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inhibiting OAS activation and promoting 2-5A degradation. Others inhibit OAS/RNase L 

pathway at a later stage by inhibiting RNase L dimerization and activation. 

a. Reducing dsRNA availability for OAS activation 

The presence of dsRNA activates the catalytic site of OAS to produce 2-5A from 

ATP. Several viruses encode viral antagonists to sequester dsRNA and thereby prevent 

OAS activation. Examples of proteins with this activity include vaccinia virus E3L (41), 

reovirus 𝜎3 (124), influenza A virus NS1 (125), herpes simplex virus US11 (126), MERS-

CoV NS4a (127), human cytomegalovirus (HuCMV) TRS1 (49) which are all covered in 

depth above. 

VACV D9 and D10 decapping enzymes act coordinately with Xrn1 to prevent dsRNA 

accumulation and inhibit OAS/RNase L activation (39). MHV nsp15 encodes 

endonucleases (EndoU) that prevent dsRNA accumulation (40). Deletion EndoU in MHV 

leads to the increase of cytosolic dsRNA and activation of OAS/RNase L pathway as 

shown by increased rRNA degradation (40). 

b. 2-5A degradation  

The regulation of 2-5A degradation by phosphodiesterases and phosphatases is a 

key point of OAS/RNase L activation control (103). Some viruses have been shown to 

express phosphodiesterases that specifically cleave 2-5A, thus inhibiting RNase L 

activation. Unlike human phosphodiesterase that cleave 2-5A into ATP and 2 AMP, viral 

phosphodiesterases cleave trimeric 2-5A into mono- or deadenylates with 2’3’ cyclic 

phosphate termini (128). This phosphodiesterase activity was first described for mouse 
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hepatitis virus ns2 protein (129). In C57B6 mice, MHV ns2 is required for efficient viral 

replication in the liver and development of hepatitis, suggesting the importance of 

OAS/RNase L inhibition in establishing liver pathology (129). Other studies from the same 

group discovered the conserved expression of 2’5’ phosphodiesterase by lineage A 

betacoronavirus (e.g. NS4b of MERS-CoV), toroviruses, and rotaviruses (e.g. rotavirus 

group A VP3) which are capable of antagonizing RNase L (128, 130, 131). Replacing ns2 

of MHV with VP3 rotavirus can rescue the replication of recombinant MHV in 

macrophages and mouse liver, while MHV with an inactivated VP3 failed to replicate 

(132). Interestingly, both SARS-CoV and SARS-CoV-2 appear to lack 

phosphodiesterases (128, 133). 

Promoting the synthesis of inactive 2-5A is another unique mechanism of 

OAS/RNase L evasion developed by viruses. A high concentration of 2-5A accumulation 

was observed during herpes simplex virus (HSV-1 and HSV-2), simian virus 40 (SV40) 

and vaccinia virus infections; nevertheless these 2-5A did not induce RNase L rRNA 

degradation through some unknown means (134-136). 

c. Inhibiting RNase L dimerization and activation 

RNase L inhibitor (RLI) represents the second control of RNase L besides 2-5A. RLI 

is a 68 kDa ATP binding cassette cellular protein also known as ABCE1 (137). RLI can 

form a heterodimer with RNase L, prevent 2-5A binding to RNase L, and therefore inhibit 

RNase L nuclease activity (137). An increase of RLI expression by the host cells was first 

observed in cells infected with encephalomyocarditis virus (EMCV) (137). The studies 

showed that expression of RLI in HeLa cells inhibits RNase L activity and partially 
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reverses the antiviral activity of IFN against EMCV (137). Similarly, overexpression of RLI 

in Hep-2 cells significantly decreased antiviral activity of RNase L against respiratory 

syncytial virus (RSV) (138). RLI expression was further shown in cells infected with HIV-

1 (139). Besides interacting with RNase L, RLI appears to be critical for proper assembly 

of the HIV-1 capsid by interacting with the nucleocapsid domain of gag (140).  

Theiler’s murine encephalomyelitis virus (TMEV) expresses L* viral protein, which is 

required for chronic infection of the virus in the mouse central nervous system (141). 

Further analysis confirmed that L* protein directly binds to the ankyrin repeat domain of 

RNase L (142). Although L* does not target ankyrin repeat residues involved in 2-5A 

binding, binding of L* at R1-R2 site inhibits 2-5A binding to RNase L, thereby preventing 

RNase L homodimerization and activation (143). Using chimeric MHV lacking ns2 but 

expressing L* protein, the studies showed that L* protein expression rescued the virus 

replication in bone marrow-derived macrophages and the liver of infected mice, 

suggesting L* can functionally substitute for the phosphodiesterase ns2. Interestingly, 

RNase L inhibition by L* protein of TMEV is species-specific, where L* inhibited murine 

RNase L but not other species of RNase L, including human, equine, canine, porcine, 

bovine, guinea pig, or chicken RNase L (142). 

d. Viral genome adaptation 

Group C enteroviruses harbor a conserved RNA structure within their 3C protease 

gene, which is resistant to cleavage by RNase L and potently inhibits the antiviral 

endoribonuclease RNase L (144). The highly structured RNA associated with resistance 

to RNase L involved nucleotides 5742-5824 and nucleotides 5906-5967, at which the 
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complementary base pairs between sequences in the stem-loop 1 and 4 creates a 

pseudoknot or kissing interaction (145, 146). Further studies elucidated that the highly 

structured RNA of poliovirus can act as a competitive inhibitor of the endoribonuclease 

domain of RNase L (147). On the other hand, hepatitis C virus (HCV) from distinct 

genotypes have variably reduced UA and UU dinucleotides frequencies to evade RNase 

L cleavage activity (112). Deep sequencing methods revealed that RNase L 

predominantly cleaved poliovirus and HCV RNAs at UpN dinucleotides (UA and UU>UG) 

(148). Furthermore, the studies discover discrete regions in which poliovirus and HCV are 

susceptible to RNase L cleavage, whereas more structured RNA rendered the RNA 

resistant to RNase L cleavage (148). 

e. Escape from RNase L cleavage through unknown mechanism 

While the potent antiviral effects of RNase L are evident for most ssRNA viruses, 

vesicular stomatitis virus (VSV) is resistant to OAS/RNase L cleavage activity (149). 

Overexpression of OAS in murine NIH-3T3 cells impaired EMCV replication but did not 

affect VSV replication (150). Despite being highly sensitive to inhibition by IFN, VSV 

infection did not activate OAS, and no increase in 2-5A level was observed in infected 

cells (151). Similarly, no inhibition of the 2-5A binding activity of RNase L nor increased 

cellular RLI was observed during VSV infection (151). However, microinjection of 2-5A 

analogs in HeLa cells reduced VSV virus titer by 3-log (116). Interestingly, a recent study 

showed OAS1/RNase L exerted potent antiviral activity against +ssRNA viruses SARS-

CoV-2 and EMCV, while three tested -ssRNA viruses (human respirovirus 3, RSV, and 

VSV) were unaffected by this pathway (152). Whether VSV and other -ssRNA viruses 
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produce a very small amount of dsRNA or mask dsRNA to reduce OAS activation, 

sequester 2-5A or express viral antagonists is largely unknown. 

6. CONCLUDING REMARKS 

In this review, we discussed PKR and OAS/RNase L pathways-mediated antiviral 

activities. PKR and OAS/RNase L pathways are potent antiviral proteins with overlapping 

yet distinct antiviral activities. We further presented strategies developed by diverse 

viruses to inhibit PKR and OAS/RNase L pathways.  Some viruses appear to be resistant 

to these viral proteins by an unknown mechanism. Further investigation is required for 

elucidation of the mechanism behind virus resistance to PKR and OAS/RNase L 

pathways. In addition, some viruses’ replications are independent of PKR activation, 

however sensitive to RNase L activity. The specific interaction between PKR and 

OAS/RNase L pathways and these viruses could be harnessed to establish effective 

strategies to prevent and control viral diseases
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ABSTRACT 

Most virus families produce double-stranded (ds) RNA during their lifecycles, which 

can be sensed by multiple dsRNA-dependent innate immune sensors, including two 

potent host restriction factors protein kinase R (PKR) and 2',5'-oligoadenylate synthetase 

(OAS)/RNase L. PKR mainly restricts replication of viruses that are dependent on eIF2, 

and RNase L inhibits viral replication via degradation of host and viral RNAs. However, 

while PKR is directly activated by dsRNA and thus serves as sensor and effector, RNase 

L activation depends on OAS to both bind dsRNA and synthesize 2’-5’ oligoadenylate (2-

5A). We hypothesized that engineering proteins to combine the dsRNA sensor domain of 

PKR with the effector domain of RNase L would bypass the need for OAS activation, 

making them less susceptible to inhibition by viral molecules, and preserve their potent 

antiviral activity. To test this, we generated Recombinant Enhanced Antiviral Restrictors 

(REAVRs) by combining dsRNA-binding domains of PKR from different species with the 

effector domain of human RNase L. We show that REAVRs led to RNA degradation and 

decreased the activity of a luciferase reporter, suggesting the REAVRs are functionally 
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active. To investigate whether REAVRs could restrict viral replication, we generated T-

REx 293 cells containing a single REAVR copy under the control of a doxycycline-

inducible promoter. Some REAVRs exerted potent antiviral activities against five tested 

viruses: vaccinia virus, dengue virus, Zika virus, SARS-CoV-2, and vesicular stomatitis 

virus. Importantly, these REAVRs were also effective against viruses that are resistant to 

PKR activation, for example, SARS CoV-2 and flaviviruses. This study provides proof-of-

concept that REAVRs are active in vitro and exhibit broad spectrum antiviral effects on 

various families of viruses.  

SIGNIFICANCE 

Cells of higher vertebrates possess a unique set of innate immune proteins that offer 

one of the first lines of defense against viral infections. In turn, viruses have evolved a 

plethora of mechanisms to evade the host antiviral response to ensure their survival and 

propagation. Here, we harness the specific interaction between the innate immune 

system and viruses to make cells more resistant to a broad range of viruses. We 

demonstrate that REAVRs have unique and broadly acting antiviral activities and 

simultaneously act as virus sensors and antiviral effectors. Importantly, REAVRs exert 

potent antiviral activities against multiple RNA and DNA viruses, including those not 

traditionally inhibited by PKR. We envision that REAVRs can be used to generate 

transgenic organisms with increased viral resistance and represent promising candidates 

as therapeutics for viral infections.
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INTRODUCTION 

The world has been through major pandemics and epidemics caused by virus 

infections such as smallpox, 1918 influenza, SARS-CoV, MERS-CoV and currently the 

ongoing SARS-CoV-2 pandemic (1). As SARS-CoV-2 spreads globally, tropical and 

subtropical countries are also battling the additional challenge of vector-borne diseases 

that have been endemic for decades (2). Infectious diseases continue to present 

significant challenges because viruses acquire the ability to overcome host immune 

responses and to spread efficiently. The innate immune system acts as one of the first 

lines of defense against virus infection. Substantial research has focused on the 

interactions between viruses and innate immune system, and it is now possible to use 

this knowledge to establish strategies to prevent and control viral diseases.   

An effective host immune response against viral infections depends on the 

recognition of signatures of viral infections by the innate immune system (3). During viral 

infections, one of the best characterized pathogens-associated molecular patterns 

(PAMPs) is double-stranded RNA (dsRNA). Almost all virus families produce dsRNA 

during their lifecycles (4, 5). Viral dsRNA can be sensed by multiple dsRNA-dependent 

innate immune sensors, including two potent host restriction factors PKR and 

OAS/RNase L (6, 7). PKR and OAS/RNase L are interferon-stimulated genes; however, 

they differ at the basal expression level and responsiveness to type I IFNs (8). PKR is 

constitutively expressed as an inactive form at significant levels in most cell types, but it 

is up-regulated about 2- to 5-fold upon interferon stimulation (9, 10). OAS and RNase L 

are constitutively expressed at low levels and are considerably induced by virus infection 

or interferon stimulation (8, 11). Importantly, PKR and OAS/RNase L pathways act as 
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both sensor as well as effector molecules that can directly sense and repress viral 

replication (3).  

PKR exists in a monomeric latent form in the absence of dsRNA (12). In mammals, 

PKR contains two N-terminal dsRNA binding domains (dsRBD) and a C-terminal kinase 

domain, which are connected by a linker region. The binding of dsRNA to the sensor 

domain of PKR leads to PKR dimerization and autophosphorylation (13, 14). Activated 

PKR phosphorylates Ser51 of the ⍺ subunit of the eukaryotic translation initiation factor 

eIF2, a GTP binding protein that delivers the initiator Met-tRNA (Met-tRNAi) to the small 

ribosomal subunit in the first step of translation initiation (15). Phosphorylated eIF2⍺ has 

a high binding affinity to the guanine nucleotide exchange factor eIF2B, thus preventing 

eIF2B from catalyzing the GDP-GTP exchange to recharge eIF2⍺ (16). The accumulation 

of eIF2⍺-GDP limits the availability of the eIF2⍺-GTP-Met-tRNAi ternary complex and 

leads to the inhibition of cap-dependent mRNA translation (17). Consequently, PKR 

cannot restrict viruses that initiate mRNA translation independent of eIF2⍺ (18-21). For 

example, some arboviruses have been shown to harbor internal ribosome entry sites 

(IRES) that allow viral protein synthesis when the canonical cap-dependent translation is 

inhibited (22). 

Activation of the OAS/RNase L pathway is initiated by binding dsRNA to latent OAS, 

which activates its catalytic site to synthesize 2’-5’ oligoadenylate (2-5A) from ATP (11). 

2-5A subsequently binds to the ankyrin repeat domain of monomeric RNase L, leading to 

RNase L dimerization and activation (6). In addition to the N-terminal ankyrin repeats 

domain, RNase L contains a pseudokinase domain which contributes to RNase L 
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dimerization, and a C-terminal endoribonuclease domain that cleaves target single-

stranded (ss)RNA (23, 24). Enzymatically active RNase L cleaves both host and viral 

ssRNA at the consensus sequences UN^N, UU^N and UA^N (25, 26). Cleavage products 

of RNase L are further degraded by cellular exonucleases resulting in inhibition of mRNA 

translation, stalling the host cell machinery required for viral replication and eliminating 

ssRNA viral genomes (27). Interestingly, many viruses antagonize this pathway by 

targeting either OAS or 2-5A, instead of direct interactions with RNase domain of RNase 

L (28, 29).  

The importance of the antiviral effects of PKR and OAS/RNase L is emphasized by 

the fact that many viruses have evolved strategies to evade PKR and OAS/RNase L 

activation by encoding viral antagonists (7, 28). One approach to controlling viral 

replication is through engineering more resistant host proteins. The generation of viral 

resistant MxA antiviral protein by combinatorial mutagenesis has been shown to improve 

the antiviral activity of MxA against Thogotovirus (30). The Malik group further generated 

an APOBEC3C “super restrictor” by creating a synthetic tandem domain which was 

shown to be more resistant to the viral antagonist Vif and increased its antiviral activity 

against HIV by about 4-fold (31). 

Here we report the construction of Recombinant Enhanced Antiviral Restrictors 

(REAVRs) by combining the sensor domain of PKR with the effector domain of RNase L. 

We chose PKR and RNase L because PKR and RNase L share commonalities in that 

they exist in a monomeric inactive form and their dimerization and activation require N-

terminal ligand binding. Additionally, the kinase domain in PKR and pseudokinase domain 

of RNase L both play important roles in dimerization and activation (14, 23, 24). We 
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therefore reasoned that engineering these proteins by combining the sensor domain of 

PKR with the effector domain of RNase L would generate a dsRNA-responsive fusion 

protein with enhanced antiviral activity. This fusion would make RNase L directly 

activatable by dsRNA, bypassing the highly targeted OAS/2-5A portion of this pathway.  

