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Abstract 

Viral papain-like proteases (PLPs)-related proteins have been shown to be actively 

involved in host innate immunity manipulation and virus replication. In this dissertation, the 

research were focused on the elucidation of biological roles of nidoviral PLPs-related proteins in 

innate immunity suppression and viral RNA transcription regulation. 

Porcine Respiratory and Reproductive Syndrome Virus (PRRSV) is the most prominent 

swine diseases worldwide. Understanding PRRSV pathogenesis and development efficient 

vaccines are highly required in swine industry. PRRSV nsp2-related proteins including nsp2 and 

two ribosomal frameshifting products-nsp2TF and nsp2N share the same N-terminal PLP2 

domain. In chapter 2, nsp2TF and nsp2N were demonstrated to be critical for host innate 

immunity suppression at least through the PLP2 domain-mediated deubiquitination and 

deISGylation effects. The infection of nsp2TF/nsp2N knockout mutants significantly upregulated 

antiviral innate immune responses in vitro. Furthermore, manipulating the expression of 

nsp2TF/nsp2N could enhance innate and adaptive immunity in pigs, providing potential basis for 

modified live vaccine development.  

In addition to the PLP2 domain of PRRSV nsp2-related proteins, the biological roles and 

biochemical nature of the poorly investigated long mysterious PLP2 downstream region was also 

characterized in Chapter 3. This long unknown region is also shared by nsp2-related proteins. At 

first, the hyper-phosphorylation nature of nsp2-related proteins was demonstrated. Physical 

features of this uncharacterized region was then delineated, including two intrinsically disordered 

hypervariable regions spaced by a structured inter-species conserved domain. One critical 

phosphorylated residues in the conserved domain were later proved to be of great importance in 

recombinant virus rescue and subgenomic RNAs accumulation. Collectively, our investigations 



  

underline the pleiotropic effects exerted by nsp2-related proteins in virus life cycle and potential 

contributions with pathogenesis. 

In Chapter 4, potential functions of PLP encoded by other nidovirus was also 

investigated. We discovered a unique cross-order recombination event, in which the chimeric 

picornavirus-enterovirus G expresses the PLP gene, homologous to torovirus (ToV) PLPs. Like 

other nidoviral PLPs, the recombinant ToV-PLP was proved to be a highly active 

deubiquinase/deISGylase and potent innate immune antagonist. After PLP knockout, viral fitness 

is significantly decreased and the suppression on host ubiquitination/ISGylation is largely 

reduced. Furthermore, host antiviral innate immune responses have been greatly upregulated post 

PLP knockout mutant infection. Our study underscores potential contributions of PLP domain in 

viral pathogenicity, and further provides an ideal example for how recombination shapes virus 

evolution. 

In summary, studies in this dissertation highlight the critical roles of nidoviral PLPs-

related proteins in host immunity manipulation and virus replication, and more importantly, 

potential links with viral pathogenicity and application in vaccine development.   
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Chapter 1 - Literature review 

 1.1. Introduction of PRRS and PRRSV 

The order Nidovirale is classified into four known families: Coronaviridae and 

Arterivirdae, infecting vertebrates (mostly mammals), Roniviridae and Mesoniviridae infecting 

invertebrates (1-4). The family Coronaviridae is further divided into two subfamilies- 

Coronavirinae and Torovirinae (1, 4). The order Nidovirales contains a large group of viruses 

including several important human and animal pathogens with significant social and economic 

impacts (1, 4). For example, zoonotic coronaviruses (CoVs)- such as severe acute respiratory 

syndrome (SARS) CoV and Middle East respiratory syndrome CoV (MERS) caused episodes of 

severe respiratory infection in humans (1, 4). For the past three decades, porcine arterivirus-

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV)  has been one of the most 

prominent pathogens threatening the swine industry (5-8). 

Porcine reproductive and respiratory syndrome virus (PRRSV) is the etiological agent of 

Porcine Reproductive and Respiratory Syndrome (PRRS) (5-8). It is characterized by respiratory 

diseases in growing pigs and reproductive failure in sows (5-8) . PRRS was first recognized in 

the United States in the late 1980s, then in Europe in the early 1990s (8-12). Since then, PRRSV 

has rapidly developed into the leading pathogen with occasional outbreaks. It has caused nearly 

$650 million in annual economic loss for the swine industry in United States alone (8, 13).   

As the member of the family Arteriviridae and the order Nidovirales, PRRSV contains an 

enveloped positive-sense (+) single-stranded (ss) non-segmented RNA genome of approximatly 

15 kilo nucleotide in length, which includes 11 known open reading frames (ORFs) (14-16). 

Replicases-associated nonstructural proteins (nsps)- are encoded by ORF1a, ORF1b, and 

ORF1a’-TF (17) which occupy 5’ proximal three-quarters of the genome (14-16). Downstream 
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ORF2a, ORF2b, ORF3, ORF4, ORF5, ORF5a, ORF6, and ORF7 encode viral structural proteins 

GP2a, E, GP3, GP4, GP5, GP5a, M, and N, respectively (14-16) (Fig. 1.1). 

In the past nearly three decades, PRRSV was partitioned into two genotypes: genotype I 

(European, EU, genotype) and genotype II (North American, NA, genotype) (5-7, 18). In spite of 

similar clinical signs and concurrent emergences, the two genotypes display great divergence 

both genetically and antigenically sharing only about 56% identity at the genomic level (19, 20). 

The two PRRSV genotypes have been re-classified as two species: PRRSV-1 and PRRSV-2 

(21).  

Epidemiological investigation reveals a worldwide distribution of both species. PRRSV-1 

is mainly endemic in Europe and PRRSV-2 predominantly circulates in North America and Asia 

(5, 6, 8). Since its discovery, PRRSV-2 has been frequently associated with severe outbreaks in 

swine populations on two continents, including the MN184-like virus outbreak in United States 

at 2001 (22), the catastrophic outbreak of highly pathogenic PRRSVs (HP-PRRSVs) in China at 

2006 (23, 24), and the pathogenic NADC30-like strains emergence in China during 2013-2014 

(25-32). Since 2014, occurrence of pathogenic PRRSV-2 infections have been frequently 

reported across swine farms in the United States. The epidemic variants were characterized as 1-

7-4 pattern using the restriction fragment length polymorphism (RFLP) analysis on the highly 

variable ORF5 region (33, 34).  

Pigs, including wild boars (Sus scrofa) and domestic pigs (Sus scrofa domesticus), are the 

natural hosts of PRRSV infection (8, 35). Swine are susceptible to several infection routes 

including intranasal, oral, intrauterine, vaginal, and vertical (transplacental) (8). Diseases caused 

by PRRSV infection are primarily the consequence of acute viremia and transplacental 

transmission (8). Clinical manifestations of PRRSV infection vary greatly among swine herds 
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and strains, ranging from asymptomatic to devastating outcomes (8, 36). Common clinical signs 

include high fever, anorexia, breathing difficulties, discoloring on skins of ear (blue ear) and 

vulva, lymphadenopathy, lung lesions, and abortion (8, 36). 

PRRSV primarily infects subsets of monocyte-macrophage lineage which display two 

receptors- main receptor CD163 (cysteine-rich scavenger receptor) and accessory receptor 

CD169 (sialoadhesin, siglec-1) (8, 37). In addition to proteins including heparan sulfate, 

vimentin, CD151, DC-SIGN (dendritic cell-specific intercellular adhesion melecule-3-grabbing 

non-integrin; CD209), and siglec-10 were also identified as accessory receptors (37, 38). In 

PRRSV virions, minor glycoproteins-GP2/GP3/GP4 forms heterotrimer or GP2/GP4 

heterodimer (36), interact with main receptor-CD163 (37, 39). Heterodimers of GP5/M linked by 

disulfide bonds were found to interact with accessory receptors (37, 40). Pulmonary alveolar 

macrophages (PAMs), pulmonary intravascular macrophages (PIMs), and macrophages in 

lymphoid tissues are the predominant cell subsets susceptible to PRRSV infection (8, 36). 

Therefore, viral RNAs and antigens are mainly observed in the lungs and lymph nodes/tonsils 

(8). In contrast, lymphoid organs serve as the primary sites for virus accumulation in stillborn 

and live-born pigs infected congenitally (8). Generally speaking, the highest viremia are 

achieved at 7 to 14 days post infection (DPI) in the lungs and lymph nodes (8, 15). After that, 

viremia quickly drop and become undetectable after four weeks for most infected pigs (8, 15). 

Following the acute infection stage, PRRSV develops into persistent infection in lymphoid 

tissues including the tonsils and lymph nodes (8, 15, 36).  

PRRSV infection causes aberrant immunological phenotypes, characterized by poor and 

delayed responses in both innate and adaptive immunity (15, 16, 41-43). PRRSV has been 

demonstrated to employ diverse strategies to suppress host anti-viral innate immunity responses 
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(16). So far, seven nsps (nsp1α, nsp1β, nsp2, nsp2TF, nsp2N, nsp4, nsp11) and one structural 

protein (N protein) have been identified to function as interferon (IFN) antagonists, with acting 

mechanisms well reviewed in previous publications (16, 42). Our studies in this dissertation 

demonstrated the important roles of nsp2-related proteins, especially newly identified-nsp2TF 

and nsp2N, in innate immunity modulation. In PRRSV infected pigs, specific humoral responses 

against nsp1α, nsp1β, nsp2-related proteins, nsp7, all GPs, M, and N proteins could be 

vigorously detected immediately post infection (16, 41, 43). Nsps specific antibodies in 

particular last at least to 202 day post infection (dpi) (16). However, the generation of 

neutralizing antibodies is weak and delayed, which is considered as one of the major barriers in 

disease control (15, 16, 41-43). Due to essential roles in the development of specific immune 

responses, cell-mediated immune (CMI) responses is also believed to be critical for anti-PRRSV 

immunity (15, 16, 41-43). However, significance of CMI responses post PRRSV infection 

remains largely unclear (15, 16, 41-43). PRRSV specific CMI responses were observed to be 

highly variable in both acutely and persistently infected animals, without clear correlation with 

viral clearance (16, 41, 43). Peripheral CD4+ T cells undergo a transient decrease at 3 to 7 dpi, 

and return to normal by 7 to 14 dpi (44, 45). The abundance of CD8+ T cells have been 

frequently observed to increase after 4 to 5 weeks post infection (41, 43). A higher percentage of 

CD8+ or CD4+CD8+ T cells were observed in infected lungs and lymphoid tissues (41, 43). 

Regulatory T (Treg) cells with inhibitory effect on CD4+ T cells and CD8+ T cells were found to 

be significantly induced (46). MHC class I and II molecules on the surface of virus-infected cells 

were also found to be downregulated (47-50). 
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1.2. Nidoviral RNA transcription strategy 

For viruses with polycistronic (+) ssRNA genome, the synthesis of subgenomic RNAs 

(sgRNAs) as messager RNA (mRNA) is a widely adopted strategy to place downstream ORFs at 

the ribosome-accessible 5’ end for the translation of 3’-proximal genes (51, 52). However, as 

independent subgenomic transcripts, the synthesis of sgRNAs would be more likely to be 

manipulated spatially, temporally, and quantitatively (51, 52). 

In the order of Nidovirales, sgRNAs are responsible for the expression of 3’-proximal 

ORFs including both structural and accessory proteins (3, 53). All nidoviral sgRNAs share the 

same 3’ end with parental full-length genomic RNAs (gRNAs) (3, 53). Furthermore, sgRNAs of 

arteriviruses and coronaviruses have uniform 5’ and 3’ ends with parental gRNAs. The 5’ end of 

sgRNAs-leader sequence is directly transcribed from the 5’ end of gRNA (3, 53). Ligation of 

apparent discontinuous sequence of sgRNAs has been proved to occur during the minus-strand 

RNA synthesis, rather than the post-transcriptional splicing (53). The discontinuous transcription 

of minus-strand (-) sgRNAs is the widely accepted model for explaining nidoviral sgRNAs 

synthesis (51, 53) (Fig. 1.2). In this model, (-) sgRNAs are discontinuously transcribed from full-

length (+) gRNAs and/or longer (+) sgRNAs, then used as templates to continuously synthesize 

(+) sgRNAs (3, 53, 54). 

Maintenance of the constant accumulation ratio between gRNAs and sgRNAs is crucial 

for nidoviral fitness (53). The nidoviral discontinuous transcription process has been 

demonstrated to be precisely regulated by both cis-acting and trans-acting factors (3, 53-56). The 

first recognized regulatory cis-acting factor is the short conserved AU-rich element-transcription-

regulating sequence (TRS), including leader-TRS (L-TRS) and body-TRS (B-TRS) (3, 53, 54). 

L-TRS is present immediately downstream of the leader sequence within full-length (+) gRNA; 
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B-TRSs are found upstream of 3’-proximal ORFs (3, 53, 54). The discontinuous transcription is 

controlled by the base-pairing interaction between sense (+) TRS and antisense (-) TRS. The 

activities of the replication and transcription complex (RTC) will be attenuated at each B-TRS 

site and redirected to L-TRS by disrupting the (-) B-TRS of nascent (-) strand and (+) B-TRS on 

template base-pairing interaction and re-establishing the interaction with L-TRS. After template-

switching, RTC will continue the transcription and synthesize (-) the leader sequence. Only the 

RTCs without any interruption at B-TRSs could transcribe a full-length (-) gRNA (3, 53, 54). 

The full-length genomic RNA production cycle of (+) gRNA to (-) gRNA to (+) gRNA is 

traditionally designated as replication, while the discontinuous synthesis of subgenomic RNAs is 

referred as transcription for differentiation (3, 53). Sequence conservation of B-TRS and the 

thermos-stability of duplex between (-) B-TRS and (+) L-TRS have been shown to be associated 

with the transcription of sgRNAs (3, 53-56). In addition, a hairpin structure found at 5’ proximal 

arteriviral genome was shown to be critical in presenting L-TRS for the (-) B-TRS and (+) L-

TRS duplex formation in discontinuous transcription (57, 58). Another known cis-acting RNA 

structure in regulating nidovirus discontinuous transcription was found during investigations of 

prototypical coronavirus-transmissible gastroenteritis virus (TGEV), in which two exceptional 

intragenomic, long-distance RNA-RNA interactions were proved to enhance the transcription of 

the most abundant N protein-coding sgRNA (54, 56, 59-61). The presence of these two 

exceptionally long-distance RNA-RNA interactions is able to attenuate transcription activities of 

RTC, promote the physical proximity of nascent minus strand with L-TRS, and thus can 

facilitate template switch (54, 56).  

In addition to cis-acting RNA structures, key regulatory roles in the discontinuous 

transcription of several trans-acting factors have also been demonstrated. Nsp1 of equine 
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arterivirus (EAV) was demonstrated to function as a “transcription factor” controlling the 

abundance of sgRNAs by an intricate subdomain interaction network (62, 63). A mutagenesis 

study on the EAV helicase-nsp10 also highlighted its essential involvement in discontinuous 

sgRNA synthesis (64-66). In the investigation of another prototypic coronavirus-mouse hepatitis 

virus (MHV), host kinase GSK-3-mediated N protein in the phosphorylation state was proved to 

selectively manipulate coronaviral sgRNAs transcription (67). Interestingly, the phosphorylated 

N proteins were found to be able to recruit the host factor DDX1, which may promote B-TRS 

read-through to increase the production of longer sgRNAs and gRNA (67). 

1.3. Ubiquitination and ubiquitination regulation on antiviral innate 

immunity pathways 

Post-translational modification by ubiquitin (Ub), referred as ubiquitination, is 

universally present in almost every cellular activity. It modulate protein functions, localization, 

and turnover (68-70). The 8.6-kD Ub maintains conservation across eukaryotic organisms (68, 

69). It adopts a compact β-grasp fold with a flexible C-terminal tail, which is covalently linked to 

substrate proteins (68, 69). Ubiquitin modification could be in a monomer, dimer or polymeric 

chain form (68, 69). Ubiquitination is a sequential catalytic process including three steps termed 

as activation, conjugation, and ligation. It is executed by three distinct classes of enzymes (68-

71) (Fig.1.3). The ATP-dependent first step-activation is carried out by the ubiquitin-activating 

enzyme-E1, which links the Ub C-terminus to an active cysteine group of E1 by a thioester bond; 

secondly, Ub will be transferred to the Ub conjugating enzyme-E2 at the catalytic cysteine site. 

In the final step, E3 Ub ligase will eventually transfer the Ub moiety to a lysine residue substrate 

protein in the form of an isopeptide bond with Ub C-terminal glycine (68-71). Ubiquitination is a 

reversible process, antagonized by deubiquitinses (DUBs) encoded by hosts and pathogens (68, 
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69, 71) (Fig.1.3). If Ub per se serves as substrate, it leads to the formation of polymeric chain 

(68, 69). Seven different lysine residues (K6, K11, K27, K29, K33, K48, and K63) of Ub provide 

diverse linkage types. A N-terminal M1 residue of acceptor Ub could also be utilized to form a 

linear linkage (68, 69). Ub chains could be homogenous if the same residue in Ub is consistently 

modified in the chain elongation reaction (68, 69). Interestingly, a heterologous chain could also 

be formed by incorporating Ub moiety with alternative linkages (68, 69). Different physiological 

functions are achieved through diverse ubiquitination linkages. Currently, only the roles of K48-

linkage in protein proteasomal degradation and the K-63 linkage in signaling transduction have 

been studied in detail (68-71). In recent investigations the biological roles of M1-linked linear 

ubiquitination in NF-κB activation and TNF-α signaling pathway have been gradually 

recognized (72-75). This head-to-tail-linked linear ubiquitination is produced by a E3 ligase 

complex-LUBAC (linear Ub chain assembly complex). It is composed by hemeoxidized iron-

responsive element binding protein 2 Ub ligase-1 (HOIL-1), HOIL-1-interacting protein (HOIP) 

and SHANK-associated RH domain-interacting protein (SHARPIN) (72-75). So far, the human 

genome only encodes two E1 enzymes, but at least 38 E2 enzymes and, surprisingly, over 600 

E3 enzymes (70). Given the diverse ubiquitination process, the realization that precise functional 

modulation requires that the right Ub linkage type should be correctly incorporated into intended 

substrate at accurate positions (70). Linkage specificity is mainly ensured by E2 Ub conjugating 

enzymes. In contrast, substrates are tightly selected by the highly diversified E3 Ub ligases (70).  

As the front line to defend microbe invasion, innate immunity provides faster and less 

specific responses than adaptive immunity (70, 71, 76, 77). When innate immunity is activated, 

pattern-recognition receptors (PRRs) of immune and non-immune cells are utilized to detect 

microbial infection products pathogen-associated molecular patterns (PAMPs), as well as 
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damage-associated molecular patterns (DAMPs) released by damaged or stressed cells (70, 71, 

76, 77). The PRR comprise diverse families including RIG-I-like receptors (RLRs), Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), and DNA sensors such as cGAS, etc (70, 71, 76, 

77). Activation of PRRs triggers signaling pathways to produce type I/III interferons and 

inflammatory cytokines/chemokines (70, 71, 76, 77). Post-infection cytokines and chemokines 

lead to the establishment of anti-infection state and inflammatory responses to recruit immune 

cells to infection or tissue damage site (70, 71, 76, 77). 

Extensive investigations reveal that the activation of innate immune pathways is tightly 

regulated by ubiquitination and deubiquitination (70, 71, 75-77). Intracelluar viral RNA sensors-

RLRs belong to DExD/H box helicase family, including two best known members-retinoic acid-

inducible gene-I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) (78, 79). 

RIG-I and MDA5 have varied ligands preference with the recognition on short, 5’ triphosphate 

uncapped double-stranded RNA (dsRNA) and long dsRNA, respectively (78, 79). RIG-I and 

MDA5 both harbor two tandem caspase activation and recruitment domains (CARDs) at N-

terminal (78, 79). After ligand-binding, RIG-I and MDA5 will undergo oligomerization and 

interact with MASV on mitochondria or peroxisomes via CARD-CARD interaction (78, 79). 

Activation of MAVS initiates signaling cascades which converge with downstream components 

of other innate immunity pathways such as TLR and cGAS-sting pathway (76, 78-80). It has 

been well investigated that the activation of RIG-I is regulated by ubiquitination (70, 76, 79) 

(Fig. 1.4A). Upon RNA ligand binding, multiple sites of N-terminal CARDs domain of RIG-I 

will undergo activation-essential K63-linked poly-ubiquitination mediated by tripartite motif 

(TRIM) protein family member-TRIM25 E3 ligase (70, 76, 81). The K63-linked ubiquitination 

at c-terminal domain induced by another E3 ligase-Riplet (Ring Finger Protein 135, RNF135) is 
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also proven to be critical for RIG-I activation (70, 76, 82). Additionally, E3 ligases TRIM4 and 

MEX3C have also been shown to mediate the K63-linked polyubiquitination of RIG-I (76, 83, 

84). However, the roles of K63-linked ubiquitination in MDA5 activation by chains remain 

largely uncharacterized (76, 83, 84). Consistently, as a potential negative regulation mechanism, 

the activation-related ubiquitination state of RIG-I could be reversed by host DUBs including 

Cylindromatosis (CYLD), ubiquitin-specific protease 21 (USP21), and USP4 (85-87). In 

addition to being modified by K63-linked polyubiquitin chain, RIG-I was reported to be 

degraded in a proteasome-dependent manner, which is mediated by E3 ligase RNF125 induced 

by K48-linked ubiquitination (88). Like RIG-I, the turnover of MDA5 was also found to be 

negatively regulated by TRIM13 and RNF125-mediated K48-linked ubiquitination (88, 89).  

MAVS protein occupies the central position in RLR cascade (70, 76, 78, 79). 

Mitochondria and peroxisomes serve as platforms for immune signaling complex formation upon 

MAVS aggregation stimulated by the translocation of activated RIG-I and MDA5 (70, 76, 78, 

79) (Fig. 1.4A). Upon virus infection, MAVS could be negatively regulated by K48-linked 

ubiquitination for proteasome-dependent degradation (70, 76). Known E3 ligases include 

TRIM25, mitochondria-located membrane-associated RING finger protein 5 (MARCH5), RNF5, 

RNF125, atrophin-1–interacting protein 4 (AIP4), and SMAD ubiquitination regulatory factor 

1/2 (Smurf 1/2) (88, 90-94). Recently, TRIM31 was found to interact with MAVS and catalyze 

K63-linked ubiquitination at K10, K311, and K461 residue of MAVS, which promote MAVS 

aggregation and signaling transduction (95). However, the E3 ligase of known K63-linked 

ubiquitination of K500 of MAVS is still unclear (76, 96). For sustainable and adjustable innate 

immune responses TRIM25, the critical E3 ligase for RIG-I activation, is also reversibly 
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regulated by K48-linked ubiquitination and deubiquitination mediated by LUBAC and USP15, 

respectively (97, 98).  

The TLR family comprise a group of type I transmembrane proteins, which respond to 

diverse PAMPs derived from viruses, bacteria, fungi, and parasites (76, 80, 99). Currently, ten 

human homologous genes (TLR1-10) have been discovered (76, 80, 99). For detecting virus 

invasion, TLR7/8 and TLR3 are activated by ssRNA and dsRNA respectively. TLR9 reacts with 

unmethylated CpG dinucleotides DNA ligand (76, 80, 99). In addition TLR2 and TLR4 could 

sense structural proteins of measles virus and respiratory syncytial virus, respectively (80, 99). 

As type I transmembrane proteins, TLRs share a consensus structural pattern including a ligand-

binding ectodomain composed by leucine-rich repeats (LLR), a transmembrane segment, and a 

cytoplasmic Toll/IL-1R (TIR) domain (76, 80, 99). Upon stimulation, TIR domains dimerize and 

serve as a scaffold to recruit downstream adaptors myeloid differentiation primary response 

protein 88 (MyD88) or TIR domain containing adaptor protein inducing IFNβ (TRIF), which 

also harbor homologous TIR domains for the interaction with TLRs (76, 80, 99). Adaptors 

engagement could respectively initiate the assembly of two high-order protein complexes-the 

“Myddosome” mediated by MyD88 and “Triffosome” mediated by TRIF (76, 80, 99) (Fig. 

1.4B). MyD88 recruits the IL-1R-associated serine/threonine kinases (IRAKs) to transduce TLRs 

activation signal to tumor necrosis factor receptor-associated factor 6 (TRAF6), then to activate 

inhibitor of nuclear factor κ-B (IκB), kinase α/β/γ (IKK α/β/γ), and TGFβ-activated kinase 1 

(TAK1), which eventually induces the nuclear translocation of NF-κB and pro-inflammatory 

gene transcription (76, 80, 99) (Fig. 1.5). In contrast, TRIF transduce signals downstream 

through TRAF3 to IKKε and TANK-binding kinase-1(TBK1), which activate and stimulate the 

nuclear translocation of IFN-regulatory factors 3/7 (IRF3/7) for the induction of type I interferon 
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genes transcription (76, 80, 99) (Fig. 1.5). Among all the TLRs, only TLR3 will transduce 

signaling through MyD88-dependent pathway; TLR4 could activate both MyD88- and TRIF-

dependent pathways (76, 80, 99). 

Consistent with the RLRs pathway, the biological fate of critical molecules in TLRs 

pathway are also carefully controlled by ubiquitination (70, 71, 76, 80, 99) (Fig. 1.4B). The 

turnover of signaling transducers are modulated by K48-linked ubiquitination. E3 ligase RNF216 

(Triad3A) was identified to mediate the K-48 linked ubiquitination of TLR3, 4, 5, and 9 (100). 

Key adaptor TRIF was found to be targeted for K48-linked ubiquitination by E3 ligase WW 

domain-containing protein 2 (WWP2) (101). The K48-linked polymeric chains on MyD88 is 

conjugated by another E3 ligases-Smurf1/2 and neuregulin receptor degradation protein 1 

(Nrdp1) (102, 103). Nrdp1 was also found to mediate the K63-linked polyubiquitination of 

TBK1 for the activation of IRFs (103). Therefore, Nrdp1 with dual roles is believed to 

coordinate the balance of two TLRs downstream pathways by dampening the pro-inflammatory 

responses and enhancing interferon responses (103). Despite the negative modulatory effects of 

K48-linked ubiquitination, K63-linked ubiquitination could play positive roles in signaling 

transduction (70, 76). IRAK1 can be modified by Pellino E3 ligase family members or E3 ligase 

TRAF6 (104). In the TRIF-dependent pathway branch, RIP1 was also found to be conjugated 

with K63-linked polyubiquitin chain by Pellino 1 (105). 

PRRs ligand-binding signals are conducted through central adaptors MAVS and 

TRIF/MyD88 and converge at common downstream molecules-TRAF3 and TRAF6, which 

eventually result in the nuclear translocation of transcription factors-IRF3/7, NF-κB, and AP-1 

(76, 78, 80, 99) (Fig. 1.5). E3 ligases-TRAF6 and TRAF3 can induce auto-ubiquitination, 

providing scaffold platforms for downstream molecules assembly. The K63-linked auto-
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ubiquitination of TRAF6 leads to the sequential recruitment of the TAK1/TAB2/TAB3 complex 

and then the IKKα/β/γ complex to activate IκBα by phosphorylation (76, 78, 80, 99). TRAF6 is 

also modified by K48-linked ubiquitination and degradation by E3 ligase TRIM38 to prevent 

excessive NF-κB responses (70, 71, 76). Several cellular DUBs including A20, CYLD, and the 

OTU deubiquitinase 2 (OTUB2) are able to counteract the K63-ubiquitination of TRAF6 (106-

110). K48-linked ubiquitination mediated proteasome-dependent degradation has been identified 

to be essential for NF-κB activation (70, 71, 76, 80, 99). IKKβ phosphorylates and activates NF-

κB inhibitor-IκBα, which further recruits E3 ligase SCFβTrCP for K48-linked ubiquitination (111, 

112). The proteasome-dependent degradation of IκBα release the suppression on NF-κB (70, 76, 

80, 99). 

The auto-catalyzed K63-linked polymeric chain of TRAF3 also recruits IKKγ (NEMO), 

which further binds a complex composed by TANK and TBK1/IKKε (70, 71, 76). Kinase 

complex TBK1/IKKε then phosphorylate type I interferon transcription factors-IRF3 and IRF7 

(70, 71, 76). K48-linked ubiquitination-mediated by E3 ligase of RNF216 (Triad3A) was also 

reported to specifically module the turnover of TRAF3 in order to avoid excessive antiviral 

genes expression (113). Similar to the TRAF6, K63-linked auto-ubiquitination of TRAF3 is also 

removed by several host DUBs, such as deubiquitinating enzyme A (DUBA), OTUB1, ubiquitin 

carboxyl-terminal hydrolase L1 (UCHL1), and OTUD7B (OTU domain-containing protein 7B) 

(109, 114-116). Downstream TBK1 was also found to be ubiquitinated in K63-linked manner by 

E3 ligases including Mind bomb 1/2 (MIB 1/2), Nrdp1, and TRAF3 (76, 103, 117). The K63-

linked ubiquitination on TBK1 is essential for kinase activity (70, 76). Conversely, its K63-

linked ubiquitination can be antagonized by DUBs such as USP2b, CYLD, and A20 (85, 118, 

119). Furthermore, TBK1 was also found to be destabilized by E3 ligases DTX4 and TRAF-
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interacting protein (TRIP) (120, 121). As a negative feedback mechanism, IRF3 and IRF7 are 

also targeted by K48-linked ubiquitination mediated proteasome-dependent degradation. HOIL-1 

(RBCC protein interacting with PKC1, RBCK1), TRIM21, and RAUL (RTA-Associated 

Ubiquitin Ligase) serve as E3 ligases of IRF3 (122-124). TRIM21 and RAUL were identified as 

E3 ligase for the K48-linked ubiquitination of IRF7 (124, 125). As a critical kinase utilized for 

both NF-κB and IRF3/7 activation, the activities of NEMO are under the tight regulation of 

ubiquitination (70, 71, 76). NEMO has been found to be ubiquitinated in diverse forms including 

K27-linkage, K29-linkage, and M1-linkage, which are mediated by E3 ligases-TRIM23, TRAF7, 

and LUBAC, respectively (126-128). In contrast to the enhancement role of TRIM23-mediated 

ubiquitination in antiviral responses, K29-linked and M1-linked ubiquitination on NEMO serve 

as negative regulation mechanism (127, 128). Interestingly, K29-linked ubiquitination seems to 

mediate the lysosomal degradation of NEMO (127). Studies reveal that linear ubiquitination 

mediated by LUBAC have opposite roles on the involvement of NEMO in both IRF3/7-

dependent and NF-κB-dependent pathways (72, 74, 75, 128). On the one hand, it promotes the 

interaction with TRAF3 and disrupts the association of MAVS-TRAF3 complex, and therefore 

specifically inhibits the IRF3-dependent pathway (128, 129). In contrast, the linear ubiquitination 

also facilitate the activation of NF-κB-dependent pathway possibly by stabilizing the interaction 

between TAK1/TABs with IKK complexes (128). In addition to the direct Ub conjugation, 

NEMO also has the ability to bind K63-linked or mixed linked diUb, and M1-linked Ub chain, 

which are essential for NF-κB activation (130-132). 