In this study, we generated multiple REAVRs by combining the dsRNA-binding 

domains of PKR from either Syrian hamster or mouse PKR at the N-terminus to act as a 

dsRNA sensor and dimerization domain with the effector domain of human RNase L at 

the C-terminus. We selected PKR orthologs from either Syrian hamster or mouse 

because they share only 64% amino acid identity and show differential sensitivity to viral 

antagonists ((32), unpublished data). We demonstrated that these REAVRs were 

expressed and functionally active. Some REAVRs showed antiviral effects on dsDNA 

vaccinia virus (VACV, Poxviridae), +ssRNA dengue virus (DENV, Flaviviridae), +ssRNA 

Zika virus (ZIKV, Flaviviridae), +ssRNA SARS-CoV-2 (Coronaviridae) and -ssRNA 

vesicular stomatitis virus (VSV, Rhabdoviridae). Taken together, we provide proof-of-

concept that REAVRs were active and some REAVRs showed potent antiviral activities 

on multiple families of viruses. 
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MATERIALS AND METHODS 

 
Cell lines  

HeLa PKR knock out cells (HeLa PKRKO) kindly provided by Dr. Adam Geballe (33), 

HeLa PKR knock down cells (HeLa PKRKD) kindly provided by Dr. Charles Samuel, RK13 

cells (rabbit) expressing E3L and K3L (designated RK13+E3L+K3L) were first described 

by Rahman et al. (34), Vero cells (ATCCⓇ CCL-81) were kindly provided by Dr. Priya 

Shah, and Vero E6 cells was purchased from ATCC (ATCCⓇ CRL-1586). Cells were 

grown in GlutaMax™ Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technologies) 

supplemented with 5% or 10% fetal bovine serum (FBS, Lonza) and 100 IU/ml 

penicillin/streptomycin (Gibco). HeLa-PKRKD cells were maintained in media additionally 

supplemented with 1 μg/ml puromycin (Sigma). RK13+E3L+K3L cell culture medium 

contained 500 μg/ml geneticin and 300 μg/ml zeocin (Life Technologies). Tetracycline-

regulated expression human embryonic kidney 293 wild-type cell lines (Flp-In™ T-REx™ 

293, Invitrogen) and of Flp-In™ T-REx™ 293 PKRKO (Rothenburg lab, unpublished) were 

grown in 10% FBS DMEM culture medium containing zeocin (10µg/ml) and blasticidin S 

(15 μg/ml, Gibco). To generate stable cells, T-REx WT cells were co-transfected with Flp 

recombinase expression vector pOG44 (Invitrogen) and pcDNA5/FRT/TO (Invitrogen) 

encoding a single copy of REAVR 3, 4, 5, 7, 8, and 9. T-REx PKRKO cells were co-

transfected with pOG44 and pcDNA5/FRT/TO encoding either a single copy of the 

REAVR or human PKR. Transfection was done with Lipofectamine® 2000: plasmid ratio 

(3:1). The surviving cells were selected with hygromycin (50 μg/ml) and blasticidin (15 

μg/ml) for 10-15 days. TREx-293 stable cells were maintained in a culture medium 

containing 200 μg/ml of hygromycin (Invitrogen) and 15 μg/ml of blasticidin S (Gibco). 
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Generation of T-REx WTACE2 and T-REx REAVR7ACE2 cells was done by plasmid 

transfection. The pcDNA3.1+/C-(K)-DYK plasmid was linearized with PvuI enzyme and 

transfected into the indicated cells with Lipofectamine® 2000: plasmid ratio (3:1). The T-

REx WTACE2 cells were selected with geneticin 800µg/ml and T-REx REAVR7ACE2 were 

selected with geneticin 800µg/ml and hygromycin 50μg/ml for 10-15 days. Monoclonal 

cells expressing ACE2 were screened by western blot. ACE2 expression from the 

monoclonal cells was confirmed by flow cytometry. 

Plasmids 

Syrian hamster PKR (Mesocricetus auratus GenBank NP_001268874.1), and 

mouse PKR (Mus musculus, Genbank NP_035293.1) were cloned by the Rothenburg 

lab. Hybrid GyrB-human PKR (E. coli GyrB Genbank AXZ71263.1; Homo sapiens 

Genbank NP_001129123.1) was kindly provided by Dr. Thomas Dever (35), hybrids 

GyrB-human RNase L (Genbank NP_066956), a single copy of each REAVR, vaccinia 

E3L, vaccinia K3L genes were subcloned into the pSG5 mammalian expression vector 

(Stratagene) for luciferase-based reporter assays. pGL3 luciferase reporter vector was 

purchased from Promega. Human RNase L was subcloned into the pSG5 for RNA 

integrity assay. Cloning was done either using classical restriction enzyme digestion or 

Gibson assembly techniques. Human PKR and a single copy of each REAVR were 

cloned into pCDNA5/FRT/TO mammalian expression vector to generate T-REx stable 

cells. Flp recombinase expression vector (pOG44) was obtained from Invitrogen. The 

pcDNA3.1+/C-(K)-DYK plasmid encoding the cDNA of human ACE2 (NM_021804.2) was 

purchased from GenScript. All DNA sequences were validated by Sanger sequencing. 
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Luciferase-based reporter assays 

Luciferase-based assays were performed to determine which domain of RNase L is 

critical for the generation of REAVRs. Briefly, 5 x 104 HeLa PKRKD cells per well were 

seeded in 24 well plates overnight. The next day the cells were co-transfected with 50 ng 

of pGL3 firefly luciferase expression vector (Promega) with 950ng of the indicated 

plasmids. Transfection was done using GenJet (Signagen) with DNA to GenJet ratio of 

1:2 as described by the manufacturer’s protocol. The transfected cells were treated with 

either DMSO, 10ng/ml or 50ng/ml coumermycin. Cells were lysed with mammalian lysis 

buffer (GE Healthcare) at 24 hours post-coumermycin induction. Luciferase activity was 

measured using a GloMax luminometer (Promega) by adding luciferin (Promega) reagent 

to the cell lysates as manufacturer’s recommendations. Data were presented as relative 

luciferase activity in which all data were normalized to pSG5 empty vector. Experiments 

were conducted in triplicate for each of the three independent experiments. The same 

protocol was used to determine whether REAVRs are functionally active in the luciferase 

assay (except that the cells were not treated with coumermycin).  

To test the sensitivity of REAVRs to vaccinia virus E3L and K3L, we transfected 

HeLa PKRKO cells with 200ng of the pSG5 vector control, 200ng of indicated PKR 

expression vector, 200ng of indicated REAVRs expression vector, 400ng of each viral 

antagonist expression vector, and 50ng of pGL3 firefly luciferase expression vector 

(Promega). Luciferase activity was measured as described above. Data were normalized 

to pSG5 empty vector. 
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Virus and infections 

Vaccinia virus strain Copenhagen (VC-2) and vP872 were kindly provided by Dr. 

Bertram Jacobs (36). Dengue serotype-2 (strain 16681) was kindly provided by Dr. Priya 

Shah and VSV-12’GFP was provided by Dr. Qizhi Gong, SARS-CoV-2mNG was provided 

by Dr. Pei-Yong Shi, and Zika virus strain PRVABC59 was provided by Dr. Lark Coffey.  

Vaccinia virus  

About 8 x 105 indicated cells were seeded in 12-well plates and the next day, the 

cells were treated with 0.5μg doxycycline or left untreated for 6 hours prior to virus 

infections. The cells were infected with vP872 and VC-2 at an MOI of 0.1. After 48 hours, 

cells and supernatants were collected and subjected to three rounds of freeze at -80oC 

and thawing at 37oC. The cell lysates were sonicated for 15s twice with 50% amplitude 

(Qsonica Q500). Viruses were tittered by infecting RK13+E3L+K3L cells plated in 12-well 

plates with 10-fold serial dilutions of viral lysates in reduced-serum DMEM media. The 

cells were then incubated at 37oC and 5% CO2 for 1 hour. Following this incubation, we 

added overlay DMEM media consisting of 1% methylcellulose (Millipore 17851-1KG), 5% 

FBS and 100U penicillin/streptomycin. The plaques were visualized with 1% crystal violet 

(Sigma cat # C0775) in 25% methanol (v/v H2O) solution at 48 hours post infections. 

Dengue virus serotype 2 strain 16681 and Zika virus strain PRVABC59 

About 1.5 x 106 indicated cells were seeded in 6-well plates and the next day, the 

cells were treated with 0.5μg doxycycline or left untreated for 6 hours prior to virus 

infections. DENV infections were done with an MOI of 0.1 and ZIKV infections were done 

with an MOI of 1. Viruses were added to the cells for absorption for 2 hours at 37oC. The 
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supernatant was harvested at indicated time points and stored at -80oC for infectious virus 

titration. For titration, about 8x105 Vero CCL-81 cells were plated in 6-well plates. The 

next day the media were removed, and the cells were infected with 10-fold serial dilutions 

of virus supernatant in reduced-serum DMEM media. The cells were then incubated at 

37oC and 5% CO2 for 2 hours. Following this incubation, we added an overlay of DMEM 

media consisting of 0.8% methylcellulose (for DENV) or 1% methylcellulose (for ZIKV) 

and 1% FBS. The cells were fixed with 4% formaldehyde for 20 min and were visualized 

with 1% crystal violet (Sigma cat # C0775) in 25% methanol (v/v H2O) solution on day 5 

for ZIKV and day 6 for DENV.  

VSV-12’GFP 

About 1.5 x 106 indicated cells were seeded in 6-well plates and the next day, the 

cells were treated with 0.5μg doxycycline or left untreated for 6 hours prior to virus 

infections. Indicated cells were infected with VSV-12’GFP at MOI of 0.01 and pictures 

were taken 24 hours post infection with EVOS FL Auto 2 using the FITC filter to visualize 

EGFP. The supernatant was collected afterward and stored at -80oC for infectious virus 

titration. For titration, about 4x105 Vero CCL-E6 cells were plated in 6-well plates. The 

next day the media were removed, and the cells were infected with 10-fold serial dilutions 

of virus supernatant in reduced-serum DMEM media. The cells were then incubated at 

37oC and 5% CO2 for 1 hour. Following this incubation, overlay DMEM media consisting 

of 1% methylcellulose (Millipore 17851-1KG) and 5% FBS were added to the wells, and 

the cells were incubated for 4 days. The cells were fixed with 4% formaldehyde for 20 min 

and were visualized with 1% crystal violet (Sigma cat # C0775) in 25% methanol (v/v 

H2O) solution. 
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SARS-CoV-2mNG 

About 5 x 105 indicated cells were seeded in 12-well plates. On day 2 post-seeding, 

the cells were treated with 0.5μg doxycycline or left untreated for 6 hours prior to virus 

infections. SARS-CoV-2mNG infections and titrations were performed in a biosafety level 

3 (BSL-3) laboratory using appropriate and approved personal protective equipment and 

protocols. Indicated cells were infected with SARS-CoV-2mNG at an MOI of 1 and 

allowed for absorption for 1 hour at 37oC 5% CO2. Pictures were taken on day 2 post 

infections to visualize green fluorescence by using a Primovert iLED microscope. The 

supernatant was collected afterward and stored at -80oC for infectious virus titration. For 

titration, about 2.5x105 Vero CCL-E6 cells were plated in 6-well plates. The next day the 

media were removed, and the cells were infected with 10-fold serial dilutions. The cells 

were then incubated at 37oC and 5% CO2 for 1 hour. Following this incubation, an overlay 

of DMEM media consisting of 1% methylcellulose (Millipore 17851-1KG) and 10% FBS 

were added to the wells and the cells were incubated for 4 days. The cells were fixed with 

4% formaldehyde for 20 min and were visualized with 1% crystal violet (Sigma cat # 

C0775) in 25% methanol (v/v H2O) solution. 

Immunoblot analyses 

Western blot was done to determine the level of REAVRs expression under 

tetracycline induction. Indicated cells were seeded in 6-well plates overnight. The cells 

were either treated with doxycycline 0.5µg/ml or left untreated. Cells were washed once 

with ice-cold PBS and lysates harvested at 24-hours post-induction with 1% SDS buffer. 

Cell lysates were sonicated for 10s twice at 50% amplitude, centrifuged for 5 minutes at 

13,000 rpm. About 10µg of protein from supernatant mixed with 2x Laemmli sample 
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buffer. The sample mixtures were heated at 95oC, then separated on 12% SDS 

polyacrylamide gels and transferred to polyvinyl difluoride (PVDF, GE Healthcare) 

membranes. Blots were blocked with SuperBlock™blocking buffer (Thermofisher 

Scientific, Cat #37515) or 5% BSA for 1 hour at room temperature and probed with 

primary antibodies (table below) diluted in the same blocking buffer. Primary antibodies 

were incubated overnight at 4oC. After washing, the blots were probed with secondary 

antibodies for 1 hour at room temperature. The blots were washed three times for 10 

minutes and proteins were detected with Amersham™ ECL™ (GE Healthcare cat 

#28980926) or SuperSignal West Femto (Thermoscientific Cat #34096). Images were 

taken using the iBright Imaging System (Invitrogen). Blots were sequentially probed with 

antibodies and in between treatments stripped using mild stripping buffer. 

Western blots were conducted to investigate whether the level of protein expression 

might contribute to the level of RNA degradation. Briefly, A549 PKR and RNase L double 

knockout cells were seeded in 6-well plates. The next day, the cells were transfected with 

2.5 µg of empty vector as negative control, RNase L-encoding plasmid as positive control, 

or REAVRS-encoding plasmids. Transfection was done as Lipofectamine LTX 

manufacturer’s instruction (plasmid: lipofectamine LTX ratio = 1:3). Cell lysates were 

harvested at 24-hours post transfection and western blot was done as described above.  

Further Western blots were carried out to determine whether REAVR 5 and 9, which 

have full-length PKR, work through eIF2⍺ phosphorylation. T-REx PKRKO served as 

negative control, T-REx PKRKO-human PKR served as positive control. About 1.8 × 106 

cells were seeded in six-well plates. The next day, 0.5µg doxycycline was added to the 

cells. After 24 hours, each cell line was infected with either VC-R4 (VACV△E3L△K3L) or 
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vP872 (VACV△K3L) at an MOI of 3. After an hour, media were replaced with complete 

media containing 0.5µg/ml doxycycline. Cell lysates were harvested at 6 hours post 

infection, and western blot was done as described above. 

 
Primary antibody  Antibody 

species 
Blocking 
buffer 

Dilution Catalog number 

RNase L-E9 
 

mouse Thermofisher 
SuperBlocking 
buffer 

1:500 Santa Cruz, sc-
74405 

phospho-eIF2α rabbit 5% BSA 1:1,000 Cell signaling, 
#9721 

total eIF2α rabbit 5% BSA 1:1,000 Santa Cruz, 
sc11386 

Phospho-PKR E-
120 

rabbit 5% BSA 1:1,000 Abcam, ab32036 

PKR A12 mouse 5% milk 1:1,000 Santa Cruz, 
sc393038 

Beta actin mouse Thermofisher 
SuperBlocking 
buffer 

1:2,000 Sigma, A1978 

Secondary antibody     
goat anti-rabbit IgG goat,HRP-

linked 
1% milk TBST 1:10,000 Invitrogen, A16023 

goat anti-mouse IgG goat, HRP-
linked 

1% milk TBST 1:10,000 Invitrogen, A16110 

 
Flow Cytometry 

Flow cytometry analysis was performed to detect human ACE2 receptors in T-REx 

WT and T-REx WT REAVR 7 cells stably expressing human ACE2. Briefly, cells were 

incubated with primary antibody to human ACE2 polyclonal goat IgG (R&D Cat #AF933) 

at a concentration of 0.25 µg/106 cells for 30 min at room temperature. After washing, the 

cells were incubated with secondary antibody F(ab')2 donkey anti-goat IgG (H+L) cross 

adsorbed PE (Thermofisher scientific Cat #PI31860) at a concentration of 1:200 for 30 
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min at room temperature. Cells were analyzed by flow cytometry (CytoFLEX, Beckman 

Coulter). 

RNA degradation assay 

RNA degradation assay was performed to assess RNA cleavage activities of 

REAVRs. Briefly, A549 PKR and RNase L double knockout cells were seeded in 6-well 

plates. The next day, the cells were transfected with 2.5 µg of empty vector as a negative 

control, RNase L-encoding plasmid as the positive control, or each indicated REAVR-

encoding plasmid. Transfection was done according to Lipofectamine LTX 

manufacturer’s instruction (plasmid: lipofectamine LTX ratio = 1:3). At 24-hours after 

transfection, the cells were infected with either the vaccinia virus lacking E3L and K3L at 

an MOI of 5, DENV2 at an MOI of 3, or VSV-12’GFP at an MOI of 1. RNAs were isolated 

using TRI Reagent (Millipore Sigma, T9424) at 24 hours post infection. RNA isolation and 

DNA digestion were done according to Zymo Research RNA Extraction’s instruction. 

About 1µl (about 150ng/µl) of RNAs were run in RNA 6000 Nano Kit (Agilent Cat #: 5067-

1961511) and RNA cleavage activity was determined using 2100 Bioanalyzer. 

Cell viability test 

To assess the cell viability upon REAVR expression, we seeded T-REx PKRKO and 

T-REx WT expressing REAVR cells in 96-well plates (white opaque culture plate, Corning 

Cat# 07-200-628) at 8 × 104 cells/well. The next day, the cells were treated with 0.5µg/ml 

doxycycline or left untreated. At 6 hours post doxycycline treatment, the T-REx PKRKO 

cells were infected with VC-2 at an MOI of 0.1 as a positive control.  Cell viability was 

assessed by measuring the ATP content using the Viral ToxGlo™ assay (Promega 
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Cat#G8941) at 48 hours by reading luminescence with GloMax Discover (Promega). 

Relative light units relative to medium only were plotted in GraphPad Prism. 

Statistical analysis and fold-change and a log reduction calculation 

Statistical analysis and graph plotting were performed using GraphPad Prism 8 

(GraphPad Software, USA). We used two-way ANOVA with Sidak’s multiple comparisons 

test for analysis of cell viability RLU. Statistically significant differences between groups 

were marked with *P < 0.05; **P < 0.005; ***P < 0.001; and ****P < 0.0001.  

Fold-change virus titer was determined by calculating the ratio between virus titer in 

doxycycline-treated and untreated cells. The difference between virus titer in doxycycline-

treated and untreated samples was then expressed as a log reduction. Formulas are 

presented below for fold-change calculations, log reduction calculations, and percent 

reduction calculations.  

Fold-change = !
"
 

Log reduction =log10 +!
"
, or log10(A)-log10(B) 

Percent reduction = (!-")&'((
!

 

Where, 

A is the number of virus titer in doxycycline untreated cells 

B is the number of virus titer in doxycycline-treated cells. 
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RESULTS 

Generation and functional analysis of recombinant enhanced antiviral restrictors 

(REAVRs) 

It was previously demonstrated that fusion of coumermycin-inducible dimerization 

domain of Escherichia coli (E. coli) DNA gyrase subunit B (GyrB) with the kinase domain 

of human PKR resulted in activation of the PKR kinase domain under control of 

coumermycin (35, 37). We took advantage of this system to determine which domains of 

RNase L are critical for the generation of active fusion proteins. We generated three 

hybrid constructs of GyrB-RNase L consisting of the first 221 amino acids of E. coli GyrB 

fused to different lengths of the human RNase L effector domain: GyrB-RNase L short 

(containing residues 588-741), GyrB-RNase L medium (starting from the β1 region of 

pseudokinase residues 375-741), and GyrB-RNase L long (starting from the ⍺A region of 

pseudokinase domain residues 333-741) (Figure 2.1A). As controls, we used constructs 

to express fusion proteins consisting of the GyrB dimerization domain fused to either the 

wild-type or inactivated (K296H) human PKR kinase domain (residues 258-551) which 

were previously shown to confer coumermycin dimerization-dependent eIF2⍺ kinase 

activity in a mammalian cell line (35, 37). We transfected cells with indicated plasmids 

and added two different coumermycin concentrations to promote GyrB dimerization and 

measured the amount of light produced by transfected cells upon the addition of luciferin. 

In this assay, luciferase activity is inversely correlated with PKR activity. We found both 

10ng/ml and 50ng/ml of coumermycin led to a reduction of luciferase activity for the GyrB-

PKR construct, whereas the addition of coumermycin had no effects on luciferase activity 

for the kinase-inactivated construct (Figure 2.1B). Among the three GyrB-RNase L 
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hybrids, only GyrB-RNase L medium resulted in a marked reduction of luciferase activity 

comparable to that of human PKR, suggesting that RNase L medium is the optimal length 

of RNase L effector domain for retaining RNase L activity.  

 

Figure 2. 1. Optimization of GyrB-RNase L fusion proteins.  
(A). The schematic domain organization of PKR, RNase L, and GyrB-RNase L hybrid constructs. To 
determine which domain of RNase L is critical, we combined the coumermycin-inducible dimerization 
domain of E. coli GyrB with pseudokinase and RNase domain of human RNase L. As a control, we used 
GyrB- human PKR proteins (wild type PKR and kinase-inactivated PKR mutant (K296H)). We generated 
three hybrid constructs: GyrB-RNase L short (starting from RNase domain), GyrB-RNase L medium 
(starting from β1 region of pseudokinase), and GyrB-RNase L long (starting from the ⍺A region of 
pseudokinase domain). (B). Inhibition of luciferase activity by fusion constructs. We analyzed the effects of 
the constructs on a reporter assay in HeLa PKR knock-down cells by treating the cells with 10ng/ml or 
50ng/ml coumermycin.  

A 

B 
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We generated multiple REAVRs by combining the sensor domain of PKR with the 

medium-length effector domain of human RNase L. First, we fused the dsRNA sensing 

domains of Syrian hamster PKR with the effector domain of human RNase L. We chose 

Syrian hamster PKR as the sensor domain because our previous data showed that Syrian 

hamster PKR is resistant to some viral antagonists that can inhibit PKR activation 

including vaccinia virus (VACV) E3L, herpes simplex virus 1 (HSV-1) US11, and reovirus 

𝜎3 (Unpublished data, Table 2.1). As we demonstrated with GyrB constructs, the linker 

region connecting the PKR dsRBDs and the RNase L effector domain might influence the 

activity of fusion proteins. Therefore, we generated six structural variants of REAVRs. 

Specifically, we included both dsRBDs with no linker region (REAVR 1, residues 1-158), 

a portion of the linker region (REAVR 2 residues 1-183; REAVR 3 residues 1-206), the 

entire linker region (REAVR 4 residues 1-243), the entire Syrian hamster PKR sequence 

(REAVR 5 residues 1-527), and kinase-inactivated Syrian hamster PKR K272R (REAVR 

6) (Figure 2. 2A). In addition, we designed REAVRs 7-9 that contain parts mouse PKR 

as sensors, which structures correspond to REAVRs 3-5 (Figure 2.2A). We chose mouse 

PKR because our previous unpublished data showed that mouse PKR was susceptible 

to E3L, US11, and 𝜎3, whereas Syrian hamster PKR was resistant to these antagonists 

(Table 2.1). We first compared the effects of REAVRs on protein expression in a 

luciferase-based reporter system, which we previously established for measuring PKR 

activity (38, 39). In this assay, plasmids encoding PKR and a luciferase reporter were co-

transfected into PKR-deficient HeLa cells. In this assay, luciferase activity is inversely 

correlated with PKR activity. PKR and REAVRs are likely activated by dsRNA that is 
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formed by overlapping transcripts generated from plasmids (40). We found all REAVRs 

as well as Syrian hamster and mouse PKR substantially reduced luciferase expression, 

indicating that they are functional (Figure 2.2B). REAVR 6, which contains a kinase-

inactivating mutation in PKR showed the lowest activity, but still reduced luciferase 

expression ~3-fold.  

Table 2. 1. Differential sensitivity of Syrian hamster and mouse PKR to viral antagonists. 

 
 
 
 
 
 

VACV=Vaccinia virus; HSV1= Herpes simplex virus 1 

 

Ribosomal RNA (rRNA) degradation is a hallmark of RNase L endonuclease activity 

(6). Therefore, to determine whether REAVRs exhibit endonuclease activity, we 

transiently transfected A549RNase L-/-/PKR-/- cells with either pSG5 (empty vector), or 

expression vectors encoding either RNase L or the indicated REAVRs. We assessed 

rRNA degradation products at 6 and 24 after infection with vaccinia virus (VACV) VC-R4, 

which lacks PKR antagonists K3L and E3L. We observed RNA cleavage products in cells 

expressing RNase L and REAVRs as early as 6 hours post infection (Figure 2.2C). The 

RNA degradation was more pronounced at 24 hours post infection, while empty vector-

transfected cells did not show rRNA degradation products. RNA cleavage products were 

detected in all cells expressing REAVRs, to a lesser extend in REAVR 5, which contains 

entire sequence of Syrian hamster PKR. Interestingly, REAVR 6 consisting of full-length 

inactivated Syrian hamster PKR and human RNase L showed rRNA cleavage products, 

suggesting that the RNase L effector domain in this construct is active. Altogether, this 

PKR VACV K3 VACV E3 HSV1 US11 Reovirus !3

Syrian 
Hamster

sensitive resistant resistant resistant

Mouse sensitive sensitive sensitive sensitive
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rRNA degradation assay indicates the RNase L effector domain of REAVRs is functionally 

active. 
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Figure 2. 2. Generation of REAVR constructs and functional analysis of REAVRs in transient 
transfection assays. 
(A). Schematic domain organization of Syrian hamster PKR, mouse PKR, human RNase L, and REAVR 
constructs. REAVR 1-6 are composed of different parts of Syrian hamster PKR and the human RNase L 
effector domain. REAVR 7-9 are composed of parts of mouse PKR and the human RNase L effector 
domain. (dsRB = double-stranded RNA binding domain; PKR KD = PKR kinase domain; ANK = ankyrin 
repeat domain; Ψ kinase = pseudokinase domain). (B). Inhibition of luciferase expression by REAVRs. 
Human HeLa-PKR knock-down cells were co-transfected with firefly luciferase pGL3 and either pSG5 
empty vector, Syrian hamster PKR, mouse PKR or the indicated REAVRs. Luciferase activities were 
measured 48 hours after transfection. (C). RNA cleavage activity of REAVRs in A549RNase L-/- /PKR-/- cells. 
The cells were transiently transfected with either pSG5 empty vector, expression vector for RNase L, or the 
indicated REAVRs. The next day, the cells were infected with VACV△K3L△E3L at an MOI of 5. RNA 
integrity was assessed at 6 hours or 24 hours after infection using a 2100 Bioanalyzer. (D). REAVR 
expression in A549RNase L-/- /PKR-/- cells. The same amount of the indicated plasmids were transfected into the 
A549RNase L-/- /PKR-/- cells. Protein lysates were collected at 48 hours after transfection and subjected to 
Western blot analysis to detect RNase L and REAVRs expressions using RNase L-specific antibodies. 
 

To further investigate whether the level of protein expression might contribute to the 

degree of rRNA degradation, A549RNase L-/-/PKR-/- cells were transfected with the same 

amount of plasmid, and we performed Western blots analyses. These blots did not detect 

endogenous RNase L expression in the pSG5 transfected cells (Figure 2.2D). RNase L 

was expressed at higher level than REAVRs, which might explain why the cells 

expressing RNase L had the highest RNA degradation activity. Interestingly, despite a 

lower level of expression in cells transfected with either REAVR 7 and 8, the RNA 

cleavage assay showed a slightly higher degree of RNA degradation than for REAVR 3 

and 4. In addition, we observed that REAVR 6, which contains an inactive PKR, migrated 

faster on the gel than that of REAVR 5 containing wild-type Syrian hamster PKR. The 

slower mobility of wild-type PKR compared to inactive PKR is most likely due to 

autophosphorylation of the wild-type protein (41). Overall, these transfection-based 

luciferase reporters and RNA-integrity assays show that these REAVRs decreased 

luciferase expression and led to RNA degradation, suggesting REAVRs are functionally 

active. 
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Expression of a single copy of each REAVR in T-REx™ stable cell line systems 

and its effect on cell viability 

In order to determine whether REAVRs have antiviral effects in mammalian cells, 

we generated Flp-In™ T-REx™ (T-REx) cells stably expressing a single copy of each 

REAVR under the control of a doxycycline-inducible promoter. The T-REx system 

consists of a stably expressed tetracycline repressor (TetR) gene from E. coli, a promoter 

with two tetracycline repressor binding sites and a single gene-of-interest Flp 

Recombination Target (FRT) integration site. Integration of the gene-of-interest into the 

FRT site is mediated by Flp recombinase from Saccharomyces cerevisiae (42). In this 

Tet-On system, the TetR repressor constitutively inhibits expression of the gene-of-

interest unless tetracycline or doxycycline is present to bind the TetR repressor (Figure 

2.3A). Thus, REAVR expression in the T-REx cell system is controlled by the presence 

of tetracycline or doxycycline in the media. Western blot analyses showed that there is 

little if any leaky expression in the absence of doxycycline. All REAVRs were expressed 

at 24 hours post doxycycline induction with relatively weaker expression of REAVRs 5 

and 9 (Figure 2.3B). 

To determine the effects of REAVRs on cell viability, we used the Viral ToxGloTM 

assay (Promega) to determine the number of viable cells in culture. The assay quantifies 

ATP, as a proxy for the presence of metabolically active cells. The luminescence readout 

is proportional to the number of viable cells in culture. T-REx PKRKO infected with vaccinia 

virus (VACV) Copenhagen strain (VC-2) served as positive control and T-REx WT cells  
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Figure 2. 3. Stable expression of single copy REAVRs in T-REx cells under doxycycline control. 
(A). Schematic figure of REAVR expression under control of a doxycycline-inducible promoter. (B). 
Expression of REAVRs after doxycycline induction. The parental T-REx WT and T-REx WT stably 
expressing REAVRs were treated with 0.5µg/ml doxycycline or left untreated. At 24 hours post-treatment, 
cell lysates were harvested, and proteins were subjected to a Western blot analysis. REAVRs expression 
was detected using anti-human RNase L. Anti β-actin was used as a control (β-actin 48kDa, REAVR3 64.88 
kDa, REAVR4 71.52 kDa, REAVR5 98.56kDa, REAVR7 65kDa, REAVR8 68.04 kDa and REAVR9 
100.9kDa). (C). Effect of REAVRs expression on the cell viability. The indicated cell lines were treated with 
0.5 ug/ml doxycycline for 48 hours. T-REx PKRKO cells were infected with VC2 (MOI of 0.1) as a positive 
control. Cell viability was assessed with ToxGlo Assay (Promega TM393). Luminescent signals are 
proportional to viable cell numbers. Standard deviations were determined from four independent replicates. 
RLU values were normalized to media only. Data were analyzed by two-way ANOVA followed by Sidak’s 
multiple comparisons test. Significant value showed as asterisk (NS=p>0.05, *p<0.05, **p<0.01 ***p<0.001, 
****P<0.0001). 

 

with and without doxycycline treatment served as a negative control. As expected, relative 

light unit (RLU) doxycycline-treated and untreated parental T-REx WT cells was not 

significantly different, suggesting no significant effects of doxycycline treatment on cell 

viability. In contrast, we observed low RLU in T-REx PKRKO cells infected with VACV at 

48 hours post infection (Figure 2.3C). Similar to the parental T-REx WT, the RLU values 

between doxycycline and non-doxycycline treated cells were not significantly different in 

REAVR 3, 4, 7, and 8 expressing cells. These data suggest that expression of REAVR 3, 

4, 7 and 8 did not cause cytotoxicity at 0.5µg/ml doxycycline induction for 48 hours. 

Notably, although not significant, the RLU value of REAVR 7 expressing cells was slightly 

lower than in untreated cells, indicating REAVR 7 might slightly affect cell health. In 

contrast, the RLU values of doxycycline-treated T-REx WT REAVR 5 and 9 cells were 

significantly lower than the untreated cells, suggesting that expression of REAVR 5 and 

9 might negatively affect cell viability. Overall, the cell viability test confirmed that the 

integrated REAVRs had no adverse effects on cells without doxycycline, while control 

cells infected with VACV had substantially reduced viability (Figure 2.3C). Furthermore, 
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REAVRs did not significantly reduce cell viability even 48 hours after doxycycline 

induction, with exception of REAVR 5 and 9, which both contain full PKR protein. 