1.4. Roles of ubiquitin-like molecule-ISG15 in antiviral innate immunity 

When facing pathogen invasion, the expression of type I/III interferons will elicit 

hundreds of downstream interferon-stimulated genes (ISGs) as a counteraction in which an 
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ubiquitin-like molecule-ISG15 is abundantly and rapidly induced (133-136) (Fig. 1.6). ISG15 

contains two ubiquitin-like domains, with ~30% amino acid (aa) identity to ubiquitin, spaced by 

a short hinge region (133-136). ISG15 is firstly expressed as a 17 kDa precursor form, and then 

rapidly processed into mature 15 kDa protein via protease cleavage on the c-terminal LRLRGG 

motif, which is identical to the c-terminal tail of Ub (133-136). ISG15 is covalently conjugated 

on target substrates with the LRLRGG motif through an ubiquitination-like three-step catalytic 

cascade-ISGylation (133-136) (Fig. 1.6). ISGylation utilizes UBE1L as E1 activating enzyme, 

UbcH8 (human) or UBCM8 (mice) as E2 conjugating enzyme, and HERC5 (human) HERC6 

(mouse) as main E3 ligase (133-136). HERC5 was identified to be physically associated with 

polyribosomes, indicating the model that ISGylation may occur in a co-translational manner on 

newly synthesized proteins (134-136). Similar to ubiquitination, ISG15 modification can also be 

reversed by deconjugating enzyme-USP18, a process referred as deISGylation (133-136).  

ISG15 was initially identified from type I interferon-treated cells (134-136). Moreover, 

ISG15, conjugation enzymes, and USP18 are all induced by interferon treatment or viral 

infections (133-136). Therefore, ISG15 is believed to be a bona fide antiviral protein, limiting 

viral replication in a conjugation-dependent manner (133-136). In vitro studies showed viral 

infection can be inhibited in cell with ISG15 overexpression or knockdown (134, 136, 137). 

There has been more evidence from in vivo studies based on knockout mice. ISG15 or UBE1L 

knockout mice were found to be more susceptible to influenza A virus (IAV), IBV, Sindbis 

virus, and coxsackievirus B3 virus (CVB3) infection (133-137). Mice knocked in by USP18 with 

disrupted deISGylation activity have a phenotype with enhanced ISGylation and resistance to 

IBV and vaccinia virus infection, suggesting the conjugation-dependent antiviral roles of ISG15 

(134, 137). Further investigations revealed that ISGylation has direct inhibitory effects on 
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multiple steps in virus replication (134). Whether ISGylation substrates belong to viruses or 

hosts is still under active investigation (133-136).  In virus-infected cells, viral proteins are the 

dominant newly produced proteins, which may constitute substrates for ISGylation (134). So far, 

proteins of both RNA and DNA viruses have been identified to be modified by ISG15 (134-136). 

For example, the first identified viral substrate was NS1 protein of IAV, which has diverse roles 

in virus replication and innate immunity suppression (134-136). NS1 is able to inhibit the 

induction of type I interferons and the activation of protein kinase R (PKR), selectively boost 

viral mRNA translation, and interfere with host mRNA processing (134, 138, 139). ISGylation 

modification on NS1 inhibits the nuclear translocation by disrupting interaction with importin-α. 

Furthermore, ISGylation disrupts the interactions of NS-1 proteins with several binding partners 

including Protein kinase R (PKR), U6 small nuclear RNA (snRNA), and dsRNA, therefore 

interferes the immune evasion functions of NS-1 proteins (133-136). Another study on the IBV 

nucleoprotein (NP) showed that modified NP proteins function as dominant-negative inhibitor 

for oligomerization, which is required for the formation of viral ribonucleoprotein (vRNP) and 

RNA synthesis (134, 136). Studies about extracellular unconjugated form of ISG15 proposed 

that it may act as an immunomodulatory cytokine or chemokine to promote NK cell 

proliferation, dendritic cell maturation, and neutrophil recruitment (133, 134). Binding with the 

specific receptor-lymphocyte function-associated antigen 1 (LFA1) leads to the release of IFNγ 

and IL-10 in IL-12-primed cells (133, 134). Exact impacts of extracellular unconjugated form in 

viral infection remains unclarified (133, 134). 

Solid evidences highlighting the significance of ISGylation in antiviral responses stem 

from increasing research to identify viral proteins targeting ISGylation pathway (133, 134). 

Interestingly, the counterpart of IAV NS1 protein-NS1 protein of IBV was the first identified 
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viral factor to antagonize ISGylation pathway (133, 134). NS1 of IBV is able to directly bind 

human and primate ISG15 (not murine ISG15) and disrupt its interaction with the E1 activating 

enzyme-UBE1L (133, 134). In addition, NS1 sequesters ISGylated NP to prevent the 

miscorporation of modified NPs into vRNPs, thereby avoiding interference on viral RNA 

synthesis (134). The most famous viral factor antagonizing ISGylation process is deconjugating 

enzymes encoded by nidoviruses, nairoviruses, and picornaviruses (134, 140, 141) which will be 

summarized later. 

1.5. The deubiquitination and deISGylation functions of nidoviral papain-like 

proteases-related proteins 

As stated previously, ubiquitination has broad regulatory impacts on host antiviral innate 

immune pathways. Ubiquitination is a reversible process, in which conjugated ubiquitin(s) could 

be removed from substrates by DUBs. This mechanism has been widely exploited by viruses, 

which encode viral DUBs to disrupt host ubiquitination-dependent innate immune pathways, and 

thereby, to promote virus replication (140, 141). Virus-encoded DUBs have been identified and 

characterized from both RNA viruses (nidoviruses, picornaviruses, nairoviruses and 

tymoviruses) and DNA viruses (adenoviruses and herpesviruses) (134, 140, 141) (Fig. 1.7). Here 

I will only focus on the papain-like proteases (PLPs) encoded by members of Nidovirales, which 

have been widely recognized as DUBs and deISGylases with innate immune modulatory 

functions (140, 141). 

Among all the PLPs in Coronaviridae, the PLpro encoded by nsp3 of severe acute 

respiratory syndrome (SARS) CoV (SARS-CoV) and Middle East respiratory syndrome (MERS) 

CoV (MERS-CoV) are the ones most investigated (142). The first known function of SARS-CoV 

PLpro is for the proteolytic cleavage of nsp1-nsp2-nsp3-nsp4 junctions in polyproteins (143). 
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PLpro was found to recognize a consensus motif-LXGG which is homologous to the Ub c-

terminus RLRGG motif (144, 145). Furthermore, structural modeling analysis pinpointed the 

structural similarity between SARS-CoV PLpro and host DUB herpesvirus-associated USP 

(HAUSP), indicating that the viral enzyme may also adopt a papain-like fold (146). Collectively, 

it led to the hypothesis that SARS-CoV PLpro may act as both DUB and deISGylase (146). Later, 

the DUB activities targeting K48-/K63-linked polyUb and deISGylation activities were 

confirmed by in vitro characterizations (147, 148). It has been demonstrated that PLpro is able to 

directly disrupt IRF3 activation and suppress the transcription activity driven by NF-κB-

responsive promoter and dsRNA sensors (RIG-I/MDA5/TLR3)-mediated IFN-β promoter (149, 

150). The crystal structure of SARS-CoV PLpro is consistent with the initial modeling result 

which adopts a right hand like structure including thumb, palm, and finger subdomains (151-

153). Moreover, the biochemical nature and structural basis of the interaction between SARS-

CoV PLpro and substrates have been elucidated by unveiling the binding interface with Ub and 

human/murine ISG15s (153-156). Consistent with SARS-CoV PLpro, MERS-CoV PLpro has a 

similar role in viral replicase polyprotein proteolytic processing (157, 158). MERS-CoV PLpro 

was found to possess global deconjugation effects toward ubiquitination and ISGylation from 

cellular substrates in cell culture (157-160). In vitro de-conjugation assay showed that MERS-

CoV PLpro displays cleavage activities toward mono Ub, K48-, and K63-linked polyUb, K6-

/K11-/K29-/K33-linked diUb, and ISG15 (157, 159, 161-163). Furthermore, its innate immune 

suppression effects were confirmed in IFN-β promoter-based dual luciferase assay (157-160). 

Similar to SARS-CoV PLpro, MERS-CoV PLpro also has a right hand like conformation including 

thumb/palm/finger subdomains (159, 164). Mutation on one residue (V1691R) at the interface 

could selectively only interrupt the interaction between with Ub to abolish DUB activities, 
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without disrupting the basic polyprotein cleavage (159). Expectedly, DUB-deficient PLpro was 

unable to suppress the transcription of IFN-β promoter (159). Successfully decoupling two 

distinct functions of PLpro helps decipher the roles of DUBs and deISGylation in pathogenesis in 

virus infection context and provides basis for potential genetically modified live vaccine (MLV) 

development (159). In additional to the two representative proteases of SARS-CoV and MERS-

CoV, PLPs encoded by other coronaviruses including the PLP2 of human coronavirus (HCoV) 

NL63, PLP2 of mouse hepatitis virus (MHV), PLP2 of porcine epidemic diarrhea virus (PEDV), 

PLP1 of transmissible gastroenteritis coronavirus (TGEV), and PLpro of infectious bronchitis 

virus (IBV) have been characterized (140, 141). Consistently, three functional roles of these 

coronaviral PLPs including the primary involvement in polyprotein proteolytic processing, 

DUB/deISGylation, and innate immunity suppression have been described (140, 141). Functions 

of torovirus PLP (ToV-PLP) have been recently characterized by our research team due to a rare 

cross-order recombination event (165). An enterovirus G (EVG) was identified to contain a 

torovirus (Torovirinae, Coronaviridae) PLP gene insertion between the 2C and 3A junction, 

flanked by two potential 3Cpro cleavage sites (165). Structural modeling revealed that the protein 

encoded by the foreign gene may adopt a minimal PLP core domain, leading to the hypothesis 

that this protein may also possess DUB/deISGylation activities (165). Ectopic expression 

confirmed the strong global deconjugation effect on host substrate ubiquitination and ISGylation 

of ToV-PLP in cell culture. Furthermore, in vitro characterization assays reveal robust cleavage 

preference towards K48/K63-linked polyubiquitin chains and ISG15 precursor, and modest 

activity on M1-linked linear polyubiquitin chain (165). As expected, ectopically expressed ToV-

PLP showed strong innate immunity suppression effect which is further confirmed by virus 

infection study mediated by ToV-PLP knockout recombinant virus (165). Moreover, PLP 
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knockout largely abolished the DUB/deISGylation effect of wild-type virus in infected cells and 

greatly decreased viral fitness (165). Our study provides a novel example about how 

recombination drives virus evolution by acquiring an innate immunity antagonist through the 

cross-order recombination, and further underscores the importance of viral DUB/deISGylase in 

virus life cycle (165). 

The PLP2 domain of arterivirus nsp2-related proteins have also been identified as a 

potent DUB/deISGylase (140, 141). Similar to the coronaviral PLPs, the first recognized 

function of arteriviral PLP2 domain is the proteolytic cleavage on nsp2-nsp3 junction in 

polyprotein processing (166, 167). The PLP2 encoded by prototypical arterivirus-equine 

arterivirus (EAV) belongs to a novel ovarian tumor protease (OTU)-like superfamily of cysteine 

proteases (168-170). Ectopically expressed EAV PLP2 resulted in global decrease of both Ub 

and ISG15 conjugates in cell culture (171, 172). The in vitro cleavage activities towards 

K48/K63-linked polyubiquitin chains confirmed that EAV PLP2 acts as bona fide DUB (171). 

Moreover, EAV PLP2 also possess inhibitory effects on the transcription of NF-κB and IFN-β 

promoter (171, 172). The ubiquitination of RIG-I was found to be suppressed by ectopically 

expressed EAV PLP2 (171). The crystal structure of EAV PLP2 bound with Ub revealed a 

remarkably compact OTU fold, including an unprecedented C4 zinc finger (169, 170). The 

polyprotein processing function and DUB activities of EAV PLP2 could be decoupled by 

selectively disrupting the Ub-binding interface (169). Mutant PLP2 showed attenuated inhibition 

effects on IFN-β promoter activation (169).  Moreover, DUB-negative mutant virus infection 

significantly upregulated host innate immune responses, which supports the direct association of 

viral DUB with host antiviral innate immunity (169).  
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The PRRSV PLP2 domain is shared by three nsp2-related proteins-nsp2 and two newly 

identified isoforms-nsp2TN and nsp2N, which are generated by nsp1β-transactivated 

programmed ribosomal frameshifting mechanism discovered by our team (17, 173-175). In 

studies performed by our team and other groups, the ectopically expressed PRRSV-1 PLP2 could 

lead to a significant decrease of Ub and ISG15 conjugates in cultured cells (171, 172, 176, 177). 

We found that PRRSV-1 PLP2 domain could interfere the K48-linked polyubiquitination 

mediated proteasomal degradation of IκBα in order to suppress NF-κB activation and 

translocation (177). Interestingly, RIG-I ubiquitination could be greatly inhibited by ectopically 

expressed PRRSV-1 PLP2, but not PRRSV-2 PLP2 (171). We demonstrated that the PRRSV-1 

PLP2 domain acts as a bona fide DUB against K48-linked polyubiquitin chain in the in vitro 

deconjugation assay (177). The cleavage preference of PRRSV-2 PLP2 domain on diUb was 

later described (178). Results revealed that PLP2 domains of highly pathogenic PRRSV (HP-

PRRSV) and low pathogenic PRRSV (LP-PRRSV) are all able to cleave seven types of linked 

diUb but not a linear one; HP-PRRSV PLP2 is more active towards K63-linked diUb than LP-

PRRSV PLP2 (178). However, whether PRRSV PLP2 domain is a genuine deISGylase is still 

controversial since purified prokaryotically expressed HP-/LP-PRRRSV PLP-2 failed to display 

detectable cleavage activities towards diverse ISG15 substrates (178). Given that the PLP2 

domain is harbored by three nsp2-related proteins, the biological roles of PLP2 domain in the 

diverse context of full-length proteins need to be described in detail. Our recent study 

characterized the DUB and deISGylation activities of PRRSV-2 nsp2-related proteins, which 

revealed significant inhibitory effects on Ub and ISG15 conjugates in cell culture (179). This 

raised the question about how exactly PRRSV PLP2 antagonizes host ISGylation reaction. In the 

ectopic expression system, PLP2 domain alone and nsp2N seem to have higher inhibitory effects 
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on host ubiquitination and ISGylation than nsp2 and nsp2TF (179). In the dual luciferase assay 

driven by IFN-β promoter, PRRSV nsp2-related proteins and PLP2 domain exhibited strong 

suppression on the reporter gene transcription. Moreover, the antagonism effect on of nsp2 and 

PLP2 could be largely abrogated by inactivation of catalytic sites. In contrast, catalytic mutants 

of nsp2TF and nsp2N still showed robust suppression on reporter gene expression, suggesting 

that regions downstream of PLP2 in nsp2TF/nsp2N also have to contain innate immunity 

inhibition activities through unknown mechanism(s) (179). To assess whether the innate immune 

suppression effect exhibited by overexpressed nsp2TF/nsp2N reflect the actual circumstances of 

virus infection context, nsp2TF/nsp2N knockout mutants were generated which have attenuated 

growth phenotype both in vitro and in vivo (179). Immune gene expression profiling both in 

infected permissive cell line and primary macrophages showed that nsp2TF/nsp2N knockout 

mutant infections could greatly upregulate host innate immune responses more than wild-type 

virus (179). In the in vivo characterization, knockout mutant infections could consistently 

upregulate host innate immune responses as indicated by earlier serum IFN-α production and 

enhanced NK-mediated cytotoxicity. T cell-mediated adaptive immunity was also augmented in 

nsp2TF/nsp2N knockout mutants infected pigs. The results in the in vivo characterization 

underline the important immunity modulation effects of frameshifting products-nsp2TF/nsp2N 

(179).   

1.6. Phosphorylation and nidoviral phospho-proteome 

Phosphorylation is the most universal and best-studied post-translational modification 

(PTM) form (180-184). Protein phosphorylation is catalyzed by protein kinases through 

transferring the ATP γ-phosphate to serine, threonine, or tyrosine residues of target proteins 

(180-184). Phosphate on substrate proteins could then be removed by phosphatases (PPs) (180-
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184). Phosphorylation has profound biological impacts on substrate proteins by inducing 

allosteric conformational change or altering protein-protein interactions (180-184). 

Phosphorylation is known to be intimately involved in the modulation of every cellular 

processes (180-184). As intercellular pathogens which replicate exclusively in live cells, viruses 

are able to manipulate host signaling pathway regulated by phosphorylation and have acquired 

the capacities to utilize host phosphorylation machinery to modify viral proteins (185, 186). 

Phosphorylation events on viral proteins regulate virus replication and control host immune 

responses (185, 186). Understanding the roles of phosphorylation in the virus life cycle sheds 

light on the development of therapeutic measures and genetically modified live vaccines 

(MLVs). So far, investigation of the nidoviral phospho-proteome research has been limited to 

coronaviral and arteriviral nucleocapsid (N) proteins (187-189). Primary function of coronaviral 

N proteins is to package viral genomic RNA into ribonucleoprotein complexes (188). N proteins 

of representative coronaviral species including; MHV, IBV, TGEV, and SARS-CoV, are shown 

to be phosphorylated (187, 188, 190-198). The phosphorylation state of IBV N protein regulates 

the binding affinity with viral leader sequence suggesting potential roles of phosphorylated N in 

discontinuous transcription regulation (193, 196). Mutations on IBV N proteins phospho-sites 

caused reduced recombinant virus rescue (193). Phosphorylation of MHV N protein mediated by 

host GSK3 kinase may affect conformational transitions and regulate the interaction with DDX1 

helicase in order to adjust the sgRNAs discontinuous transcription (67). Phosphorylation broadly 

modulates biological activities of SARS-CoV N protein including host cell translation inhibition, 

self-oligomerization, and translocation to stress granules (190, 192, 194, 197, 199, 200). 

Shuttling of SARS-CoV N protein between nucleus and cytoplasm is regulated by host 14-3-3 

proteins whose interaction with partners is also phosphorylation-dependent (192). Like the 
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abovementioned coronaviral N proteins, N protein of EAV and PRRSV is also phosphorylated 

(16, 201-203). However, the specific functional significance of N protein phosphorylation in the 

arteriviral life cycle is poorly understood (16, 201, 202). Phosphorylation of nidoviral proteins 

other than the N proteins have not been investigated systematically and remain largely 

uncharacterized. 

1.7. Intrinsically structural disorder and viral disordered proteins 

From the traditional point of view, the realization of protein functions heavily rely on a 

well-folded three-dimensional structure (204-207). Unstructured regions within proteins were 

traditionally viewed as passive linker of structured domains (204-207). However, two decades’ 

efforts bring the unstructured polypeptide segments within proteins out of the shadows and 

highlight their important biological significance under physiological conditions (204-207). 

Polypeptide segments with less likelihood to form a defined 3D structure are named as 

intrinsically disordered regions (IDRs); proteins with entirely disordered sequence are referred to 

as intrinsically disordered proteins (IDPs) (204-207). IDRs and IDPs are highly prevalent in 

eukaryotic functional proteome (204-207). It has been estimated that about 44% of human 

proteins contain IDRs over 30 aa length (204-207). The typical sequence signature of IDRs/IDPs 

is the biased amino acid composition-low presence of bulky hydrophobic residues and high 

proportion of polar and charged residues, causing less hydrophobic effects to form stable 

hydrophobic core (204-207). Hence, IDRs/IDPs generally are unable to fold independently under 

native unbound conditions and usually undergo disorder-to-order transition after binding with 

partners (204-207). IDRs/IDPs exist as dynamic ensembles of transient and heterogeneous 

conformations with rapid interconversion (204-207). Therefore, IDRs/IDPs carry out functions in 

a variety of cellular processes through a different manner compared with classical structured 
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globular proteins (204-207). According to investigation on IDRs in proteins with known 

functions, the functionality of IDRs/IDPs could be further categorized into six different classes, 

including entropic chains, display sites, assemblers, chaperones, effectors, and scavengers (204-

207). Entropic chains typically include flexible linkers or spacers with disordered structure, 

which allow relative independent movement of domains (204-207). Loose conformational 

constraints of IDRs/IDPs encourage the exposure of PTM motifs and facilitate easy access of 

proteins which introduce and read the PTMs (204-207). Transient binding of IDRs in chaperones 

with misfolded substrates may both induce the reversible local folding of IDRs and the 

unfolding-to-refolding conversion of substrate in an ATP-independent manner (204-207). 

Intrinsic disorder is a common structural feature for hub proteins in the protein-protein 

interaction (PPI) network (204-207). Open and versatile structures facilitate IDRs/IDPs to act as 

assemblers or scaffolds for high-order complexes formation by offering large binding interface 

with less steric hindrance (204-207). It has been know that IDRs are highly prevalent in both 

RNA and protein chaperones even though the molecular mechanism of disordered chaperones 

remain largely unclear (204-207). Structural flexibility possibly provides certain advantages for 

disordered chaperones in rapid searching and broad matching with binding partners (204-207). In 

addition, IDRs/IDPs could also act as effectors to modulate the activities of binding partners, or 

scavengers to store and neutralize small ligands (204-207). 

Theoretically, IDRs/IDPs could have faster evolutionary rates than structured 

domains/proteins due to less purifying selection pressure in structure maintenance (204-208). 

However, IDRs/IDPs also exhibit diverse evolutionary characteristics (204-208). A yeast 

comparative genomics study revealed that IDRs could be classified into three biologically 

distinct phenomena: flexible disorder with conserved disorder propensity per se but fast 
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changing aa sequences, constrained disorder with both conserved disorder propensity and aa 

sequence, and non-conserved disorder (206, 209). Gene ontology enrichment analysis revealed a 

clear functional dichotomy between flexible and constrained disorder (206, 209). Flexible 

disordered regions display the classical disorder characteristics and are more involved in 

regulation-related activities such as cell cycle and signaling transduction (206, 209). Flexible 

disordered residues are commonly found to localize on exposed loops, which may facilitate the 

presentation of linear motifs for signaling partners (206, 209). In contrast, constrained disordered 

residues are enriched in proteins involved in biogenesis including ribosome translation, lipid 

metabolism, and protein folding. (206, 209). 

Structurally disordered proteins are more commonly found in viral proteomes, especially 

for RNA viruses (206, 210). Extremely compact genomes of RNA viruses intrinsically require 

the multi-functionality of viral proteins, which could be endowed by flexible disordered structure 

(206, 210). In addition, the disorder propensity could be more resistant to deleterious mutations 

introduced by the transcription error of low-fidelity RNA polymerase (206, 210). Structural 

disorder is widely present in viral structural, nonstructural, and accessory proteins. Here, I will 

present examples of two well-studied disordered nonstructural proteins encoded by RNA viruses, 

which inspire our current and future investigations. 

Hepatitis C virus (HCV) NS5A is a 447−466 aa protein with known IDRs (211-213). 

NS5A has an ER membrane-association amphipathic helix at N-terminal followed by three 

structurally distinct ectodomains-domain 1/2/3 (D1/2/3) (211-213). Three domains are separated 

by two low-complexity sequences, (LCS) I and II (211-213). NS5A-D1/D2 was shown to play 

important roles in RNA replication and NS5A-D3 is associated with particle assembly (211-

213). The highly conserved NS5A-D1 has a stable structure with a novel zinc-binding motif and 
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a disulfide bond (211-213). NS5A-D1 adopts a homodimer with claw-shaped conformation 

which is proposed to be viral RNA binding (211-213). In contrast, the variable NS5A-D2/D3 are 

demonstrated to be highly disordered (211-213). The conformational flexibility of disordered 

NS5A-D2/D3 is believed to serve as a potential structural basis as hub protein for PPI network 

development (211-213). NS5A-D2 interacts with RNA-dependent RNA polymerase (RdRp)-

NS5B and host innate immune receptor-PKR (211-213). NS5A-D2 is able to inhibit PKR 

activation and subsequent eIF2α phosphorylation (211-213). NS5A-D2 is able to tolerate large 

deletion without detectable inhibitory effects on replication and assembly (211-213). Both 

NS5A-D2 and NS5A-D3 are both found to mediate with the critical interaction with host factor-

cyclophilin A (CypA), forming a membrane-associated complex with NS5A and NS5B for RNA 

transcription and replication (211-214). LCS-2 is a proline-rich region including two class II 

PxxP motifs (PP2.1 and PP2.2) and class I motif (PP1.2) (211-213). The highly conserved PP2.2 

motif is able to interact with a group SH3 domain-harboring Src kinases including Fyn, Lyn, 

Lck, Hck,, and the SH3 domains of the adaptor proteins Grb2 and Bin1 (211-213). NS5A is 

expressed as a phosphoprotein with a hyper-phosphorylation and hypo-phosphorylation form 

(211-213). Host kinase casein kinase Iα (CK Iα) mediates the hyperphosphorylation of LCSI, 

which is key to the localization of NS5A to lipid droplets (LD)-associated low-density 

membranes (REF). The phosphorylation of NS5A-D3 mediated by CK II is required for HCV 

core protein interaction and for particle assembly. 

Convincing evidence for the correlation between structurally disordered hypervariable 

region and virus evolution and/or pathogenesis comes from the nonstructural protein 3 (nsP3) of 

alphaviruses (215-217). Alphavirus nsP3 protein is critical for formation of viral replication 

complexes (vRCs) and regulation of minus-strand and subgenomic RNA synthesis (215-217). At 
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the c-terminal of nsP3 there is a ~200 residue-long hypervariable domain (HVD) that is partially 

resistant to deletions and insertions (215-217). Like HVRs of PRRSV nsp2-related proteins, the 

HVD of alphaviruses is largely intrinsically structurally disordered (215-217). Furthermore, it is 

also hyper-phosphorylated and enriched with functional motifs including an SH3 domain-

binding PXPXPR motif that interacts with amphiphysins, and a Src homology 2 (SH2) domain-

binding YXXM motif that interfaces with the PI3K-Akt-mTOR pathway (215, 217). Moreover, 

HVD repeat motifs mediate direct binding to critical host stress granule (SG) proteins including 

G3BP1/2 and/or FXR family proteins (215-217). The direct effect of these interactions is the 

disassembly of SGs (215-217). Apart from SGs inhibition, G3BPs and/or FXR proteins are 

recruited as important factors in vRCs assembly (215-217). The replication of Old World 

alphaviruses including Chikungunya virus (CHIKV), Semliki Forest virus (SFV), and Sindbis 

virus (SINV) heavily depends on the interaction with G3BPs (215-217). In contrast, the New 

World alphavirus, Venezuelan equine encephalitis virus (VEEV), uses FXR family proteins for 

efficient replication (215-217). Recent studies on Eastern equine encephalitis virus (EEEV) 

revealed a dual interaction of G3BPs and FXRs with nsP3 caused by co-existing binding motifs 

in the nsP3 HVD, and demonstrated functional redundancy of these interactions for EEEV 

replication (215, 216). The functional redundancy in the disordered nsP3 HVD may confer 

significant evolutionary advantages with regard to host-factor usage. This would allow the virus 

to replicate broadly and efficiently in a variety of cells, and possibly contribute to the 

exceptionally high virulence of EEEV (215, 216). Accumulation studies suggest that alphavirus 

nsP3 HVDs serve as selective hub of proteins for particular species in order to achieve the best 

fitness (or subsequently higher virulence) in different replication environments (215, 216, 218).  
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1.8. Purpose of this research 

Viral papain-like proteases (PLPs)-related proteins have been demonstrated to be 

important viral factors actively involved in virus life cycle including replication and immune 

evasion. Therefore, the overall goal of this dissertation is to elucidate the critical regulatory roles 

of swine nidoviral PLPs-related proteins involved in viral replication and host innate immune 

responses. Three chapters are included in this dissertation. Chapter 2 is to determine the key 

functions of PRRSV nsp2-related proteins in modulation of host immune responses, and to examine 

the potential strategy of modified live vaccine development using recombinant PRRSV with  

impaired expression of frameshifting products ; Chapter 3 is to identify and characterize the hyper-

phosphorylation state of PRRSV nsp2-related proteins; In Chapter 4,  a natural recombinant 

enterovirus was characterized, which expresses an exogenous torovirus PLP through a cross-order 

recombination event; potential contributions of PLP recombination in the fitness of enterovirus was 

investigated. 
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Figure 1.1. Genome architecture of porcine reproductive and respiratory syndrome virus. 

5' terminal ORF1a and ORF1b encode all known 16 nonstructural proteins. Structural proteins 

are expressed by 3’ ORFs. Figure adapted from Snijder et al., 2013.  

 

 

 

 

 

Figure 1.2. Subgenome transcription strategy of arteriviruses and coronaviruses. 

Minus-strand subgenomes are synthesized discontinuously and used as templates for the 

continuous transcription of plus-strand subgenomes. Figure adapted from Pasternak et al., 2006. 
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Figure 1.3. Host ubiquitination mechanism and strategies of viral manipulation. 

Ubiquitin are conjugated on substrates through sequential reactions mediated by E1/E2/E3 

enzymes. Ubiquitination could be reversed by DUBs. Figure adapted from Heaton et al., 2016. 

 

 

Figure 1.4. Ubiquitination-dependent regulation of RLRs and TLRs. 

(A) RIG-I-like receptors pathway. (B) Toll-like receptors pathways. Figure adapted from Davis 

and Gack., 2015. 
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Figure 1.5. Ubiquitination regulation on converged downstream innate immune pathways. 

After ligand recognition, RLRs and TLRs activation signals are transducted through key adaptors 

MAVS and MyD88/TRIF, respectively. Then signals of adaptor proteins will converge at 

TRAF6 for NF-κB activation or TRAF3 for IRF3/7 activation. Figure adapted from Davis and 

Gack., 2015. 
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Figure 1.6. The induction of ISG15 expression and ISGylation pathway. 

(A) The expression of ubiquitin-like protein ISG15 induced by PRRs activation. (B) ISG15 

conjugation and deconjugation reaction. Figure adapted from Perng and Lenschow., 2018. 
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Figure 1.7. Illustration of innate immune pathways manipulated by viral DUBs. 

Viral DUBs derived from both DNA and RNA viruses are able to interfere type I IFN production 

or NF-κB activation pathway. Figure adapted from Bailey-Elkin et al., 2017.  
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Chapter 2 - Nonstructural proteins nsp2TF and nsp2N of porcine 

reproductive and respiratory syndrome virus (PRRSV) play 

important roles in suppressing host innate immune responses 

ABSTRACT: Recently, we identified a unique -2/-1 ribosomal frameshift mechanism in 

PRRSV, which yields two truncated forms of nonstructural protein (nsp) 2 variants, nsp2TF and 

nsp2N. Here, in vitro expression of individual PRRSV nsp2TF and nsp2N demonstrated their 

ability to suppress cellular innate immune responses in transfected cells. Two recombinant 

viruses were further analyzed, in which either nsp2TF was C-terminally truncated (vKO1) or 

expression of both nsp2TF and nsp2N was knocked out (vKO2). Host cellular mRNA profiling 

showed that a panel of cellular immune genes, in particular those involved in innate immunity, 

was upregulated in cells infected with vKO1 and vKO2. Compared to the wild-type virus, vKO1 

and vKO2 expedited the IFN-α response and increased NK cell cytotoxicity, and subsequently 

enhanced T cell immune responses in infected pigs. Our data strongly implicate nsp2TF/nsp2N 

in arteriviral immune evasion and demonstrate that nsp2TF/nsp2N-deficient PRRSV is less 

capable of counteracting host innate immune responses. 
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2.1. Introduction 

The innate immune response provides the first line of defense against intruding pathogens. 

It is essential for the initial control of infection and allows time for launching an adequate 

adaptive immune response. The type I interferon (IFN) system is a key component of the innate 

immune response (1, 2). Initially, pathogen-associated molecular patterns, like double-stranded 

RNA (dsRNA) in the case of RNA virus infection, are recognized by host cell receptors to 

activate protein signaling cascades, which results in the activation of transcription factors, 

including IRF3, NF-κB, and ATF-2/c JUN. Their coordinated activation leads to the formation of 

transcriptionally competent enhanceosomes in the cell nucleus, which induce the expression of 

type I IFNs. After being secreted from infected cells, type I IFNs bind to receptors on the surface 

of adjacent cells to activate the so-called JAK-STAT signaling pathway. This induces the 

transcription of a range of interferon-stimulated genes (ISGs), whose products function as 

effector molecules in the host cell response to viral infection (3, 4). 