 
Antiviral effects of REAVRs on vaccinia virus  

We performed luciferase-based assays to test the sensitivity of REAVRs to the 

VACV innate immune antagonists E3L and K3L. Human HeLa PKRKO cells were 

transfected with expression vectors for individual REAVRs, vaccinia virus viral 

antagonists E3L or K3L, and firefly luciferase. As a control, cells were also transfected 

without viral antagonists to determine fully active REAVR luciferase inhibition. Syrian 

hamster PKR and mouse PKR served as positive controls. At 48 hours after transfection 
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Figure 2. 4. Antiviral effects of REAVRs against vaccinia virus. 
(A). Differential sensitivity of REAVRs to viral antagonists. Human HeLa-PKRko cells were transfected with 
expression vectors for vaccinia virus viral antagonists E3L or K3L, and pGL3 firefly luciferase, and the 
indicated REAVRs. As baseline, HeLa-PKRko were transfected with the indicated REAVRs, pSG5, and 
pGL3 firefly luciferase without viral antagonists. Syrian hamster PKR and mouse PKR served as positive 
controls. Luciferase activity was measured 48 hours after transfection. Luciferase light units were 
normalized to PKR or REAVR-only transfected cells to obtain relative luciferase activity. Standard 
deviations of three independent transfections are shown. Data are representative of two biological 
replicates. (B) T-REx WT and T-REx WT cells expressing REAVRs were infected with vP872 and VC-2 
strain Copenhagen (C) at an MOI of 0.1. Cell lysates were collected at 48 hours post infection and virus 
titers were determined by plaque assay on RK13+K3L+E3L cells. The virus titer is presented in log10 
pfu/ml. Fold-change of the virus titer relative to untreated doxycycline are indicated. Data presented as 
mean and standard deviations were determined from three independent infections. 
 

our results showed differential sensitivity of the REAVRs to these viral antagonists 

(Figure 2.4A). REAVRs 3 and 4, consisting of Syrian hamster PKR sensor domain and 

human RNase L effector domain, were sensitive to E3L but resistant to K3L. REAVR 5, 

which consists of full-length Syrian hamster PKR and human RNase L was sensitive to 

K3L and largely resistant to E3L, resembling the Syrian hamster PKR sensitivity profile. 

Similarly, REAVR 9, which consists of full-length mouse PKR and human RNase L 

effector domain also resembled sensitivity profile of mouse PKR. Interestingly, REAVR 7, 

was largely resistant to E3L while REAVR 8 was sensitive. Since K3L targets the kinase 

domain of PKR, the lack of inhibition of REAVRs devoid of the PKR kinase domain was 

predicted, whereas the relative resistance of REAVR 7 to E3L was surprising and 

indicates that the linker region of PKR is involved in the inhibition by E3L. 

We further tested the ability of REAVRs to restrict a variant vaccinia virus that lacks 

the K3L gene but expresses the E3L gene (vP872), and wild-type vaccinia virus that is 

expressing both K3L and E3L genes. First, we infected parental T-REx WT and T-REx 

WT cells stably expressing REAVRs with vP872. We observed no difference in the virus 

titer of doxycycline-treated and untreated parental T-REx WT. REAVR 3 and 4 appear to 
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have minimal or no effect on vP872 (Figure 2.4B). In contrast, REAVR 5 expression 

diminished virus titer by about 700-fold compared to REAVR 5 untreated cells. To a lesser 

extent, REAVR 9 diminished virus titer by about 20-fold compared to REAVR 9 untreated 

cells. REAVRS 7 showed minimal effect on vP872 with 4.3-fold reduction of virus titer. 

This result indicated that the PKR kinase activity was more important in inhibiting vP872 

than the RNase activity. This finding was not surprising for REAVR 5 that contains active 

Syrian hamster PKR kinase domain as Syrian hamster PKR was known to be resistant to 

VACV E3L (Rothenburg lab, unpublished data). However, this is unique for REAVR 9 as 

it consists of mouse PKR, which was known to be sensitive to VACV E3L (43). 

 
To further test the effect of vaccinia E3L and K3L on virus replication in REAVR 

expressing cells, we infected these cells with wild-type VACV strain Copenhagen (VC-2). 

We observed no difference in the virus titer of doxycycline-treated and untreated parental 

T-REx WT and REAVR 4 expressing cell lines (Figure 2.4C). REAVR 5 expression only 

slightly reduced the VC-2 virus titer by about 5-fold, suggesting that VACV K3L 

dramatically rescued virus replication. There was also about 5-fold reduction of VC-2 virus 

titer in doxycycline-treated REAVR 7, 8, and 9 stable cell lines compared to doxycycline 

untreated cells. 

Our lab and others have shown that human PKR was sensitive to VACV E3L but 

resistant to VACV K3L (32, 43, 44). To avoid confounding effects with PKR, we used a 

PKR-deficient T-REx cell line in which we knocked out the PKR by CRISPR-Cas9 

(Rothenburg lab, unpublished) and then generated stably transfected cells with REAVRs 

3, 5, 7, 8 and 9. We conducted time-dependent doxycycline induction to see REAVRs  
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Figure 2. 5. Antiviral effects of REAVRs on vaccinia virus in Flp-In T-REx 293 PKRKO (T-REX 
PKRKO). 
(A). Time-dependent REAVRs expression. T-REx PKRKO and T-REx PKRKO stably transfected with 
REAVRs were grown to a confluence of 80-90% and treated with 0.5µg/ml doxycycline. At 8-,16-, and 24- 
hours post-treatment, cell lysates were harvested and 10µg of protein was subjected to a Western blot 
analysis. Membranes were probed with primary antibodies against RNase L and beta-actin. T-REx PKRKO 
and T-REx PKRKO cells expressing REAVRs were infected with vP872 (B) and VC-2 strain Copenhagen at 
an MOI of 0.1 (C). Cell lysates were collected at 48 hours post infection and virus titers were determined 
by plaque assay on RK13+K3L+E3L cells. The virus titer is presented in log10 pfu/ml. Fold-change of the 
virus titer relative to untreated doxycycline is indicated. Data presented as mean and standard deviations 
were determined from three independent infections. (D, E). Phosphorylation of eIF2α by REAVR 5 and 9. 
T-REx PKRKO served as negative control, T-REx WT and T-REx PKRKO-human PKR served as positive 
control. All cells were treated with 0.5µg of doxycycline prior to VCR4 or vP872 virus infection at an MOI of 
3. Pictures were taken at 6 hours post infection. Cell lysates were harvested shortly after taking pictures 
and the proteins were subjected to a Western blot analysis. The membranes were probed with primary 
antibodies against phospho-eIF2α, total eIF2α, PKR and RNase L.  

expression at 8, 16, and 24 hours. Immunoblot analysis showed that all REAVRs were 

expressed at 8 hours post-induction and the expression increased over time (Figure 

2.5A). We infected both parental T-REx PKRKO and T-REx PKRKO cells stably expressing 
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REAVRs with either vP872 or VC-2 (Figure 2.5B, C). Although the general trend of virus 

inhibition obtained from this infection assay was similar to that of T-REx WT cells, there 

was a notably stronger reduction of viral titer between doxycycline-treated and untreated 

cells for most REAVR-expressing cells, suggesting endogenous PKR might interfere with 

the antiviral activity of REAVRs. 

Because of the notable antiviral effects of REAVRs 5 and 9 on vaccinia virus, we 

next asked whether REAVR 5 and REAVR 9 phosphorylate eIF2⍺. We used T-REx 

PKRKO as a negative control, and T-REx PKRKO stably expressing human PKR served as 

positive control. All cells were treated with 0.5µg of doxycycline at 24 hours before 

infected with the VACV E3L and K3L double-knockout strain VC-R4 (VC-R4) or vP872 at 

an MOI of 3. Use of VC-R4, which expresses EGFP under control of the natural E3L 

promoter, allowed us to monitor virus replication using fluorescence microscopy. We 

observed a robust EGFP signal in T-REx PKRKO cells and considerably lower EGFP 

signal in T-REx PKRKO expressing human PKR, as expected. Remarkably less EGFP 

was observed in REAVR 5 and 9 expressing cells at 6 hours post infection relative to T-

REx PKRKO and T-REx PKRKO-human PKR (Figure 2.5D). Cells were photographed, and 

then lysates were harvested for western blot analysis using an antibody specific for eIF2⍺ 

phosphorylation at S51. Only little eIF2⍺ phosphorylation was observed in the absence 

of PKR (Figure 2.5E). Human PKR induced a high level of eIF2⍺ phosphorylation in 

VCR4 infected cells. Although eIF2⍺ phosphorylation levels in both REAVR 5 and 9 

expressing cells infected with VCR4 were lower than in human PKR-expressing cells, the 

levels of eIF2⍺ phosphorylation in REAVR 5 and 9 cells were comparable. Upon infection 

with vP872, the eIF2⍺ phosphorylation level was lower in human PKR-expressing cells 
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infected with vP872 than VCR4 infected cells, which can be explained by the  sensitivity 

of human PKR to E3L. In contrast, eIF2⍺ phosphorylation levels where higher in REAVR 

5-expressing cells, which correlates with the high inhibition of virus replication (Figure 

2.5B), and can be explained by the resistance of Syrian hamster PKR to E3L. eIF2⍺ 

phosphorylation levels in in REAVR 9-expressing cells, was more similar to that found in 

human PKR-expressing cells. 

 
Antiviral effects of REAVRs on dengue virus and Zika virus 

Some arboviruses strongly activate PKR but are not sensitive to eIF2⍺ 

phosphorylation while being sensitive to RNase L activation, including dengue virus, 

chikungunya virus and West Nile virus (45-47). As REAVRs contain the human RNase L 

effector domain, we predicted that REAVRs would show antiviral effects against viruses 

sensitive to RNase L activity. In this study, we assessed the antiviral effects of REAVRs 

against two members of flaviviruses, dengue virus serotype 2 strain 16681 (DENV2) and 

Zika virus (ZIKV) strain PRVABC59, which are both +ssRNA viruses. 

First, we assessed replication of DENV2 by infecting REAVR-expressing T-REx 

cells and determined the virus titers at 48 hours post infection. There was no substantial 

difference in the DENV2 titer of doxycycline-treated and untreated parental T-REx WT 

(Figure 2.6A). REAVR 4 and 9 showed a minimal to moderate antiviral effects on the 

DENV2 with a 2-to 8-fold reduction in viral titers, respectively. Induction of REAVRs 3 and 

5 showed stronger effects on DENV2 with about 31 and 25- fold reduction in virus titer, 

respectively. REAVRs 7 and 8 diminished virus titer by 2,485 and 295-fold compared to  
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Figure 2. 6. Antiviral effects of REAVRs against dengue virus and Zika virus. 
(A). Parental T-REx WT and T-REx WT cells expressing REAVRs were infected with dengue serotype 2 
strain 16681 at an MOI of 0.1. Supernatant was collected at 48 hours post infection and the virus titers were 
determined by plaque assay on Vero CCL-81 cells. The virus titer is presented in log10 pfu/ml. Data 
presented as mean and standard deviations were determined from three independent infections. Fold-
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change of the virus titer relative to doxycycline untreated is indicated. (B). Time course of dengue virus 
replication in REAVR 7 expressing cells. Parental T-REx WT and T-REx WT expressing REAVR 7 as well 
as T-REx PKRKO and T-REx PKRKO expressing REAVR7 were infected with dengue serotype 2 at an MOI 
of 0.1. The supernatant was collected at indicated time points. The virus titer from four replicate experiments 
were presented with error bars indicating standard deviations. (C).  A549RNase L-/- /PKR-/- cells were transiently 
transfected with either pSG5 empty vector, expression vector for RNase L, or the indicated REAVRs. The 
next day, the cells were infected with dengue serotype 2 strain 16681 at an MOI of 3. RNA integrity was 
assessed at 24 hours after infection using a 2100 Bioanalyzer. D. Parental T-REx WT and T-REx WT cells 
expressing REAVRs were infected with Zika virus strain PRVABC59 at an MOI of 1. Supernatants were 
collected at 72 hours after infection and virus titers were performed similarly to dengue plaque assay. 
 

doxycycline untreated cells, respectively. Distinct antiviral effects of REAVR 7 and 8 

suggests the linker region between the PKR and RNase L domains influence the antiviral 

activity of REAVRs. To test if endogenous PKR influences the the effect of REAVR 7 on 

the viral replication, we infected T-REx WT, T-REx PKRKO, T-REx WT-REAVR7 and T-

REx KO-REAVR7 with DENV2 at MOI of 0.1 in the presence and absence of doxycycline. 

We monitored infectious particle production over time by measuring viral titers from 

supernatants (Figure 2.6B). Viral titers were similar across cell lines at 2 hours post 

infection. Both T-REx PKRKO-REAVR7 and T-REx WT-REAVR7 doxycycline treated-cells 

showed about 1,000 less virus titer compared to doxycycline untreated cells, at 24-, 48-, 

and 72-hours post infection. There was no substantial difference between virus titers in 

T-REx PKRKO and T-REx WT cells. This finding further supports that DENV replication is 

independent of PKR (48) and that REAVR 7 activity was not influenced by endogenous 

PKR. 

Next, we assessed RNase L activity of REAVRs after dengue virus infection by 

monitoring rRNA degradation products using 2100 Bioanalyzer to test whether the 

reduction of virus titers correlated with rRNA degradation. Because T-REx cells have 

endogenous RNase L, we used A549RNase L-/-/PKR-/- cells to test rRNA cleavage activities, 

as described above for VACV. We transiently transfected A549RNase L-/-/PKR-/- cells with the 
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indicated plasmids. About 24 hours after transfections, the cells were mock-infected or 

infected with dengue serotype 2 at an MOI of 3. RNA degradation was assessed at 24 

hours post infection (Figure 2.6C). Surprisingly, the rRNA degradation products were not 

as prominent as when the cells were infected with VACV. However, there were noticeable 

rRNA cleavage products in all cells expressing REAVRs, except for REAVRs 5 and 9. Of 

note, cleavage products in REAVR 7 and 8 transfected cells were not more prominent 

than in REAVR 3 and 4 transfected cells, indicating a lack of correlation between rRNA 

cleavage and antiviral activities. 

A current study has shown that RNase L has a pro-viral effect on Zika virus 

replication (49). Because some REAVRs showed strong antiviral effects against DENV, 

we also assessed whether REAVRs exhibit antiviral effects against ZIKV. We observed 

there was minimal or no effect of REAVR 3 and 4 against ZIKV. REAVR 5, 7, 8, and 9 

showed a moderate antiviral effect on ZIKV replication. REAVR 7 mediated the strongest 

antiviral effect on ZIKV replication (33-fold reduction). None of the REAVRs had pro-viral 

effects on ZIKV and there was a similar trend of virus inhibition as for DENV2, although 

the antiviral effects were lower than observed for DENV2. 

Expression of REAVR 7 inhibits SARS-CoV-2 replication 

SARS-CoV-2 is arguably one of the most intensely studied viruses since causing a 

pandemic in 2020. Previously, SARS-CoV-2 was shown to promote PKR and RNase L 

activation in a lung cancer cell lines A549 (50). Because SARS-CoV-2 and DENV2 are 

both +ssRNA viruses, and due to the strong antiviral effect of REAVR 7 on DENV2 and 

ZIKV, we were interested in assessing the ability of REAVR 7 on inhibiting SARS-CoV-2 
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replication. To facilitate SARS-CoV-2 infection, we generated T-REx WT and T-REx 

REAVR 7 cells stably expressing the human ACE2 receptor. We then used selected 

monoclonal cell lines for all the experiments, T-REx WTACE2 C9 and T-REx REAVR7ACE2 

C1. ACE2 expression in both cell lines was robustly detected by flow cytometry using 

antibodies against human ACE2, which showed about 89.46% cells expressing ACE2 in 

T-REx WTACE2 C9 and about 93.17% cells expressing ACE2 in T-REx REAVR7ACE2 C1 

(Figure 2.7A). In contrast, there was no ACE2 expression in untransfected cells. We also 

validated the level of ACE2 expression using Western blot analysis (Figure 2.7B), which 

showed ACE2 expression in all cell lines. In addition, Western blot analysis confirmed 

REAVR7 expression when the T-REx REAVR7ACE2 C1 cells were treated with 

doxycycline. An infection assay with SARS-CoV-2 mNG at an MOI of 1 showed SARS-

CoV2 mNG replicated robustly in both doxycycline-treated and control T-REx WTACE2 C9 

cells (Figure 2.7C). In contrast, SARS-CoV-2 only replicated robustly in T-REx 

REAVR7ACE2 C1 control cells but not in doxycycline-treated cells. Consistent with the 

green florescence signal, there was an about 431-fold (2.7-log) reduction in virus titer in 

TREx REAVR7ACE2 C1 doxycycline-treated cells compared to the control T-REx 

REAVR7ACE2 C1 cells (Figure 2.7D). This finding suggests REAVR 7 is a potent antiviral 

protein against SARS-CoV-2. 
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Figure 2. 7. Antiviral effects of REAVR 7 against SARS-CoV-2. 
To facilitate SARS-CoV-2 infection, we generated monoclonal cells T-REx WT C9 and T-REx REAVR7 C1 
stably expressing ACE2. ACE2 expression was confirmed by flow cytometry (A) and Western blot analysis 
(B). (C). Parental T-REx WT and T-REx WT cells expressing REAVRs were infected with SARS-CoV-2 
mNG at an MOI of 1. Pictures were taken at 48 hours post infection. (D). Supernatants were collected, and 
the virus titers were determined by plaque assay on Vero E6 cells. The virus titer is presented in log10 
pfu/ml. Data presented as mean and standard deviations were determined from three independent 
infections. Fold-change of the virus titer relative to doxycycline untreated is indicated in the figure. 
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Antiviral effects of REAVRs on vesicular stomatitis virus 

The strong antiviral effect of some REAVRs on the tested +ssRNA viruses raises 

the question of whether REAVRs would also restrict -ssRNA viruses. To further test the 

antiviral effects of REAVRs on an -ssRNA virus, we infected T-REx PKRKO, the parental 

T-REx WT and T-REx WT expressing REAVRs with VSV-12’GFP at an MOI of 0.01. VSV-

12’GFP is an attenuated vesicular stomatitis virus derived from the Indiana serotype (51). 

VSV-12’GFP replicated robustly in T-REx PKRKO and T-REx WT cells with almost all cells 

were infected at 24 hours after infection as seen by a strong GFP signal (Figure 2.8A). 

Among the REAVRs, only REAVRs that contain full-length PKR restricted VSV-12’GFP 

replication. Interestingly, REAVR 9 that contains mouse PKR had a more substantial 

effect, resulting in a 201-fold reduction, while in REAVR 5 that contains Syrian hamster 

PKR caused a 10-fold reduction compared to doxycycline untreated cells (Figure 2.8B). 

Notably, REAVR 7, which had a strong effect on dengue virus, Zika virus and SARS-

CoV2 mNG appeared to have minimal effect on VSV-12’GFP, indicating that VSV 

replication is independent of RNase L activation. 

Next, we determined whether the inhibition of VSV-12’GFP replication correlated 

with eIF2⍺ phosphorylation. We infected the indicated cells with VSV-12’GFP MOI of 0.1 

(Figure 2.9A). All cells were treated with 0.5µg of doxycycline for 6 hours before VSV-

12’GFP infections. We observed strong GFP signals in T-REx PKRKO, T-REx WT and T-

REx PKRKO expressing human PKR after infection with VSV-12’GFP, whereas 

considerably less GFP signal was observed in REAVR 5 and 9 expressing cells at 14 

hours post infection. In addition, Western blotting results showed only high levels of eIF2⍺ 
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phosphorylation in REAVR 5 and 9 expressing cells, with a stronger signal in the former. 

(Figure 2.9B). 

 

Figure 2. 8. Antiviral effects of REAVRs against vesicular stomatitis virus strain VSV-12’GFP. 
(A). T-REx PKRKO, T-REx WT and stably T-REx WT cells expressing REAVRs were infected with 
VSV12’GFP at an MOI of 0.01. Pictures were taken at 24 hours post infection. (B). Supernatants were 
collected after pictures were taken and virus titers were determined by plaque assay on Vero E6 cells. The 
virus titer is presented as log10 pfu/ml. Standard deviations were determined from three independent 
infections. Fold-change of the virus titer relative to doxycycline untreated cells is indicated.  

Unlike the T-REx WT expressing REAVR 5 that showed a higher GFP signal than 

REAVR 9 expressing cells, there was a comparable GFP signal in T-REx PKRKO 
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rRNA degradation products using 2100 Bioanalyzer. We transiently transfected A549 
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encoding plasmid, or the indicated REAVR encoding plasmids. About 24 hours after 

transfections, the cells were mock-infected or infected with VSV-12’GFP MOI of 1. RNA 

degradation was assessed at 24hours post infection (Figure 2.9C). No rRNA cleavage 

products were observed in cells transfected with RNase L or REAVRs. This result is 

consistent with a previous finding that showed that VSV infection in A549 cells failed to 

generate detectable levels of RNase L-mediated rRNA cleavage, indicating minimal or no 

antiviral effect of RNase L (47). 

 

Figure 2. 9. eIF2⍺ phosphorylation and rRNA degradation status after VSV-12’GFP infection. 
(A). Indicated cells were grown to a confluence of 80% and were treated 0.5µg/ml doxycycline for about 6 
hours. The cells were then infected with VSV12’GFP at an MOI of 0.1. GFP expressions were monitored 
at 14 hours after infection. (B). Cell lysates were harvested at 14 hours after infection and the proteins were 
subjected to a Western blot analysis. The membrane was probed with primary antibodies against phospho-
eIF2α, total eIF2α, PKR and RNase L. (C). A549RNase L-/- /PKR-/- cells were transiently transfected with either 
pSG5 empty vector, expression vector for RNase L, or the indicated REAVRs. The next day, the cells were 
infected with VSV-12’GFP at an MOI of 1. RNA integrity was assessed at 24 hours post infection using a 
2100 Bioanalyzer.  
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Table 2. 2. Fold reduction in virus titers after induction of REAVR expression. 
 

 
 

Colors indicate levels of virus restriction. Yellow: >5-10 fold; Orange:>10-100; Red:>100-1,000 fold; Dark 

red: >1,000 fold; n.d. = not determine 
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DISCUSION 

PKR and OAS/RNase L exert potent antiviral effects on various viruses. We 

generated REAVRs by harnessing the extensive knowledge about sensor and effector 

domains of PKR and RNase L. We demonstrated that REAVRs containing the dsRNA 

binding domain of the virus sensor PKR with the effector domain of RNase L were 

expressed and functionally active. All REAVRs showed some RNA cleavage in A549PKR-

/-RNase L-/- cells infected with VACV, confirming that the RNase domain of REAVRs was 

activated. Interestingly, despite being expressed at a higher level than REAVR 7 and 8 

(Figure 2.2), REAVR 3 and 4 showed lower levels of rRNA degradation. Whether REAVR 

7 and 8 imposed higher affinity for dsRNA or possessed a more productive conformation 

of the ribonuclease domain remains to be explored. Furthermore, REAVR 5 and 9 that 

contain kinase and RNase effector domains showed rRNA degradation and eIF2⍺ 

phosphorylation (Figure 2.4E, 2.9C), suggesting both kinase and RNase effector domains 

were active during virus infections. Overall, we demonstrated that REAVRs are active and 

act as both sensors and effectors molecules in cultured mammalian cells.  

All tested viruses replicated in T-REx cells under non-inducing conditions, indicating that 

these viruses can overcome the antiviral effects of the endogenous human PKR and OAS/RNase 

L pathways. Although all REAVRs strongly decreased luciferase expression, different REAVRs 

exhibited different antiviral potency against viruses, as shown by fold change in virus titer of 

doxycycline-treated and untreated cells in Table 2.2. REAVR 3 showed antiviral effects only on 

DENV2, and REAVR 4 had no effects on all tested viruses. REAVR 5 exhibited the strongest 

inhibition on VACV vP872 and moderate effects on DENV2, VSV-12’GFP, and VACV VC-2. 

Inhibition of VACV vP872 and VACV VC-2 by REAVR 5 correlated with our results from the 

luciferase-based reporter assay (Figure 2.4A) and was consistent with other studies 
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demonstrating that Syrian hamster PKR was sensitive to K3L, which directly targets the PKR 

kinase domain, but was resistant to E3L ((32) and Rothenburg lab unpublished). In contrast, 

REAVR 9, which contains full length mouse PKR showed lower antiviral activity on VACV vP872, 

likely due to the sensitivity of moue PKR to E3L. Altogether our data suggest that the species of 

origin for the different REAVR domains influence the antiviral spectra of REAVRs. 

REAVR 7 mediated the strongest antiviral effects on DENV2, ZIKV, and VACV VC-

2. Interestingly, REAVR 8, which has a longer linker region than REAVR 7, showed lower 

antiviral activity, suggesting that the linker region between the PKR and RNase L domains 

influences REAVR efficiency. DENV2 was the most sensitive to REAVR 7-mediated 

antiviral activity, with titers reduced by more than 1,000-fold (Figure 2.6A) in agreement 

with prior studies that showed canonical RNase L activity decreased the amount of 

detectable DENV genomes as well as DENV infectious particle production (45, 52). 

REAVR 7 also mediated the most potent antiviral effect on ZIKV replication (33-fold 

reduction) (Figure 2.6A). RNase L was previously reported to decrease ZIKV genomes 

however having positive effects on ZIKV replication (49, 52), which might explain the 

weaker overall effects of REAVRs on ZIKV replication. Both REAVR 7 and 8, which have 

only the RNase effector domain, showed antiviral effects on VACV VC-2, further 

supporting multiple studies that have demonstrated antiviral activity of RNase L on 

poxviruses (53-55).  

Our data showed REAVR 7 robustly reduced SARS-CoV-2 mNG replication, which 

is in agreement to findings that show that SARS-CoV-2 is sensitive to RNase L (56). PKR 

and RNase L activation was evident in A549 and Calu-3 cells infected SARS-CoV-2 (50). 

Despite the high level of p-eIF2⍺ observed in SARS-CoV-2 infected cells, there was no 
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significant difference between virus titers in PKRKO and WT A549ACE2 cells (50). 

Meanwhile, virus titer in RNase LKO cells was about 4-fold higher than WT A549ACE2 cells, 

indicating a weak antiviral effect of RNase L against SARS-CoV-2 (50). In addition, ISG 

expression screening revealed OAS1 potently inhibited SARS-CoV-2 by activating 

RNase L (56). As we currently understand, delayed IFN response is one of the significant 

contributors to severe COVID-19 (57). Excessive inhibition of IFN production during 

SARS-CoV-2 infection might prevent robust expression of ISGs, including OAS1/RNase 

L, which has been shown to play a significant role in generating an antiviral state during 

SARS-CoV-2 infection (56). The ability of REAVR 7 to induce a protective effect against 

SARS-CoV-2 makes it an attractive target for continued study as a SARS-CoV-2 mRNA-

based therapy independent of IFN signaling. 

REAVR 7 showed minimal or no effect on VSV, supporting previous data showing 

VSV resistance to RNase L (58-60). We also did not observe VSV induced rRNA 

degradation in A549 cell lines consistent with the previous report (47). VSV resistance to 

OAS/RNase L pathway and REAVR 7 might be due to dsRNA intermediates located 

within different subcellular compartments or driven by VSV-specific evasion/antagonism 

strategies (56). Further investigation is required to elucidate the mechanism behind VSV 

resistance to the OAS/RNase L pathway. Furthermore, VSV replication was most strongly 

inhibited by either REAVR 5 or REAVR 9 (Figure 2.8, Table 2.2). Interestingly, REAVR 

9 containing mouse PKR mediated a remarkably higher VSV-12’GFP virus titer reduction 

(200-fold) than did REAVR 5 that contains Syrian hamster PKR (Figure 2. 8B). A previous 

report showed VSV replicated more efficiently in Syrian hamster BHK and HeLa cell lines 

than in mouse L-929 cells (61). In addition, PKRKO mice were highly susceptible and 



 84 

succumbed to a very low dose of VSV infection, further supporting PKR as an important 

contributor of IFN-mediated resistance to VSV infection in mice (62). Notably, human PKR 

appeared to be dispensable for VSV-12’GFP replication (Figure 2.8, 2.9). This result is 

unexpected since some studies showed the significant role of PKR as the component of 

IFN-mediated resistance to VSV infection (62, 63). Thus, with the evidence from previous 

reports and our data, it is tempting to hypothesize that there might be species-specific 

PKR inhibition by VSV. 

DENV2 replicated to comparable levels in T-REx WT and T-REx PKRKO cells, 

supporting the findings that DENV translation can occur independently of PKR activation 

(64-66). Several mechanisms have been described to facilitate DENV RNA translation 

when the canonical cap-dependent translation was inhibited, including binding of PABP 

to the non-polyadenylated 3’ UTR (64), the function of 5’UTR as an internal ribosomal 

entry site (IRES) (22) and activation of the p38-Mnk1 signaling pathway (66). Overall, our 

data suggest REAVR 7-mediated potent antiviral activities, including against viruses that 

are not traditionally inhibited by PKR (e.g. DENV, ZIKV and SARS-CoV-2). However, 

there was no correlation between the virus titer and rRNA cleavage pattern upon DENV 

infection (Figure 2.6C). It might be possible that viral RNA cleavage may occur even 

while the majority of rRNA is visibly intact during DENV infection (49, 67). Further 

investigation is required to elucidate the mechanism of REAVRs inhibition of virus 

replication. 

Different REAVRs have different antiviral potency and some REAVRs possess 

broad-spectrum antiviral effects against several groups of viruses that have a substantial 
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public health burden. REAVR 5 showed the strongest effect on vP872, while REAVR 9 

showed the strongest effect on VSV-12’GFP (about 99% reduction in virus titer). REAVR 

7 showed the most potent effect on DENV2, SARS-CoV2 mNG, ZIKV, and VACV VC-2 

(about 95-99.9% reduction in virus titer), but it appeared to have no effect or minimal 

effect on VSV-12’GFP. REAVR 8 also exhibited a strong antiviral effect on DENV2 with 

about 99% reduction in virus titer. Future investigation is warranted to test the antiviral 

effect of REAVRs on other viruses and generate a second generation of REAVRs that 

increase the breadth and potency of REAVR-mediated antiviral activities. In an effort to 

mitigate transmission of the arboviruses, REAVR 7 and 8 showed antiviral effects on 

DENV and ZIKV could be used as a candidate of effector genes to block arbovirus 

infection in Aedes aegypti. Lastly, with the rapid development of mRNA-based vaccines 

and therapeutics against infectious diseases (68), REAVR-mediated antiviral activities 

might have implications for mRNA-based drug discovery and development in the future. 
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Abstract 

Yaba monkey tumor virus (YMTV) and Tanapox virus (TPV) belong to the 

yatapoxvirus genus. These viruses infect many different primate species and cause 

zoonotic infections in humans. Despite the threat posed to human health, the factors 

determining the host range of these viruses are poorly understood. In this study, we 

assessed the role of orthologs of the vaccinia virus PKR inhibitor K3 from YMTV and TPV 

in influencing viral host range. We used a luciferase-based assay to analyze the ability of 

TPV and YMTV K3 orthologs, which share 75% amino acid identity, to inhibit PKR variants 

derived from a panel of 15 different primate species. Our results showed that YMTV and 

TPV K3 orthologs inhibited PKR in a species-specific manner, and that TPV and YMTV 

K3 showed distinct PKR inhibition profiles. TPV K3 inhibited PKR from 11 primates, 

including human, substantially better than YMTV K3, whereas both K3 orthologs inhibited 

the other four primate PKRs comparably. These general patterns observed in the 

luciferase-based assay were recapitulated in infection assays in either primate derived 
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cells or cells stably transfected with different PKRs. Furthermore, we found that the C-

terminus of both K3 orthologs governed the observed differential PKR inhibition. 

Together, these observations demonstrate that yatapoxvirus K3 orthologs inhibit PKR in 

a species-specific manner, which may contribute to the differential susceptibility of 

different primate species to yatapoxvirus infection. 

SIGNIFICANCE 

The possible emergence of smallpox-like diseases through zoonosis of animal 

poxviruses a major public health concern. Members of the yatapoxvirus genus infect 

humans and other primates and have caused outbreaks throughout Africa for the past 60 

years. In addition, human infections with yatapoxviruses have been reported in animal 

handlers at primate centers in the United States and among travelers who visited Africa. 

Despite the threat posed to human health, the factors determining the host range of these 

viruses are poorly understood. Here, we demonstrate that TPV and YMTV K3 orthologs 

possess virus and host species-specific PKR activity, which might influence yatapoxvirus 

host species specificity. 