To counteract the host cell's defense mechanisms, many viruses express proteins that 

suppress or delay innate immune responses (1, 2, 5). Previous studies have implicated multiple 

proteins of porcine reproductive and respiratory syndrome virus (PRRSV) in suppressing the 

type I IFN response [reviewed in (6-9). PRRSV is an enveloped, positive-stranded RNA virus, 

which belongs to the order Nidovirales, family Arteriviridae. The family also includes equine 

arteritis virus (EAV), mouse lactate dehydrogenase-elevating virus (LDV), simian hemorrhagic 

fever virus (SHFV) [reviewed in (7)], and a number of more recently identified members, many 

of which are of simian origin (10, 11). Historically, PRRSV isolates have been divided into two 

distinct genotypes, European genotype (Type 1) and North American genotype (Type 2), which 

were recently promoted to the species level and named PRRSV-1 and PRRSV-2, respectively 
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(11). For both species, the genome is about 15 kb in length and contains at least 11 open reading 

frames (ORFs). The replicase gene is composed of ORF1a and ORF1b and occupies the 5’-

proximal three-quarters of the viral genome. It encodes two large nonstructural polyproteins, 

pp1a and pp1ab, with the expression of the latter depending on -1 programmed ribosomal 

frameshift in the short ORF1a/ORF1b overlap region. The PRRSV pp1a and pp1ab precursors 

are processed into at least 14 functional nonstructural proteins (nsps) by a complex proteolytic 

cascade that is directed by four ORF1a-encoded protease domains: three papain-like proteases 

(PLP1α and PLP1β in nsp1α and nsp1β, respectively, and PLP2 in the N-terminal region of 

nsp2) and a chymotrypsin-like serine protease (SP) located in nsp4. PLP1α, PLP1β, and PLP2 

cleave the junctions between nsp1α/1β, nsp1β/2, and nsp2/3, respectively, thus mediating the 

rapid release of nsp1α, nsp1β, and nsp2 from the nascent polyproteins (6). The nsp2 is the largest 

viral protein, and previous studies suggest that, in addition to its functions directly related to viral 

replication, it also serves as an innate immune antagonist (12-16). Frias-Staheli et al. (2007) first 

demonstrated that PRRSV-2 nsp2 exhibits general deubiquitinase (DUB) activity towards 

cellular ubiquitin (Ub) conjugates and showed deISGylation activity to remove the conjugates of 

the IFN-induced Ub homolog ISG15. The DUB activity of the PRRSV PLP2 domain was further 

characterized in an in vitro expression system for both PRRSV species (16, 17). The de-

ISGylation activity of the PRRSV-1 PLP2 domain was observed in both in vitro expression 

system and infected porcine alveolar macrophages (15), although the level of de-ISGylation 

activity of purified PRRSV-2 PLP2 needs to be evaluated in more detail (18). The biological 

significance of these activities was supported by the ability of PLP2 to inhibit type I IFN 

activation and antagonize the antiviral effect of ISG15 (12, 15-17).    
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Recently, in all arteriviruses except for EAV, a new ORF was discovered that overlaps the 

nsp2-coding region of ORF1a in the –2/+1 reading frame (19). This ORF is translated via a 

unique –2 programmed ribosomal frameshift (PRF) mechanism, which produces a previously 

unknown transframe product (nsp2TF) consisting of approximately the N-terminal two-thirds of 

nsp2 and a unique C-terminal extension that is specified by the novel TF ORF (19). Remarkably, 

the same frameshift site was also found to direct an efficient -1 PRF, which is followed by a stop 

codon, thus yielding a second truncated nsp2 variant named nsp2N (19, 20). Our recent work 

demonstrated that efficient –2 and –1 PRF at this site in the nsp2-coding region depends on the 

transactivation of frameshifting by the upstream replicase subunit nsp1β, which is thought to 

bind together with cellular poly(C) binding proteins to the genomic region containing the –2/–1 

PRF signal, possibly to form a roadblock for the translating ribosome (20, 21). 

The newly identified nsp2TF and nsp2N proteins add to the functional complexity of the 

nsp2 region of the viral replicase, a region that has also been explored in the context of the 

development of genetically modified live virus (MLV) vaccines [reviewed in (6, 9)]. 

Importantly, nsp2, nsp2TF, and nsp2N all include the N-terminal PLP2 domain, which has been 

implicated in disrupting type I interferon signaling by deubiquitination and deISGylation of 

cellular proteins, as outlined above. In this study, we analyzed the effect of nsp2TF and nsp2N 

expression on host innate immune responses, both in an in vitro expression system and using 

recombinant viruses with impaired nsp2TF/nsp2N expression. An immune gene mRNA profiling 

system was employed to analyze the expression of a predefined set of 579 immune genes in cells 

infected with wild-type or nsp2TF/nsp2N-deficient viruses. A panel of innate immune genes was 

found to be upregulated in cells infected with nsp2TF/nsp2N-deficient viruses. Subsequent in 

vivo studies consistently showed that nsp2TF/nsp2N-deficient viruses were less capable of 
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interfering with the innate immune response in infected pigs. These studies provide important 

insights into the potential role(s) of PRRSV nsp2TF and nsp2N in the modulation of host innate 

immune responses. 

2.2. Materials and Methods  

Viruses and Cells: PRRSV-2 isolate SD95-21 (GenBank accession no. KC469618) and its 

nsp2TF/nsp2N-deficient mutants were used in all experiments. BHK-21 cells were used for 

initial transfection and recovery of recombinant viruses. MARC-145 cells were used for 

recombinant virus production and subsequent experiments. These cells were maintained in 

minimum essential medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine 

serum and antibiotics (100 units/mL of penicillin, 100 µg/mL of streptomycin and 0.25 µg/mL of 

fungizone) at 37 °C with 5% CO2. Porcine alveolar macrophages (PAMs) were obtained by lung 

lavage of 6-week-old PRRSV-naive piglets using a method described previously (22). The 

Sendai virus (SeV) Cantell strain was grown in embryonated chicken eggs, and virus titer was 

determined by hemagglutination assay using chicken red blood cells as described previously 

(23). 

Plasmids: As indicated in Fig. 2.1A, a panel of plasmids expressing different regions of nsp2 

was constructed by cloning corresponding viral genomic sequences into plasmid vector 

p3xFLAG-Myc-CMV-24 (Sigma-Aldrich, St. Louis, MO) using the restriction sites of NotI and 

BamHI. This panel of plasmids was designated as pFLAG-nsp2, pFLAG-nsp2TF, pFLAG-

nsp2N, pFLAG-PLP2, pFLAG-nsp2(599–1233), pFLAG-nsp2TF(599–1402) and pFLAG-nsp2(599–1579). 

In the nsp2TF construct, the -2/-1 PRF region was modified to ensure expression of only nsp2TF 

using QuickChange™ site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). 

Based on these constructs, a panel of mutant plasmids expressing nsp2-related proteins was 
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created using QuickChange™ site-directed mutagenesis kit (Agilent Technologies, Santa Clara, 

CA), in which PLP2 protease function was inactivated by introducing alanine substitutions at 

Cys433 and His503 (C/H>A). This panel of plasmids was designated as pFLAG-nsp2-C/H>A, 

pFLAG-nsp2TF-C/H>A, pFLAG-nsp2N-C/H>A, or pFLAG-PLP2-C/H>A. The full-length 

cDNA clones, pCMV-SD95-21 and pCMV-SD95-21-KO2, were used to recover SD95-21 WT 

virus and mutant vKO2 as we described previously (20). To create a full-length cDNA clone in 

which the TF ORF was truncated, three stop codons were introduced using QuickChange™ site-

directed mutagenesis kit to generate infectious clone of pCMV-SD95-21-KO1 (Fig. 2.5A) (19). 

In luciferase reporter assay, two reporter plasmids, the p125-Luc and pRL-SV40 were used as 

described previously (14). The p125-Luc reporter plasmid was kindly provided by Takashi Fujita 

(Yoneyama et al., 1996) and expresses the firefly luciferase under the control of the IFN-β 

promoter. The pRL-SV40 plasmid that expresses a Renilla luciferase under the control of a 

simian virus 40 (SV40) promoter was purchased from Promega (Madison, WI). 

Antibodies: To detect the expression of nsp2, nsp2TF, nps2N and PLP2, the α-FLAG 

monoclonal antibody (mAb) M2 (Sigma-Aldrich, St. Louis, MO) and mAb 140-68 specific for 

the PRRSV-2 PLP2 domain were used. A polyclonal antibody (pAb) specifically recognizing the 

unique C-terminal domain of nsp2TF was used to detect full-length nsp2TF (20). A rabbit pAb 

specifically recognizing the nsp2 C‐terminus was used to detect full-length nsp2 (24). The mAb 

SDOW17 that is specific for the PRRSV nucleocapsid protein was used to detect viral infection 

in cell culture (25). The anti-GAPDH pAb sc-25778 (Santa Cruz Biotechnology, Dallas, TX) 

was used to detect the expression of housekeeping gene GAPDH. 

Luciferase reporter assay: HEK-293T cells were transfected with 0.5 µg plasmid DNA of 

p125-luc (a luciferase reporter plasmid containing IFN-β promoter), 20 ng plasmid DNA of pRL-
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SV40, and 1.0 µg plasmid DNA expressing 3xFLAG-tagged nsp2, nsp2TF, nsp2N, nsp2(599–1233), 

nsp2TF(599–1402), nsp2(599–1579), PLP2, nsp2-C/H>A, nsp2TF-C/H>A, nsp2N-C/H>A, PLP2-

C/H>A, or empty vector (EV). Transfection was conducted using TransIT®-LT1 Transfection 

Reagent (Mirus Bio LLC, Madison, WI) following the manufacturer's instructions. At 24 h post 

transfection, cells were stimulated by infection with SeV at 100 HA unit per mL for 16 h. Cells 

were harvested and subjected to a reporter gene assay using a dual luciferase reporter system 

(Promega, Madison, WI) according to the manufacturer's instructions. Firefly or Renilla 

luciferase activity was measured in FLUOstar Omega (BMG Labtech). Relative luciferase 

activities were calculated by normalizing the firefly luciferase to Renilla luciferase activities. 

Cell lysates were further used on SDS-PAGE and Western blot analysis to evaluate protein 

expression. To determine the possible cytotoxicity caused by transfection and protein expression, 

triplicate cell cultures were subjected to test cell viability using CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (MTS) (Promega, Madison, WI), following the manufacturer's 

instructions. 

Radioimmunoprecipitation: MARC-145 cells were infected with PRRSV WT or 

nsp2TF/nsp2N-deficient mutants at a multiplicity of infection (MOI) of 0.1 for 24 h. After three 

washes with PBS, cells starved for 30 min in methionine- and cysteine-free medium (Thermo 

Fisher Scientific, Waltham, MA). Subsequently, protein synthesis in the infected cells was 

metabolically labeled for 2 h in methionine- and cysteine-free medium supplemented with 200 

mCi [35S]methionine/cysteine mixture (Perkin-Elmer). After labelling, cells were harvested in 

lysis buffer [20 mM Tris/HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 

0.1% SDS] and cell debris were removed by centrifugation. Immunoprecipitaion was performed 

with mAb 140-68 that recognizes PLP2 domain of nsp2, nsp2TF and nsp2N as described 
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previously (26). The protein complexes were dissolved in Laemmli sample buffer and heated at 

96 °C for 6 min prior to loading onto Novex™ 6% Tris-Glycine Mini Gel (Thermofisher 

scientific, Waltham, MA). Gel was dried and exposed to autoradiography film (Sigma-Aldrich, 

St. Louis, MO). 

Western blot analysis: To evaluate protein expression in DNA-transfected or virus-infected 

cells, western blot analysis was performed using the method described previously (27, 28). 

Briefly, cells were harvested with passive lysis buffer of Dual-Luciferase® Reporter Assay 

System (Promega, Madison, WI) or Pierce IP Lysis Buffer (Thermo Fisher Scientific, Waltham, 

MA) containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). After being clarified 

by centrifugation at 15,000g for 15 min, cell lysates were mixed with Laemmli sample buffer 

(4X) and heated at 95 °C for 6 min or 37 °C for 30 min. Proteins were separated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a 

nitrocellulose membrane. After overnight blocking with 5% skim milk at 4 °C, the membrane 

was incubated with the primary antibody at an appropriate dilution at room temperature for 1 h. 

The membrane was washed three times with PBS containing 0.05% TWEEN 20 (PBST), and 

then incubated with the secondary antibody, IRDye® 800CW Goat anti-Mouse IgG (H + L) 

or/and IRDye® 680RD Goat anti- Rabbit IgG (H + L) (LI-COR Biosciences, Lincoln, NE) at an 

appropriate dilution for 1 h at room temperature. After extensively washing with PBST, the 

target proteins were visualized using a digital image system (Odyssey infrared imaging system; 

LI-COR Biosciences, Lincoln, NE). 

Recovery of recombinant viruses from infectious cDNA clones: The recombinant viruses 

were launched by transfecting BHK-21 cells as described previously (27). Briefly, BHK-21 cells 

(70–80% confluency) were transfected with 2 μg of the type 2 PRRSV full-length cDNA clone 
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of pCMV-SD95-21 or the mutated full-length cDNA clones (pCMV-SD95-21-KO1 and pCMV-

SD95-21-KO2) using FuGENE HD reagent (Promega, Madison, WI). At 48 h post transfection, 

cell culture supernatant was harvested and passaged onto MARC-145 cells. The viability of 

recombinant viruses was confirmed by indirect immunofluorescence assay using mAb SDOW17. 

The recombinant viruses were serially passaged on MARC-145 cells, and the passage 4 viruses 

were used for further analysis. 

In vitro growth characterization of recombinant viruses in cell culture: Growth kinetics of 

the recombinant and parental viruses were examined by infecting MARC-145 cells at an MOI of 

0.01. Infected cells were collected at 0, 12, 24, 36, 48, 60, 72 h post-infection (hpi). Viral titers 

were determined by microtitration assay on MARC-145 cells and calculated as TCID50/mL 

according to the Reed and Muench method (29). 

nCounter mRNA Profiling for detecting immune gene expression: MARC-145 cells were 

infected with WT PRRSV SD95-21, vKO1, or vKO2 at an MOI of 1.0. At 12 hpi, cells were 

harvested and subjected to total RNA extraction using SV Total RNA Isolation kit (Promega, 

Madison, WI) following the manufacturer's instructions. Total RNA (100 ng/sample) was used in 

cellular gene expression profiling. The expression levels of 579 immunological genes were 

evaluated by the nCounter assay with nCounter® Human Immunology v2 kit according to the 

manufacturer's instruction (NanoString Technologies, Seatle, WA), and 15 housekeeping genes 

were included for data normalization. Briefly, hybridization reactions were prepared with 5 μl 

diluted sample RNA according to the manufacturer's instruction. After 18 h of hybridization at 

65 °C, the excess probes were removed and the hybridized probe/target complexes were 

immobilized in an nCounter cartridge using the nCounter Prep Station (Nanostring Technologies, 

Seatle, WA). Sample Cartridges were placed in a Digital Analyzer for data collection. The gene 
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expression data were analyzed with nSolver 2.6 according to the manufacturer's instruction 

(NanoString Technologies, Seatle, WA). Using gene expression in uninfected control cells as a 

reference, genes in virus-infected cells with a p-value lower than 0.05 and a fold change greater 

than 2 were defined as differentially expressed genes (DEGs). 

KEGG Pathway Enrichment and Protein-Protein Interaction Network Analysis: The 

Database for Annotation, Visualization and Integrated Discovery (DAVID) (30, 31) was used to 

perform KEGG functional enrichment analysis of biological pathways that significantly enriched 

with DEGs from individual viral infection. A minimum count of 4 genes was used as the cut-off 

for determination of enriched biological pathways, and the p-values adjusted by Benjamini-

Hochberg correction less than 0.05 were defined as significant enrichment. Protein-protein 

interaction (PPI) networks were constructed using Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING v10.0, http://string-db.org) (32) using DEG list from each viral 

infection. PPI confidence networks were generated using the confidence view option at a 

medium confidence of 0.400. 

Quantitative RT-PCR for immune gene detection: To verify the results of nCounter gene 

expression profiling, the expression levels of selected genes were further evaluated by 

quantitative RT-PCR using the total RNA of the same sample for nCounter analysis. Briefly, 

cDNA was generated with 1 μg total RNA using SuperScript VILO cDNA Synthesis Kit (Life 

Technologies, Carlsbad, CA). According to the manufacturer's instruction, PCR reaction was 

formulated with 10 μl TaqMan Fast Advanced Master Mix (Applied Biosystems, Foster City, 

CA), 1 μl cDNA, and 1 μl of predesigned primer/probe sets (Applied Biosystems, Foster City, 

CA) for IFN-α, IFN-β, IRF-7, IL-28B, IFIT1, IFITM1 and TBP (TATA Box Binding Protein). 

Reactions were completed on CFX96 Real-Time PCR system (Bio-Rad) under the following 
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conditions: 2 min of 50 °C for UNG activation, 20 s of 95 °C for polymerase activation, 40 

amplification cycles of 30 s of 95 °C and 30 s of 60 °C. The mRNA expression levels of IFN-α, 

IFN-β, IRF-7, IL-28B, IFIT1 and IFITM1 were normalized to the endogenous TBP mRNA level. 

To assess the ability of mutant viruses to stimulate innate immune responses in virus-infected 

swine macrophages, PAMs were infected with WT virus, vKO1 or vKO2 at an MOI of 1.0. At 

12 hpi, cells were harvested in TRIzol LS (Life Technologies, Carlsbad, CA) and total cellular 

RNA was extracted according to the manufacturer's instruction. The mRNA expression levels of 

IFN-α, IFN-β, IRF-7, IL-28B, IFIT1, IFITM1 were quantified by quantitative RT-PCR using 

predesigned probe/primer sets (Applied Biosystems, Foster City, CA) and normalized to the 

housekeeping gene GAPDH mRNA. 

Pig groups, sample collection and preparation: A total of thirty-six 4-week-old PRRSV-naive 

pigs were obtained from a certified PRRSV-negative herd. They were divided randomly into 4 

groups (n=9) and housed separately in an animal isolation facility. After a four-day acclimation 

period, group 1 pigs were mock-infected with cell culture medium, while pigs from group 2–4 

were inoculated with WT virus (group 2), vKO1 (group 3) or vKO2 (group 4). Pigs were 

immunized through both intranasal (IN) and intramuscular (IM) routes with 1 mL (1×106 

TCID50) of the virus suspension in MEM to each nostril and to each side of the neck. Pigs were 

observed daily and serum samples were collected at 0, 1, 2, 6, 21, 28 DPI. Three pigs from each 

group were sequentially euthanized at 6, 21, and 28 DPI. During necropsy, whole blood was 

collected from each pig for preparation of peripheral blood mononuclear cells (PBMCs), and 

gross lung lesions were evaluated using the method described previously (33). The pig 

experiment was performed according to the protocol approved by the Institutional Animal Care 

and Use Committee (IACUC) of The Ohio State University, Ohio. 
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Quantification of viral load: For the detection of viral RNA and quantification of viral load, 

serum samples were examined using a quantitative RT-PCR method as described previously 

(28).  

Analysis of swine cytokine response: Serum samples collected at 0, 1, 2 and 6 DPI were used 

to evaluate IFN-α production using ProcartaPlex Porcine IFN alpha Simplex kit (eBioscience, 

San Diego, CA) per manufacturer's instructions. 

Pig NK cell cytotoxic assay: Pig natural killer (NK) cell-mediated cytotoxicity was determined 

with an immunofluorescence-based assay using a modified method described previously (34). A 

7-aminoactinomycin D (7-AAD)/carboxyfluorescein succinimidyl ester (CFSE) cell-mediated 

cytotoxicity assay kit (Cayman Chemical, Ann Arbor, MI) was used. PBMCs were used as the 

source of NK cells (effectors), and K562 (human myeloblastoid cell line) cells were used as 

target cells. 

Flow cytometry analysis: To measure the frequencies of virus-specific lymphocyte population, 

PBMCs isolated at 6, 21 and 28 DPI were restimulated with WT virus at an MOI of 0.1. At 72-h 

post stimulation, cells were subjected to flow cytometry analysis to determine the frequency of 

T-helper cells (CD3+CD4+CD8α-) and cytotoxic T cells (CD3+CD4-CD8αβ+) using the 

modified method described previously (35, 36). Briefly, PBMCs plated in a 96 well-plate were 

surface-labeled with swine lymphocyte specific fluorochrome- or biotin-conjugated monoclonal 

antibody, and then stained with fluorochrome-labeled anti-mouse isotype specific antibody or 

streptavidin. Antibodies used in the flow cytometry were anti-porcine CD3, CD4α and CD8α 

(Southernbiotech, AL) and CD8β (BD Biosciences, CA). Immunostained cells were acquired 

using the FACS Aria II (BD Biosciences) flow cytometer and analyzed using FlowJo (Tree Star, 
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Ashland, OR, USA) software. All specific cell population frequencies were presented as the 

percentage of CD3+ cells in PBMCs. 

Statistical analysis: Statistical analysis was performed using GraphPad InStat version 5.0 

(GraphPad Software). Comparisons among treatment groups were performed using one-way 

analysis of variance (ANOVA) followed by Tukey's post hoc test to determine the statistical 

significance. A p-value below 0.05 was considered to indicate a statistically significant 

difference between treatment groups. Due to co-housing of pigs infected with the same virus 

(WT or a mutant virus), co-housed pigs are not strictly speaking completely independent 

samples. Thus p-values in Fig. 2.8, Fig. 2.9, and Fig. 2.10 should be treated with caution. 

2.3. Results 

In vitro expression of PRRSV nsp2TF or nsp2N affects cellular innate immune responses  

To investigate the innate immune suppression capability of nsp2TF and nsp2N, we 

expressed them individually in the context of a luciferase reporter assay, which is based on the 

expression of a firefly luciferase reporter gene under the control of an IFN-β promoter (37). IFN-

β signaling was activated by infection with Sendai virus and the luciferase expression level was 

measured at 16 h after stimulation. PRRSV sequences (PRRSV-2, strain SD95-21) encoding full-

length nsp2, nsp2TF, or nsp2N were expressed as an N-terminally FLAG-tagged fusion protein 

using a eukaryotic expression vector (Fig. 2.1A). The empty vector (EV) and a plasmid 

expressing the FLAG-tagged PLP2 domain, pFLAG-PLP2, were included as negative and 

positive controls, respectively. Similar transfection rate of ~80% was confirmed by 

immunofluorescence assay in HEK-293T cells transfected with these expression constructs (Fig. 

2.2). No obvious cytotoxic effects of protein expression were observed in transfected cells as 

determined by cell viability assay (Fig. 2.3). Protein expression was evaluated by western blot 

analysis (Fig. 2.1B). Of note, many nsp2-related proteins of smaller size (less than 100 kDa) 
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were detected using the antibody (M2) recognizing the N-terminal FLAG-tag, yielding a similar 

pattern (with some exceptions) for the constructs expressing nsp2, nsp2TF, and nsp2N. This 

suggested that these products are C-terminally truncated expression products of distinct size. 

In line with previous studies (14-16), expression of PLP2 strongly suppressed luciferase 

reporter gene expression from the IFN-β promoter following SeV infection. Expression of nsp2, 

nsp2TF, and nsp2N showed inhibitory effects on the IFN-β promoter activity, as indicated by 

around 60%, 80%, and 90% reduction of luciferase activity, respectively, in comparison to EV-

transfected control cells (Fig. 2.1C). Next, to assess whether these inhibitory effects were 

directly linked to PLP2's protease/DUB activity, we engineered a panel of constructs in which 

the PLP2 catalytic residues Cys437 and His506 were both substituted with alanine (C/H>A). In 

HEK-293T cells transfected with these constructs, nsp2-related proteins were expressed (Fig. 

2.1B). Most of the nsp2-related proteins of smaller size were also observed, suggesting these 

proteins did not result from PLP2-mediated cleavage of the expression products. Surprisingly, 

expression of nsp2TF-C/H>A and nsp2N-C/H>A still significantly inhibited IFN-β signaling 

following SeV stimulation (about 50% and 70% reduction compared to EV-transfected control 

cells). In contrast, in the context of the expression of full-length nsp2 or the PLP2 domain only, 

introduction of the PLP2-C/H>A mutation strongly impaired its ability to inhibit luciferase 

expression (Fig. 2.1C). Compared to the PLP2 construct, nsp2TF and nsp2N contain an 

additional 804 amino acids (aa 599–1402) and 635 amino acids (aa 599–1233), respectively. Our 

data suggested that, besides the PLP2/DUB domain, the downstream sequences of nsp2TF 

[nsp2TF(599–1402), see Fig. 2.1A] and nsp2N [nsp2(599–1233), see Fig. 2.1A] could also 

contain activities that antagonize innate immune signaling. Consistent with this hypothesis, the 

ectopically expressed nsp2TF(599–1402) and nsp2(599–1233) exhibited strong inhibitory effects 
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on IFN-β promoter activity (about 70% and 80% reduction) in comparison to that of EV control 

(Fig. 2.1C). 

Since PLP2 was reported to also act as a deubiquitinase (13, 14, 16, 18), we further 

compared the effect of full-length nsp2, nsp2TF, and nsp2N on host cell protein ubiquitination. 

HEK-293T cells were transfected with a plasmid expressing HA-tagged ubiquitin and a plasmid 

expressing FLAG-tagged full-length nsp2, nsp2TF, or nsp2N. Again, the plasmid expressing the 

PLP2 domain and the empty vector were used as controls. As shown in Fig. 2.4A, expression of 

all four PLP2-containing products resulted in a decreased level of ubiquitin-conjugated proteins, 

but compared to full-length nsp2 and nsp2TF, nsp2N had a stronger effect and its DUB ability 

was comparable to that of the PLP2 domain. Subsequently, we analyzed the effect of nsp2TF and 

nsp2N expression on cellular protein ISGylation. In HEK-293T cells, ISG15 conjugates were 

generated by co-transfecting plasmids expressing ISG15 and three conjugation enzymes E1, E2, 

and E3. Cells were co-transfected with plasmids expressing one of the individual nsp2-related 

proteins. Co-expression of either nsp2TF or nsp2N resulted in a clear decrease in the level of 

ISGylated cellular proteins (Fig. 2.4B). To directly link the DUB and deISGylation activity to 

the PLP2 domain of these proteins, we repeated the assays using the respective C/H>A mutants. 

As shown in Fig. 2.4, compared to cells expressing the wild type nsp2-related proteins, much 

higher levels of ubiquitin and ISG15 conjugation were detected in cells expressing any of the 

corresponding C/H>A mutants. Taken together, these data revealed that individually expressed 

nsp2, nsp2TF, and nsp2N have the ability to interfere with cellular protein ubiquitination and 

ISGylation processes to variable degrees, with nsp2N showing the strongest effect. Moreover, 

the deconjugating activities of these nsp2-related proteins can be impaired by inactivating their 

PLP2 activity. 
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Construction and characterization in vitro properties of nsp2TF/nsp2N-deficient mutants  

To determine whether the immune suppression potential of nsp2TF and nsp2N observed 

in in vitro expression systems reflect their actual function in PRRSV-infected cells, we employed 

a previously described strategy to create PRRSV-1 and PRRSV-2 mutants that are partially or 

completely deficient in expression of nsp2TF/nsp2N (19, 20). For the present study, PRRSV-2 

mutants were analyzed, in which -2/-1 PRF-inactivating mutations were engineered in the full-

length cDNA clone of PRRSV-2 strain SD95-21 (Fig. 2.5A). Mutant vSD95-21-KO1 (vKO1) 

retained an intact PRF signal, meaning that the relative translation of the three different ORFs 

should not be affected. However, whereas production of nsp2 and nsp2N was unchanged, 

nsp2TF was truncated due to the insertion of three stop codons in the TF ORF, resulting in the 

production of a C-terminally truncated form of nsp2TF (98.5 kDa, indicated by a red arrow in 

Fig. 2.5B). Mutant vSD95-21-KO2 (vKO2) carried a combination of mutations that disrupt the 

PRF slippery sequence and the downstream PRF-stimulatory CCCANCUCC motif. These 

mutations were previously shown to fully inactivate the PRRSV -2/-1 PRF without affecting 

nsp2 expression, since all mutations used were translationally silent with respect to ORF1a (19, 

20). As shown in Fig. 2.5B, the expression of nsp2 appeared not to be affected in MARC-145 

cells infected with either of these mutants. In comparison to the WT virus in MARC-145 cells, 

replication of vKO1 and vKO2 mutants was impaired, with 1- to 2-log decreased virus titers 

before 48 hpi. The peak titer of vKO2 was 0.5-log lower than that of WT virus, while vKO1 

reached a similar peak titer as WT virus 12 h later (at 60 hpi, Fig. 2.5C). 

Cellular immune gene expression is strongly upregulated in cells infected with nsp2TF/nsp2N-

deficient PRRSV 
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To investigate whether impaired nsp2TF/nsp2N expression would alter the ability of 

PRRSV to interfere with cellular immune gene expression, an immune gene mRNA expression 

profile was determined for MARC-145 cells (a cell line of African green monkey origin) infected 

with WT PRRSV-2 strain SD95-21 and mutants vKO1 and vKO2. Since there is no monkey 

gene specific nCounter kit commercially available, we used the nCounter system that was 

designed for simultaneously analyzing the expression of a predefined set of 579 human immune 

genes (Human_Immunology_v2_Panel; NanoString Technologies, Seattle, WA). In comparison 

to mock-infected cells, a total of 11 differentially expressed genes (DEGs) were identified in WT 

virus-infected cells, while 96 and 78 DEGs were identified in cells infected with vKO1 and 

vKO2, respectively (Fig. 2.5A, Table 1). Among these hits, 10, 94, and 75 DEGs were 

upregulated in cells infected with WT virus, vKO1, and vKO2, respectively. Venn diagram 

analysis showed that the expression of 9 immune genes was upregulated in cells infected with all 

three viruses, whereas 63 DEGs were upregulated only in cells infected with either vKO1 or 

vKO2, and 1, 22, and 3 DEGs were specifically upregulated in cells infected with WT virus, 

vKO1, and vKO2, respectively (Fig. 2.6B, Table 3). In comparison to WT virus, vKO1 and 

vKO2 infection upregulated the expression of 84 and 65 more immune genes in host cells, 

respectively. To identify biological pathways associated with the identified DEGs, we performed 

a KEGG pathway enrichment analysis using the DAVID program (30, 31) to identify pathways 

that were consistently enriched in target cells (Fig. 2.6C, Table 2). The cytokine and cytokine 

receptor interaction and TNF signaling pathway were enriched pathways in WT virus-infected 

cells. By contrast, there were many additional pathways enriched in cells infected with vKO1 

and vKO2, and the most strongly activated pathways identified were those involved in cytokine-

cytokine receptor interaction, TNF signaling, Toll-like receptor signaling, NOD-like receptor 
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signaling, NF-κB signaling, RIG-I-like receptor signaling, chemokine signaling, JAK-STAT 

signaling, cytosolic DNA-sensing, and natural killer cell mediated cytotoxicity. Most of these 

strongly activated pathways are involved in the host cell's innate immune response. 

To better understand the DEGs and visualize relevant activated pathways, the protein-

protein interactions (PPI) networks of DEGs identified in infected cells were generated using the 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING), which is a database that 

provides a critical assessment and integration of protein–protein interactions, including direct 

(physical) as well as indirect (functional) associations (32). Consistent with the KEGG pathway 

enrichment analysis using DAVID, all enriched pathways in vKO1- and vKO2-infected cells 

identified above were significantly activated in PPI networks, while only cytokine-cytokine 

receptor interaction and TNF signaling pathways were significantly activated pathways in WT 

virus-infected cells. The representative enriched pathways in cells infected with WT, KO1 virus, 

and KO2 virus were highlighted in the protein-protein interactions networks of DEGs, 

respectively (Fig. 2.7). 

The above data analysis showed that most of the pathways activated by vKO1 and vKO2 

infection are involved in the host's innate immune response. Next, we performed quantitative 

RT-PCR (qRT-PCR) to independently verify the gene expression levels of six representative 

innate immune genes: IFN-α, IFN-β, IRF7, IL-28A, IFIH1, and IFITM1. Based on the analysis 

using the nCounter system, these genes had significantly higher expression levels in vKO1- and 

vKO2-infected cells than in WT virus-infected cells (Fig. 2.8A). Using the same RNA samples 

for multiplex digital mRNA profiling, the expression levels of these genes were evaluated with 

commercially available TaqMan Gene Expression assays (Thermofisher Scientific, Waltham, 

MA), and their relative expression levels were calculated. The TaqMan probes were specifically 
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designed for the targeted monkey genes. As shown in Fig. 2.8B, the relative gene expression 

levels of the six innate immune genes generally were highly consistent with the data generated 

using the nCounter system (Fig. 2.8A).  

To further confirm the results generated using nCounter and TaqMan analysis, the ability of 

WT and mutant viruses to stimulate the expression of this panel of representative genes was 

verified in porcine alveolar macrophages (PAM), the primary target cell of PRRSV in infected 

animals. PAM cells were infected with the WT and mutant viruses at an MOI of 1, and harvested 

at 12 hpi. Swine gene specific qRT-PCR assays were used to analyze the expression levels of the 

selected immune genes. Consistent with the increased expression levels detected in MARC-145 

cells, vKO1 and vKO2 induced significantly higher expression levels of IFN-α, IFN-β, IRF7, IL-

28B, IFIH1, and IFITM1 in PAM cells (Fig. 2.8C). 

Effect of nsp2TF/nsp2N deficiency on innate and cell-mediated immune responses in PRRSV-

infected pigs 

To assess whether the in vitro data described above could be reproduced in PRRSV-

infected pigs, we investigated the impact of nsp2TF/nsp2N-deficient mutations on innate 

immune responses in PRRSV-infected nursery pigs. Four groups of pigs (n=9) were used, which 

were infected with WT virus (group 1), vKO1 (group 2), vKO2 (group 3), while the negative 

control group (group 4) was kept uninfected. To verify that WT and both mutant viruses 

replicated in vivo, serum samples collected by 6 days post infection (DPI) were used for virus 

isolation on MARC-145 cells. Virus was recovered from the serum samples of the pigs in groups 

1–3, indicating active replication of WT and mutant viruses in pigs. The mutations introduced 

into the vKO1 and vKO2 genomes were found to be genetically stable throughout the study, as 

determined by sequencing of RT-PCR products derived from serum samples of vKO1- and 
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vKO2-infected pigs at 21 dpi. Viral load in serum samples collected at 1, 2, 6, 21, 28 DPI was 

further quantified by qRT-PCR. The results showed reduced viral loads in pigs infected with 

vKO1 and vKO2, which is consistent with the observations made in cell culture (Fig. 2.5C). At 

1, 2 and 21 DPI, the group of pigs infected with vKO1 had significantly lower viral load (0.5–1.2 

logs lower) than those pigs infected with WT virus (Fig. 2.9A, B and D). At 2, 6 and 21 DPI, 

viral loads in serum of vKO2-infected pigs were about 0.9–2 logs lower than those of WT virus-

infected pigs (Fig. 2.9B-D). 

To assess innate immune responses, IFN-α production in serum samples at 1, 2 and 6 DPI 

was initially evaluated with a ProcartaPlex Porcine IFN alpha Simplex kit (eBioscience, San 

Diego, CA). Compared with WT virus, vKO1 and vKO2 infection induced an earlier IFN-α 

response (Fig. 2.10A). Although similar peak concentrations of IFN-α were detected in all three 

groups of infected pigs, IFN-α level peaked one day earlier (at 1 DPI) in pigs infected with 

vKO1 and vKO2 compared to pigs infected with WT-virus. Of note, the IFN-α production in 

pigs correlated well with the viral loads that were measured (Fig. 2.9). In terms of IFN-α titer 

and viral load, the largest difference between WT virus and mutant virus infection groups was 

observed at 2 DPI.  

The IFN-α response is critical for natural killer (NK) cell-mediated cytotoxicity. In our 

nCounter analysis, the genes associated with the NK cell cytotoxicity pathway were enriched in 

vKO1- and vKO2-infected cells (Fig. 2.6C; Table 2). Therefore, we further evaluated NK cell-

mediated cytotoxicity in our experimentally infected pigs. Peripheral blood mononuclear cells 

(PBMCs) isolated from pigs infected with vKO1, vKO2 and WT virus were used as a source of 

NK cells (effectors; E) to evaluate NK cell cytotoxic activity using human myeloblastoid K562 
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cells as target (T) cells. At both E:T ratios used (100:1 and 50:1), increased NK cell cytotoxicity 

was observed in PBMCs from vKO1 and vKO2-infected pigs at 6 DPI (Fig. 2.10B). 

A strong innate immune response following a viral infection is expected to enhance the 

cell-mediated adaptive immunity (38, 39). We further measured the frequency of different T cell 

subpopulations in PBMCs. Swine T cells expressing the combination of phenotypic markers 

CD3+CD4+CD8α- are T-helper cells, and cells with CD3+CD4-CD8αβ+ are exclusively 

cytotoxic T lymphocytes (CTLs) (40, 41). In the current study, PBMCs isolated at 6, 21 and 28 

DPI were restimulated with WT virus and immunostained cells were analyzed by flow cytometry 

to identify the important T cell subsets. This analysis showed that the frequency of T-helper cells 

in PBMCs from vKO1-infected pigs was significantly increased by DPI 28 compared to that 

from mock-infected pigs (Fig. 2.11A), while the frequencies of cytotoxic T cells were 

significantly increased in PBMCs from both vKO1- and vKO2-infected pigs compared to that 

from mock-infected animals (Fig. 2.11B). These data indicate that the NK cells and the two 

important T cell subsets were activated, particularly in vKO1/vKO2-infected pigs, suggesting 

that early activation of innate immune responses following infection with nsp2TF/nsp2N-

deficient mutants could enhance the innate and cell-mediated adaptive immunity, in comparison 

to an infection with WT virus. 

2.4. Discussion  

PRRSV infection is known to elicit poor innate immune responses (42-46). Previous studies 

identified the nsp2 PLP2/DUB domain as a major innate immune antagonist (13-16). The 

recently identified nsp2TF and nsp2N proteins (19, 20) share their N-terminal ~850 amino acid 

residues with nsp2, including the PLP2 domain, which raised the question whether all three nsp2 

variants are individually able to antagonize the innate immune response in infected cells. 
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Potentially, they could exhibit different substrate specificities, a possibility that was highlighted 

by the previous observation that nsp2 and nsp2TF, which include different predicted 

transmembrane domains, appear to localize to different intracellular membrane structures (19), 

whereas the truncated nsp2N is predicted to be a cytosolic protein. 

In this study, we compared the ability of full-length nsp2, nsp2TF and nsp2N to suppress 

the host innate immune response. These proteins were initially analyzed in an in vitro expression 

system and the results suggested that nsp2TF and nsp2N expression results in a much stronger 

inhibitory effect on type I IFN production. The deubiquitylation and deISGylation assays 

consistently showed that all three proteins have the ability to interfere with these processes which 

act on host cell (or viral) substrates, while nsp2N showed the strongest inhibitory effects. 

Interestingly, mutations targeting the catalytic residues of the PLP2 domain impaired the DUB 

and deISGylation activities of nsp2TF and nsp2N, but did not completely impair its immune 

suppression function, as demonstrated in the luciferase reporter assay (Fig. 2.1C). The data 

suggest that sequences downstream of the PLP2 domain of nsp2TF and nsp2N are also capable 

of suppressing innate immune functions (Fig. 2.1C). This may explain why in all assays nsp2N 

expression interfered most strongly with innate immune signaling. The activity of this part of 

nsp2N may depend on the localization, conformation or interactions of the protein, as both nsp2 

and nsp2TF also contain this domain, but do not appear to counter innate immunity at the same 

level. 

Obviously, we cannot formally exclude the possibility that the properties and/or relative 

activities of the three nsp2 variants may be different in virus-infected cells, which is why we 

proceeded to carefully compare the impact on the innate and cell-mediated immune (CMI) 

response of infection with WT virus and mutants vKO1 and vKO2, which lack expression of 
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functional nsp2TF and nsp2TF/nsp2N, respectively. The results obtained were consistent with 

those from the in vitro expression systems, with both mutants showing a clearly impaired ability 

to suppress innate immune gene expression. DEG profiles identified specific biological pathways 

that were consistently upregulated in vKO1- or vKO2-infected cells. Most of these pathways are 

involved in host innate immune responses, including RIG-I-like receptor signaling pathway, Jak-

STAT signaling pathway, and NF-κB signaling pathway. These data are also consistent with 

previous reports that PLP2 has the ability to interfere with the ubiquitination of RIG-I and IκB, 

thus suppressing RIG-I-mediated innate immune signaling, including NF-κB activation and 

downstream effects on the Jak-STAT pathway towards ISG expression (14-16). Since the 

nCounter assay was originally designed for analyzing human gene expression, while our DEG 

profiling was conducted using PRRSV-infected MARC-145 cells (a cell line of African green 

monkey origin), we further confirmed the DEG profiling results using cytokine qRT-PCR to 

detect innate immune genes expression in PRRSV-infected MARC-145 cells as well as in 

PRRSV-infected swine macrophages. The results consistently showed that, compared to 

infection with WT virus, type I IFN (IFA 1/13, IFNB1), type III IFN (IL28B), and ISGs (IRF7, 

IFIH1 and IFITM1) are strongly upregulated in both MARC-145 cells and swine macrophages 

infected with the vKO1 and vKO2 mutants, which further implicates nsp2TF/nsp2N in innate 

immune suppression. 

In both vKO1- and vKO2-infected cells, the nsp2 expression was not affected. The data 

from the in vitro expression system and virus infection condition made us speculate that nsp2TF 

and/or nsp2N might have evolved different mechanism(s) from nsp2 in the suppression of the 

host innate immune response. In PRRSV-infected cells, nsp2TF was found to be targeted to a 

different location from full-length nsp2 (19),  i.e. the membranes of the exocytic pathway rather 
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than the replication structures formed from modified ER membranes, a process in which nsp2 is 

one of the key players (47, 48). It is also worth noting that, while the TF region of nsp2TF 

contains a predicted TM domain, nsp2N does not contain any predicted TM domain, meaning it 

could be a cytosolic protein possessing unique function(s). This is also supported by the 

observed activity in suppression of innate immune signaling exerted by the nsp2N part 

downstream of PLP2, which is apparently not related to DUB activity. The mechanistic aspects 

of the role of PRRSV nsp2TF and nsp2N in counteracting host innate immune response need to 

be further studied.  

Besides the panel of innate immune cytokine genes showing significant upregulation in 

vKO1- and vKO2-infected cells, DEG profiling also identified other upregulated genes which 

are associated with cellular signaling pathways. Some of these are linked to pathways of the CMI 

response. It is worth noting here that the expression of the DEGs associated with the antigen 

processing and presentation pathway was also upregulated in vKO1- and vKO2-infected cells, 

more specifically the expression of the human leukocyte antigen (HLA-B), which is related to 

major histocompatibility complex (MHC) class I (Table 1). In comparison to mock-infected 

cells, a 13% decrease (statistically significant) of HLA-B expression was observed in WT virus-

infected cells; in contrast, expression of HLA-B was 3- and 2.5-fold increased in cells infected 

with vKO1 and vKO2, respectively. Since the KO1 mutations result in the expression of a C-

terminally truncated form of nsp2TF, without affecting nsp2 and nsp2N expression, the data 

suggest that nsp2TF could be involved in modulating the expression of HLA-B. The HLA 

complex encodes the MHC proteins, which are expressed on the cell surface for the regulation of 

the human immune system (49). In pigs, the corresponding gene complex is termed swine 

leukocyte antigen (SLA-1). The HLAs/SLAs present peptides on the cell surface, which are 
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derived from proteins (both native and foreign) produced inside the cell. Upon virus infection, 

the HLA/SLA system related to MHC class I presents viral peptides on the cell surface so that 

infected cells can be recognized and destroyed by CD8+ cytotoxic T cells (49, 50). Previous 

studies showed that PRRSV infection down-regulates the expression of SLA class I (SLA-1) in 

macrophages and dendritic cells (51-53). More importantly, a recent study demonstrated that 

SLA-1 expression was down-regulated by the expression of nsp2TF, and the C-terminal 68 

amino acids of the TF domain were concluded to be critical for this activity (54). This result is 

consistent with our findings presented here and further implicates nsp2TF in the CMI response 

during PRRSV infection. This also provides an insight into the possible molecular mechanism of 

impaired CMI response in PRRSV infection. The involvement of nsp2TF in modulation of the 

CMI response is currently under investigation in our laboratory. 

We further used a nursery pig model to assess the reduced ability of nsp2TF/nsp2N-

deficient mutants to interfere with the innate immune response in vivo. Both mutants were found 

to have attenuated growth in pigs and no clinical symptoms or adverse side effects of vKO1/2 

infection were observed (data not shown). Viable mutant viruses could be isolated from the 

serum of infected pigs by 6 days post infection, demonstrating viral replication in pigs. Genome 

sequencing confirmed the stability of the mutations introduced in the nsp2 region of the vKO1/2 

mutants. Compared to WT virus, both mutants produced lower viral loads, with mutant vKO2 

consistently being most impaired. In general, IFN-α production in pigs correlated well with viral 

loads. In vKO1 and vKO2 infected pigs, IFN-α reached peak titer one day earlier than that in WT 

virus infected pigs. The stronger IFN-α response also correlated well with NK cell-mediated 

cytotoxicity. In our nCounter analysis, the NK cell cytotoxicity pathway was enriched in vKO1 

and vKO2 infected cells. At 6 DPI, increased NK cell cytotoxicity was observed in vKO1 and 



82 

vKO2-infected pigs. In addition, such a positive correlation is further demonstrated by the results 

of increased activation of Th1 CMI responses in vKO1 and vKO2-infected pigs. Collectively, 

these data suggest that expression of nsp2TF and nsp2N helps to delay the onset of the innate 

immune response following PRRSV infection in pigs, which may contribute to the weak 

induction of cell-mediated immunity during the later stage of viral infection. 

It was expected that the mutations introduced in vKO1 might have less of an effect on the 

ability of the virus to suppress host innate immune responses, since they only C-terminally 

truncated nsp2TF without preventing frameshifting and the expression of nsp2N (and a truncated 

form of nsp2TF). Using our in vitro gene expression assays (Fig. 2.1C), both nsp2TF and nsp2N 

were found to antagonize innate immune signaling, with nsp2N expression having the strongest 

effect. The vKO2 mutations knock out the expression of both nsp2TF and nsp2N, which could 

have been expected to exert a stronger effect. However, when tested in the context of PRRSV 

infection, the qRT-PCR results consistently showed higher cytokine gene expression levels in 

vKO1-infected cells, although the difference was not statistically significant. Moreover, vKO1-

infected pigs showed higher frequencies of T-helper and cytotoxic T cells than vKO2-infected 

pigs (Fig. 2.11). One explanation for this phenomenon could be the reduced ability of mutant 

vKO2 to replicate in infected cells and animals compared to vKO1. Even if vKO1 has a lower 

intrinsic IFN-inducing potential than vKO2, this could be compensated by a higher level of viral 

replication, eventually resulting in a comparable or stronger stimulation of the immune responses 

in infected cells or animals.  

In conclusion, our results show that nsp2TF and nsp2N can modulate the host's innate 

immune responses against infection with PRRSV and, most likely, other arteriviruses. 

Recombinant viruses with impaired expression of these frameshift-derived nsp2 variants are 
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attenuated upon infection of animals. Since the ribosomal frameshift site in the nsp2-coding 

region is highly conserved among different PRRSV strains, manipulating the expression of 

nsp2TF and nsp2N may provide a rational basis for developing improved PRRSV vaccines in the 

future. 
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Figure 2.1. PRRSV nsp2 variants suppress type I IFN production. 

 (A) A schematic diagram of individual PRRSV nsp2 variants (nsp2, nsp2TF and nsp2N) and 

domains [PLP2, nsp2(599–1233), nsp2TF(599–1402) and nsp2(599–1579)]. The numbers show both N- and 

C-terminal residues on polyprotein 1a for each individual protein. The catalytic residues of the 

PLP2 domain are labeled as Cys437 and His506. (B) Expression of nsp2-related proteins were 

evaluated by western blot analysis using anti-FLAG M2 mAb. GAPDH was detected as loading 

control. Rabbit pAb against the unique nsp2 C-terminus was used to confirm the expression of 

nsp2 and nsp2(599–1579), while rabbit pAb against unique nsp2TF C-terminus was used to confirm 

the expression of nsp2TF and nsp2TF(599–1402). (C) Effect of nsp2-related proteins on the 

expression of IFN-β promoter-driven luciferase expression. HEK-293T cells were cotransfected 

with a plasmid expressing individual nsp2-related proteins or domains, p125-Luc reporter 

plasmid expressing firefly luciferase under the control of the IFN-β promoter (0.5 μg), and pRL-

SV40 reporter plasmid (20 ng). An empty vector (EV) was used as a control. At 24 h 

posttransfection, cells were stimulated with SeV at 100 HA units/mL or for 16 h. Cell lysates 

were harvested for measuring luciferase activity. Relative luciferase activities were calculated by 

normalizing the firefly luciferase to Renilla luciferase activities; the relative luciferase activity in 

cells with EV-transfection and SeV stimulation was set as 100%. The mean value and SEM of 

representative experiments are shown. All experiments were repeated at least three times, and 

duplicates were performed each time. 
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Figure 2.2. Expression of nsp2-related proteins in HEK-293T cell. 

HEK-293T cells seeded in a 24-well plate were transfected with a plasmid (0.5 μg) expressing 

each of nsp2-related protein. At 24 hpi, immunofluorescence assay was performed to evaluate 

protein expression. The α-FLAG mAb was used to detect the expression of FLAG-tagged 

proteins. Rabbit pAb (α-TF) specifically recognizing the unique C-terminal domain of nsp2TF 

was used to detect the expression of full-length nsp2TF (Li et al., 2014), while rabbit pAb (α-

nsp2) specifically recognizing the nsp2C-terminus was used to detect the expression of full-

length nsp2 (Guo et al., 2016). Cell nucleus was stained with DAPI. 
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Figure 2.3. Effect of nsp2-related proteins on HEK-293T cell viability.  

Cell viability was determined using a CellTiter 96 AQueous cell proliferation assay (Promega). 

Viability of transfected cells were compared to that of untreated control cells (100%). The 

average and standard deviation (SD) of a representative experiment are shown. All experiments 

were repeated twice, and triplicates were performed at each time. 
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Figure 2.4. The de-ubiquitination and de-ISGylation activities of PRRSV nsp2-related 

proteins. 

(A) Effect of nsp2 related protein expression on ubiquitin conjugation. HEK-293T cells were co-

transfected with plasmid DNAs expressing HA-Ub and FLAG-tagged nsp2, nsp2TF, nsp2N, 

PLP2 or their catalytic site mutants (nsp2-C/H>A, nsp2TF-C/H>A, nsp2N-C/H>A, PLP2-

C/H>A). HA-Ub conjugated cellular proteins were visualized by western blot analysis using 

anti-HA mAb. The expression of FLAG-tagged nsp2 related proteins was detected by anti-FLAG 

M2 mAb. (B) HEK-293T cells were co-transfected with plasmid DNAs expressing ISG15 and its 

conjugation enzymes E1/E2/E3, FLAG-tagged nsp2, nsp2TF, nsp2N, PLP2 or their catalytic site 

mutants (nsp2-C/H>A, nsp2TF-C/H>A, nsp2N-C/H>A, PLP2-C/H>A). ISG15-conjugated 

cellular proteins were detected by ISG15 specific mAb in western blot analysis. The expression 

of FLAG-tagged nsp2 related proteins was detected by anti-FLAG M2 mAb. For both assays, the 

empty p3xFLAG vector plasmid was included as a control, while expression of housekeeping 

gene GAPDH was detected as a loading control. 
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Figure 2.5. Construction and in vitro characterization of nsp2TF/nsp2N-deficient mutants. 

(A) Nucleotide sequences in the regions of mutations created in nsp2TF/nsp2N-deficient 

mutants. KO1, knockout mutant 1 (premature termination codons in TF ORF); KO2, knockout 

mutant 2 (premature termination codon and disrupted frameshift signal). Mutated nucleotides are 

shown in red. (B) Radioimmunoprecipitation detection of nsp2-related proteins in virus infected 

cells. MAb 140-68 was used to recognize the common N-terminal PLP2 domain. The truncated 

nsp2TF in vKO1-infected cells is indicated with a red arrow. (C) Multiple-step virus growth 

curve. Each data point shown represents the mean value from duplicates, and error bars show 

SEM. 
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Figure 2.6. nCounter mRNA Profiling of immune gene expression in virus-infected cells. 

(A) An overview on the number of differentially expressed genes (DEG) in virus-infected cells at 

12 hpi. (B) Common and uniquely upregulated DEGs in virus-infected cells at 12 hpi. (C) 

Enriched functional categories of DEGs in virus-infected cells at 12 hpi determined by KEGG 

Pathway Enrichment analysis using DAVID (Huang et al., 2009a, Huang et al., 2009b). P-values 

adjusted by Benjamini-Hochberg correction less than 0.05 were defined as significant 

enrichment. The x-axis is the negative log10 of P-value. 
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Figure 2.7. Protein-protein interaction networks of DEGs in cells infected with WT virus 

and nsp2TF/nsp2N-deficient mutants. 

Protein-protein interaction networks were constructed for all DEGs in cells infected with WT 

virus (A-B), vKO1 (C-H), and vKO2 (I-N) using the search tool for the retrieval of interacting 

genes/proteins (STRING). Confidence view of protein-protein interaction network from DEGs 

showing the strength of data support is indicated by the thickness of the grey line connecting 

genes and nodes. The representative pathways enriched in cells infected with WT virus (A-B), 

vKO1 (C-H), and vKO2 (I-N) were highlighted with red color. 
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Figure 2.8. Quantitative RT-PCR detection on the expression of selected differentially 

expressed genes in virus-infected cells.  

(A) Six selected immune genes with increased expression levels in cells infected by 

nsp2TF/nsp2N-deficient mutants. Each data point shown represents the mean value from five 

replicates, and the gene expression levels in mock were treated as 1. (B) The relative expression 

levels of six immune genes in virus-infected MARC-145 cells at 12 hpi. (C) The relative 

expression levels of six immune genes in virus-infected PAM at 12 hpi. (B-C) Each data point 

shown represents the mean value from five replicates, and the gene expression levels in WT 

infected cells were treated as 1.  
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Figure 2.9. Comparison of viral RNA loads in serum samples from pigs inoculated with the 

WT virus and nsp2TF/nsp2N-deficient mutants. 

Pigs were uninfected (mock) or infected with WT PRRSV (WT), vKO1 or vKO2 mutant. Serum 

samples were collected on the indicated days post-infection. Viral loads in serum samples 

quantified by quantitative RT-PCR and calculated as viral RNA copies per milliliter. Statistical 

significance between the WT virus-infected group and mutant virus-infected groups was 

determined by one-way ANOVA (Tukey’s test) and indicated with asterisks (*, P<0.05; **, 

P<0.01; ***, P<0.001). 
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Figure 2.10. Comparison of IFN-α production levels and NK cell cytotoxicity in pigs 

inoculated with WT virus and nsp2TF/nsp2N-deficient mutants. 

Pigs were uninfected (mock) or infected with WT PRRSV (WT), vKO1 or vKO2 mutant. (A) 

IFN-α levels in serum samples collected at 0, 1, 2 and 6 DPI were analyzed with a ProcartaPlex 

Porcine IFN alpha Simplex kit. (B) PBMCs (NK effectors) harvested on the day of necropsy (6 

DPI) were co-cultured with target cells (K562) at an E:T ratio of 100:1 or 50:1. After overnight 

incubation, flow cytometry was performed to evaluate the NK cell-specific cytotoxic activity. 

Each data point represents the mean value and SEM of data from 3 pigs. Statistical significance 

between the wild-type virus infected group and mutant virus-infected groups was determined by 

one-way ANOVA (Tukey’s test) and indicated with asterisks (*, P<0.05; **, P<0.01; ***, 

P<0.001). 
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Figure 2.11. T-helper and cytotoxic T cells responses in pigs infected with WT virus and 

nsp2TF/nsp2N-deficient mutants. 

PBMCs isolated at 6, 21 and 28 DPI were unstimulated or restimulated with the WT virus. Cells 

were immunostained for pig specific markers CD3, CD4, CD8α and CD8β, and the frequency of 

each lymphocyte subset was grouped based on the combination of markers: (A) 

CD3+CD4+CD8α- (T-helper cells) and (B) CD3+CD4-CD8αβ+ (cytotoxic T cells) after analysis 

by flow cytometry. Statistical significance between the groups was determined by one-way 

analysis of variance (ANOVA) followed by Tukey’s post hoc test. (*P<0.05; **P<0.01). 
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Table 2.1. DEGs identified in Marc-145 cell infected with wild type and mutant viruses 

WT virus versus Mock vKO1 versus Mock 

Gene Name Accession # Fold change Gene Name Accession # Fold change 

C9 NM_001737.3 3.12 BST2 NM_004335.2 10.77 

CCL2 NM_002982.3 3.81 C4A/B NM_007293.2 3.03 

CCL20 NM_004591.1 2.05 C9 NM_001737.3 6.72 

CDH5 NM_001795.3 2.01 CASP1 NM_001223.3 5.56 

CSF2 NM_000758.2 2.52 CASP8 NM_001228.4 2.52 

IL8 NM_000584.2 2.25 CCL2 NM_002982.3 13.33 

PRDM1 NM_001198.3 2.67 CCL20 NM_004591.1 4.85 

RAG1 NM_000448.2 2.55 CCL4 NM_002984.2 5.05 

TNFAIP3 NM_006290.2 2.22 CCL5 NM_002985.2 181.39 

TRAF1 NM_005658.3 2.61 CCL7 NM_006273.2 2.86 

LILRA1 NM_006863.1 -2.24 CCRL1 NM_016557.2 11.74 

vKO2 versus Mock CD1D NM_001766.3 2.16 

Gene Name Accession # Fold change CD274 NM_014143.3 49.82 

BST2 NM_004335.2 9.02 CD34 NM_001025109.1 2.38 

C4A/B NM_007293.2 2.45 CD45R0 NM_080921.3 2.19 

C9 NM_001737.3 10.91 CEACAM1 NM_001712.3 3.09 

CASP1 NM_001223.3 3.43 CISH NM_145071.2 2.14 

CCL2 NM_002982.3 12.62 CLEC7A NM_197954.2 3.02 

CCL20 NM_004591.1 7.02 CSF1 NM_000757.4 2.84 

CCL4 NM_002984.2 4.6 CSF2 NM_000758.2 2.11 

CCL5 NM_002985.2 107.7 CTSS NM_004079.3 2.44 

CCL7 NM_006273.2 2.03 CX3CL1 NM_002996.3 2.16 

CCRL1 NM_016557.2 7.35 CXCL10 NM_001565.1 208.13 

CD274 NM_014143.3 34.99 CXCL11 NM_005409.4 2463.04 

CD34 NM_001025109.1 2.4 CXCL2 NM_002089.3 4.03 

CISH NM_145071.2 2.99 CXCL9 NM_002416.1 96.18 

CSF1 NM_000757.4 2.68 CXCR4 NM_003467.2 2.65 

CSF2 NM_000758.2 3.06 EGR1 NM_001964.2 6.19 

CXCL10 NM_001565.1 129.88 EGR2 NM_000399.3 2.01 

CXCL11 NM_005409.4 1386.08 FADD NM_003824.2 3.05 

CXCL2 NM_002089.3 5.44 FAS NM_000043.3 2.07 

CXCL9 NM_002416.1 59.82 GBP1 NM_002053.1 119.81 
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CXCR4 NM_003467.2 2.22 HLA-B NM_005514.6 2.98 

EGR1 NM_001964.2 4.73 HLA-DOB NM_002120.3 2.73 

GBP1 NM_002053.1 71.36 HLA-DQA1 NM_002122.3 2.05 

HLA-B NM_005514.6 2.47 ICAM1 NM_000201.2 2.34 

HLA-DOB NM_002120.3 2.21 IDO1 NM_002164.3 130.51 

ICAM1 NM_000201.2 3.16 IFI16 NM_005531.1 6.23 

IDO1 NM_002164.3 71.25 IFI35 NM_005533.3 5.9 

IFI16 NM_005531.1 4.88 IFIH1 NM_022168.2 49.88 

IFI35 NM_005533.3 4.77 IFIT2 NM_001547.4 104.49 

IFIH1 NM_022168.2 38.96 IFITM1 NM_003641.3 8.64 

IFIT2 NM_001547.4 71.94 IFNA1/13 NM_024013.1 20.61 

IFITM1 NM_003641.3 6.71 IFNB1 NM_002176.2 267.51 

IFNA1/13 NM_024013.1 8.76 IL12A NM_000882.2 5.04 

IFNB1 NM_002176.2 225.19 IL15 NM_172174.1 2.45 

IL12A NM_000882.2 3.84 IL17F NM_052872.3 2.37 

IL15 NM_172174.1 2.61 IL18RAP NM_003853.2 2.09 

IL17F NM_052872.3 3.17 IL19 NM_013371.3 3 

IL1A NM_000575.3 5.76 IL1A NM_000575.3 6.57 

IL1RL2 NM_003854.2 2.59 IL1B NM_000576.2 2.73 

IL28A NM_172138.1 76.18 IL1RL2 NM_003854.2 2.6 

IL28A/B NM_172139.2 29.07 IL28A NM_172138.1 96.73 

IL29 NM_172140.1 146.44 IL28A/B NM_172139.2 35.66 

IL6 NM_000600.1 4.57 IL29 NM_172140.1 201.87 

IL8 NM_000584.2 4.56 IL6 NM_000600.1 3.97 

IRF1 NM_002198.1 17.11 IL8 NM_000584.2 3.64 

IRF7 NM_001572.3 26.24 IRF1 NM_002198.1 19.58 

IRF8 NM_002163.2 17.38 IRF4 NM_002460.1 2.01 

LCP2 NM_005565.3 2.24 IRF7 NM_001572.3 30.97 

MR1 NM_001531.2 2.95 IRF8 NM_002163.2 28.54 

MYD88 NM_002468.3 4.86 LCP2 NM_005565.3 3.5 

NFIL3 NM_005384.2 2.02 LIF NM_002309.3 2.04 

NFKBIA NM_020529.1 3.1 LY96 NM_015364.2 2.32 

NFKBIZ NM_001005474.1 2.28 MRC1 NM_002438.2 2.89 

NOD2 NM_022162.1 3.03 MX1 NM_002462.2 3.2 

PLAUR NM_001005376.1 4.53 MYD88 NM_002468.3 6.33 

PML NM_002675.3 5.15 NFIL3 NM_005384.2 2.24 
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PRDM1 NM_001198.3 5.82 NFKBIA NM_020529.1 3.04 