INTRODUCTION 

Yatapoxviruses are a small group of chordopoxvirinae known to be pathogenic to 

primates, including humans. The yatapoxvirus genus includes Yaba monkey tumor virus 

(YMTV) and Tanapox virus (TPV) (1). A third virus, Yaba-like disease virus (YLDV), is 

closely related to TPV and can be considered as a different variant of the same virus (2). 

TPV was first isolated from human skin biopsies during a TPV outbreak in 1957 in Tana 
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River Valley, Kenya (3, 4). YMTV was first isolated from an outbreak of subcutaneous 

tumors in monkeys in Yaba, Nigeria, in 1958 (5). Yatapoxvirus genomes are A+T rich 

ranging in size from 135-145 kb (2, 6-8). YLDV and TPV genomes share 98.68% 

sequence identity, further evidence suggesting that YLDV and TPV are different strains 

of the same virus. The genomes of YMTV and YLDV share 75% sequence identity (8). 

Despite being closely related, TPV and YMTV exhibit differences in disease 

presentations. TPV infection is characterized by vesicular skin lesions, whereas YMTV 

infection produces a localized histiocyte-filled tumor (histiocytomas) (9). 

While both TPV and YMTV infect a wide range of primates, they appear to exhibit 

host specificity. Serological surveys have shown that TPV is endemic in African and 

Malaysian but not Indian Rhesus or New World monkeys (3, 4, 10). Human Tanapox 

disease is considered endemic to several regions of Africa and causes febrile illness and 

vesicular skin lesions similar to those produced in non-human primates. Sporadic cases 

have been identified in 30 locations spanning 6000 kilometers from Sierra-Leone to 

Tanzania, with larger outbreaks occurring from time to time (11). Similarly, antibodies 

against YMTV have been found in Hominidae and Old World monkeys but not in New 

World monkeys and Indian rhesus monkeys (10). Following experimental subcutaneous 

inoculation with YMTV, tumor-like masses were detected in Asian rhesus monkeys, but 

not in African green monkeys, mangabey monkeys, patas monkeys, mice, rats, rabbits, 

guinea pigs, hamsters, and South American capuchin monkeys (5, 9, 12), indicating host 

specificity. In addition, a serological survey of 456 primate sera including 26 

chimpanzees, 326 Old World monkeys (African green monkeys, patas monkeys, baboon, 

colobus, rhesus), and 104 New World monkeys (spider monkeys, squirrel monkeys, owl 
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monkeys, marmosets, and capuchin monkeys) indicated that antibodies against YMTV 

were evident in chimpanzees and Old-World monkeys but not in any of the New World 

monkeys (10). While no natural infection of YMTV in humans has been reported, infection 

of human volunteers as well as an accidental infection of a laboratory worker have 

resulted in the development mild histiocytomas (13). Despite the threat posed to human 

health, the factors determining the host range of yatapoxviruses are poorly understood. 

In addition, vaccination with vaccinia virus does not appear to protect against 

yatapoxvirus infections (13, 14). Thus, it is important to study factors that determine the 

host range of yatapoxviruses.  

The host tropism of many viruses is largely determined by the attachment and entry 

via specific host cell receptors. However, as poxviruses use ubiquitous cell surface 

receptors for entry, it is believed that evasion of the innate immune response post-entry 

is a more important determinant of poxvirus tropism (15, 16). Protein Kinase R (PKR) is 

a prominent host restriction factor against poxvirus infection (Reviewed in (17)). PKR 

exists in a monomeric inactive form and is activated upon binding to double-stranded 

RNA (dsRNA) produced during infection by most viruses, which leads to PKR 

dimerization and autophosphorylation. PKR activation blocks viral replication by inhibiting 

general protein synthesis through the phosphorylation of the alpha subunit of eukaryotic 

initiation factor 2 (eIF2⍺) (18). Phosphorylated eIF2⍺ has a high binding affinity for the 

regulatory core of guanine nucleotide exchange factor, eIF2B, and prevents eIF2B from 

catalyzing GDP-GTP exchange to eIF2⍺ (19). As GTP-bound eIF2 is required for 

translation initiation, the resulting low availability of GTP-eIF2 leads to the shut off of cap-

dependent protein synthesis, including that of viral proteins. To overcome the antiviral 
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effects of PKR activity, most poxviruses encode two PKR inhibitors: orthologs of vaccinia 

virus (VACV) proteins E3 and K3. E3 binds dsRNA and prevents PKR dimerization, 

whereas K3 competitively inhibits PKR by acting as a pseudosubstrate for the eIF2α 

binding site (20-22). 

It was previously shown that inhibition of host PKR by K3 orthologs of several 

poxvirus families is a key determinant of host specificity (21, 23-26). Vaccinia virus lacking 

the E3L gene (VACV△E3L) but maintaining the K3L gene was unable to replicate in HeLa 

cells but remained replication competent in BHK21 cells, suggesting a role for K3 in 

determining host range (21). This finding was supported by our recent studies on 

leporipoxvirus, capripoxvirus, and orthopoxvirus K3 orthologs. We have demonstrated 

that M156, Myxoma virus (MYXV) K3 ortholog, specifically inhibited rabbit PKR but failed 

to inhibit other PKR species (23). Similarly, capripoxvirus K3 orthologs inhibited human, 

goat, and sheep PKR strongly, but exhibiting only weak inhibition of mouse and cow PKR 

(24). Our studies on inhibition of PKR from a panel of mammalian species by 

orthopoxvirus K3 orthologs exhibited distinct inhibition profiles. Importantly, the studies 

revealed that the phylogenetic relatedness of PKR is a poor predictor of the quality of 

interactions between PKR and K3 orthologs (26), and therefore, these interactions must 

be determined experimentally. In this study, we used a luciferase-based assay and 

infections of mammalian cell lines to examine the ability of TPV and YMTV K3 orthologs 

to inhibit PKR derived from 15 primate species. Our results demonstrate that TPV and 

YMTV K3 orthologs have distinct PKR inhibition profiles and that they inhibit primate PKR 

in a species-specific manner.  
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MATERIALS AND METHODS 

Cell lines  

Tert immortalized gibbon fibroblasts, HeLa cells (human, ATCC #CCL-2), HeLa 

PKR-knock-out, and BSC40 (ATCC CRL-2761) were kindly provided by Dr. Adam 

Geballe (27). RK13 cells (rabbit) expressing E3 and K3 (designated RK13+E3L+K3L) 

were previously described (28). The cells were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Life Technologies) supplemented with 5% fetal bovine serum (FBS, 

Lonza) or 10% FBS (for gibbon Tert cells) and 100 IU/ml penicillin/streptomycin (Gibco). 

RK13+E3L+K3L cell culture medium contained 500 μg/ml geneticin and 300 μg/ml zeocin 

(Life Technologies). Tetracycline-regulated expression human embryonic kidney 293 

cells (Flp-In™ T-REx™ 293, Invitrogen) were grown in 10% FBS DMEM culture medium 

containing zeocin (10µg/ml) and blasticidin S (15 μg/ml, Gibco). Generation of Flp-In™ 

T-REx™ 293 PKRKO (T-REx PKRKO) has been previously described (Haller et al. 

unpublished). To generate stable cells, T-REx PKRKO cells were co-transfected with Flp 

recombinase expression vector pOG44 (Invitrogen) and pcDNA5/FRT/TO (Invitrogen) 

encoding either human PKR, titi PKR, colobus PKR, and white cheek gibbon PKR. The 

surviving cells were selected with hygromycin (50 μg/ml) and blasticidin (15 μg/ml) for ten 

days. T-REx PKRKO stable cells expressing primate PKR were maintained in culture 

media containing 50 μg/ml of hygromycin (Invitrogen) and 15 μg/ml of blasticidin S 

(Gibco). 
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Plasmids 

Variants of primate PKR were kindly provided by Dr. Nels Elde (29). Variants of 

primate PKR and viral antagonist genes VACV_K3L (YP_232916.1), TPV_K3L 

(EF420156.1), YMTV_K3L (AY386371.1) were subcloned into the pSG5 expression 

vector for luciferase-based reporter assays. pGL3 luciferase reporter vector was 

purchased from Promega. Cloning was done using Gibson assembly techniques. To 

monitor VACV K3L, TPV K3L, and YMTV K3L gene expressions, these genes were 

cloned into C-terminus DYK-tagged pSG5 vector for transient transfection assay. The C-

terminal regions of the TPV and YMTV inhibitors were swapped and cloned into pSG5 

using Gibson assembly to generate hybrid NTPV-CYMTV and NYMTV-CTPV K3 orthologs. 

To generate recombinant VACV expressing TPV K3L and YMTV K3L genes, the 

yatapoxvirus K3 genes were cloned into p837-GOI-mCherry-E3L as previously described 

(30). To generate T-REx PKRKO stable cells, human PKR, gibbon PKR, colobus PKR, 

and dusky titi PKR were cloned into pCDNA5/FRT/TO mammalian expression vector. 

Flippase recombinase expression vector, pOG44, was obtained from Invitrogen. All DNA 

sequences were confirmed by Sanger sequencing.  

Luciferase-based reporter assays 

Luciferase-based assays were performed as previously described (31). Briefly, 5 x 

104 HeLa PKRKO cells were seeded per well in 24 well plates overnight. The HeLa PKRKO 

cells were co-transfected with 200ng of the indicated PKR expression vector, 200ng of 

each viral antagonist expression vector, and 50 ng of pGL3 firefly luciferase expression 
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vector (Promega). Transfection was done using GenJet (Signagen) with DNA to GenJet 

ratio of 1:2 as described by the manufacturer’s protocol. Cells were lysed with mammalian 

lysis buffer (GE Healthcare) at 48 hours post-transfection. Luciferase activity was 

measured using a GloMax luminometer (Promega) by adding luciferin (Promega) reagent 

to the cell lysates as per manufacturer’s recommendations. Data are presented as relative 

luciferase activity in which all data were normalized to pSG5 empty vector. Experiments 

were conducted in triplicate for each of the three independent experiments.  

Virus and infections 

Vaccinia virus variant vP872 (32) was kindly provided by Dr. Bertram Jacobs, 

VCR4+VACV K3L and VCR4+sheeppox K3L (SPPV K3L) were previously described 

(24). Generation of VC-R4 from vP872 variant was previously described (30). Generation 

of chimeric vaccinia virus, VCR4+TPV K3L, and VCR4+YMTV K3L, was done by the 

scarless integration of the open reading frames of the yatapoxvirus K3L orthologs into the 

E3L locus (30). The chimeric viruses were plaque-purified two times, and the K3L gene 

integrations were confirmed by Sanger sequencing. The viruses were purified by zonal 

sucrose gradient centrifugation, and the virus titer was determined on confluent 12-well 

plates of RK13+E3L+K3L cells. Plaque assays were performed with confluent 6-well 

plates of the indicated cell lines, which were infected with 50 plaque-forming units (pfu) 

of each indicated virus. One-hour post-infection, the media were replaced with DMEM 

containing 5% FBS, 1% carboxymethylcellulose (CMC), and 100 U P/S. After 48 hours, 

cells were stained with 0.1% crystal violet, and the excess staining was washed with 

water. The plates were imaged using an iBright Imaging System (Invitrogen). Virus 
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infection assays were performed in confluent six-well plates of the indicated cells. The 

indicated cells were infected with each indicated virus at an MOI of 0.01. Cells and 

supernatants were collected at 30 hours post infections and subjected to three rounds of 

freezing at -80oC and thawing at 37oC. Lysates were sonicated twice for 15s, 50% 

amplitude (Qsonica Q500). For infection of stable cells expressing primate PKR, the 

indicated cells were seeded in 12 well plates (about 5x 105 cells per well). The next day, 

the cells were treated with 1µg/ml doxycycline for 24 hours and were then infected with 

indicated viruses at an MOI of 0.01. Cell lysates were collected at 30 hours post-infection, 

and virus titer was determined by 10-fold serial dilutions on RK13+E3L+K3L cells. Virus 

infections were performed in triplicate. 

PCR of viral genomic DNA  

HeLa PKRKO cells were seeded in 10 cm dishes to a confluency of 90-100%. The 

cells were then infected with indicated viruses at an MOI of 0.1 for 24 hours. Viral genomic 

DNA (gDNA) extraction was done as previously described (33). About 100ng of the isolated 

viral gDNA was used as template in a PCR targeting K3L ortholog genes using Phusion High 

Fidelity DNA polymerase (NEB #M0530L). The forward primer sequence is 5’ 

GACGAACCACCAGAGGATGATG 3’ and the reverse primer sequence is 5’ 

AGTACTACAATTTGTATTTTTTAATCTATCTCA 3’. PCR products were gel purified with 

Monarch DNA Gel Extraction Kit (NEB #T1020) and Sanger sequencing was done to 

confirm K3L genes insertion.  
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Immunoblot analyses 

To determine the level of eIF2α phosphorylation, about 1 × 106 cells were seeded in 

six-well plates and were allowed attach overnight. The next day, each cell line was 

infected with VC-R4 +VACV E3L (Vp872), VC-R4, VC-R4 +VACV K3L, VC-R4 + SPPV 

K3L, VCR4 +TPV K3L, VCR4 +YMTV K3L at MOI of 3. After an hour of incubation, media 

were replaced with fresh complete media. At 6 hours post-infection, cells were washed 

with PBS, lysed with 1% sodium dodecyl sulfate (SDS) in DPBS, and sonicated at 50% 

amplitude for 5 seconds twice. About 10 µg of proteins were run on 12% SDS 

polyacrylamide gels and transferred to polyvinyl difluoride (PVDF, GE Healthcare) 

membranes. Membranes were blocked with 5% (w/v) nonfat milk dissolved in TBST (20M 

Tris,150mM NaCl, 0.1% Tween 20, pH 7.4) for 1 hour. All antibodies were diluted in TBST 

containing 5% (w/v) nonfat milk. Membranes were probed with primary antibodies against 

phospho-eIF2α (Santa Cruz, sc101670) and total eIF2α (Santa Cruz, sc11386) at a 

dilution of 1:1000 overnight at 4oC. After being washed with TBST three times, 

membranes were probed with secondary antibodies, specifically horseradish peroxidase-

conjugated donkey anti-rabbit (Invitrogen A16023) at a dilution of 1:10,000. The 

membranes were washed three times for 10 minutes, and proteins were detected with 

Amersham™ ECL™ (GE Healthcare). Images were taken using the iBright Imaging 

System (Invitrogen). 

To determine the level of K3 orthologs expression in a transient transfection system, 

4x105 HeLa PKRKO cells were seeded in a 6-well plate. The next day, the cells were 

transfected with 1 µg of pSG5 empty vector, DYK tagged VACV K3L, DYK tagged TPV 
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K3L, DYK tagged YMTV K3L, using Genjet: DNA ratio of 2:1. The cell lysates were 

harvested at 48 hours post-transfection. About 10 µg of protein was subjected to a 

western blot with the same conditions as described in the previous paragraph. The 

membrane was probed with primary antibodies against Flag M2 (Sigma F1804) and beta-

actin (Sigma A1978) at a dilution of 1:2000 in SuperBlock blocking buffer (Thermofisher) 

for 1 hour at room temperature. After washing, membranes were probed with secondary 

antibody horseradish peroxidase-conjugated donkey anti-mouse (Invitrogen, A16110) at 

a dilution of 1:10,000 in TBST containing 1% (w/v) nonfat milk. 

To determine the expression of PKR of the stable cells, 1.5x106 indicated cells were 

seeded in a 6-well plate overnight. The cells were induced with 1µg/ml doxycycline 

(Sigma Aldrich D9891) and lysates were harvested 24 hours post-induction. About 25µg 

of protein was subjected to a western blot. We detected PKR expression using PKR A12 

primary antibodies (Santa Cruz, sc393038), which recognize amino acids 2-27 at the N-

terminus of PKR of human origin (Figure 3.6A). Membranes were probed with primary 

antibodies against PKR at a dilution of 1:1000 in 5%milk and beta-actin (Sigma A1978) 

at a dilution of 1:2000 in SuperBlock blocking buffer overnight at 4oC. After washing, 

membranes were probed with secondary antibody horseradish peroxidase-conjugated 

donkey anti-mouse (Invitrogen, A16110) at dilution 1:10,000 in TBST containing 1% (w/v) 

nonfat milk. 