PSMB10 NM_002801.2 5.04 NOD2 NM_022162.1 3.27 

PSMB8 NM_004159.4 14.68 NOS2 NM_000625.4 2.16 

PSMB9 NM_002800.4 21.04 PLAUR NM_001005376.1 5.95 

RAG1 NM_000448.2 5.88 PML NM_002675.3 5.05 

RARRES3 NM_004585.3 2.72 PRDM1 NM_001198.3 4.96 

SELE NM_000450.2 6.12 PSMB10 NM_002801.2 7.43 

SOCS1 NM_003745.1 11.36 PSMB8 NM_004159.4 23.21 

SOCS3 NM_003955.3 2.38 PSMB9 NM_002800.4 31.43 

STAT2 NM_005419.2 6.26 RAG1 NM_000448.2 3.49 

TAP1 NM_000593.5 13.57 RARRES3 NM_004585.3 4.24 

TAP2 NM_000544.3 4.32 SELE NM_000450.2 3.35 

TICAM1 NM_014261.1 2.19 SOCS1 NM_003745.1 15.46 

TLR3 NM_003265.2 3.56 SOCS3 NM_003955.3 2.05 

TNF NM_000594.2 2.73 STAT2 NM_005419.2 7.75 

TNFAIP3 NM_006290.2 6.21 TAP1 NM_000593.5 17.78 

TNFAIP6 NM_007115.2 2.02 TAP2 NM_000544.3 5.66 

TNFSF10 NM_003810.2 5.75 TLR2 NM_003264.3 2.06 

TNFSF13B NM_006573.4 4.3 TLR3 NM_003265.2 5.26 

TRAF1 NM_005658.3 7.22 TNF NM_000594.2 2.78 

CTLA4_all NM_005214.3 -2.1 TNFAIP3 NM_006290.2 4.93 

ITLN1 NM_017625.2 -2.52 TNFAIP6 NM_007115.2 2.36 

ZAP70 NM_001079.3 -2.08 TNFSF10 NM_003810.2 8.8 

      TNFSF13B NM_006573.4 8.54 
   

TNFSF8 NM_001244.3 2.2 
   

TRAF1 NM_005658.3 8.67 
   

IL23A NM_016584.2 -2.01 
   

TGFBR1 NM_004612.2 -2.12 
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Table 2.2. KEGG pathway enrichment from differentially expressed genes induced by viral 

infection 

WT virus 

Term Genes Count % P-Value Benjamini 

hsa04668:TNF signaling 

pathway 

TRAF1, CSF2, CCL2, CCL20, 

TNFAIP3 
5 50 2.03E-09 8.34E-08 

hsa04060:Cytokine-cytokine 

receptor interaction 
CSF2, CCL2, CCL20, CXCL8 4 40 1.37E-05 1.87E-04 

vKO1  

Term Genes Count % P-Value Benjamini 

hsa04668:TNF signaling 

pathway 

TRAF1, ICAM1, CSF2, IL6, 

TNF, CCL2, SOCS3, CSF1, 

CXCL2, NFKBIA, FADD, 

CX3CL1, IL15, CCL5, CXCL10, 

LIF, NOD2, CCL20, CASP8, 

IL1B, FAS, TNFAIP3, SELE 

23 25 5.55E-42 1.92E-40 

hsa04060:Cytokine-cytokine 

receptor interaction 

CSF2, TNF, CCL2, CSF1, 

CXCL9, CXCL8, CX3CL1, 

IL15, CXCL11, CCL5, CCL4, 

CCL7, CXCL10, LIF, IFNA1, 

CCL20, CXCR4, IL1B, FAS, 

IL1A, IL6, IL18RAP, TNFSF8, 

TNFSF10, TNFSF13B, IFNB1, 

IL12A 

27 29.34783 9.82E-39 2.55E-37 

hsa04620:Toll-like receptor 

signaling pathway 

IL6, TNF, LY96, CXCL9, TLR2, 

CXCL8, TLR3, NFKBIA, 

FADD, CXCL11, CCL5, CCL4, 

CXCL10, IFNA1, MYD88, 

IFNB1, IRF7, CASP8, IL12A, 

IL1B 

20 21.73913 3.31E-32 6.89E-31 

hsa04630:Jak-STAT signaling 

pathway 

CSF2, IL6, SOCS3, IL19, 

SOCS1, IL15, CISH, STAT2, 

LIF, IFNA1, IFNL2, IFNB1, 

IL12A, IFNL3 

14 15.21739 2.39E-19 2.26E-18 
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hsa04062:Chemokine 

signaling pathway 

CCL2, CXCL2, CXCL9, 

CXCL8, NFKBIA, CX3CL1, 

CXCL11, CCL5, CCL4, CCL7, 

STAT2, CXCL10, CCL20, 

CXCR4 

14 15.21739 3.02E-19 2.62E-18 

hsa04621:NOD-like receptor 

signaling pathway 

IL6, NOD2, TNF, CCL2, 

CASP8, CXCL8, NFKBIA, 

IL1B, CCL5, TNFAIP3, CASP1 

11 11.95652 3.42E-18 2.54E-17 

hsa04622:RIG-I-like receptor 

signaling pathway 

IFIH1, IFNA1, TNF, IFNB1, 

IRF7, CASP8, IL12A, CXCL8, 

NFKBIA, FADD, CXCL10 

11 11.95652 3.08E-17 2.00E-16 

hsa04623:Cytosolic DNA-

sensing pathway 

IL6, IFNA1, IFNB1, IRF7, 

NFKBIA, IL1B, CCL5, CASP1, 

CCL4, CXCL10 

10 10.86957 1.39E-16 6.66E-16 

hsa04064:NF-kappa B 

signaling pathway 

TRAF1, ICAM1, TNF, MYD88, 

TNFSF13B, LY96, CXCL8, 

NFKBIA, IL1B, TNFAIP3, 

CCL4 

11 11.95652 1.23E-14 6.11E-14 

hsa04650:Natural killer cell 

mediated cytotoxicity 

CSF2, ICAM1, IFNA1, 

TNFSF10, TNF, IFNB1, FAS, 

LCP2 

8 8.695652 5.60E-10 1.76E-09 

hsa04514:Cell adhesion 

molecules (CAMs) 

ICAM1, PTPRC, CD34, CD274, 

HLA-B, SELE, HLA-DOB, 

HLA-DQA1 

8 8.695652 2.25E-09 6.89E-09 

hsa04640:Hematopoietic cell 

lineage 

CSF2, IL6, TNF, CD34, CSF1, 

IL1B, IL1A, CD1D 
8 8.695652 3.38E-09 1.01E-08 

hsa04612:Antigen processing 

and presentation 

TNF, TAP2, TAP1, HLA-B, 

CTSS, HLA-DOB, HLA-DQA1 
7 7.608696 8.76E-09 2.53E-08 

hsa04210:Apoptosis 
TNFSF10, TNF, CASP8, 

NFKBIA, FADD, FAS 
6 6.521739 3.10E-08 8.48E-08 

hsa04672:Intestinal immune 

network for IgA production 

IL6, TNFSF13B, CXCR4, IL15, 

HLA-DOB, HLA-DQA1 
6 6.521739 4.24E-07 1.07E-06 

hsa04660:T cell receptor 

signaling pathway 

CSF2, PTPRC, TNF, NFKBIA, 

LCP2 
5 5.434783 2.50E-05 5.65E-05 



110 

hsa04917:Prolactin signaling 

pathway 
SOCS3, SOCS1, IRF1, CISH 4 4.347826 6.91E-05 1.50E-04 

hsa04151:PI3K-Akt signaling 

pathway 

IL6, IFNA1, IFNB1, CSF1, 

TLR2 
5 5.434783 7.13E-05 1.51E-04 

hsa04010:MAPK signaling 

pathway 
TNF, IL1B, FAS, IL1A 4 4.347826 4.44E-04 8.88E-04 

vKO2  

Term Genes Count % P-Value Benjamini 

hsa04060:Cytokine-cytokine 

receptor interaction 

CSF2, IL6, TNF, CCL2, CSF1, 

CXCL9, CXCL8, IL15, 

CXCL11, CCL5, CCL4, CCL7, 

CXCL10, IFNA1, TNFSF10, 

TNFSF13B, CCL20, CXCR4, 

IFNB1, IL12A, IL1A 

21 28.76712 6.85E-30 2.12E-28 

hsa04668:TNF signaling 

pathway 

TRAF1, ICAM1, CSF2, IL6, 

TNF, CCL2, SOCS3, CSF1, 

CXCL2, NFKBIA, IL15, CCL5, 

CXCL10, NOD2, CCL20, 

TNFAIP3, SELE 

17 23.28767 7.98E-30 1.85E-28 

hsa04620:Toll-like receptor 

signaling pathway 

IL6, TNF, CXCL9, CXCL8, 

NFKBIA, TLR3, CXCL11, 

CCL5, CCL4, CXCL10, IFNA1, 

MYD88, IFNB1, IRF7, 

TICAM1, IL12A 

16 21.91781 1.22E-25 2.27E-24 

hsa04062:Chemokine 

signaling pathway 

CCL2, CCL20, CXCR4, CXCL2, 

CXCL9, CXCL8, NFKBIA, 

CCL5, CXCL11, CCL4, CCL7, 

STAT2, CXCL10 

13 17.80822 7.46E-19 9.91E-18 

hsa04630:Jak-STAT signaling 

pathway 

CSF2, IL6, IFNA1, IFNL2, 

SOCS3, IFNB1, SOCS1, IL12A, 

IL15, IFNL3, CISH, STAT2 

12 16.43836 5.45E-17 5.07E-16 

hsa04623:Cytosolic DNA-

sensing pathway 

IL6, IFNA1, IFNB1, IRF7, 

NFKBIA, CCL5, CASP1, CCL4, 

CXCL10 

9 12.32877 2.56E-15 1.98E-14 
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hsa04621:NOD-like receptor 

signaling pathway 

IL6, NOD2, TNF, CCL2, 

CXCL8, NFKBIA, CCL5, 

TNFAIP3, CASP1 

9 12.32877 8.58E-15 6.12E-14 

hsa04622:RIG-I-like receptor 

signaling pathway 

IFIH1, IFNA1, TNF, IFNB1, 

IRF7, IL12A, CXCL8, NFKBIA, 

CXCL10 

9 12.32877 4.61E-14 2.86E-13 

hsa04064:NF-kappa B 

signaling pathway 

TRAF1, ICAM1, TNF, MYD88, 

TNFSF13B, TICAM1, CXCL8, 

NFKBIA, TNFAIP3, CCL4 

10 13.69863 6.49E-14 3.77E-13 

hsa04650:Natural killer cell 

mediated cytotoxicity 

CSF2, ICAM1, IFNA1, 

TNFSF10, TNF, IFNB1, LCP2 
7 9.589041 5.39E-09 2.09E-08 

hsa04514:Cell adhesion 

molecules (CAMs) 

ICAM1, CD34, CD274, HLA-B, 

SELE, HLA-DOB 
6 8.219178 7.44E-07 2.16E-06 

hsa04640:Hematopoietic cell 

lineage 

CSF2, IL6, TNF, CD34, CSF1, 

IL1A 
6 8.219178 9.89E-07 2.79E-06 

hsa04672:Intestinal immune 

network for IgA production 

IL6, TNFSF13B, CXCR4, IL15, 

HLA-DOB 
5 6.849315 5.72E-06 1.40E-05 

hsa04612:Antigen processing 

and presentation 

TNF, TAP2, TAP1, HLA-B, 

HLA-DOB 
5 6.849315 5.72E-06 1.40E-05 

hsa04917:Prolactin signaling 

pathway 
SOCS3, SOCS1, IRF1, CISH 4 5.479452 3.14E-05 7.31E-05 

hsa04660:T cell receptor 

signaling pathway 
CSF2, TNF, NFKBIA, LCP2 4 5.479452 3.05E-04 6.60E-04 

hsa04151:PI3K-Akt signaling 

pathway 
IL6, IFNA1, IFNB1, CSF1 4 5.479452 6.64E-04 0.0013715 
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Table 2.3. Common and unique DEGs in cells infected with wild type and mutant viruses 

vKO1/vKO2 vKO1/vKO2 WT virus/vKO1/vKO2 WT virus vKO1 vKO2 

BST2 IL1A C9 CDH5 CASP8 MR1 

C4A/B IL1RL2 CCL2 LILRA1 CD1D NFKBIZ 

CASP1 IL28A CCL20 
 

CD45R0 TICAM1 

CCL4 IL28A/B CSF2 
 

CEACAM1 IL23A 

CCL5 IL29 IL8 
 

CLEC7A TGFBR1 

CCL7 IL6 PRDM1 
 

CTSS 
 

CCRL1 IRF1 RAG1 
 

CX3CL1 
 

CD274 IRF7 TNFAIP3 
 

EGR2 
 

CD34 IRF8 TRAF1 
 

FADD 
 

CISH LCP2 
  

FAS 
 

CSF1 MYD88 
  

HLA-DQA1 
 

CXCL10 NFIL3 
  

IL18RAP 
 

CXCL11 NFKBIA 
  

IL19 
 

CXCL2 NOD2 
  

IL1B 
 

CXCL9 PLAUR 
  

IRF4 
 

CXCR4 PML 
  

LIF 
 

EGR1 PSMB10 
  

LY96 
 

GBP1 PSMB8 
  

MRC1 
 

HLA-B PSMB9 
  

MX1 
 

HLA-DOB RARRES3 
  

NOS2 
 

ICAM1 SELE 
  

TLR2 
 

IDO1 SOCS1 
  

TNFSF8 
 

IFI16 SOCS3 
  

CTLA4_all 
 

IFI35 STAT2 
  

ITLN1 
 

IFIH1 TAP1 
  

ZAP70 
 

IFIT2 TAP2 
    

IFITM1 TLR3 
    

IFNA1/13 TNF 
    

IFNB1 TNFAIP6 
    

IL12A TNFSF10 
    

IL15 TNFSF13B 
    

IL17F  
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Chapter 3 - Hyper-phosphorylation on nsp2-related proteins of 

porcine arterivirus regulates the accumulation of viral RNA  

Abstract: Host phosphorylation mechanism is exploited by viruses in order to establish 

reproductive replication cycle. So far, the nucleocapsid (N) proteins are the only member in the 

phospho-proteome of nidodviruses. Only the coronaviral N proteins have been characterized 

functionally. However, whether phosphorylation status of other nidoviral proteins still remain 

unknown. In this study, we firstly expand the nidoviral phospho-proteome by demonstrating the 

hyper-phosphorylation status of porcine arterivirus-porcine reproductive and respiratory 

syndrome virus (PRRSV) replicase nsp2 and two nsp2-related proteins-nsp2TF/nsp2N, which 

are newly identified -2/-1 programmed ribosomal frameshifting products. Most of 

phosphorylation sites identified by mass spectrometry are found in the uncharacterized long 

region between papain-like protease (PLP) 2 domain and -2/-1 frameshifting site. We further 

subdivided this regions into three structurally distinct domains: two large hypervariable regions 

with putative intrinsically disordered structures, spaced by a conserved and potentially structured 

interval domain-IHCD (Inter-HVR Conserved Domain). The extensive phospho-abolishing 

mutation screening revealed that the phosphorylated status of residue serine918 is important for 

recombinant virus production. The inter-species conserved serine918 is located in IHCD. Viral 

RNA quantification further showed that abolishing phosphorylation of serine918 strongly and 

selectively reduced the accumulation of subgenomic mRNAs, not genomic RNAs. In summary, 

our research demonstrates the hyper-phosphorylation of nsp2-related proteins, reveals its 

biological significance, and further highlights the multi-functional roles of nsp2-related proteins 

in PRRSV life cycle and potential contributions to pathogenesis. 
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3.1. Introduction 

As the most common post-translational modification (PTM) form, protein 

phosphorylation is actively involved in every celluar processes (1-5). Viruses have evolved to be 

able to manipulate host signaling pathways regulated by phosphorylation, and acquired abilities 

to exploit phosphorylation to control the involvement of viral proteins in virus life cycle (6, 7). 

Phosphorylation on viral proteins regulates protein functionality, virus replication, and control of 

host cellular responses (6, 7). For instance, the NS5 (or NS5A) proteins of viruses in Flaviviridae 

family including West Nile virus, Yellow fever virus, Dengue virus, Tick-borne encephalitis 

virus, Japanese encephalitis virus, and Hepatitis C virus have been demonstrated to be 

phosphorylated. Phosphorylation exerts broad regulatory effects on NS5 (NS5A) functionality, 

including innate immune suppression, nuclear translocation, viral RNA replication, and viral 

particle assembly (6, 7).  

As a member of family Arteriviridae and order Nidovirales, porcine reproductive and 

respiratory syndrome virus (PRRSV) contains an enveloped positive-sense (+) single-stranded 

(ss) RNA genome (8, 9). PRRSV is partitioned into two genetically highly divergent species-

PRRSV-1 and PRRSV-2 (10). Nonstructural proteins-replicases are encoded by 5’ proximal 

ORF1a, ORF1ab, and ORF1aTF/N (8, 9). PRRSV is the most prominent swine pathogen with 

recurrent large scale outbreaks (8, 9). Ever since its discovery about three decades ago, great 

efforts have been committed to investigate pathogenesis mechanism and seek for the so-called 

“virulence factors” (11, 12). In every outbreak, newly emerged pathogenic variants showed up 

with unique and typical hyper-variation in the long region between papain-like protease (PLP) 2 

domain and -2/-1 programmed ribosome frameshifting (PRF) site of nsp2-related proteins. Even 

though researchers have dedicated to understand the biological significance of molecular 
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determinants in nsp2-related proteins including papain-like protease (PLP) 2 domain and 

hypervariability, the full range understanding of the largest proteins in viral proteome in viral life 

cycle, pathogenicity, and evolution still remains incomplete (11, 12). 

Here, we firstly demonstrate that the PRRSV replicase nsp2 and -2/-1 PRF products-

nsp2TF and nsp2N are hyper-phosphorylated and further identified a series of phosphorylation 

sites. Among all these sites, the importance of phosphorylation status of one residue-serine918 

was later proved in the accumulation of subgenomic mRNA (sgmRNA) and viral production. 

The less characterized region between PLP2 domain and -2/-1 PRF site was found to be enriched 

with phosphorylation sites. This long region could be further divided into three domains with 

distinct structural features: two large hypervariable regions with highly likely intrinsically 

disordered structures, separated by a conserved and potentially structured interval domain-IHCD 

(Inter-HVR Conserved Domain). The inter-species conserved serine918 is located in the IHCD. In 

conclusion, our study expands the nidovirus phospho-proteome, and underlines the critical 

role(s) of phosphorylation in nsp2-related proteins for PRRSV life cycle and potential links with 

viral pathogenicity.  

3.2. Materials and methods 

Cells, viruses, and antibodies: BHK-21 cells and MARC-145 cells were cultured in minimum 

essential medium (MEM) (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum 

(FBS) (Sigma-Aldrich, St. Louis, MO) at the environment of 37°C and 5% CO2 atmosphere. For 

the maintenance of infected MARC-145 cells, 10% FBS was replaced by 2% horse serum 

(HyClone, Logan, UT).  

The PRRSV-1 strain (SD01-08) used in current study was previously isolated at 2001 in 

the United States and further used to establish the reverse genetic systems (15).  
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All the PRRSV-1 specific antibodies used in current research were targeted to SD01-08 

strain. Anti-nsp2-related proteins monoclonal antibodies (mAbs)- #36-19 and #58-46 were 

generated against PLP2 and ES4-5, respectively (14, 16). Anti-nsp1β mAb #22-28 was also 

described in previous publications (14, 16). Polyclonal antibodies (pAbs) of anti-nsp2-related 

proteins and anti-nsp2TF were commercially prepared by GenScript Biotech Corporation 

(Piscataway, NJ). Anti-GAPDH mAb was purchased from Sigma-Aldrich (St. Louis, MO). Six 

specific anti-phosphorylated serine (pSer) mAbs panel was included in the phosphoserine 

detection set (Enzo Life Sciences, Ann Arbor, MI). Secondary antibodies-IRDye 800CW goat 

anti-mouse IgG(H+L) and or IRDye 680RD goat anti-rabbit IgG(H+L) were purchased from Li-

Cor Biosciences (Lincoln, NE). 

Mass spectrometric analysis of phosphorylation sites: PRRSV nsp2-related proteins were 

pulled down from virus (SD01-08 strain)-infected MARC-145 cells by immunoprecipitation (IP) 

as previously described (14). Virus-infected or mock-infected cells were lysed by RIPA buffer 

(150mM Nacl, 10mM Tris-Hcl, 1mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS) supplemented with Alfa Aesar™ Protease Inhibitor Cocktail I (Thermo Fisher Scientific, 

Carlsbad, CA) and Alfa Aesar™ Phosphatase Inhibitor Cocktail I (Thermo Fisher Scientific, 

Carlsbad, CA). Cell lysates were pre-cleared with affinity beads-Protein A Sepharose CL-4B 

(GE Healthcare Bio-Sciences, Pittsburgh, PA), which were bound by normal mouse serum 

(Santa Cruz Biotechnology, Dallas, TX), at room temperature (RT) for 1 hour to remove non-

specifically bound proteins. Then centrifuge briefly, transfer supernatant to a new tube which 

contains mAb (#36-19) and fresh Sepharose beads, incubated with constant rotation at 4℃ 

overnight. Wash beads 4 times with RIP buffer (150mM Nacl, 10mM Tris-Hcl, 1mM EDTA, 1% 

NP-40, 0.5% sodium deoxycholate), then twice with MiliQ water. Bound proteins were then 
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eluted and denatured by 2x Laemmli sample buffer (Bio-Rad, Hercules, CA) at 95°C for 10 min. 

PRRSV nsp2-related proteins were separated and analyzed by SDS-PAGE gel, then fixed and 

stained Coomassie brilliant blue G-250 (Bio-Rad Laboratories, Hercules, CA). The band of 

PRRSV nsp2 and nsp2TF were excised from gel, and rendered for mass spectrometric analysis. 

Phosphorylation analysis was performed at the Harvard Microchemistry and Proteomics 

Analysis Facility by microcapillary reverse-phase HPLC nano-electrospray tandem mass 

spectrometry (µLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer (54).  

Immuno-detection of phosphorylated nsp2-related proteins and gel shifting assay: IP-pulled 

down proteins were separated by SDS-PAGE gel and transferred onto nitrocellulose (NC) 

membrane (GE Healthcare Bio-Sciences, Pittsburgh, PA). For phosphorylation immuno-

detection by specific anti-pSer mAbs, a manufacturer recommended protocol was applied. 2x 

phosphate-buffered saline (PBS) with 1% BSA (MP Biochemical, Solon, OH), 1% PVP-10 

(polyvinyl-pyrrolidone) (Sigma-Aldrich, St. Louis, MO), 1% PEG 3500 (Sigma-Aldrich, St. 

Louis, MO), and 0.2% Tween 20 (Sigma-Aldrich, St. Louis, MO) was used as blocking buffer 

and antibodies diluent. NC membrane was blocked for 2 hour at RT, then incubated with diluted 

primary antibody for 1 hour at RT. After three times wash with 1x PBST (0.05% Tween-20), 

proteins on membranes were then reacted with secondary antibody for 45 min at RT. After 

another three times of wash with 1x PBST (0.05% Tween-20), protein bands were visualized by 

Odyssey Fc imaging system (Li-Cor Biosciences, Lincoln, NE). Same incubation and wash 

procedure were still applied to membranes with second time incubation by anti-nsp2-related 

proteins antibodies.  

For gel shifting assay, proteins-bound on Sepharose beads in the IP process were 

dephosphorylated by Lambda Protein Phosphatase (λPP) [New England BioLabs (NEB), 
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Ipswich, MA] at 30°C for 2 hour. In control samples, λPP was replaced by equal volume of 

water. The migration speed changes of nsp2-related proteins after treatment was compared in 

SDS-PAGE gel and visualized by WB. If only anti-nsp2-related proteins antibodies were used, 

WB was performed according to previously described routine protocol (55). Pixel intensity of 

proteins bands in western blot was calculated by Image Studio 5.2 (Li-Cor Biosciences). 

Genetic manipulation in PRRSV reverse genetics: T7 promoter and CMV promoter-driven 

PRRSV-1 (strain SD01-08) cDNA infectious clone systems were constructed in previous studies 

(15, 56). Site mutagenesis within nsp2-related proteins coding region was performed based on 

previous description (55). The full-length infectious clone was digested by single restriction 

enzymes- PmlI/SgrAI, or SgrAI/NotI. Only infectious clone backbone was harvested after 

double enzyme digestion. Genomic region between PmlI/SgrAI, or SgrAI/NotI were amplified 

by two PCR reactions (PCR-1/-2). 3’ end of PCR1 product and 5’ end of PCR2 product were 

overlapped by ~20-base pair (bp) region with mutation site(s). Primers containing mutations 

were synthesized from Integrated DNA Technologies (Coralville, IA). To assemble the PCR 

products with infectious clone backbone with NEBuilder HiFi DNA Assembly cloning kit (New 

England BioLabs, Ipswich, MA), 5’ end of PCR1 product and 3’ end of PCR2 product were 

designed to be overlapped with infectious clone backbone by ~20-bp. 

Steady level of genomic and subgenomic RNA quantification : The system of quantitative 

comparison on the relative accumulation of genomic/subgenomic RNA in transfected cells 

between WT and mutant viruses was established in current study. In vitro RNA transcription was 

performed at first. Full-length infectious clone pT7-SD01-08 was linearized by XbaI, immediate 

downstream of HDV ribozyme. Digested DNA used as next step template was extracted using 

phenol extraction and ethanol precipitation method. 2 µg linearized DNA was used as template 
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for in vitro RNA transcription. After in vitro transcription at 37 ℃ for 2 hour, DNA templates 

were removed by 2 µl TURBO™ DNase (Thermo Fisher Scientific) for 30 min, 37 ℃. In vitro 

transcribed RNAs were purified by NucAway™ Spin Columns (Thermo Fisher Scientific) based 

on manufacturer’s instruction. 1.5 µg in vitro transcribed PRRSV genomic RNAs were 

transfected into BHK-21 cells by using Lipofectamine™ MessengerMAX™ Transfection 

Reagent (Thermo Fisher Scientific) with a ratio of genomic RNA to MessengerMAX=1:4. 

Celluar total RNAs were extracted at 18 hour post transfection (hpt) by SV Total RNA Isolation 

System (Promega, Madison, WI) according to users’ manual. Cells at 18hpt were also lysed by 

Pierce™ IP Lysis Buffer (Thermo Fisher Scientific) for protein expression detection. Cell 

supernatants were also collected at 18 and 36 hour post transfection (hpt), and subjected to 

infectious virus titration.  

Equal amount (1.5 µg) of total RNAs were reverse transcribed by Maxima H Minus 

Reverse Transcriptase (Thermo Fisher Scientific). (+) gRNA and (+) sgmRNA were reverse 

transcribed using two different primers; all (-) viral RNAs were reverse transcribed by using a 

common primer (Table 3). 20 µl qPCR reaction: 10 µl TaqMan™ Fast Advanced Master Mix 

(Applied Biosystems, Carlsbad, CA), 0.4 µl Taqman probe (10 µM), 0.25 µl F primer (40 µM), 

0.25 µl R primer (40 µM), 2 µl cDNA, and 7.1 µl water. PCR reactions were conducted in 

CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA) with condition: 50 

℃ 2 minutes, 95 ℃ 2 minutes, then 40 cycles for 95 ℃ 3 seconds, 60 ℃ 30 seconds. In addition 

to viral RNA quantification, host housekeeping gene TBP (TATA-box binding protein) were 

included in the qPCR assay for gRNA normarlization. TBP cDNA were generated by Maxima™ 

H Minus cDNA Synthesis Master Mix (Thermo Fisher Scientific). qPCR were performed with 

commercial primers/probe set (Cg04504571_m1, Thermo Fisher Scientific) using the same 
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condition abovementioned. The relative accumulation ratio of sgRNAs was quantified with 

threshold cycle (ΔΔCT) method (55). To precisely quantify RNA accumulation and to rule out 

possible background interference from initial transfected RNA, a transcription-defective mutant 

was constructed, in which the nucleotide sequence from 495 nt to 515 nt was replaced with 7 

consecutive stop codons to terminate the translation of nonstructural polyproteins. The (+) gRNA 

detected from the defective mutant (+) gRNA transfected BHK-21 cells was considered as 

background. In the quantification involved in (+) gRNA, the background derived from 

transfection was deducted at first. For gRNA accumulation comparison among different viruses, 

gRNA accumulation level were at first normalized by the RNA level of housekeeping TBP. 

Infectious particle titration and in vitro growth property measurement 

Virus titers were measured by micro-titration assay on MARC-145 cells in 96-well plates and 

calculated as TCID50/mL using the Reed and Muench method (57). In vitro growth kinetics of 

recombinant viruses including WT and mutant viruses were quantified by infecting MARC-145 

cells at multiplicity of infection (moi) = 0.01. Supernatants of infected cells were collected at 0, 

12, 24, 36, 48, 60, 72, 84, and 96 hour post-infection (hpi), then titrated by TCID50. Plaque assay 

were performed as previously described (15). 

Intrinsic disorder analysis and structural homology modeling : Multiple sequence alignments 

were performed by the built-in ClustalW program of CLC Main Workbench 8.1 (CLC bio, 

Aarhus, Denmark). Intrinsic disorder analysis were conducted by multiple online programs 

including Pondr-FIT (17), Pondr VL-XT (18), DISOPRED3 (19), MobiDB 3.0 (20), metaPrDOS 

(21). Homology modeling was conducted by I-TASSER (58), without any explicit specification 

of templates. 
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Statistical significance analysis: All data in current study were shown as mean values with 

standard deviations. Statistical significance were evaluated by one-way analysis of variance 

(ANOVA) followed by Tukey’s post hoc test by using GraphPad Prism 6 (GraphPad, La Jolla, 

CA). P-values were indicated by asterisks in figures. *: P<0.05, **:P<0.01, ***:P<0.001, ****: 

P<0.0001. 

3.3. Results 

PRRSV nsp2-related proteins are hyper-phosphorylated 

Three nsp2-related proteins-nsp2, nsp2TF, and nsp2N of PRRSV-1 (strain SD01-08) 

have a predicted molecular weight of 114KDa, 96KDa, and 76KDa, respectively. Molecular 

weight of PRRSV-2 (strain SD95-21) nsp2-related proteins are 129KDa, 110KDa, and 92KDa, 

respectively. Interestingly, we are curious about the much larger apparent sizes of nsp2-related 

proteins in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (13, 14).  

Therefore, we investigated whether there are any possible PTMs which slow down the 

migration of nsp2-related proteins in SDS-PAGE. In particular, we focus on the most common 

PTM form. Gel-shift assays were performed initially to determine the potential phosphorylation 

status of nsp2-related proteins (Fig. 1). Nsp2-related proteins were pulled down by 

immunoprecipitation (IP) from virus-infected cells using the mAb recognizes the shared N-

terminal PLP2 domain region (15, 16). Precipitated nsp2-related proteins were then treated (“on-

bead”) with λ phosphatase (λPP) and compared with their untreated counterparts by 

electrophoresis and western blot. Result showed that dephosphorylation increased the apparent 

mobilities of all three nsp2-related proteins (Fig. 1A), suggesting that they are phosphorylated 

and phosphorylation affects migration of nsp2-related proteins in electrophoresis. To further 

confirm the phosphorylation states of nsp2-related proteins, a panel of anti-phosphoserine 
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monoclonal antibodies (mAbs) was tested for specific reactivity with immunoprecipitated nsp2-

related protein in western blot assay. Among the panel of mAbs, anti-pSer mAbs- #4A9 and 

#7F12 could specifically recognize nsp2 protein (data not shown), confirming that serine 

residues of nsp2 were phosphorylated. We then used anti-pSer mAbs- #4A9 and #7F12 in the gel 

shift assay to further compare the pre- and post-treated proteins. After λPP treatment, nsp2 bands 

with increased mobility could still be recognized by anti-pSer mAb- #4A9 and #7F12 (Fig. 1B). 

However, the corresponding band pixel intensities of higher-mobility species nsp2 in western 

blot were reduced by ~63% and ~49%, respectively (Fig. 1B), suggesting that the partial 

phosphate complement of nsp2 were partly removed after λPP treatment, yielding hypo-

phosphorylated nsp2 proteins. 

To identify specific phosphorylation sites, immunoprecipitated nsp2 and nsp2TF proteins 

were subjected for mass spectrometric analysis. Result showed that PRRSV nsp2 and nsp2TF are 

hyper-phosphorylated with at least eighteen modified sites, including ambiguous ones (Table. 1). 

Eleven phosphorylation sites were found in nsp2, while twelve sites were identified in nsp2TF. 

However, threonine896 and serine897 in nsp2, or serine1027 and threonine1029 in nsp2TF could be 

unambiguously distinguished in mass spectrometric peptide analysis. Among these identified 

sites, up to fifteen phosphorylated residues were located between the N-terminal PLP2 domain 

and the -2/-1 programmed frameshifting site. This region is shared by all three nsp2-related 

proteins. Unambiguously identified residues-serine687, serine838, serine859, serine863, serine902 and 

serine1010 are found both in nsp2 and nsp2TF. Tyrosine1253, threonine1373 and serine1440 are 

located in nsp2-specific regions that include the predicted transmembrane (TM) domain and C-

terminal cysteine-rich domain. We also assessed the conservation of these identified 

phosphorylation sites by quantifying the substitution rates in thirty-seven representative variants 
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(viral genomes published in Genbank before 2014) (Table 1). Among all these sites, serine579, 

serine827, serine838, serine859, serine863, serine897, serine902, serine918, tyrosine1253 and serine1440 

showed high conservation with substitution rates of less than 3/37 (conservative transition 

between serine and threonine not included) (Table 1). Notably, one residue-serine918 shows 

unexpected inter-species conservation (Fig. 3). 

Mapping phosphorylation sites to functional domains of nsp2-related proteins  

To obtain functional insights into nsp2-related protein phosphorylation, we analyzed the 

impact of nsp2-related proteins phosphorylation abolishment in virus life cycle and particularly 

searched for potential functional structures containing key phosphorylated sites. Nsp2-related 

proteins share a relatively conserved PLP2 domain, a small hypervariable region upstream of 

PLP2 (HVR-1), and two large hypervariable regions (HVR-2 and HVR-3) located between the 

PLP2 and -2/-1 PRF site. By definition, HVRs exhibit extremely low inter-species similarity (11, 

12). HVR-2 and HVR-3 can be defined as distinct domains due to being separated by a highly 

conserved domain (11). Sequence analysis and structural modeling on HVR-2 and HVR-3 show 

that these regions have low sequence complexity and have a lower probability to form stable 

secondary structures. Furthermore, HVR-2 and HVR-3 were consistently predicted to be 

intrinsically disordered by a number of disorder prediction algorithms, including Pondr-FIT (17), 

Pondr VL-XT (18), DISOPRED3 (19), MobiDB 3.0 (20), metaPrDOS (21) (Table 2) (Fig. 2). In 

contrast, the conserved region spacing HVR-2 and HVR-3 exhibits distinct structural features 

(Fig. 2). At c-terminal portion of this region, an even more highly conserved structured core 

could be found, consisting of 4 to 5 putative helics (α1-α4 or α4’), which is most likely to form a 

helical bundle structure (Fig. 3 and Fig. 4). Moreover, three short peptides with 

uncharacteristically higher inter-species conservation could be further identified within the 
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structured core (Fig. 3). The N-terminal portion of the conserved region exhibits potential 

disordered propensity with few putative secondary structures (Fig. 3). Therefore, based on the 

structural and sequence variation analysis, we defined this region as an independent structured 

domain-IHCD (inter-HVR-conserved domain). Phosphorylated residues are mapped to specific 

regions on nsp2-related proteins. Serine667, threonine685, and serine687 are localized in HVR-2; 

serine1010, serine1027, and threonine1029 are located in HVR-3; the less structured N-terminal 

portion of IHCD are enriched with phosphorylation sites-serine827, serine838, serine859, serine863, 

serine897, and serine902; serine918 is located in the C-terminal structural core (Fig. 2). Serine918 is 

included in the first inter-species conserved short peptide in c-terminal portion of IHCD. 

The phospohrylation of serine918 regulates infectious particle production and accumulation of 

subgenomic mRNAs 

To determine potential role(s) of phosphorylation on nsp2-related proteins in replication, 

a panel of phospho-ablatant mutations (serine or threonine replaced by alanine, tyrosine replaced 

by phenylalanine) were introduced into full-length cDNA infectious clone of PRRSV-1 (22). 

Each residue was changed individually, while adjacent mutations were also combined in analysis 

(Fig. 5). Tyr1253 is located in nsp2 specific region with is overlapped with -2 ORF coding 

nsp2TF. To avoid non-target mutation in nsp2TF, the phospho-ablatant mutation Y1253F was 

introduced into a previously constructed nsp2TF/nsp2N-knockout mutant KO2 (13, 14).  

Using this panel of phospho-abalatant mutants, we first determined the impact of nsp2-

related protein phosphorylation on recombinant virus production. Full-length cDNA infectious 

clone of each mutant was transfected into the BHK-21 cells and cell culture supernatant was 

harvested at 48 hours post transfection. Compare with the wild type virus, the mutant S918A 

showed significantly lower viral yield with one log decreased titer (Fig. 5). We further confirmed 
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this result by determining the impact of serine918 mutation on viral genomic RNA (gRNA) and 

sgmRNA accumulation. Viral RNA was transcribed from the T7 promoter-driven full-length 

cDNA infectious clone of S918A mutation, and then transfected into BHK-21 cells. The 

expression of both plus (+) and minus (-) strand gRNA and subgenomic RNA (sgRNA) was 

measured by qRT-PCR. In comparison to the WT virus, mutant S918A showed no significant 

changes in levels of (+) and (-) gRNA (Fig. 6A-B). However, the relative accumulations of three 

representative sgRNAs, sgRNA 2, 6 and 7 were significantly reduced in mutant S918A 

transfected cells (Fig. 6A). The ratio of (+) sgRNA2/6/7 to (+) gRNA was reduced by ~48%, 

~44%, and ~57%, respectively (Fig. 6A). Consistently, the relative ratios of (-) sgRNA2/6/7 

were reduced by ~26%, ~65%, and ~77%, respectively (Fig. 6B). Reduced levels of sgRNAs 

would result in the decreased expression of structural proteins. As expected, the steady level of 

structural protein-N protein were significantly decreased by about 56% in S918A mutant RNA 

transfected BHK-21 cells, compared with WT (Fig. 6C). In contrast, the accumulated level of 

nonstructural protein-nsp1β was not significantly changed by the S918A phospho-ablatant 

mutation (Fig. 6C). Decreased structural proteins expression will inevitably inhibit virus 

packaging. Consistently, infectious virus production of mutant S918A was reduced by 0.78 and 

0.77 log10 (TCID50/ml) at 18 and 36 hpt, respectively (Fig. 6D), which is also consistent with the 

first round screening result (Fig. 5). Besides, a phospho-mimetic mutation S918D was also 

included in this assay (Fig. 6). However, it failed to restore the phenotype loss of phospho-

ablatant mutation, only partially recover the decrease of (-) sgRNA 6 and 7 (Fig. 6). 

Moreover, the in vitro growth kinetic phospho-ablatant mutant S918A was also compared 

with that of WT virus (Fig. 7). Infected PRRSV-permissive MARC-145 cell supernatants were 

harvested at 0, 12, 24, 36, 48, 60, 72, 84, and 96 hpi, and titrated with TCID50 method. Result 
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showed that the mutant S918A has a significantly attenuated replication ability in MARC-145 

cells (Fig. 7A). WT virus reached the infectious virus titer peak of 6.32 log10 (TCID50/ml) at 60 

hpi. In contrast, the virus production peak of mutant S918A showed up between 60hpi and 84hpi 

and was decreased by 1 log10 (TCID50/ml) (Fig. 7A). Consistently, the cytolytic ability of mutant 

S918A was severely attenuated with barely no detectable ability to form plaques in MARC-145 

in 4 day post infection (Fig. 7B). 

3.4. Discussion    

As the most ubiquitous PTM form, protein phosphorylation is indispensable in the 

modulation of all fundamental biological activities (1-5). Viruses also exploit host 

phosphorylation mechanism to benefit viral life cycle including replication processes and 

immune evasion (6, 7). Critical effects of phosphorylation of viral protein factors on replication 

are broadly reported and characterized in both RNA and DNA viruses (6, 7). Previous 

characterization of nidoviral protein phosphorylation focused exclusively on N proteins (23, 24), 

including murine hepatitis virus (MHV), infectious bronchitis virus (IBV), transmissible 

gastroenteritis coronavirus (TGEV), severe acute respiratory syndrome coronavirus (SARS-

CoV), equine arteritis virus (EAV), and PRRSV (24-35). Biological consequences of these 

phosphorylation events in viral replication were extensively investigated only in coronaviruses 

(23, 24). For example, the phosphorylation state of IBV N protein regulates its affinity to the 

viral leader sequence, suggesting that phosphorylation plays critical roles in RNA transcription 

(29, 32). Phosphorylation by the host GSK3 kinase appears to affect conformational transitions 

of the MHV N protein and regulates its interaction with the DDX1 helicase to fine-tune the 

discontinuous transcription of sgmRNAs (36). The N protein of PRRSV has also been reported 
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as a phosphorylated protein (12, 37, 38). However, exact roles of phosphorylated N proteins for 

PRRSV life cycle still remain unclear (12, 37, 38). 

Our current study is the first to demonstrate the importance of phosphorylation of 

nidoviral (PRRSV) proteins other than N proteins in viral replication. It reveals regulatory role of 

PRRSV nsp2-related protein phosphorylation involving in sgmRNA accumulation, possibly in 

the discontinuous transcription. The primary role of nsp2 in viral replication is to function as a 

protease (PLP2) in the proteolytic processing of viral replicase polyproteins (39). Arteriviral 

nsp2 was also reported to play important roles in mediating the formation of viral replication 

organelle-double membrane vesicles (DMVs) and anchor the replication and transcription 

complex (RTC) (12, 40, 41). The discovery of novel -2/-1 frameshifting mechanism and 

identification two frameshifting products-nsp2TF and nsp2N (12-14, 42) in nsp2 region increase 

the versatility and functional complexity of this set of proteins. We observed that all three nsp2-

related proteins (nsp2, nsp2TF, and nsp2N) are phosphorylated. Mutations introduced into the 

phosphorylation sites serine918 attenuated the in vitro viral replication; especially, disrupting the 

phosphorylation state of serine918 in the virus downregulates the steady-state levels of sgmRNAs 

without affecting gRNA accumulation. Whether nsp2-related proteins, as trans-acting factor(s), 

directly regulate arterivirus discontinuous transcription warrants further investigation. In 

PRRSV-infected cells, nsp2TF was found to have a different subcellular localization pattern than 

that of nsp2 (Fang et al., 2012), suggesting that phosphorylation state of these proteins may 

regulate the viral replication by different mechanism or only one of the proteins is involved in 

sgmRNA synthesis. 

Compared with other conserved domains in nsp2-related proteins, the functionally 

obscure region between PLP2 domain and PRF site stands out the most. We subdivided this large 
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region into two HVRs separated by relatively conserved inter-HVR region, which contains a 

highly conserved domain-IHCD in both PRRSV-1 and PRRSV-2. In previous studies, serial 

deletions were introduced into HVR and IHCD. In PRRSV-1 (strain SD01-08), HVR-2 contains 

two known epitopes-ES3 (691aa-722aa of pp1a) and ES4 (736aa-790aa of pp1a); ES7 (1015aa-

1040aa of pp1a) is located in HVR-3; ES5 (822aa-832aa of pp1a) could be found in the N-

terminal portion of IHCD; ES6 (895aa-922aa of pp1a) is located in the junction of two portions 

of IHCD (43) (Fig. 2). ES3 deletion caused enhanced cytolyticty and more vigorous in vitro 

growth kinetics; ES4 and ES7 deletion mutants exhibited opposite in vitro growth properties 

(43). In contrast, deletion of IHCD epitopes-ES5 and ES6 is proved to be lethal for viable virus 

rescue (43). In vivo characterization of ES3, ES4, and ES7 deletion mutants displayed viremic 

phenotypes consistent with that of in vitro (43). In addition, the mRNA and protein expression 

level of IL-1β and TNF-α were downregulated in ES3 deletion mutant-infected macrophages 

(43). In PRRSV-2 (strain VR-2332), specific regions in nsp2 that are dispensable for replication 

were also identified (44). Deletions of residues 324-523 and 543-632 (covering HVR-2), 633-

726 (overlapping with IHCD), and 727-813 (partially overlapping HVR-3) could rescue viable 

recombinant viruses, but incurred severe fitness loss (44). These results indicate that HVR-

2/HVR-3 and IHCD are associated with viral fitness and basic replication. In the current study, 

mass-spectrometric analysis of PRRSV-1 identified that most of the phosphorylation sites are 

located in these HVRs and inter-HVR regions, in which nsp2 contains 6 phosphorylated sites and 

nsp2TF contains 7 sites. Besides the in-depth analysis S918 involved in regulation of sgmRNA 

accumulation, the functional importance of other phosphorylated residues needs to be elucidated 

in the future. Previous studies showed that PRRSV nsp2-related proteins are enriched with 

immune-dominant B-cell epitopes (12, 43, 45, 46), as well as predicted T-cell epitopes. 
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Interestingly, serine827 is located in epitope ES5; threonine896 (or serine897), serine902 and 

serine918 are found in epitope ES6; serine1027 or threonine1029 is located in epitope ES7 (Table 1). 

Our previous study demonstrated the necessity of intact IHCD epitopes-ES5, ES6, and ES7 for 

viral viability or fitness (43). Current study further revealed the critical role of phosphorylated 

serine918 in ES6 for viral sgmRNA accumulation, possibly for the discontinuous transcription 

process. 

Our sequence analysis showed that the region between PLP2 and -2/-1 PRF site contains 

IDRs, which has limited homology with any other known proteins/domains. In general, 

IDRs/IDPs lack hydrophobic residues to support formation of well-defined and folded 

hydrophobic cores and do not adopt stable tertiary structures in the absence of binding partners 

(47-51). Conformations of IDPs/IDRs are more typically represented as dynamic ensembles (47-

51). The functional advantages and features of structural disorder have been well documented 

(47-51). One advantage is that disordered region can present highly diversified binding sites for 

other macromolecular partners (47-51). As intracellular parasites, the life cycle of viruses 

depends critically upon interactions between viral proteins and host components. The absence of 

strong structural constraints correlates with less restriction on selection of structured sequences 

and higher tolerance to sequence substitution (48-50, 52, 53). Furthermore, loose constraints in 

conformation permits dynamic display of PTM sites, such as phosphorylation, in order to 

facilitate transient interactions with modifying enzymes; and allow the easy access and 

recognition of modified sites for downstream interactions (48-50). These properties would allow 

viruses to respond to rapidly changing host environments. In the case of PRRSV nsp2-related 

proteins, the two large putative IDRs associated with the HVRs and hyper-phosphorylation sites 

support the functional connection between sequence variability and mechanistic roles (Fig. 2). 
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Given the fact that nsp2-related proteins contain the most apparent disordered regions in the viral 

proteome (Fig. 8-9), the hyper-phosphorylated IDRs in nsp2-related proteins may function as 

evolutionary “hot-spots” for fast adaptation to the constantly changing host environment-

including immunological and physiological conditions, and greatly diversified host genetic 

background.  
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Figure 3.1. Immuno-detection of PRRSV-1 nsp2-related proteins phosphorylation 

(A) Gel shifting assay. Nsp2-related proteins bound on Sepharose beads were treated with λPP, 

then separated by SDS-PAGE. α-PLP2 mAb #36-19 was used in IP. α-ES4-5 mAb #58-46 and α-

nsp2TF pAb were used in WB to visualize apparent size changes before and after treatment. (B) 

WB detection of nsp2-related proteins phosphorylation state post λPP treatment. α-pSer mAbs-

#4A9 and #7F12 capable to detect the phosphorylation state of nsp2 was used in WB. Pixel 

intensity of nsp2 bands was calculated by Image Studio 5.2 (Li-Cor Biosciences). Confirmation 

of the specific reactivity of α-pSer mAbs, α-nsp2-related proteins pAb was used to detect nsp2-

related proteins in WB. 
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Figure 3.2. Mapping phosphorylation sites to domains of PRRSV-1 nsp2-related proteins 

Phosphorylation sites were mapped to corresponding domains of nsp2 and nsp2TF, indicated by 

green or red flower-like symbol. Red symbols represent the critical phosphorylation site-

serine918. Light blue, grey, dark blue, and black shadows indicate PLP2, HVRs, IHCD structure 

core, and TM domains, respectively. Corresponding approximate borders were shown beneath 

these domains. Green dashed line indicates 2/-1 PRF site. Possible structural features about 

intrinsic disorder of nsp2 and nsp2TF were analyzed by online programs-Pondr-FIT and Pondr 

VL-XT. 
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Figure 3.3. The inter-HVR conserved domain (IHCD) of PRRSV nsp2-related proteins 

The region of nsp2-related proteins containing three phosphorylated residues-serine838, serine859, 

and serine918 were aligned by CLC Main Workbench 8.1 (CLC bio). PRRSV-1 strains-SD01-08 

(Genbank DQ489311.1), Lelystad virus (LV) (Genbank M96262.2), lena (Genbank JF802085.1), 

Amervac PRRS (Genbank GU067771.1), EuroPRRSV (Genbank AY366525.1) and PRRSV-2 

strains-VR-2332 (Genbank AY150564.1), MN184A (Genbank DQ176019.1), JXA1 (Genbank 

EF112445.1), NADC30 (Genbank JN654459.1), and NVSL 97-7895 (Genbank AY545985.1) 

were selected for alignment. Peptide sequences with great inter-species conservation were 

highlighted by grey shadows. Secondary structures predicted by I-TASSER based on PRRSV-1/-

2 IHCD sequences were presented above or beneath corresponding amino acids. Cylinder 

indicates α helix; arrow head indicates β sheet. Sequences forming putative α-helix and β-sheet 

structures were shown in blue and magenta color. Predicted structures with high confidence were 

highlighted in underlined bold font. Sequence conservation and logo analyzed by CLC Main 

Workbench 8.1 (CLC bio) were shown underneath. Phosphorylated sites were labelled by red 

triangle. The critical residue-serine918 is indicated by red frame. 
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Figure 3.4. Predicted helical bundle models of IHCD structured core 

(A) Predicted helical bundle structure of PRRSV-1 IHCD core. (B) Predicted helical bundle 

structures of PRRSV-2 IHCD core. (C) Predicted right-handed superhelix structure of PRRSV-

1/-2 IHCD core. 
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Figure 3.5. Rescue efficiency of phospho-ablatant mutants in transfected cells. 

A panel of PRRSV cDNA infectious clones with phospho-ablatant mutations was transfected 

into BHK-21 cells. Cell culture supernatants were harvested 48 hour post transfection (hpt), and 

titrated for rescued recombinant virus production on MARC-145 cells with TCID50 method. 

Experiment was performed in biological triplicates. ***:P<0.001. 
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Figure 3.6. Phosphorylation at serine918 of nsp2-related proteins influences relative 

accumulation of subgenomic RNAs 

(A) and (B) ratios of plus-and minus-strand RNA. In vitro transcribed genomic RNA of WT 

virus, mutant S918A, and phospho-mimetic mutant S918D were transfected into BHK-21 cells. 

At 18 hpt, BHK-21 cells were lysed for plus and minus genomic/subgenomic RNA qRT-PCR 

quantification. (C) Structural and nonstructural proteins expression in BHK-21 cells. The 

expression of viral N proteins and nsp1β in BHK-21 cells at 18 hpt was visualized by western 

blot by using α-N mAb #14-126 and α-nsp1β #22-28. Pixel intensity was quantified Image 

Studio 5.2 (Li-Cor Biosciences). Host housekeeping protein-GAPDH was recognized by specific 

mAb. The expression of nsp1β was normalized with GAPDH; N protein expression was 

compared with corresponding expression of nsp1β. The pixel intensity of WT sample was taken 

as 1 for the convenience of comparison. (D) Rescued virus yield comparison. BHK-21 cell 

supernatants were harvested at 18 hpt and 36 hpt to titrate infectious virus production by TCID50 

method. All experiments were performed in biological triplicates. *: P<0.05, **:P<0.01, 

***:P<0.001, NS: P>0.05. 
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Figure 3.7. Attenuated replication ability of phospho-ablatant mutant S918A in MARC-145 

cells 

(A) In vitro growth curve. MARC-145 cells were infected at moi=0.01 by WT and S918A 

mutant virus, respectively. Cell supernatants were harvested and titrated every 12 hpi. (B) Plaque 

assay. Infected MARC-145 cells were stained by crystal violet solution at 4 dpi. 
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Figure 3.8. Intrinsic disorder in silico analysis of PRRSV-1 proteome 

Intrinsically disordered tendency of known proteome of PRRSV-1 (SD01-08 strain, Genbank 

DQ489311.1) including pp1ab, nsp2TF -2 ORF, GP2, E, GP3, GP4, GP5, GP5a, M, and N were 

analyzed by program Pondr-FIT (A and B). (A) Most outstanding IDRs in pp1ab were marked 

by blue dashed lines. (B) Putative signal peptides and TM regions were shown as grey mesh and 

grey shadow, respectively (23). Vertical bar region in the N-terminal of N protein indicates the 

RNA-binding domain (23).  
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Figure 3.9. Intrinsic disorder in silico analysis of PRRSV-2 proteome 

Intrinsically disordered tendency of known proteome of PRRSV-1 (VR-2332 strain, Genbank 

AY150564.1) including pp1ab, nsp2TF -2 ORF, GP2, E, GP3, GP4, GP5, GP5a, M, and N were 

analyzed by program Pondr-FIT (A and B). (A) Most outstanding IDRs in pp1ab were marked 

by blue dashed lines. (B) Putative signal peptides and TM regions were shown as grey mesh and 

grey shadow, respectively (23). Vertical bar region in the N-terminal of N protein indicates the 

RNA-binding domain (23). 
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Table 3.1. Identification PRRSV-1 nsp2 and nsp2TF phosphorylation sites by mass spectrometry 

Nsp2 residues  
(position in pp1a /nsp2) 

Mass spec identified peptide 
Nsp2TF residue 
(position in pp1a/nsp2TF) 

Mass spec identified peptide Substitution rate 
Localization in  
B-cell epitopes 

 
S579 / S194 TLDKMLTSPSPERSGF 2/37  
S667 / S282 SPGAAVALCSPDAK 17/37  
T685 / T300 SPDAKGFEGTASEEAQESGHKA 31/37  

S687 / S302 GFEGTASEEAQESGHK S687 / S302 GFEGTASEEAQESGHK 36/37  
  S827 / S442 LDLSLAAW 0/37 ES5 

S838 / S453 
TASDPGWVRG 
KATASDPGWVRG 
TASDPGWVR 

S838 / S453 
AAWPVKATASDPGW 
ATASDPGWVR 
KATASDPGWVRG 

0/37  

S859 / S474 
FSDGDSA 
FSDGDSALQFGEL 

S859 / S474 
FSDGDSALQ 
FSDGDSALQFGEL 

0/37  

S863 / S478 FSDGDSALQFGELSES S863 / S478 FLKPRKAFSDGDSA 0/37  
T896* / T511* DAPVDLTTSNEALSA  11/37 ES6 

S897* / S512* 
DAPVDLTTSNEALSAVDPS 
DAPVDLTTSNEALS 
DAPVDLTTSNEAL 

S897 / S512 
DAPVDLTTSNEALSAVDPS 
DAPVDLTTSNEALS 

1/37 ES6 

S902 / S517 DAPVDLTTSNEALSAVDPS S902 / S517 DAPVDLTTSNEALSAVDPS 2/37 ES6 
  S918 / S533 HSAQALIDR 0/37 ES6 

S1010 / S625 
RASDSAGLKQLVA 
RASDSAGLKQLV 

S1010 / S625 
RASDSAGLKQLVA 
RASDSAGLKQL 

7/37  

 S1027* / S642* 
DKKLSVTPPPKSAGL 
KLSVTPPPK 

4/37 ES7 

T1029 / T644 

RWDKKLSVTPPPKSA 
DKKLSVTPPPKSAGL 
SVTPPPKSAGL 
SVTPPPKSA 
KLSVTPPPK 
LSVTPPPK 

T1029* / T644* 

RWDKKLSVTPPPKSAGL 
DKKLSVTPPPKSAGL 
SVTPPPKSAGL 
KKLSVTPPPK 
KLSVTPPPK 
SVTPPPKSA 

11/37 ES7 

Y1253# / Y868# ALSLVYVVSQGR  0/37  
T1373# / T988# VLQAGGAIVDQPTPEVVR  6/37  

S1440# / S1055# 
NQTPLRDSASTKTTGG 
LNQTPLRDSASTKTTGGTK 

 0/37  

Red highlight: identified phosphorylation sites in peptide analysis; 
*: ambiguously identified phosphorylation sites; 
#: phosphorylation sites which only exist in ORF1a reading frame. 
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Table 3.2. Comparative analysis on intrinsically disordered regions between PLP2 domain and -2/-1 PRF site 

 HVR approximate positions 
(positions in pp1a) 

Positions of putative IDRs between PLP2 and -2/-1 PRF (positions in pp1a) 

Pondr-FIT Pondr VL-XT DISOPRED3 MobiDB 3.0 metaPrDOS 

PRRSV-1 nsp2 
(SD01-08 strain)  

HVR-2: 665aa-825aa 657aa-819aa  661aa-781aa 680aa-913aa 728-758aa 

655aa-710aa 
727aa-780aa 
799aa-814aa 
863aa-900aa 

HVR-3: 1010aa-1085aa 998aa-1077aa 998aa-1075aa 1005aa-1079aa 1031-1064aa 1003aa-1066aa 
  

PRRSV-2 nsp2 
(VR-2332 strain)  

HVR-2: 843aa-993aa 752aa-1014aa 

628aa-661aa 
732aa-782aa 
807aa-852aa 
865aa-1028aa 
1040aa-1052aa 

683aa-739aa 
815aa-1017aa 

809aa-856aa  
899aa-936aa  
948aa-979aa 

751aa-770aa 
813aa-1013aa 

HVR-3: 1143aa-1213aa 1185aa-1222aa 1108aa-1227aa 1115aa-1205aa 1156aa-1221aa 1149aa-1213aa 
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Table 3.3. Primer and probe sequences for qRT-PCR detection of PRRSV genomic/subgenomic RNA 

ID Primer/probe sequence Genomic locations Application 

Leader-F 5’ TGTGTACTTTGGAGGCGTGG 3’ 47nt-66nt 
gRNA detection; reverse transcription (RT) 
primer for all minus-strand RNAs detection 

gRNA-R 5’ CATGCACCGGGAGAACGT 3’ 231nt-248nt gRNA detection; gRNA cDNA RT primer  
5UTR-probe 1 5’ CCTCCCGAGTATTTCCGGAGAGCACC 3’ 168nt-193nt gRNA detection 
        
sgRNA2-F 5’ GGAAGGACCTCCCGAGTATT 3’ 161nt-180nt sgRNA 2 detection 
sgRNA2-R 5’ CACTCCAAGTTTACGGCTCTC 3’ 11724nt-11744nt sgRNA 2 detection 
sgRNA2-probe* 5’ CTCCACCCKTAAACCCCGGCTGC 3’   sgRNA 2 detection 
        
sgRNA6-F 5’ GGAAGGACCTCCCGAGTATTT 3’ 161nt-181nt sgRNA 6 detection 
sgRNA6-R 5’ TTATCTAGGCCTCCCATTGCT 3’  14032nt-14052nt sgRNA 6 detection 
sgRNA6-probe* 5’ TCCACCCYTCAACCCTTGACGAGAA 3’   sgRNA 6 detection 
        
sgRNA7-F 5’ AGTATTTCCGGAGAGCACCT 3’ 175nt-194nt sgRNA 7 detection 
sgRNA7-R 5’ GCACAGTTGATTGACTGGCT 3’ 14608nt-14627nt sgRNA 7 detection 
sgRNA7-probe*# 5’ CTTGACGAGGTTAAMGGGTGGAGATCC 3’   sgRNA 7 detection 
        
END-R 5’ AATTTCGGTCACATGGTTCC 3’ 15028nt-15047nt sgRNA2/6/7 cDNA RT primer 
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Chapter 4 - A naturally occurring recombinant enterovirus 

expresses a torovirus deubiquitinase 

Abstract: Enteroviruses (EVs) are implicated in a wide range of diseases in humans and 

animals. In this study, a novel enterovirus (enterovirus species G [EVG]) (EVG 

08/NC_USA/2015) was isolated from a diagnostic sample from a neonatal pig diarrhea case and 

identified by using metagenomics and complete genome sequencing. The viral genome shares 

75.4% nucleotide identity with a prototypic EVG strain (PEV9 UKG/410/73). Remarkably, a 

582-nucleotide insertion, flanked by 3Cpro cleavage sites at the 5′ and 3′ ends, was found in the 

2C/3A junction region of the viral genome. This insertion encodes a predicted protease with 54 

to 68% amino acid identity to torovirus (ToV) papain-like protease (PLP) (ToV-PLP). Structural 

homology modeling predicts that this protease adopts a fold and a catalytic site characteristic of 

minimal PLP catalytic domains. This structure is similar to those of core catalytic domains of the 

foot-and-mouth disease virus leader protease and coronavirus PLPs, which act as 

deubiquitinating and deISGylating (interferon [IFN]-stimulated gene 15 [ISG15]-removing) 

enzymes on host cell substrates. Importantly, the recombinant ToV-PLP protein derived from 

this novel enterovirus also showed strong deubiquitination and deISGylation activities and 

demonstrated the ability to suppress IFN-β expression. Using reverse genetics, we generated a 

ToV-PLP knockout recombinant virus. Compared to the wild-type virus, the ToV-PLP knockout 

mutant virus showed impaired growth and induced higher expression levels of innate immune 

genes in infected cells. These results suggest that ToV-PLP functions as an innate immune 

antagonist; enterovirus G may therefore gain fitness through the acquisition of ToV-PLP from a 

recombination event. 
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4.1. Introduction 

Enteroviruses belong to order Picornavirales, family Picornaviridae (1). The EV genus 

includes viruses that infect humans (species A to D), bovines (species E and F), swine (species 

G), and nonhuman primates (species A, B, D, H, and J). Currently, EV species G (EVG) is 

divided into 11 types, EV-G1 to EV-G11 (2-4). Enteroviruses are small nonenveloped viruses 

that contain positive-strand RNA genomes of approximately 7,400 to 7,500 nucleotides (nt). 

Enteroviral genomes contain a single open reading frame (ORF), flanked by 5′ and 3′ 

untranslated regions (UTR) and a 3′ poly(A) tail. The relatively long 5′ UTR extends about 700 

to 825 nt and contains secondary structural elements essential for RNA replication as well as an 

internal ribosomal entry site (IRES) for the initiation of translation. The 3′ UTR is considerably 

shorter, at 75 to 100 nt long, and contains complex cis-acting elements that are important for 

RNA replication (5). Genome translation generates a large polyprotein that is proteolytically 

processed into four structural proteins (VP1, VP2, VP3, and VP4) and seven nonstructural viral 

proteins (2Apro, 2B, 2C, 3A, 3B, 3Cpro and 3Dpol) (6-8). 

Enteroviruses comprise a highly diverse group of viruses characterized by high mutation 

and recombination rates (9-13). Recombination is considered to be a major factor that drives 

viral evolution (14, 15). The majority of reported recombination events involve members of the 

same species. Recombination usually occurs in the nonstructural genome region, most frequently 

in the 2A-2C portion of the enterovirus genome (16, 17). Intratypic recombinants are produced 

about 100 times more often than intertypic recombinants (18). Genetic recombination between 

viruses from two different families/orders seems to occur much less frequently. However, in this 

study, we discovered a novel example of a cross-order recombinant in which an exogenous 

papain-like protease (PLP) gene of torovirus (order Nidovirales) naturally recombined into the 
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2C/3A junction of the genome of enterovirus G (order Picornavirales), generating a chimeric 

virus designated EVG 08/NC_USA/2015.  