To determine the level of K3L orthologs expression by the chimeric vaccinia virus, 

8x105 HeLa PKRKO cells were seeded in a 6-well plate. The next day, the cells were 

infected with VC-R4, VC-R4+VACV K3L, VC-R4+TPV K3L, VC-R4+YMTV KL3 at an MOI 
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of 3. The protein was collected at 24 hours post-infection. About 12µg of protein was 

subjected to 12% SDS polyacrylamide gels and transferred to polyvinyl difluoride (PVDF, 

GE Healthcare) membranes. Membranes were probed with primary antibodies beta-actin 

(Sigma A1978) at dilution 1:2000 in Thermofisher Supperblock blocking buffer, primary 

antibodies against TPV K3 (Genscript) at dilution 1:1000 in 5% milk dissolved in TBST, 

VACV-K3 at dilution 1:500 in 5% milk dissolved in TBST overnight at 4oC. Anti-TPV K3 

(cVQVIRTDKLKGYVDVRHIT) and anti-VACV K3 (cKVIRVDYTKGYIDVNYKRM) were 

custom produced by peptide-KLH conjugate in New Zealand rabbit (GenScript). After 

being washed with TBST three times, membranes were probed with secondary antibodies 

horseradish peroxidase-conjugated donkey anti-rabbit (Invitrogen A16023) at dilution 

1:10,000 in 1% milk for anti-TPV K3 and anti-VACV K3, secondary antibodies horseradish 

peroxidase-conjugated donkey anti-mouse (Invitrogen, A16110) at dilution 1:10,000 in 

TBST containing 1% (w/v) nonfat milk for beta-actin. The membranes were washed three 

times for 10 minutes, and proteins were detected with Amersham™ ECL™ (GE 

Healthcare). Images were taken using the iBright Imaging System (Invitrogen).  

PKR phylogenetic tree  

The amino acid sequences of PKR from a panel of 21 different primate species and 

rabbit PKR were aligned using Clustal Omega (34). The phylogenetic tree was 

constructed using the maximum likelihood approach in MEGAX software (35). Five 

hundred bootstrap replicates were performed to estimate the nodal support at major 

branch points.  
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RESULTS 

Amino acid differences between Yatapoxvirus K3 orthologs 

Inhibition of PKR by K3 has been shown to be a key determinant for influencing 

poxvirus host range (23-26, 31). This study examined the role of TPV and YMTV K3 

orthologs in inhibiting PKR derived from a diverse set of primate species. First, we 

compared the amino acid sequences of the VACV K3 and yatapoxvirus K3 orthologs by 

multiple sequence alignment. All three K3 orthologs consist of 88 amino acid residues. 

TPV and YMTV K3 share 75% sequence identity, with 22 amino acid differences between 

the two orthologs (Figure 3.1). K3 orthologs from more distantly related genera, such as 

VACV, have a lower percent identity (35-36% identity) with the yatapoxvirus K3 orthologs 

(Figure 3.1B).  

 
Figure 3. 1. Multiple sequence alignment of VACV K3, TPV K3, and YMTV K3 orthologs. 
(A). Different residues among TPV and YMTV K3 amino acid sequences are highlighted in red.  The regions 
to the left and right of the dotted line were considered the N-terminal and C-terminal regions of the inhibitors, 
respectively. The alignment of the PKR recognition and the helix insert region are marked in the black 
boxes.  (B). Percent identities between tested K3 orthologs were calculated from the multiple sequence 
alignment using Clustal Omega.  
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Yatapoxvirus K3 orthologs inhibit primate PKR in a species-specific manner 

We generated a phylogenetic tree from PKR amino acid sequences from a panel of 

21 primate species using rabbit PKR as an outgroup to visualize their relatedness among 

the primate species. Consistent with previous maximum-likelihood analyses of the 

primate PKR dataset (29), our phylogenetic tree classified these primate PKRs into three 

groups: hominoids, Old World monkeys, and New World monkeys (Figure 3.2A). 

Previously, Elde et al. has studied the interaction of 10 PKR variants from these primate 

species (orangutan, gorilla, chimpanzee, human, gibbon, African green monkeys, rhesus, 

woolly, titi, tamarin) with VACV K3 and has shown that these PKR variants exhibited 

differential susceptibility to VACV K3 in the yeast-based assay (29).  

We first confirmed the expression levels of VACV K3, TPV K3, and YMTV K3 tagged 

with C terminal Flag-epitope tags. Western blot results indicated that vaccinia K3 and 

TPV K3 were expressed at comparable levels, whereas YMTV K3 was expressed at a 

slightly higher level (Figure 3.2B). After confirming expression, we quantified their ability 

to inhibit PKR from 15 different primate species using our established luciferase-based 

expression assay (23, 31). In this assay, we tested sensitivity of PKR from representatives 

of hominoids (human, gorilla, chimpanzee, orangutan, white-cheeked gibbon), Old World 

monkeys (colobus, François leaf, baboon, sooty mangabey, rhesus, talapoin, African 

green monkey, and patas), New World monkeys (tamarin and titi) (Table 3.1). HeLa 

PKRKO cells were co-transfected with these different primate PKRs and untagged K3 

orthologs from either VACV, YMTV or TPV. All primate PKRs and K3 orthologs were 

expressed in the pSG5 vector driven by the SV40 promoter. 
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Figure 3. 2. Differential sensitivities of tested PKRs to VACV K3, TPV K3, and YMTV K3 orthologs. 
(A). We generated a phylogenetic tree with PKR protein sequences from a panel of 21 primate species and 
used rabbit PKR as an outgroup. The tree was built by MEGAX program with 500 bootstrap replicates and 
based on the maximum-likelihood method. Relative sensitivities of PKRs to either VACV K3, TPV K3 or 
YMTV K3 from multiple luciferase-based reporter assays are shown on a scale from 1 to 6. Scale 1= no or 
very weak inhibition (≤ 2-fold increase in luciferase readout); 2= weak inhibition (2- to 3-fold); 3=intermediate 
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low inhibition (3- to 5-fold); 4=intermediate high inhibition (5- to 7-fold); 5= high inhibition (7- to 10-fold); 
6=very high inhibition (≥ 10-fold). (B). HeLa PKRKO cells were transfected with 1µg of either pSG5 empty 
vector, pSG5 encoding FLAG-tag VACV K3L, FLAG-tag TPV K3L, or FLAG-tag YMTV K3L. Proteins were 
harvested at 48 hours post-transfection, and K3 expressions were detected with Flag M2 primary 
antibodies. (C). HeLa PKRKO cells were transfected with expression vectors encoding firefly luciferase (50 
ng), with either VACV K3L, TPV K3L, YMTV K3L (200 ng), and PKR (200 ng) from the indicated species. 
Luciferase activities were measured 48 hours after transfection and normalized to PKR-only transfected 
cells to obtain relative luciferase activities. Error bars represent the standard deviations from three 
independent transfections. The luciferase assay results shown are representative of at least three 
independent experiments.  
 

We found that VACV K3 was an intermediate inhibitor of orangutan PKR and rhesus 

macaque PKR and a strong inhibitor of tamarin PKR. PKRs from the other tested primates 

were largely resistant to VACV K3 (Figure 2.2A, C). YMTV K3 and TPV K3 inhibited PKR 

in a species-specific manner, but the two orthologs showed distinct PKR inhibition 

profiles. TPV K3 strongly inhibited 9 out of 15 primate PKRs with the strongest inhibited 

was François leaf monkey PKR. TPV K3 was an intermediate inhibitor of human, sooty 

mangabey, talapoin, patas, and tamarin monkey PKRs and a weak inhibitor of African 

green monkey PKR. In contrast, the YMTV K3 ortholog was a weak inhibitor of 9 tested 

PKRs, an intermediate inhibitor of chimpanzee and rhesus PKRs, and a strong inhibitor 

of orangutan, white-cheeked gibbon, colobus, and François leaf monkey PKRs. Despite 

being expressed at a lower level than YMTV K3, TPV K3 inhibited PKR from 13 primates, 

including humans, substantially better than YMTV K3. In addition, both K3 orthologs 

inhibited PKR from chimpanzee, orangutan, white-cheeked gibbon, and colobus 

comparably (Figure 2.2A, B). 
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Differential PKR inhibition is governed by the C-terminus of yatapoxvirus K3 

orthologs 

The amino acid sequence alignment of YMTV and TPV K3 orthologs shows 22 

amino acid differences between the two orthologs, which are distributed throughout the 

K3 protein sequence. To investigate which regions are essential for the differential 

inhibition by yatapoxvirus K3 orthologs, we generated constructs encoding hybrid YMTV-

TPV K3 orthologs in which the C-terminal regions of the two inhibitors were swapped. We 

took advantage of the shared region in the middle part of the gene (FTVFLPEFG) to 

separate the N-and C- termini by cutting the gene at the FT^V site; there are 11 amino 

acids difference in each terminus (Figure 3.3A). We analyzed the ability of these hybrid 

proteins to inhibit human PKR, colobus PKR, and titi PKR using the luciferase assay. The 

hybrid NTPV-CYMTV exhibited comparable inhibition levels to the YMTV WT K3 ortholog 

for each PKR tested (Figure 3.3). Specifically, when the C terminus from YMTV K3 

replaced the C terminus of TPV K3, the hybrid NTPV-CYMTV K3 lost its ability to inhibit 

human and titi PKR, phenocopying an inhibition profile similar to that of the wild-type 

YMTV K3 ortholog. Correspondingly, the NYMTV-CTPV hybrid showed a similar inhibition 

pattern to the wild-type TPV K3 ortholog. This result suggests that the C-terminus of both 

K3 orthologs governed differential PKR inhibition. 
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Figure 3. 3.  Identification of region of TPV K3 and YMTV K3 orthologs that confer differential PKR 
inhibition. 
(A). Constructs were designed such that the C-terminal regions of the two inhibitors were swapped to 
generate hybrid proteins. The predicted amino acid sequences of TPV K3 and YMTV K3 hybrid proteins 
are highlighted in pink and blue, respectively. (B). Human HeLa-PKRko cells were transfected with 
expression vector encoding firefly luciferase, indicated PKRs, and either hybrid NTPV-CYMTV or NYMTV-
CTPV inhibitors. Inhibition of indicated PKRs by TPV K3 and YMTV K3 serve as controls. Luciferase activity 
was measured 48 hours after transfection. Luciferase light units were normalized to PKR-only transfected 
cells to obtain relative luciferase activities. Error bars represent triplicate transfections and data are 
representative of three independent experiments.  
 
Chimeric viruses expressing Tanapox K3 or Yaba Monkey Tumor Virus K3 display 

cell type specific differences in plaque formation 

Next, we investigated whether the ability of TPV K3 and YMTV K3 orthologs to inhibit 

primate PKR correlates with the ability of the ortholog to rescue replication of a VACV strain that 

lacks PKR inhibitors in primate-derived cell lines. The VACV strain VC-R4 (VACV△E3L△K3L) is 

a highly attenuated vaccinia virus variant that can only replicate in  

B

A
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Figure 3. 4. Generation of chimeric VC-R4 expressing yatapoxvirus K3 orthologs. 
Integration of K3L ortholog genes was determined by PCR (A) and sequencing (not shown) and 
immunoblotting (B). (C). Plaque formation of VC-R4 expressing K3 orthologs. A variety of primate-derived 
cells and RK13+E3L+K3L were induced with 500UI of IFN beta for 24 hours and infected with 50 pfu/ml of 
the indicated viruses, and plaque formation was visualized with crystal violet at 48 hours after infections.   
 

PKR deficient cell lines or cell lines expressing PKR antagonists (30). To generate VC-R4-TPV 

K3L and VC-R4-YMTV K3L chimeric viruses, we inserted either TPV K3L or YMTV K3L into VC-

R4 at the E3L locus using the scarless integration method as previously described (30). To 

A 

B 

C 
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confirm K3 ortholog expression, we infected HeLa PKRKO cells with the purified recombinant 

viruses and performed Western blot. Because there were no antibodies available for the detection 

of the yatapoxvirus K3 orthologs, we produced custom primary antibodies directed against a 

peptide from the TPV K3 ortholog, which is identical to the sequence found in YMTV K3, with the 

exception of the C-terminal amino acid at position 88 (Figure 3.1A).  Surprisingly, YMTV K3 was 

detected at a higher level compared to TPV K3, despite the fact that both K3L orthologs are driven 

by the same VACV E3L promoter (Figure 3.4B).  

We examined the replication of VC-R4-TPV K3L and VC-R4-YMTV K3L in various 

primate-derived cell lines, including HeLa (human), gibbon Tert-GF (gibbon), BSC40 and 

PRO1190 (African green monkey), and RK13+K3L+E3L cells (rabbit). We infected these 

cells with 50 PFU/well of VC-R4, VC-R4+VACV E3L (vP872), VC-R4+VACV K3L, VC-

R4+SPPV K3L (sheep poxvirus K3), VC-R4+TPV K3L and VC-R4+YMTV K3L. To see a 

stronger effect of PKR activation, we induced the cells with 500 units of IFN beta for 24 

hours before virus infections, and plaque formation was visualized 48 hours post infection. 

All viruses formed plaques with comparable sizes in permissive RK13+K3L+E3L cells. As 

expected, VC-R4 only formed plaques in RK13+K3L+E3L cells, whereas vP872 and 

VCR4+SPPV K3L formed plaques in all cells tested (Figure 3.4C). VC-R4+VACV K3L 

developed small visible plaques only in BSC40 cells and to a lesser extent in gibbon cells. 

Interestingly, VC-R4+TPV K3L infection led to the formation of plaques in all tested cells 

with comparable size with VCR4+SPPV K3L and vP872. Relative to VC-R4+TPV K3L, 

VCR4 +YMTV K3L formed smaller plaques in HeLa and gibbon cells and failed to cause 

plaque formation in both African green monkey cells. In general, based on the plaque 

assay, TPV K3 rescued VC-R4 replication substantially better in primate-derived cell lines 

than did YMTV K3. 
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TPV K3 rescued chimeric virus replication more efficiently than YMTV K3 in 

primate-derived cell lines. 

We next measured virus titers to determine the capacity of yatapoxvirus K3 

orthologs to restore the replication of VC-R4. We infected RK13+K3L+E3L and primate-

derived cell lines HeLa (human), gibbon tert, BSC40 (African green monkeys), and 

PRO1190 (African green monkeys) cells with either VC-R4, VC-R4+VACV E3L (vP872), 

VC-R4+VACV K3L, VC-R4+SPPV K3L, VC-R4+TPV K3L and VC-R4+YMTV K3L at an 

MOI of 0.01. Cell lysates were collected at 30 hours post-infection, and virus titer was 

determined in RK13+K3L+E3L cells. Consistent with the plaque assays and luciferase 

assays, all viruses replicated to comparable titers in RK13+K3L+E3L cells (Figure 3.5). 

VC-R4 did not replicate in any cells tested (virus titer below 103 pfu/ml), except 

RK13+K3L+E3L cells. VACV K3L rescued VC-R4 virus replication in all cells tested, 

although the virus yield is about 10-to 100-fold lower than vP872. In HeLa, and gibbon 

cells, SPPV K3L and TPV K3L both restored the replication of VC-R4 to a level 

comparable to vP872 virus. In BSC40 and PRO1190 cells, TPV K3L and SPPV K3L 

rescued VC-R4 replication comparably. Consistent with the plaque assays, VC-

R4+YMTV K3L replicated to a similar level as VC-R4+TPV K3L in HeLa cells. However, 

VC-R4+YMTV K3L replicated less efficiently than VC-R4+TPV K3L in gibbon cells (~11-

fold lower), in BSC40 cells (~1394-fold lower), and in PRO1190 cells (~121-fold lower) 

relative to VC-R4+TPV K3L virus.  
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Figure 3. 5. Virus titer of chimeric vaccinia viruses in primate-derived cell lines. 
(A). A variety of primate-derived cells and RK13+E3L+K3L were infected with indicated viruses at an MOI 
of 0.01. Cell lysates were harvested at 30 hours post infection and virus titers were determined in 
RK13+E3L+K3L cells. Error bars represent the standard deviations from three independent infections. Fold-
changes in virus titer between VC-R4 TPV K3L and VC-R4 YMTV K3L are shown. Data were analyzed by 
one-way ANOVA followed by Dunnett’s multiple comparisons test. Significant values are marked by 
asterisks (NS=p>0.05, *p<0.05, **p<0.01 ***p<0.001, ****P<0.0001). (B). Phosphorylation of eIF2⍺ after 
infections with VC-R4 expressing K3 orthologs. Indicated cells were infected with indicated viruses at an 
MOI of 3. Cells were lysed 6 hours after infection and analyzed by immunoblotting for total eIF2⍺ and 
phospho-eIF2⍺. 