Torovirus belongs to the family Coronaviridae in the order Nidovirales. In previous 

studies, PLPs derived from nidoviruses have been reported to possess deubiquitination (DUB) 

activity, a mechanism to disrupt innate immune signaling and suppress host immune responses 

(19-29). Many key signaling proteins that regulate the expression of host cellular immune genes 

are dynamically modulated by protein posttranslational modifications. In particular, the covalent 

conjugation of ubiquitin (Ub) or Ub-like proteins, such as interferon (IFN)-stimulated gene 15 

(ISG15), is a critical mechanism for the orchestration of appropriate innate immune responses 

(30-33). Ub conjugation (ubiquitination) and ISG15 conjugation (ISGylation) to cellular 

substrate proteins occur through similar mechanisms (33-35). Together with other 

posttranslational modifications, they fine-tune the activation, strength, and duration of the 

antiviral immune responses (30, 32, 33, 35-37). PLPs from several viral species of the 

Nidovirales function as deubiquitinases that cleave and remove Ub and Ub-like modifiers from 

host cell substrates (21, 24, 26, 27, 38, 39). Such PLPs possess general DUB activity toward 

cellular ubiquitin conjugates and also cleave the IFN-induced Ub homologue ISG15 

(deISGylation) from cellular proteins. 

In this study, we characterized the novel recombinant virus EVG 08/NC_USA/2015. We 

elucidated the DUB function of the EVG ToV-PLP protein and investigated its effect on host cell 

innate immune responses. Using reverse genetics, we generated a ToV-PLP knockout 

recombinant virus and analyzed its ability to induce innate immune responses in infected cells. 

Our study reveals a novel cross-order recombination event and provides new insights into 

enterovirus genome plasticity and its influence on viral pathogenesis. 
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4.2. Materials and Methods 

Cells and viruses: ST, BHK-21, and HEK-293T cells were cultured in minimum essential 

medium (MEM) (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (Sigma-

Aldrich, St. Louis, MO), antibiotics (100 U/ml of penicillin [Gibco, Carlsbad, CA] and 100 

μg/ml of streptomycin [Gibco, Carlsbad, CA]), and 0.25 μg/ml amphotericin B (Fungizone; 

Gibco, Carlsbad, CA) at 37°C with 5% CO2. Infected ST or HEK-293T cells were maintained in 

2% horse serum (HyClone, Logan, UT) at 37°C with 5% CO2. 

The EVG-positive fecal sample was obtained from a piglet diarrhea case submitted to 

KSVDL in 2015. EVG was initially identified by metagenomics, and the virus was subsequently 

isolated after inoculation into ST cells. The isolated virus was plaque purified and designated 

EVG 08/NC_USA/2015. The recombinant viruses vEVG (cloned virus) and vPLP-KO (PLP 

knockout virus) were rescued from BHK-21 cells transfected with plasmid DNA of EVG full-

length cDNA infectious clones. Rescued recombinant viruses were passaged on ST cells. For 

both parental and recombinant viruses, passage 2 viruses on ST cells were used for subsequent 

experiments. The SeV Cantell strain, cultured in embryonated chicken eggs, was used to 

stimulate type I IFN responses. As a control, PRRSV strain SD95-21 was used for the expression 

of the PRRSV-PLP2 domain (26, 27). 

Sequence analysis: Fecal samples submitted to KSVDL were subjected to metagenomic 

sequencing as previously described (40). Sequence reads were mapped to the host Sus scrofa 

genome, and unmapped reads were assembled de novo by using CLC Genomics. Contigs were 

identified by BLASTN. A majority of the reads mapped to a 7,492-bp contig that contained a 

6,561-bp open reading frame, which was incomplete at the 3′ end. The genome sequence was 

completed with GeneRacer (Invitrogen) and Sanger sequencing. The complete genome sequence 
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of EVG 08/NC_USA/2015 was aligned to those of representative members of the genus 

Enterovirus by using the ClustalW algorithm in MEGA 7.0. Phylogeny was inferred by using the 

maximum likelihood algorithm, using the best-fitting model with a gamma distribution. Tree 

topology was assessed by using 500 bootstrap replicates. 

PLP structural analysis: Disorder prediction of the ToV-PLP sequence using GlobPlot (41) 

suggested that PLP is comprised primarily of a single core domain with less-ordered flanking 

regions. Homology modeling of EVG ToV-PLP was carried out by using I-TASSER (42) 

without explicit specification of any template models. Structural predictions of ToV-PLP input 

sequences were conducted with different boundaries in order to reduce the impact of disordered 

sequences at the N and C termini and to help define the core domain of the protease. The 

removal of ∼10 N-terminal and ∼20 C-terminal residues resulted in consistent predictions, with 

I-TASSER C scores of −0.8 to −0.9 and high structural homology to the leader protease of foot-

and-mouth disease virus, with 23 to 24% sequence identity over ∼87 to 89% coverage of the 

input sequences (43, 44). The majority of other structurally homologous templates identified by 

I-TASSER were eukaryotic ubiquitin-specific proteases/deubiquitinating enzymes (18 to 25% 

sequence identity over 78 to 94% coverage). The final structural model was further optimized, 

and its geometry was corrected by using ModRefiner (45). Structural figures were generated by 

using PyMOL (PyMOL Molecular Graphics System, version 1.7, Schrödinger, LLC). 

Plasmids: The plasmid expressing ToV-PLP was constructed by RT-PCR amplification of the 

region spanning nt 5061 to 5642 of the EVG 08/NC_USA/2015 genome, while the plasmid 

expressing PRRSV-PLP2 was constructed by RT-PCR amplification of the region spanning nt 

1340 to 2218 of the PRRSV SD95-21 genome (GenBank accession no. KC469618.1). For 

protein expression in mammalian cells, the PCR products were cloned into a eukaryotic 
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expression vector, pFLAG-CMV-24 (Sigma-Aldrich, St. Louis, MO), and designated pFLAG-

ToV-PLP and pFLAG-PRRSV-PLP2, respectively. For protein expression in E. coli, the PCR 

products were cloned into the prokaryotic expression vector pDB-His-GST-TEV (46) to yield the 

plasmid pDB-His-GST-PLP. Specific mutations in the catalytic sites of the protease (C1449/ 

H1557/ D1572 to A1449/ A1557/ A1572) were introduced by overlapping extension PCR as described 

previously (47), and the resulting plasmid is designated pDB-His-GST-PLP-C/H/D>A. Plasmid 

p3xFLAG-ISG15 for the expression of FLAG-tagged ISG15 was constructed as described 

previously (27), while plasmid pcDNA3.1(+)-HA-Ub for the expression of HA-tagged ubiquitin 

was provided by Domenico Tortorella (Mount Sinai School of Medicine, NY) (26).  

Antibodies: MAb 115-5 (anti-VP1) and MAb 129-28 (anti-PLP) were generated by immunizing 

BALB/c mice with VP1 and PLP recombinant proteins, respectively. Detailed experimental 

procedures for MAb production were described previously (48, 49). The mAb #140-68 against 

PRRSV-PLP2 was produced in our previous study (50). The anti-FLAG M2 MAb (Sigma-

Aldrich, St. Louis, MO) was used for the detection of Flag-tagged proteins. ISGylated cellular 

proteins were detected by anti-Flag M2 MAb (Sigma-Aldrich, St. Louis, MO) or anti-ISG15 

MAb F-9 (Santa Cruz, Dallas, TX), while HA-Ub-conjugated cellular proteins were detected by 

anti-HA MAb 16B12 (Abcam, Cambridge, MA). Additionally, an anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) polyclonal antibody (PAb) (Santa Cruz, Dallas, TX) was 

used to detect the expression of the GAPDH housekeeping gene. 

Recombinant ToV-PLP expression and purification: His–glutathione S-transferase (GST)-

tagged EVG ToV-PLP and its catalytic-site mutant were expressed in E. coli as previously 

described (51). Plasmid pDB-His-GST-PLP or pDB-His-GST-PLP-C/H/D>A was transformed 

into E. coli BL21(DE3) cells and cultured in 2× YT medium (Fisher Scientific, Pittsburgh, PA) 
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at 37°C. Recombinant protein expression was induced overnight at 25°C with 0.1 mM isopropyl-

β-d-thiogalactopyranoside (IPTG). Recombinant proteins were purified with Ni-nitrilotriacetic 

acid (NTA) agarose (Qiagen, Valencia, CA) under native conditions according to the 

manufacturer's instructions. The protein concentration was determined by the absorbance at 280 

nm. 

Western blot: Western blotting was performed using the modified method described previously 

(47). Briefly, cells were lysed by using Pierce IP lysis buffer (Thermo Fisher Scientific, 

Carlsbad, CA) and then centrifuged at 12,000 rpm for 10 min to clean up cell debris. Cell lysates 

were mixed with 4× Laemmli sample buffer (Bio-Rad, Hercules, CA), denatured at 95°C for 10 

min, and then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE). Proteins were then transferred onto a nitrocellulose membrane (GE Healthcare Bio-

Sciences, Pittsburgh, PA). The membrane was blocked with 5% nonfat milk in PBST 

(phosphate-buffered saline [PBS] supplemented with 0.05% Tween 20) at room temperature 

(RT) for 1 h, followed by incubation with the appropriate primary antibody at RT for 1 h. After 

three washes with PBST, the membrane was incubated with IRDye 800CW goat anti-mouse 

IgG(H+L) and/or IRDye 680RD goat anti-rabbit IgG(H+L) (Li-Cor Biosciences, Lincoln, NE) 

for another 45 min at RT. Specific protein bands were visualized by using an Odyssey Fc 

imaging system (Li-Cor Biosciences, Lincoln, NE). 

Deubiquitination assays: To determine the DUB activity of ToV-PLP in an in vitro expression 

system, HEK-293T cells were cotransfected with 0.5 μg plasmid DNA of pcDNA3.1(+)-HA-Ub 

with 0.5 μg pFLAG-ToV-PLP, pFLAG-PRRSV-PLP2, or its catalytic-site mutant. Cells 

cotransfected with plasmid DNA of pcDNA3.1(+)-HA-Ub and the empty vector were used as 

positive controls, while cells transfected with 1 μg plasmid DNA of the empty vector only were 
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used as negative controls. At 36 h posttransfection, cell lysates were harvested and subjected to 

Western blot analysis. The Ub-conjugated host cellular proteins were detected by using anti-HA 

MAb. The expression of ToV-PLP and PRRSV-PLP2 was detected by using an anti-FLAG M2 

MAb. The expression of the housekeeping gene GAPDH was detected by a PAb as a loading 

control. 

To determine the DUB activity of ToV-PLP in the context of viral infection, HEK-293T 

cells were initially transfected with 0.5 μg plasmid DNA of pcDNA3.1-HA-Ub or the empty 

plasmid vector as the control. After 24 h posttransfection, cells were infected with wild-type 

EVG 08/NC_USA/2015, the cloned virus vEVG, or the ToV-PLP knockout recombinant virus at 

a multiplicity of infection (MOI) of 3 (see below for the construction of recombinant EVG 

mutants). After 10 hpi, host protein ubiquitination was detected by Western blotting as described 

above, while the expression of ToV-PLP was detected by anti-PLP MAb 129-28.  

Poly-ubiquitin chain cleavage activity of the ToV-PLP was determined in cell free 

condition as described previously (28, 52, 53). Briefly, 2.5 μg of K48-, K63-, or M1-linked 

polyubiquitin chains (Boston Biochem, Cambridge, MA) was incubated with serial dilutions (1 

μg, 0.5 μg, and 0.25 μg) of purified recombinant GST-PLP or its catalytic-site mutant (GST-PLP 

C/H/D>A) in a final volume of 10 μl assay buffer (50 mM Tris, 5 mM MgCl2, 2 mM 

dithiothreitol [DTT] [pH 7.5]) for 2 h at 37°C. The reaction was terminated with 4× loading 

buffer (Bio-Rad, Hercules, CA) at 37°C for 20 min. Cleavage products were separated by SDS-

PAGE and visualized by Coomassie brilliant blue staining. 

DeISGylation assays: To investigate the deISGylation activity of ToV-PLP in an in vitro 

expression system, HEK-293T cells cultured in 24-well plates were transfected with 0.5 μg of 

plasmid DNA expressing ToV-PLP or PRRSV-PLP2, together with 0.15 μg of pCAGGS-HA-
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UbE1L (E1), 0.1 μg of p3xFLAG-UbcH8 (E2), 0.25 μg of pcDNA-TAP-HA-HERC5 (E3), and 

0.25 μg of p3xFLAG-ISG15 plasmid DNAs. Cells transfected with plasmid DNA of the empty 

vector were used as a control. At 36 h posttransfection, cell lysates were harvested and subjected 

to Western blot analysis. The ISG15-conjugated host cellular proteins were detected by using 

anti-ISG15 MAb F-9. The expression of ToV-PLP and PRRSV-PLP2 was detected by MAb 129-

28 and MAb 140-68, respectively. The expression of GAPDH was detected by a specific PAb as 

a loading control. 

To determine the deISGylation activity of ToV-PLP in the context of viral infection, 

HEK-293T cells were initially transfected with plasmid DNAs of ISGylation machinery (0.15 μg 

of pCAGGS-HA-UbE1L [E1], 0.1 μg of p3xFLAG-UbcH8 [E2], 0.25 μg of pcDNA-TAP-HA-

HERC5 [E3], and 0.25 μg of p3xFLAG-ISG15). Cells transfected with plasmid DNA of the 

empty vector were used as a control. After 24 h posttransfection, cells were infected with wild-

type EVG 08/NC_USA/2015, the cloned virus vEVG, or the vPLP-KO mutant at an MOI of 3 

(see below for the construction of recombinant EVG mutants). At 48 hpi, cell lysates were 

harvested and subjected to Western blot analysis. Anti-Flag M2 MAb was used to visualize 

ISGylated host proteins, while the expression of ToV-PLP was detected by MAb 129-28.  

ToV-PLP cleavage activity toward ISG15 precursor (proISG15) substrate was 

determined using a cell free assay as described previously (22, 52). Briefly, 2.5 μg of the 

proISG15 (Boston Biochem, Cambridge, MA) substrate was mixed with 40 nM purified 

recombinant GST-PLP or GST-PLP C/H/D>A in a final volume of 10 μl assay buffer and 

incubated at 37°C. The catalytic reaction was stopped at different time points (1 min, 2 min, 5 

min, and 10 min) by the addition of 3.5 μl of 4× Laemmli sample buffer (Bio-Rad, Hercules, 

CA), and the mixture was incubated at 37°C for 20 min. Proteins were separated in an SDS-
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polyacrylamide gradient gel (Thermo Fisher Scientific, Carlsbad, CA) and stained with 

Coomassie brilliant blue. 

Luciferase assay: HEK-293T cells (0.5×105 cells/ml) seeded into 24-well plates were 

cotransfected with 1 μg plasmid DNA expressing a PLP (ToV-PLP, PRRSV-PLP2, or their 

corresponding mutants), 0.5 μg firefly luciferase reporter plasmid p125-Luc, and 30 ng Renilla 

luciferase expression plasmid pRL-SV40. Cells transfected with the empty plasmid vector and 

p125-Luc/pRL-SV40 were used as the control. Transfection was performed by using 

Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's 

instructions. At 24 h posttransfection, cells were mock treated or stimulated with SeV at 100 

hemagglutination (HA) units/ml for 16 h. Subsequently, cells were lysed and analyzed for 

reporter gene expression by using a dual-luciferase reporter system (Promega, Madison, WI) 

according to the manufacturer's instructions. Firefly and Renilla luciferase activities were 

measured by using a FLUOstar Omega microplate reader (BMG Labtech, Cary, NC). The 

relative luciferase activity value for each sample was defined as the ratio of firefly luciferase 

activity to Renilla luciferase activity. 

Real-time RT-PCR for detection of innate immune gene expression: Cell lysates collected 

from virus-infected cells or plasmid DNA-transfected cells were used for analysis of immune 

gene expression. Cellular total RNA was extracted by using an SV Total RNA isolation kit 

(Promega, Madison, WI) according to the manufacturer's instructions. First-strand cDNA was 

generated with a SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific, Carlsbad, 

CA). PCR was prepared with TaqMan Fast Advanced master mix (Thermo Fisher Scientific, 

Carlsbad, CA) and specific primer and probe sets for IFNA1, IFNB1, IL28B, IL29, IRF7, and 

ISG15 (Thermo Fisher Scientific, Carlsbad, CA). The housekeeping gene GAPDH was used as 
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an internal control for PCR in ST cells, while the TBP (TATA box-binding protein) 

housekeeping gene was used as an internal control for PCR in HEK-293T cells. Reactions were 

performed on a CFX96 real-time PCR system (Bio-Rad, Hercules, CA). Relative quantification 

of target gene expression was performed by using cycle threshold (CT) values (54), and the 

results for each treatment were compared with the value for the control culture. Mean values 

were obtained from three repeated experiments. 

Construction of full-length cDNA clones of EVG 08/NC_USA/2015: The full-length genome 

sequence of purified virus was obtained by next-generation sequencing. The 3′-terminal genomic 

sequences were determined by using a GeneRacer core kit (Invitrogen, Carlsbad, CA). The 

strategy for the construction of the full-length cDNA clone is illustrated in Fig. 6. The 

pACYC177 vector containing a CMV promoter was generated by inserting the CMV sequence 

into the SphI and XbaI restriction enzyme sites, two viral genomic fragments were amplified 

with Phusion High-Fidelity DNA polymerase (New England BioLabs, Ipswich, MA), and the 

hepatitis delta virus (HDV) ribozyme element was synthesized by Integrated DNA Technologies 

(Coralville, IA) (47). The assembly of these DNA fragments was performed by using a 

NEBuilder HiFi DNA Assembly cloning kit (New England BioLabs, Ipswich, MA). To construct 

the PLP knockout mutant, the upstream and downstream regions of PLP were amplified and 

assembled by using a NEBuilder HiFi DNA Assembly cloning kit. 

Recovery of recombinant viruses from full-length cDNA infectious clones: BHK-21 cells 

seeded into 6-well plate were transfected with the full-length cDNA infectious clone of the wild-

type virus or its mutant. Transfection was conducted by using Lipofectamine 3000 reagent 

(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. At 48 h posttransfection, 

the cell culture supernatant was transferred to ST cells. After another 48 h of incubation, the cell 
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culture supernatant was harvested from ST cells, and cells were fixed with 4% paraformaldehyde 

(pH 7.2) for 15 min. Fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min 

and then blocked with 1% bovine serum albumin (BSA) in PBS for 30 min. Cells were then 

incubated with the primary anti-VP1 MAb or anti-PLP MAb for 1 h at 37°C. Alexa Fluor 488 

AffiniPure donkey anti-mouse IgG(H+L) (Jackson Immuno Research, West Grove, PA) was 

used as the secondary antibody. The cell nucleus was stained with 4′,6-diamidino-2-phenylindole 

(DAPI) (Thermo Fisher Scientific, Carlsbad, CA). Immunofluorescent signals were visualized 

with the Evos FL cell imaging system (Thermo Fisher Scientific, Carlsbad, CA). 

In vitro growth characterization of recombinant viruses: Passage 2 of recombinant viruses in 

ST cells was used to characterize in vitro growth properties. Confluent ST cells were inoculated 

with the recombinant virus at an MOI of 0.01. The cell culture supernatant was serially harvested 

at 0, 2, 4, 6, 8, 10, and 12 hpi. The virus titer was measured by a microtitration assay using ST 

cells in 96-well plates and calculated as FFU per milliliter by using a method described 

previously (26).  

Statistical analysis: All the data are shown as mean values with standard deviations and were 

evaluated by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test using 

programs in GraphPad Prism 6 (GraphPad, La Jolla, CA). Significant differences are indicated 

by asterisks in the figure legends. 

Accession number: The genome sequence of EVG 08/NC_USA/2015 determined in this study 

was submitted to GenBank under accession no. KY761948. 

4.3. Results 

Identification of a naturally occurring recombinant virus EVG 08/NC_USA/2015 
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In 2015, fecal samples from neonatal pigs with diarrhea symptoms were submitted to the 

Kansas State Veterinary Diagnostic Laboratory (KSVDL) for diagnostic testing. Inoculation of a 

0.2-μm filtered fecal slurry onto a monolayer of swine testicular (ST) cells yielded cytopathic 

effects in ∼48 h. By using metagenomic sequencing, a novel enterovirus G genome was 

assembled, which contained an ∼600-nt foreign gene insertion within the 2C/3A region. We 

observed a mixed population of foreign gene insertions by next-generation sequencing (NGS) 

analysis, in which two different lengths, 582 nt and 648 nt, were observed. In comparison to the 

582-nt foreign gene sequence, the 648-nt insertion contains an additional 66 nt at the C terminus 

(data not shown). BLAST search results showed that this 66-nt sequence has little or no 

homology to any other sequences in GenBank. This virus was subsequently purified by using a 

plaque assay. Nine large plaques were selected for sequencing analysis of the foreign gene 

insertion region. The recombinant viruses obtained from these 9 plaques contained only the 582-

nt insertion, which was determined to be stable in 10 passages in ST cells. We also directly 

passaged the original sample (without plaque purification) on ST cells for 10 passages and 

sequenced the foreign gene insertion region. Quantitative reverse transcription-PCR (RT-PCR) 

and sequencing results showed that about 60% of the population contained the 648-nt insertion 

and that about 40% of the population contained the 582-nt insertion at passage 2. However, only 

about 20% of the population contained the 648-nt insertion at passage 3, while no 648-nt 

insertion was detected at passage 4 (data not shown). These results indicate that the C-terminal 

66 nt of the 648-nt insertion is not stable and may be lost through adaptation of the recombinant 

virus in the host cells.  

One of the largest plaques, EVG 08/NC_USA/2015, was isolated for complete genome 

characterization. The full-length genome of EVG 08/NC_USA/2015 is 7,981 nt long, excluding 
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the poly(A) tail. A long ORF of 7,098 nt, encoding a 2,365-amino-acid (aa) polyprotein 

precursor, is flanked by an 812-nt 5′ UTR and a 71-nt 3′ UTR. The P1, P2, and P3 regions of 

EVG 08/NC_USA/2015 contain 2,514 nt (838 aa), 1,734 nt (538 aa), and 2,265 nt (755 aa), 

respectively (Fig. 1). The full-length genome sequences of EVG 08/NC_USA/2015 show 75.4% 

nucleotide identity to the sequence of prototypic EVG strain PEV9 UKG/410/73 (GenBank 

accession no. Y14459.1) (Table 1). Phylogenetic analysis shows that the novel recombinant virus 

EVG 08/NC_USA/2015 is most closely related to a group of EVGs detected in 2012 in pigs in 

the ThanhBinh and CaoLanh areas of Vietnam (Fig. 2).  

Full-length genome sequencing of EVG 08/NC_USA/2015 identified a 582-nt-long 

foreign gene insertion at the 2C/3A junction of the enterovirus genome (Fig. 1). BLAST search 

results showed that this foreign gene is most homologous to the PLP gene located in the nsp3-

like region of the torovirus genome (54 to 68% amino acid identity). Phylogenetic analysis 

further showed that this foreign PLP forms a well-supported clade with PLPs of other 

toroviruses, including bovine, porcine, and equine toroviruses (Fig. 3) (55, 56). We designated 

this foreign gene ToV-PLP. In the genome of EVG 08/NC_USA/2015, the recombinant ToV-

PLP gene is flanked by two predicted 3Cpro cleavage sites, ALFQ|GPPVFR and AEFQ|GPPTFK, 

at its 5′ and 3′ ends, respectively (Fig. 1). This suggests that ToV-PLP may be cleaved at both 

ends, minimizing its potential influence on proteolytic processing and maturation of enteroviral 

2C and 3A proteins. 

Recombinant EVG ToV-PLP functions as a deubiquitinase and deISGylase to suppress host cell 

innate immune responses 

To obtain insights into potential functions of ToV-PLP within the context of EVG 

08/NC_USA/2015, we explored the structural homology between this PLP and other viral 
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proteases. Iterative modeling using I-TASSER (42) pinpointed sequence and structural 

similarities between EVG ToV-PLP and the leader protease of foot-and-mouth disease virus 

(FMDV-Lpro) (Fig. 4 and 5), although EVG ToV-PLP and FMDV-Lpro have limited homology at 

the sequence level (24.3% amino acid identity) (Fig. 3). A previous study pointed out sequence 

similarities between FMDV-Lpro and another toroviral PLP, that of Breda-1 bovine torovirus 

(57). Like the FMDV-Lpro, EVG ToV-PLP appears to adopt a minimal papain-like fold with a 

characteristic arrangement of its Cys-His-Asp catalytic triad (43, 44). The Cys residue is located 

near the N-terminal cap of the first helix of the primarily helical N-terminal subdomain of the 

core domain, while the His and Asp residues are located near each other within the beta-stranded 

subdomain in the C-terminal half of the core domain (Fig. 5). EVG ToV-PLP also exhibits 

structural homology to portions of the catalytic domains of several eukaryotic deubiquitinating 

enzymes and ubiquitin proteases, including USP2, USP4, USP14, USP18, and USP46. 

Furthermore, ToV-PLP exhibits various levels of sequence and structural homology to the N- 

and C-terminal subdomains of severe acute respiratory syndrome coronavirus (SARS-CoV) and 

Middle East respiratory syndrome CoV (MERS-CoV) PLPs, which are similar to those of 

mammalian deubiquitinating enzymes (Fig. 4 and 5). A major distinction is that the minimal 

protease domains of ToV-PLP (and FMDV-Lpro) lack the primarily β-stranded “finger domains” 

that bridge the N- and C-terminal subdomains, e.g., “thumb and palm domains,” in the catalytic 

folds of coronaviral proteases and eukaryotic deubiquitinases (58). Moreover, the EVG ToV-

PLP and FMDV-Lpro are structurally distinct from the PLPs/Otubain-like deubiquitinases of 

selected nidoviruses and arteriviruses. The latter deubiquitinases also utilize Cys-His-Asp/Asn 

catalytic triads but have different catalytic residue arrangements and overall topologies (38). 

Intriguingly, FMDV-Lpro possesses de-ubiquitinating activity against innate immune signaling 
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components, including RIG-I, TRAF6 and TBK1 (59). PLPs from the SARS and MERS 

coronaviruses also possess DUB as well as deISGylating (ISG15-removing) activities (21, 25, 

60, 61).  

To determine whether the torovirus-derived PLP domain of EVG 08/NC_USA/2015 also 

possesses DUB and/or deISGylation activities, we carried out cell-based DUB and deISGylation 

assays. HEK-293T cells were transfected with a plasmid expressing hemagglutinin (HA)-tagged 

ubiquitin (HA-Ub) and a plasmid expressing wild-type ToV-PLP or a catalytic-site mutant of 

ToV-PLP (mutations introduced into the putative catalytic triad, - C1449/ H1557/ D1572 to A1449/ 

A1557/ A1572). An empty plasmid vector and a plasmid expressing the PLP2 domain of porcine 

reproductive and respiratory syndrome virus (PRRSV) were used as controls (26, 27). The 

expression of each PLP and HA-Ub in transfected cells was confirmed by Western blotting (Fig. 

6A, bottom). In comparison to cells transfected with the empty plasmid, the expression of wild-

type PLP from either ToV or PRRSV reduced the levels of ubiquitin-conjugated proteins (Fig. 

6A, top, compare lanes 2 and 4 with lane 6), indicating that EVG ToV-PLP antagonizes the 

ubiquitination process of host cellular proteins. As we expected, the DUB activities of both ToV-

PLP and PRRSV-PLP2 were abolished by mutations of the putative catalytic-triad residues. 

Next, we investigated the effect of ToV-PLP expression on host protein ISGylation. ISG15 

conjugates were generated by transfecting HEK-293T cells with plasmids that express Flag-

tagged ISG15 and ISG15-specific E1, E2, and E3 enzymes. Cells were cotransfected with the 

ToV-PLP expression vector. Once more, we used PRRSV-PLP2, which also possesses 

deISGylating activity, as a positive control (27). Co-expression of wild-type PLPs resulted in a 

clear decrease in the levels of ISGylated proteins (Fig. 6B; compare lanes 2 and 4 with lane 6). 
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The deISGylation activities of the PLPs were abolished by mutations of the putative catalytic 

residues. This result confirmed that the ToV-PLP domain possesses deISGylation activity. 

To further verify that the ToV-PLP domain directly targets the conjugation of the 

polyubiquitin chain, we carried out in vitro ubiquitin deconjugation assays using recombinant 

ToV-PLP purified from Escherichia coli. K48-, K63-, or M1 (linear)-linked polyubiquitin chains 

were incubated with serial dilutions of recombinant PLPs (Fig. 6C to E). Both K48- and K63-

linked polyubiquitin substrates are efficiently cleaved to monomeric ubiquitin by recombinant 

ToV-PLP. Interestingly, ToV-PLP also cleaves linear polyubiquitin (M1), a modification 

involved in NF-κB activation, among other innate immune pathways (31). In contrast, the 

polyubiquitin cleavage activity was totally abolished by mutations of the putative catalytic triad 

(Fig. 6C, D and E).   

To confirm the deISGylation activity of this recombinant PLP, we carried out an in vitro 

proteolytic assay using an ISG15 precursor (proISG15) as a cleavage substrate (22, 52). 

Reactions were terminated at specific time points through the time course of the assay. Wild-type 

ToV-PLP cleaves the majority of proISG15 into mature forms in 10 min (Fig. 6F). In contrast, a 

ToV-PLP mutant that contains mutations in the putative catalytic triad exhibits no deISGylation 

activity (Fig. 6F). 

Since ubiquitination affects innate immune gene signaling pathways (35-37), we 

investigated whether ToV-PLP also influences innate immune gene expression in a host cell 

context. We first carried out luciferase reporter assays using a luciferase reporter plasmid (p125-

Luc) that expresses firefly luciferase under the control of the IFN-β promoter. HEK-293T cells 

were cotransfected with plasmids that express wild-type or mutant ToV-PLP, p125-Luc, and 

Renilla luciferase (pRL-SV40) to normalize the expression levels of the samples. As a positive 
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control, we cotransfected cells with the reporter plasmid along with a plasmid containing the 

nidoviral Otubain-like deubiquitinase PRRSV-PLP2. At 24 h posttransfection, cells were 

infected with Sendai virus (SeV) to induce luciferase production. As we expected, the expression 

of PRRSV-PLP2 significantly inhibited luciferase gene expression. In contrast, a strong reporter 

signal was observed in cells transfected with the empty plasmid after SeV infection. Cells 

expressing ToV-PLP exhibited a 12-fold reduction of the IFN-β promoter-driven luciferase 

reporter signal (Fig. 7A). Quantitative RT-PCR results also showed that the IFN-β mRNA 

expression level was significantly decreased by 3-fold in ToV-PLP-transfected cells (Fig. 7B), 

while mutations introduced into catalytic sites of the protease increased reporter gene and IFN-β 

mRNA expression levels (Fig. 7A and B). These data indicate that the ToV-PLP protein may 

function as an innate immune antagonist through its DUB/deISGylation activities.  

Growth of ToV-PLP knockout recombinant enterovirus is attenuated in cell culture 

To explore the potential contribution of torovirus PLP recombination to the growth and 

fitness of enterovirus, we generated a full-length cDNA infectious clone of EVG 

08/NC_USA/2015 (pEVG) (Fig. 8A). The pEVG construct contains a cytomegalovirus (CMV) 

promoter at the 5′ terminus of the viral genome, the 7,981-nucleotide full-length genome of EVG 

08/NC_USA/2015, and a 20-nt poly(A) tail incorporated at the 3′ end of the genome (Fig. 8A). 

Compared to the genome sequence of the parental virus, the DNA sequence of pEVG contained 

3-nt differences at the following genome positions: T14, G2029, and A7724. The T14 to C mutation 

is located within the 5'-UTR region, the A7724 to G mutation is a synonymous mutation, and the 

G2029 to T mutation changed the amino acid sequence from glycine to valine. To rescue the 

cloned virus, plasmid DNA of pEVG was transfected into BHK-21 cells, and the cell culture 

supernatant from the transfected cells was passaged onto ST cells at 48 h posttransfection. At 18 
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h postinfection (hpi), infected ST cells were stained by using PLP and VP1 protein-specific 

monoclonal antibodies (MAbs) (Fig. 8C). These results indicate that viable cloned virus (vEVG) 

was recovered from the full-length cDNA infectious clone pEVG. Sequence analysis confirmed 

that vEVG genome contains C14, T2029, and G7724 mutations, which differentiate vEVG from wild 

type virus EVG 16-08. 

By using the pEVG infectious clone, a PLP gene knockout mutant (vPLP-KO) was 

generated (Fig. 8B). Growth kinetics of the parental virus EVG 08/NC_USA/2015, the cloned 

virus (vEVG), and the PLP knockout mutant (vPLP-KO) were compared. Cells were infected 

with each of the viruses and harvested at 0, 2, 4, 6, 8, 10, and 12 hpi. These results showed that 

vEVG exhibits growth kinetics similar to those of the parental virus EVG 08/NC_USA/2015 

(Fig. 9). Both the parental virus and the cloned virus reached titers of 103.2 FFU/ml and 103.4 

FFU/ml at 12 hpi, respectively. In contrast, vPLP-KO was impaired in growth in ST cells, with 

an ∼1-log-lower virus titer at 12 hpi (Fig. 9). 

The ToV-PLP knock out recombinant enterovirus showed a reduced ability to inhibit innate 

immune gene expression in infected cells 

To determine whether the knockout of ToV-PLP affects the innate immune suppression 

ability of the virus, we analyzed DUB and deISGylation activities of wild-type and mutant ToV-

PLP knockout viruses. Compared to uninfected cells (Fig. 10A, lane 3), the amount of Ub-

conjugated proteins was decreased by about 95% in both EVG 08/NC_USA/2015- and vEVG-

infected cells (Fig. 10A, lanes 4 and 5). In contrast, levels of Ub-conjugated proteins were 

elevated 8.7-fold in vPLP-KO-infected cells, compared to cells infected with the cloned virus 

vEVG (Fig. 10A, lanes 5 and 6). In addition, the amount of ISG15-conjugated proteins in cells 

infected with vPLP-KO was elevated 47-fold compared to that in cells infected with EVG 
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08/NC_USA/2015 or vEVG (Fig. 10B, lanes 4 to 6). We observed no significant difference in 

the DUB/deISGylation abilities of parental and cloned viruses; similar levels of Ub/ISG15-

conjugated host proteins were detected in cells infected with EVG 08/NC_USA/2015 and vEVG 

(Fig. 10). 

To extend these observations, we investigated the effect of the PLP knockout on innate 

immune gene expression in infected cells. ST cells were infected with EVG 08/NC_USA/2015, 

vEVG, or vPLP-KO, and innate immune gene expression was analyzed at 10 hpi. As expected, 

similar levels of IFN-β, interleukin-28B (IL-28B), and ISG15 expression were observed in cells 

infected with EVG 08/NC_USA/2015 and vEVG. In comparison to those in vEVG-infected 

cells, there were 6.6-, 5.3-, and 4.1-fold increased expression levels of type I IFN (IFN-β), type 

III IFN (IL-28B), and ISG15 in vPLP-KO-infected cells, respectively (Fig. 11A to C). To 

confirm this result, we further tested innate immune gene expression levels in infected cells 

stimulated by SeV. EVG 08/NC_USA/2015-, vEVG-, or vPLP-KO-infected cells were 

stimulated with SeV at 6 hpi. An extended panel of innate immune gene expression was analyzed 

at 4 h poststimulation. The results consistently showed that EVG 08/NC_USA/2015 and vEVG 

largely suppressed the expression of both type I interferons (Fig. 11D and E) and type III 

interferons (Fig. 11F and G) as well as the expression of the selected ISGs IFN regulatory factor 

7 (IRF7) (Fig. 11H) and ISG15 (Fig. 11I) to similar levels. In contrast, vPLP-KO exhibited a 

reduced ability to antagonize the expression of SeV-induced innate immune genes. mRNA 

expression levels of the type I interferons IFN-α1 and IFN-β were increased by 4-fold and 13-

fold, respectively (Fig. 11D and E), in vPLP-KO-infected cells compared to vEVG-infected 

cells. Similarly, IL-29 and IL-28B expression levels were increased by 8.3- and 12.7-fold, 

respectively (Fig. 11F and G) in vPLP-KO-infected cells compared to vEVG-infected cells. In 
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addition, we also observed increased expression levels of ISGs, including IRF7 (7.4-fold 

increase) and ISG15 (17.9-fold increase), in vPLP-KO-infected cells (Fig. 11H and I).  

4.4. Discussion 

Recombination events potentially exert a major influence on multiple aspects of viral 

evolution and pathogenesis, including the emergence of new virus variants, changes of host 

ranges and tissue tropism, increases in virulence, evasion of host immunity, and resistance to 

antivirals (14, 15, 62). Enteroviruses are known for their high recombination rates, and 

recombination has been reported to contribute significantly to enteroviral genetic diversity (9-

12). This is well illustrated by the example of a prototypic human enterovirus, poliovirus (PV). 

The discovery of PV recombination may date as far back as the 1960s (63). The widely used oral 

poliovirus vaccine (OPV) contains a cocktail of three attenuated serotypes, which facilitates 

intratypic recombination (64, 65). Recombinant PV can be easily detected in both healthy 

vaccinees and vaccine-associated paralytic poliomyelitis patients (64-68). The intertypic 

recombination of PV with human enterovirus C (HEV-C) species also appears to occur under 

natural conditions (16, 17, 64, 69). Furthermore, the highly recombinogenic nature of PV was 

associated with the emergence of pathogenic vaccine-derived viruses during the global polio 

eradication campaign (10-12). Recombination within animal species of simian, swine, and 

bovine enteroviruses has also been documented (70-72). A typical example is the emergence of 

swine vesicular disease virus (SVDV), which is genetically closely linked to coxsackievirus B5 

(CV-B5). Their close phylogenetic relationship suggests that SVDV may have arisen from CV-

B5 by recombination (73, 74). To our knowledge, all enterovirus recombinants that have been 

reported so far arose through recombination events within a species or genus. Our present study 

identified a unique cross-order recombination event between viruses of the orders Nidovirale 
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(torovirus) and Picornavirales (enterovirus). Considering the strikingly different genome 

organizations and protein expression and processing mechanisms of viruses of these two orders, 

it is intriguing to understand how this rare recombination event occurred. Moreover, it is also 

important to understand how the enteroviral genome backbone was modified to overcome 

potential nucleotide- and protein-level incompatibilities in order to allow the insertion of the 

heterologous gene. Proposed factors that control the occurrence of recombination include local 

sequence homology, RNA secondary structural elements, coinfection, subcellular colocalization, 

and/or coreplication of the parental viruses in the same host (15, 62). At the PLP gene insertion 

site, the 2C/3A cleavage junction, the original 3C protease cleavage site was duplicated and 

flanks both the 5′ and 3′ ends of the PLP-coding sequence. This suggests that the “foreign” PLP 

may be cleaved off from the enterovirus polyprotein, thereby avoiding a disruption of the 

proteolytic processing of the polyprotein and preserving the functions of other enterovirus 

proteins. Such a recombination event may have occurred within a host animal that was 

simultaneously infected with enterovirus and torovirus. Notably, enterovirus and torovirus are 

frequently detected in swine hosts, and more importantly, both viruses are associated with enteric 

infection (2, 4, 72, 75-85). Our metagenomic sequencing uncovered no ToV-derived genetic 

material other than the ToV-PLP sequence in the sample from which we isolated EVG 

08/NC_USA/2015. This suggests that the recombination event occurred prior to infection of the 

particular piglet from which the sample was obtained. Phylogenetic analysis shows that this 

novel virus is most closely related to EVGs detected in pigs from the ThanhBinh and CaoLanh 

areas of Vietnam in 2012. However, the viruses isolated from these Vietnamese pigs were not 

reported to contain the ToV-PLP gene insertion. The origin of this novel recombinant virus 

therefore needs to be explored further in the future. 
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We determined that the 582-nt ToV-PLP gene segment inserted into the enterovirus 

genome encodes an enzyme with deubiquitinase activity. Structural homology modeling and 

sequence analysis suggest that ToV-PLP may be grouped along with the leader proteases of 

FMDV and, potentially, ERAV (equine rhinitis A virus) into a novel class of structurally 

minimal PLPs with deubiquitinating and deISGylating activities (57, 59). The catalytic domains 

of these PLPs assume folds similar to the core papain fold, with few or no substantial added 

domains and relatively short loops connecting the main structural elements (86). This is 

intriguing given that toroviruses belong to the Coronaviridae, while FMDV and ERAV are 

members of the Picornaviridae. Notably, PLPs from coronaviruses other than toroviruses are 

substantially larger. Moreover, ToV-PLP and FMDV-Lpro do not contain the finger subdomain 

characteristic of other coronaviral PLPs/deubiquitinating enzymes. 

The minimal nature of the ToV-PLP and FMDV-Lpro folds suggests that they may have 

descended from an ancestral papain-like fold that gained deubiquitination function. It is unclear 

whether this gain of function occurred separately in the Coronaviridae and Picornaviridae or 

represents a holdover from a more ancestral virus. It is noteworthy that the FMDV-Lpro, in its 

capacity as a protease, recognizes basic motifs that also contain glycines/serines. In particular, 

FMDV-Lpro cleaves between a basic residue and glycine, with a strong preference for Leucine at 

the P2 position (86). Such motifs are present not only in the FMDV viral polyprotein that is 

cleaved by the protease (87), but also in several host cell targets, including eukaryotic initiation 

factor 4G (eIF4G) and the IRES-binding protein Gemin5. Cleavage of these targets suppresses 

host cell protein synthesis and promotes the translation of viral gene products (88-90). In 

contrast, larger coronaviral PLPs, such as SARS-CoV PLP, recognize LXGG motifs specifically 

(91, 92); thus, the targets of their classical protease activity and deubiquitinating/deISGylating 
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activity are equivalent, as ubiquitin and ISG15 terminate in RLRGG sequences. It is unclear 

whether ToV-PLP possesses protease sequence specificity similar to that of FMDV-Lpro. 

However, ToV-PLP may also potentiate viral replication and pathogenesis by acting on host 

translation factors or on antiviral pathways other than innate immunity. 

Interestingly, ToV-PLP and FMDV-Lpro, but not PLpro of SARS-CoV and related CoVs, 

contain additional acidic residues located immediately C terminal to the catalytic Asp residues. 

These acidic motifs form a loop proximal to the catalytic triad and may help to establish 

proteolytic sequence specificity in these minimal PLPs. However, proteolytic target sequences 

may bind to the ToV-PLP and FMDV-Lpro active sites in a different manner than the extended, 

flexible C-terminal sequences of ubiquitin/ISG15 that are also cleaved by these enzymes. 

In SARS-CoV PLpro and related coronaviral PLPs, the principal binding sites for the 

globular portions of ubiquitin and ISG15 are located at an interface between the finger and C-

terminal (palm) subdomains (93). A second, distal site is formed primarily by residues on the N-

terminal thumb subdomain, which are also not present in FMDV-Lpro and ToV-PLP. From the 

principal binding site, the flexible C-terminal tail of ubiquitin extends into the catalytic site, 

stabilized by an extensive hydrogen-bonding network with residues near the catalytic triad (93). 

The ubiquitin/ISG15 C termini may follow a path to the active site of ToV-PLP and FMDV-Lpro 

similar to that of SARS-CoV PLpro. However, it is not yet clear exactly where the principal 

and/or secondary binding surfaces for the globular domains of polyubiquitin and ISG15 are 

located on the minimal catalytic domains of ToV-PLP and FMDV-Lpro. Structural elucidation of 

complexes of these enzymes with ubiquitin and ISG15 is required to answer this question and to 

clarify the nature of polyubiquitin chain specificity and substrate preferences for these viral 

proteases. 
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Ubiquitination and ISGylation play important roles in regulation of host antiviral immune 

responses (30-35). In previous studies, PLPs of nidoviruses were shown to disrupt innate 

immune signaling pathways through their deubiquitination/deISGylation activities, which have 

been proposed to be associated with viral pathogenicity (24, 44, 77, 80-82). In our study, the 

novel ToV-PLP robustly disassembles both K48- and K63-linked polyubiquitins as well as linear 

polyubiquitin. These polyubiquitins are the primary ubiquitin species that regulate specific innate 

immune signaling pathways. ToV-PLP overexpression in cell culture also reduced the levels of 

ISG15-conjugated cellular proteins, and we further confirmed its deISGylation activity using in 

vitro assays. The biological significance of these DUB and deISGylation activities was further 

supported by the fact that ToV-PLP is able to inhibit the mRNA expression of IFN-β. When we 

introduced a targeted deletion to knock out ToV-PLP expression, a recombinant mutant virus 

was rescued in cell culture, suggesting that ToV-PLP is not absolutely essential for viral 

replication. However, these mutants exhibited reduced DUB/deISGylation activity and enhanced 

the expression levels of representative innate immune genes in infected swine cells.  

Like most enteroviral infections, EVG infection is generally considered to be 

asymptomatic, with limited evidence to support its association with clinical diseases (72, 83, 84, 

94). However, in the present study, this unique enterovirus strain (EVG 08/NC_USA/2015) was 

isolated from a fecal sample of a piglet experiencing diarrhea. The acquisition of a foreign innate 

immune antagonist, ToV-PLP, may explain the pathogenicity in the natural host. Further in vivo 

characterization of this emerging chimeric virus is needed to fulfill Koch's postulates and 

evaluate the contribution of exogenous ToV-PLP in the pathogenesis of EVG in animals. 
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Figure 4.1. Schematic diagram of EVG 08/NC_USA/2015 genome organization. 

Schematic diagram of the genome organization of EVG 08/NC_USA/2015. The single ORF is 

flanked by a long 5′ UTR (812 nucleotides) and a short 3′ UTR (72 nucleotides), followed by a 

poly(A) tail. Secondary structural elements in the 5′ UTR were adapted as previously described 

(Agol and Gmyl, 2010). The ToV-PLP gene is presented as a red box that is inserted at the 

2C/3A cleavage junction. The 5′- and 3′-flanking sequences of 3C protease cleavage sites are 

shown in blue. Vertical lines indicate the polyprotein processing site by the 3C protease. IRES, 

internal ribosome entry site. An, poly(A) tail. 
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Figure 4.2. Phylogenetic analysis of enterovirus full-length genome nucleotide sequences. 

Phylogenetic analysis of enterovirus full-length genome nucleotide sequences. The phylogenetic 

tree was constructed by the maximum likelihood method using the best-fitting general time-

reversible model with a gamma distribution. The numbers on branches are bootstrap values 

(percent) from 500 replicates. Bootstrap values of <50% are not shown. GenBank accession 

numbers are given in parentheses after the name of each isolate. Enterovirus, rhinovirus, porcine 

enterovirus, ovine enterovirus, simian enterovirus, coxsackievirus, and poliovirus are denoted 

EV, RV, PEV, OEV, SEV, CV, and PV, respectively. 
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Figure 4.3. Phylogenetic analysis of coronaviral and picornaviral papain-like proteases. 

The phylogenetic tree was constructed by the maximum likelihood method using the best-fitting 

algorithm Whelan-and-Goldman model. The numbers on branches are bootstrap values (percent) 

from 500 replicates. Bootstrap values of <50% are not shown. Amino acid sequences of PLPs are 

acquired from coronaviral, toroviral, and picornaviral polyproteins, with GenBank accession 

numbers shown in parentheses after the name of each protein entry. 
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Figure 4.4. Amino acid sequence alignment of the EVG ToV-PLP protein with other known 

papain-like proteases. 

Shown is structure- and sequence-guided alignment of EVG ToV-PLP with the corresponding 

catalytic domains of the FMDV leader protease, coronaviral PLPs, and the human 

deubiquitinating/deISGylating enzyme USP18. Sequences and numbering correspond to the 

following GenBank protein accession numbers: CAA25416.1 for the FMDV leader protease, 

AEA10817.1 for SARS coronavirus PLP, YP_009047202.1 for MERS coronavirus PLP, 

AAU06353.1 for murine hepatitis virus (MHV) PLP2, AFD98833.1 for human coronavirus 

NL63 PLP2, ABI26421.1 for infectious bronchitis virus (IBV) PLP, and AAD49967.1 for human 

USP18. The secondary structures of ToV-PLP and FMDV-Lpro are shown in black above the 

sequences. The secondary structure of an inserted β-sheet domain that is not present in the core 

fold of FMDV-Lpro but found in the other sequences is shown above the alignment in green. The 

catalytic-triad residues are marked with purple stars, and a DUB-specific “signature” motif in the 

protease catalytic sites is indicated with a light blue box (75). Hs., Homo sapiens. 
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Figure 4.5. Structural modeling and comparison of EVG ToV-PLP protein with other 

known papain-like proteases. 

Structures of the homology model of the core ToV-PLP catalytic domain were compared with 

those of the catalytic domains of representative viral proteases from FMDV (94), SARS-CoV 

(141) and the eukaryotic USP18 deubiquitinating enzyme (143). Each representation is colored 

by sequence progression from N to C termini (blue to red) and is shown in an approximately 

equivalent orientation. The side chains of the catalytic Cys, His, and Asp residues from each 

enzyme are circled and shown in a stick representation. PDB accession numbers are shown in 

parentheses. 
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Figure 4.6. Deubiquitination and deISGylation activities of the recombinant ToV-PLP 

protease. 

(A and B) Effect of PLP expression on Ub or ISG15 conjugation. (A) HEK-293T cells were 

cotransfected with plasmid DNAs expressing HA-Ub and FLAG-tagged ToV-PLP or PRRSV-

PLP2 or their catalytic-site mutants (ToV-PLP mut and PRRSV-PLP2 mut, respectively). HA-

Ub-conjugated cellular proteins were visualized by Western blotting using anti-HA MAb. The 

expression of FLAG-tagged PLPs was detected by anti-FLAG MAb M2. (B). HEK-293T cells 

were cotransfected with plasmid DNAs expressing ISG15 and its conjugation enzyme E1/E2/E3, 

ToV-PLP, or PRRSV-PLP2 or their catalytic-site mutants. ISG15-conjugated cellular proteins 

were detected with an ISG15-specific MAb by Western blot analysis. For both panels A and B, 

the empty pCAGGS vector plasmid was included as a control, while the expression of the 

GAPDH housekeeping gene was detected as a loading control. (C to E) Ubiquitin cleavage 

activity of recombinant ToV-PLP on K48/K63/M1-linked polyubiquitin chains. Cell-free 

deubiquitination activity was analyzed by using K48-linked polyubiquitin chains (Ub3-7) (C), 

K63-linked polyubiquitin chains (D), or M1-linked polyubiquitin chains (E) as the substrates and 

incubation with serially diluted GST-PLP (1 μg, 0.5 μg, and 0.25 μg) or equal amounts of the 

catalytic-site mutant (GST-PLP C/H/D>A) at 37°C for 2 h. Cleaved ubiquitin products were 

visualized by SDS-PAGE and are labeled in red. Note that the molecular mass of Ub6 (51 kDa) 

is close to that of GST-PLP (50.4 kDa). WT, wild type. (F) DeISGylation activities of GST-

tagged recombinant ToV-PLP (left) and its catalytic-site mutant (right). The ISG15 precursor 

(proISG15) was incubated with 40 nM GST-PLP or equal amounts of the catalytic-site mutant 

(GST-PLP C/H/D>A) at 37°C for a series of time points (1 min, 2 min, 5 min, and 10 min). The 

mature form of ISG15 was visualized by SDS-PAGE and is labeled in red.  
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Figure 4.7. Effect of ToV-PLP expression on IFN-β expression. 

(A) ToV-PLP affects reporter gene expression derived by the IFN-β promoter. HEK-293T cells 

were transfected with a plasmid expressing ToV-PLP, the PRRSV-PLP2 domain, or the 

catalytic-site mutant (PLP mut and PLP2 mut, respectively), along with the firefly luciferase 

reporter plasmid (p125-Luc) and Renilla luciferase expression plasmid pRL-SV40. Cells were 

stimulated by SeV at 24 h posttransfection. Luciferase activity was measured at 16 h 

poststimulation. Relative luciferase activity is defined as the ratio of firefly luciferase reporter 

activity to Renilla luciferase activity. Each data point represents the mean value from three 

experiments. Error bars show standard deviations of the normalized data. The expression of 

PLPs was detected by Western blotting using anti-FLAG MAb M2. The expression of the 

GAPDH housekeeping gene was detected as a loading control. RLU, relative light units. (B) 

ToV-PLP affects IFN-β mRNA expression. HEK-293T cells were transfected with a plasmid 

expressing ToV-PLP or PRRSV-PLP2 (wild type or mutant). At 24 h posttransfection, cells were 

stimulated with SeV. At 16 h poststimulation, quantitative RT-PCR was performed to evaluate 

the innate immune response. The relative mRNA expression level of IFN-β was acquired by 

normalization to the value for the TBP housekeeping gene. Mean values with standard deviations 

are shown. P values of <0.01 (**), <0.001 (***), and <0.0001 (****) are indicated. 
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Figure 4.8. Construction of EVG 08/NC_USA/2015 infectious clone and rescuing 

recombinant viruses. 

(A) Strategy for assembling the full-length cDNA infectious clone of EVG 08/NC_USA/2015. 

Two RT-PCR-amplified genomic fragments and a synthesized HDV ribozyme gene were 

assembled into the pACYC177 vector by using the NEBuilder HiFi DNA assembly method. The 

CMV promoter sequence was inserted at the 5′ end of the genome. (B) Schematic diagram of the 

PLP knockout mutant (vPLP-KO). (C) Immunofluorescence detection of recombinant viruses 

rescued from full-length cDNA clones. BHK-21C cells were initially transfected with plasmid 

DNA of the full-length cDNA clone pEVG or its mutant. ST cells were subsequently infected 

with the cloned viruses rescued from BHK cells. The expression of ToV-PLP and the structural 

protein VP1 was detected by specific MAb 128-28 and MAb 115-5, respectively. The cell 

nucleus is stained with DAPI. (D) Western blot detection of PLP expression in recombinant 

virus-infected ST cells. The membrane was probed with ToV-PLP-specific MAb 128-28. The 

expression of the GAPDH housekeeping gene was detected as a loading control. 
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Figure 4.9. Characterization of in vitro growth properties of EVG recombinant viruses 

rescued from full-length cDNA infectious clones. 

Confluent ST cells were initially inoculated with the recombinant virus at an MOI of 0.01, and 

the cell culture supernatant was serially harvested at 0, 2, 4, 6, 8, 10, and 12 hpi. The virus titer 

was measured by a microtitration assay. The results shown are mean values from three replicates, 

with error bars showing standard deviations. Virus titers are expressed as numbers of FFU per 

milliliter.  
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Figure 4.10. Effect of ToV-PLP deletion on the deubiquitination and deISGylation abilities 

of enterovirus. 

(A) HEK-293T cells were transfected with plasmid DNAs expressing HA-Ub and then infected 

with the parental virus EVG 08/NC_USA/2015, the cloned virus vEVG, or vPLP-KO. Ubiquitin-

conjugated cellular proteins were detected by Western blotting using an anti-HA MAb. (B) 

HEK-293T cells were cotransfected with plasmid DNAs expressing FLAG-tagged ISG15 and its 

conjugation enzyme E1/E2/E3 and then infected with the parental virus EVG 08/NC_USA/2015, 

the cloned virus vEVG, or vPLP-KO. ISGylated host proteins were visualized by Western 

blotting using anti-FLAG MAb. ToV-PLP-specific MAb 128-28 was used to detect the 

expression of PLP in infected cells. The expression of the GAPDH housekeeping gene was 

detected as a loading control. 
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Figure 4.11. Effect of ToV-PLP deletion on innate immune gene expression levels. 

ST cells were infected with the parental virus EVG 08/NC_USA/2015, the cloned virus vEVG, 

or the PLP knockout mutant vPLP-KO at an MOI of 3. Mock-infected cells were used as a 

control. Total RNAs were then extracted from cell lysates to perform real-time RT-PCR. (A to 

C) Innate immune gene expression levels were measured at 10 hpi. (D to I) At 6 hpi, cells were 

stimulated with SeV (200 HA units/ml) for 4 h. Total RNAs were then extracted to perform real-

time RT-PCR. Relative expression levels of innate immune genes were assessed by comparison 

with the values for the mock control. The experiment was repeated three times. Results are 

shown as mean values for each group. P values of <0.05 (*), <0.01 (**), <0.001 (***), and 

<0.0001 (****) are indicated.  
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Table 4.1. Genome comparison of EVG 08/NC_USA/2015 with prototype EVG (PEV9 

UKG/410/73) 

Nucleotide or 

Amino acid 

Length 

(EVG 08/NC_USA/2015) 

Length 

(PEV9 UKG/410/73) 
% Identity 

Nucleotides    

5′-UTR 812 756a 87.5 

Polyprotein 7098 6507 73.5 

P1 2514 2505 68.1 

P2 1734 1734 77.9 

P3 2265 2265 77.0 

3′-UTR 71 72 88.4 

Complete 7981 7335 75.4 

    

Amino acids    

P1 

VP4 69 69 91.3 

VP2 246 246 82.9 

VP3 280 277 71.8 

VP1 243 243 60.1 

P2 

2Apro 150 150 80.0 

2B 99 99 80.8 

2CATPase 329 329 85.4 

PLP 194 N/Ab N/A 

P3 

3A 89 89 87.6 

3B (VPg) 22 22 95.5 

3Cpro 183 183 83.6 

3Dpol 461 461 88.5 

a 5′ terminus of PEV9 not being determined. 
b No PLP gene in PEV9. 

c NA, not applicable. 

 



198 

Chapter 5 - Conclusion and Future prospects 

Papain-like proteases (PLPs)-related proteins encoded by viruses have been demonstrated 

to play critical roles in host immune evasion and virus replication. In this dissertation, we 

investigated and elucidated the important impacts of swine nidoviral PLPs-related proteins on 

virus life cycle including both innate immune suppression and viral RNA transcription. 

As the most prominent swine disease worldwide, understanding the PRRSV pathogenesis 

and development efficient vaccines are of importance for disease control and prevention. PRRSV 

nonstructural protein 2 (nsp2)-related proteins including nsp2 and two newly identified 

programmed ribosomal frameshifting (PRF) products-nsp2TF/nsp2N share the same N-terminal 

PLP2 domain. Studies in Chapter 2 have demonstrated the critical inhibitory impacts of nsp2TF 

and nsp2N on host anti-viral innate immunity. PLP2 domain-mediated deubiquitination (DUB) 

and deISGylation effects were determined to contribute to the immune modulation functions of 

nsp2TF and nsp2N. Interestingly, the long uncharacterized region between PLP2 domain and 

PRF site, shared by nsp2-related proteins, was also found to be involved in innate immunity 

suppression. Infection of mutant viruses with PRF products knockout significantly upregulated 

host innate immune responses both in vitro and in vivo. Moreover, in vivo characterization 

further showed that manipulating the expression of PRF products could enhance adaptive 

immunity responses, shedding lights on the development of genetically modified live vaccines. 

Based on the current knowledge we acquired on nsp2-related proteins, next steps could be to 

investigate the exact DUB/deISGylation target of PLP2 domain in innate immunity pathways 

and the interaction of PLP2 downstream region with innate immunity pathways. 

In addition to the PLP2 domain, we also examined and characterized the biochemical 

nature and functional roles of the long uncharacterized PLP2 downstream region in Chapter 3. 
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We initially demonstrated the hyper-phosphorylation state of nsp2-related proteins, which 

expands the phospho-proteome of nidoviruses. The PLP2 downstream region containsmost of 

phosphorylation sites. By mapping the hyper-phosphorylation sites on the functional domains of 

nsp2-related proteins, we further subdivided this uncharacterized region into three domains with 

distinct biophysical features: two hypervariable regions (HVRs) with putative intrinsically 

disordered structures separated by a potentially structured interval domain-IHCD (Inter-HVR 

Conserved Domain) with rare inter-species conservation. Extensive phospho-abolishing 

mutagenesis revealed that the phosphorylated status of residue serine918 is important for rescued 

recombinant virus production. Further investigations showed abolishing the phosphorylation of 

serine918 selectively decreased the accumulation of viral subgenomic mRNAs. The inter-species 

conserved serine918 is located in IHCD, suggesting a potential regulatory role(s) of IHCD for 

PRRSV discontinuous transcription. Results in chapter 3 open several prospective gates for 

future investigations. Potential directions include: 1) identify the phosphorylation sites and 

functional significance of hyper-phosphorylation in nsp2-related proteins of clinically more 

important PRRSV-2; 2) to examine whether and how hyper-phosphorylation will affect the 

innate immunity suppression activities of PRRSV nsp2-related proteins; 3) to resolve the 

structure of IHCD and confirm the disordered properties of HVRs; 4) to search functional 

interaction of nsp2-related proteins with host/viral partners, since HVRs are enrich with potential 

interaction motifs like SH3-domain interaction motif and CtBP interaction motf; 5) to explore 

contributions of structural disorder in nsp2-related proteins for protein-protein interactions and 

hyper-phosphorylation; 6) to investigate whether the hypervariability of nsp2-related proteins 

contributes to the regulation of host-virus interplay and corresponding significance in 

pathogenesis and virus evolution.  
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Investigations PLP-related proteins help elucidate their functional roles in PRRSV life 

cycle, and, more importantly, provide promising targeted methods to fast attenuate pathogenic 

viruses and generate genetically modified live vaccines. Therefore, we then tested whether this 

strategy to manipulate the expression or biochemical nature of viral PLP-related proteins could 

be expanded to other viruses for solving more clinical problems. In 2015, Kansas State 

Veterinary Diagnostic Laboratory detected a unique pathogen from fecal samples of neonatal 

piglet experiencing with diarrhea symptoms. In the studies of Chapter 4, by using the knowledge 

acquired before on viral PLP-related proteins, we tried to explain the potential causes of piglet 

diarrhea by functionally characterizing this potential etiological agent. This pathogen was 

identified as a unique naturally occurred cross-order recombinant enterovirus G encoding a 

torovirus (ToV) PLP, which was discovered for the first time. In our studies, the exogenous 

ToV-PLP was consistently determined to be a robust deubiquinase/deISGylase and strong innate 

immune antagonist. The cross-order recombination event offers enterovirus G with an additional 

enzyme with unprecedented DUB and deISGylation activities. Chimeric virus showed enhanced 

performances in innate immunity suppression and in vitro growth ability than ToV-PLP 

knockout mutant. Studies on the rare cross-order recombination event highlight the contributions 

of PLP-related proteins for viral fitness and possibly pathogenicity, and further provide an ideal 

example about how recombination shapes virus evolution. Since enterovirus G is commonly 

found in pigs and could only cause subclinical infection under most circumstances, future studies 

should focus on whether the exogenous PLP could possibly elevate viral pathogenicity in pigs 

(i.e. to fulfil Koch's postulate), as indicated by in vitro characterization. 

In conclusion, research in this dissertation demonstrate the critical roles of swine 

nidoviral PLPs-related proteins for innate immunity evasion and virus replication, more 
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importantly, for viral pathogenicity, and provide basic knowledge for implication in development 

of vaccines and other control strategies.   
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