Next, we examined the level of phosphorylated eIF2⍺ by Western blot analysis 

(Figure 3.5B). We infected HeLa (human), gibbon tert, BSC40 (African green monkeys), 

and PRO1190 (African green monkeys) cells with either VC-R4, VC-R4+VACV E3L 

(vP872), VC-R4+VACV K3L, VC-R4+SPPV K3L, VC-R4+TPV K3L and VC-R4+YMTV 

K3L at an MOI of 3. Protein lysates were collected at 6 hours post-infection. Robust 

phosphorylation of eIF2⍺ was observed in all VC-R4 infected cells, but not in vP872 

infected cells. Slightly higher levels of eIF2⍺ phosphorylation was observed in VC-

A 

B 
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R4+VACV K3L infected cells than in vP872 and VC-R4+SPPV K3L infected cells. 

Likewise, a slightly higher level of eIF2⍺ phosphorylation was observed in VC-R4+YMTV 

K3L infected cells than VC-R4+TPV K3L infected cells, except in HeLa and BSC40 cells, 

in which the level of eIF2⍺ phosphorylation was comparable. In general, Western blot 

analyses indicated that the level of eIF2⍺ phosphorylation in the tested cell lines 

correlated with plaque formation and virus replication, with the exception of BSC40 cells. 

Replication of chimeric viruses in T-REx PKRKO stable cells expressing primate 

PKR. 

As each primate cell line might have cell-specific characteristics contributing to the 

differential virus replication, we generated congenic Flp-In T-REx 293 PKRKO cell lines (T-

REx PKRKO, Haller et al, unpublished) expressing a single copy of various primate PKRs 

(human PKR, white-cheek gibbon PKR, colobus PKR, and dusky titi PKR). The T-REx 

cells possess a single homology directed integration site; therefore, all cells are congenic 

and express the PKR genes under doxycycline inducible promoter. This approach allows 

us to assess the interaction between K3L orthologs and primate PKR by infecting the 

transgenic cell lines with chimeric VACV expressing K3L orthologs. To analyze 

expression of PKR in each cell line, we induced the cells with 1µg/ml of doxycycline for 

24 hours and performed Western blot analysis with an antibody (A12) generated against 

a human PKR-derived peptide (Figure 3.6A). Comparable expression of human PKR was  
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Figure 3. 6. Generation of stable T-REx PKRKO cells expressing primate PKR. 
(A). Primate PKR expression was validated by Western blot after 1µg/ml of doxycycline induction for 24 
hours. Multiple sequence alignment of the first 27 amino acids of human PKR, white-cheeked gibbon PKR, 
colobus PKR, and dusky titi PKR is shown. The epitope of PKR A12 primary antibodies is indicated. (B). 
Infection of stable T-REx PKRKO cells expressing primate PKR variants with VC-R4. Indicated cell lines 
were treated with 1µg/ml doxycycline for 24 hours, and subsequently infected with VC-R4 MOI of 0.01. 
EGFP signals in the infected cells were monitored at 48 hours post-infection by fluorescence microscopy. 

detected in the parental T-REx cells and the T-REx PKRKO+human PKR cells. A stronger 

signal was detected in white-cheeked gibbon PKR-expressing cells, whereas only weak 

signals were detected in dusky titi PKR and colobus-expressing cells. The differences in 

detection, might be due to real expression differences, or due to the amino acid 

differences in the epitope detected by the antibody (Figure 3.6A). In order to analyze if 

A 

B 
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expression of the different PKRs confers antiviral effects we infected T-REx PKRKO, T-

REx WT, or T-REx PKRKO expressing either human PKR, gibbon PKR, colobus PKR, or 

titi PKR cells with VC-R4 at an MOI of 0.01. We observed a robust EGFP signal in T-REx 

PKRKO cells and considerably less in other cell lines, suggesting PKR was expressed and 

inhibited VC-R4 replication (Figure 3. 6B). 

 
 
Figure 3. 7. Infection of stable T-REx PKRKO cells expressing primate PKR with chimeric viruses. 
The indicated cell lines were infected with VC-R4, VC-R4 TPV K3L, or VC-R4 YMTV K3L viruses at an 
MOI of 0.01. Cell lysates were harvested at 30 hours post-infection and virus titers were determined in 
RK13+E3L+K3L cells. Error bars represent the standard deviations from three independent infections. 
Fold-changes in virus titer are shown. 

We used these PKR-expressing cells to investigate the ability of TPV K3 and YMTV 

K3 orthologs to restore VC-R4 replication. We infected the T-REx PKRKO, T-REx WT, T-

REx PKRKO expressing either human PKR, gibbon PKR, colobus PKR, or titi PKR cells 

with VC-R4, VC-R4+TPV K3L and VC-R4+YMTV K3L at an MOI of 0.01. The virus titer 

was determined in RK13+K3L+E3L cells 30 hours post-infection. As expected, VC-R4 

only replicated in T-REx PKRKO cell lines, but replicated poorly in T-REx PKRKO cells 

expressing primate PKR (Figure 7). Insertion of YMTV K3L or TPV K3L failed to rescue 

VC-R4 replication in T-REx PKRKO containing human PKR. In contrast, the insertion of 

TPV K3L rescued VC-R4 replication with about 30- to 71-fold higher titer than VC-R4 in 
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T-REx PKRKO containing gibbon PKR, dusky titi PKR or colobus PKR. In T-REx PKRKO 

cells expressing gibbon PKR or in dusky titi PKR, VC-R4+YMTV K3L viral titers were 

about 6-fold lower than that of VC-R4+TPV K3L. In comparison, both K3 orthologs 

rescued VC-R4 replication at a comparable level in colobus PKR containing cells. 

DISCUSSION 

Vaccinia virus K3 is a host range factor that acts by inhibiting the host restriction 

factor PKR. Homology between K3 domain S1 and eIF2⍺ allows K3 to function as a 

pseudosubstrate of PKR, competitively inhibiting eIF2⍺ phosphorylation (18). This unique 

interaction between PKR and K3 has been studied using yeast and mammalian cell assay 

systems (36, 37). Elde et al. (29), previously demonstrated that PKR from Old World 

monkeys and New World monkeys were generally susceptible to VACV K3, whereas PKR 

from other hominoids were resistant to VACV K3, indicating species-specific inhibition of 

primate PKR by VACV K3. We recently described K3 orthologs from leporipoxviruses that 

specifically infect leporids (rabbits and hares) (23) and capripoxviruses that infect sheep, 

goats and cattle inhibit their corresponding host PKR in a species-specific manner (24). 

Our recent studies revealed that K3 inhibition could not be predicted by phylogenetic 

relatedness of PKR alone (26); thus, this interaction should be examined experimentally. 

In this study, we examined whether K3 orthologs of the yatapoxvirus genus contribute to 

host-specific PKR inhibition. 

Yatapoxviruses infect primates and can cause zoonotic infections in humans. Here, 

we analyze how TPV and YMTV K3 orthologs interact with PKR from 15 different primate 

species in comparison to VACV K3. Our results confirm and extend the results of species-
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specific VACV K3 inhibition previously reported in the yeast assays (29) and luciferase-

based assays (26). White-cheeked gibbon PKR was largely resistant to VACV K3, 

whereas VACV K3 strongly inhibited tamarin PKR and rhesus macaque PKR. 

Interestingly, dusky titi PKR, which was previously shown to be susceptible to VACV K3 

in the yeast-based assay, appeared to be largely resistant to VACV K3 in our luciferase-

based assays. Although the yeast assay can be used to predict the inhibition of PKR by 

viral antagonists, yeast expression systems have very different post-translation 

modifications from mammalian cells, which might affect protein function (38). In general, 

our data showed that TPV K3 and YMTV K3 exhibited distinct PKR inhibition profiles and 

that these K3 orthologs inhibited primate PKR in a species-specific manner. All tested 

primate PKRs were sensitive to TPV K3, although to different degrees. We found a distinct 

profile of inhibition by YMTV K3 within the Old World monkeys in which sooty mangabey, 

patas, and African green monkey PKR were largely resistant to YMTV K3 inhibition. In 

contrast, rhesus macaque PKR was largely sensitive, suggesting an interaction between 

K3 and PKR cannot be predicted by phylogenetic relatedness. Interestingly, this finding 

is in line with subcutaneous inoculation studies, showing that YMTV induced tumor 

formation in rhesus monkeys, whereas no tumors were observed in sooty mangabey, 

patas, and African green monkeys (5, 9, 12). 

TPV K3 and YMTV K3 differ by 22 aa residues in an 88 aa protein (Figure 3.1). K3 

orthologs from the orthopoxvirus genus share a higher sequence identity (80.7-98.9%) 

among their members (26) than do yatapoxvirus K3. We found residues within the C-

terminus region govern the differential PKR inhibition by these orthologs (Figure 3.3A). 

There are two critical conserved motifs in the C-terminus of the K3 orthologs: the PKR 
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recognition motif and helix insert region (18). The PKR recognition motif of K3 orthologs, 

which includes residues K74, Y76, and D78, provides important determinants for high-

affinity binding to PKR (18). TPV K3 and YMTV K3 orthologs have identical residues in 

the PKR recognition motif “KGYVD”, one amino acid difference with the typical PKR 

recognition motif “KGYID” in VACV K3. The helix insert of eIF2⍺ appears to undergo 

conformational change upon binding to PKR resulting in the Ser51 site of eIF2⍺ becoming 

fully accessible to the phosphoacceptor binding site of PKR (39). The K3 helix insert 

region is structurally homologous to the region adjacent to Ser51 in eIF2⍺ (Figure 3.1A). 

The unique conformation of helix insert region of K3L functions as an inhibitor of PKR 

activation by preventing PKR trans-autophosphorylation and acting as a pseudosubstrate 

of PKR (39). In addition, we and others have shown that one or more amino acid residues 

in orthopoxvirus K3 orthologs are responsible for the differential PKR inhibition and that 

the amino acid variants are predominantly located in the helix insert region (25, 26). 

Therefore, it is difficult to predict which residues might be responsible for PKR inhibition. 

A site-directed mutagenesis experiment could identify the critical residues required for 

PKR inhibition. 

In this study, the function of yatapoxvirus K3 proteins was further examined in the 

context of virus infection. The E3L and K3L double knockout vaccinia virus strain VC-R4 

(VACV△E3L△K3L) can only replicate in PKR deficient cell lines or cell lines that express 

PKR antagonists. By inserting the K3L from different poxviruses in the E3L locus of VC-

R4 we can analyze the chimeric viruses' ability to replicate in PKR competent cell lines. 

The advantage of using the chimeric virus system is that it allows us to assess the ability 

of the K3L in rescuing the virus in PKR competent cells. As expected, VC-R4 could not 
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replicate in all tested cells, except RK13+E3L+K3L cells. VC-R4 expressing SPPV K3L 

and TPV K3L replicated as efficiently as vP872 in all tested cell lines as shown in plaque 

assays and virus titer, suggesting that E3 from vaccinia virus and K3 from SPPV and TPV 

are potent PKR inhibitors for these cell lines. In contrast, the VC-R4+VACV K3L and VC-

R4+YMTV K3L formed smaller plaques in all tested cell lines, except in RK13+E3L+K3L 

where these viruses formed comparable plaque size with other viruses. Together these 

results indicate that the VACV K3L and YMTV K3L are generally weaker inhibitors for the 

PKR orthologs that we tested. This result was recapitulated in the virus titer assay. There 

was 11-fold higher virus titer in VC-R4+TPV K3L infected gibbon-Tert cells than in VC-

R4+YMTV K3L infected cells. The difference in virus titer was more pronounced in 

PRO1190 and BSC40 cells, with about 100-to 1000-fold lower virus titer in VC-R4+YMTV 

K3L infections. This inhibition generally correlated with the level of eIF2⍺ phosphorylation, 

with the exception of BSC40 cells, in which no difference in eIF2⍺ phosphorylation was 

observed, between VC-R4+TPV K3L and VC-R4+YMTV K3L. In contrast, Cao et al. 

showed expression of YMTV K3L ortholog in VACV△E3L△K3L suppressed eIF2⍺ 

phosphorylation and restored the virus replication in CV-1 monkey cells (25). Despite 

being derived from African green monkeys, PRO1190, BSC40, and CV-1 showed 

somewhat different phenotypes, suggesting cell-specific characteristics might contribute 

to the differential virus replication. 

The colobus PKR and white cheeked gibbon PKR appeared equally sensitive to both 

yatapoxvirus K3 orthologs in the luciferase-based assay. In the infection assay, the VC-R4+TPV 

K3L replicated as efficiently as VC-R4+YMTV K3L in T-REx PKRKO expressing colobus PKR, 

consistent with the luciferase assay. However, we observed a higher virus titer in T-REx PKRKO 
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expressing white-cheeked gibbon PKR cell lines infected with VC-R4+TPV K3L than did VC-

R4+YMTV K3L. This observation also correlated with the formation of larger plaques and higher 

virus titer in gibbon Tert cell lines infected with VC-R4+TPV K3L compared to VC-R4+YMTV K3L. 

While the general patterns observed in the luciferase-based assay were recapitulated in the 

infection assay, we observed some differences in the magnitude of inhibition. The luciferase 

assay was a good approach for analyzing inhibition of PKR by K3 orthologs; however, currently 

is not known how strongly the inhibition correlated with a biological effect in infection assay.  

Overall, the data presented here to support and extend species-specific PKR 

inhibition by VACV K3, TPV K3, and YMTV K3 (25, 26, 29). Within primate species PKR, 

TPV K3 exhibited a broader range of PKR inhibition than did YMTV K3 and VACV K3. 

VACV K3 appeared to have a narrow range of PKR inhibition within primate species but 

inhibited a wide range of other mammals PKR (26). It is worth mentioning that the ability 

of a virus to replicate and disseminate efficiently in its host is dependent on the entire 

interactome between the host and the virus (40). In addition to K3L, yatapoxviruses 

encode several host range genes, including E3L, C7L, M11L, Serpins, P28-like, B5R (41). 

The role of E3L gene of YMTV and C7L of YLDV in host range factors has been previously 

described (42, 43). However, the role of other genes as host range factors needs to be 

experimentally confirmed. 
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Table 3. 1. Accession numbers of genes used for phylogenetic analyses. 

Common name Scientific name GenBank accession 
Human Homo sapiens NM_002759 
Gorilla Gorilla gorilla EU733258.1 
Bonobo Pan paniscus EU733255.1 
Chimpanzee Pan troglodytes EU733256.1 
Orangutan Pongo pygmaeus pgmaeus EU733259.1 
White-cheeked gibbon Nomascus leucogenys EU733257.1 
White-bearded gibbon Hylobates albibarbis EU733270.1 
Siamang Symphalangus syndactylus EU733271.1 
Colobus Colobus guereza EU733267.1 
Francois’ leaf Trachypithecus francoisi EU733268.1 
Baboon Papio anubis XM_009184002.4* 
Sooty mangabey Cercocebus torquatus atys EU733262.1 
Rhesus macaque  Macaca mulatta EU733261.1 
Talapoin Miopithecus talapoin 

talapoin 
EU733269.1 

African green monkeys Clorocebus aethiops EU733254.1 
Patas Erythrocebus patas EU733260.1 
Black-handed spider Ateles geoffroyi EU733263.1 
Woolly Lagothrix lagotricha EU733266.1 
Tamarin Saguinus labiatus EU733264.1 
Dusky titi Callicebus moloch EU733265.1 
Owl monkey Aotus trivirgatus FJ374685.1 
Rabbit Oryctolagus cuniculus NM_001082213.1 

 
 
*We identified amino acid differences between our baboon PKR and XM_009184002.4: one synonymous 
A465G (Q155Q) and four non-synonymous amino acid differences G1490A (E497K), A1498C (K500Q), 
G1511A (G506T) and A1558G (K520E).
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