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Simple Summary

Porcine reproductive and respiratory syndrome (PRRS) is a disease that seriously affects
pigs. It causes major losses to the global swine industry. There are no specific antiviral
drugs available. This study looks at the roles of the PRRS virus’s GP4 protein to help pre-
vent the disease. GP4 helps the virus infect host cells and triggers immune responses in
pigs, and it also affects viral virulence. GP4 can induce protective immune reactions in
pigs and could be used for vaccine development. Subunit and vector vaccines may target
GP4. Antibodies against GP4 can stop viral infection. GP4 is a key target for controlling
PRRS. This research supports the development of safer vaccines and therapeutic antibod-
ies. These will help reduce economic losses and ensure a stable pork supply. This will
benefit farmers and the public.

Abstract

Porcine reproductive and respiratory syndrome, a highly contagious disease, poses a se-
vere threat to the global swine industry. Its causative agent, PRRSV, induces reproductive
disorders (abortion, stillbirth) in pregnant sows and respiratory disease in piglets. The
host immune system is disrupted by PRRSV, and no specific antiviral drugs are currently
available. Thus, vaccination is regarded as the primary strategy for PRRS prevention and
control. GP4, a key minor structural protein of PRRSV with an estimated molecular
weight of 32 kDa, contains four conserved N-glycosylation sites at residues 37, 84, 120 and
130. Critical neutralizing epitopes are harbored in its extracellular domain (amino acids
40-79). PRRSV binding to the host CD163 receptor is mediated by GP4, which also regu-
lates viral assembly and release, and induces protective immune responses. Hence, GP4
is identified as a central target for PRRS vaccine development. In this review, GP4’s struc-
tural characteristics, genetic evolution and interaction mechanisms are summarized. Its
roles in viral life cycle, virulence, immune evasion and potential applications are dis-
cussed, providing a theoretical reference for PRRSV control.
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1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) was first reported in the
United States in the late 1980s, subsequently spreading to continental Europe within ap-
proximately three years and further expanding to major swine-producing regions in Asia
within five years of its initial emergence [1,2]. Economic impact assessments indicate that
this epidemic has resulted in cumulative losses of approximately USD 4 billion to the
global swine industry [3]. The primary clinical manifestations of the disease include re-
productive disorders in pregnant sows. Pigs of various ages, particularly piglets, exhibit
respiratory ailments, often accompanied by viremia, followed by organ failure including
cardiac and renal dysfunction [2,4,5].

PPRS virus (PRRSV) is a single-stranded, positive-sense RNA virus belonging to the
order Nidovirales, family Arteriviridae, and genus Arterivirus [6-8]. The virus particles were
observed by electron microscopy to be spherical and enveloped, measuring approxi-
mately 55-60 nm in diameter, as illustrated in Figure 1. The nucleocapsid size is between
25 and 35 nm [9]. The PRRSV genome is approximately 15 kb in length and contains a
capped leader sequence at the 5' terminus and a poly(A) tail at the 3’ terminus. Variations
in the poly(A) tail have been reported to indirectly affect viral virulence [10,11]. The
PRRSV genome contains 10 major open reading frames (ORFs) arranged from the 5’ to 3’
terminus, with ORFla and ORF1b overlapping via ribosomal frameshifting to encode
non-structural proteins, and ORF2a, ORF2b, ORF3, ORF4 (encoding GP4), ORF5, ORF5a,
ORF6, and ORF7 encoding structural proteins [12,13]. Based on genetic and antigenic dif-
ferences, PRRSV can be classified into PRRSV-1 and PRRSV-2 [14]. The polyprotein en-
coded by the ORF1 of PRRSV can be hydrolyzed into 13 nonstructural proteins, specifi-
cally Nspla, Nsp13, and Nsp2 through Nsp12 [15,16].

PRRSV major structural proteins have been extensively studied, whereas research on
minor structural proteins, including GP4, remains limited [17]. Current investigations of
the PRRSV GP4 protein have primarily focused on its structure, functions, and roles in the
viral life cycle [18].

This review aims to systematically summarize the structural characteristics, genetic
evolution, interaction mechanisms with host and viral proteins, and immunological prop-
erties of the GP4 protein, as well as its potential applications in vaccine development, di-
agnostic reagent production, and therapeutic antibody design, thereby providing a theo-
retical reference for PRRSV control strategies.
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Figure 1. Schematic representation of PRRSV particle structure. The pattern was created with Bi-
oGDP.com [19].

2. Molecular Characteristics of GP4 Protein

GP4, an essential structural protein of PRRSV, has been reported to possess a molec-
ular weight of approximately 32 kDa and undergoes extensive glycosylation [20]. GP4 has
been shown to contain four glycosylation sites, specifically located at the N-terminal resi-
dues 37, 84, 120, and 130. These conserved glycosylation sites are considered essential for
its structure and function [21].

In the spatial structure of the GP4 protein, hydrophobic regions are observed at the
N-terminus (aa 1-22) and C-terminus (aa 166-183) [22]. The intervening region (aa 23—
165) forms the main antigenic domain, with aa 40-79 containing neutralizing epitopes
[23]. Specifically, amino acids 40-79, located in the extracellular domain, contain antigenic
determinants capable of neutralizing monoclonal antibodies [23,24]. Research on the GP4
epitope across various PRRSV genotypes has demonstrated that the highly variable region
of the GP4 protein in PRRSV-1 harbors a linear neutralizing epitope. The neutralizing an-
tibodies elicited by this epitope exhibit specificity solely towards homologous strains [25].
A B-cell immunodominant epitope of GP4 (amino acids 50-67) was identified using syn-
thetic overlapping peptides. This region was further confirmed to contain the core neu-
tralizing epitope, thereby refining the understanding of antigenic epitope distribution
within the GP4 protein [26].

3. Genetic Variation Analysis of the PRRSV GP4 Gene

To assess the genetic variation of the PRRSV GP4 gene, He et al. (2015) [27] analyzed
the nucleotide and amino acid sequences of GP4 from 11 strains isolated between 2013
and 2014 using phylogenetic and sequence identity analyses. High amino acid identity
(93.9-100%) was observed among these isolates. In comparison with the American classi-
cal strain VR-2332, the GP4 protein displayed 89.4% to 91.1% identity, while exhibiting
95.0% to 99.4% identity with Chinese HP-PRRSV strains. The lowest identity (55.9-72.6%)
was noted with the European representative strain, the Lelystad virus.
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The TJM vaccine strain was generated via 92 serial passages of the virus in Marc-145
cells (an African green monkey kidney epithelial cell line) [28]. Xue et al. (2012) [28] dis-
covered that during this process, the F19 generation of the TJ strain exhibited mutations
in the GP4 protein at several sites, mirroring those in HP-PRRSV strains, including V9 —
L9, L15 — F15, and A32 — S32, among others. Additionally, the GXNN1310b and 10-
10GX-1 strains displayed identical mutations at positions 3-5, with a change from “SSL”
to “APF” [29].

An et al. (2011) [30] developed the JXA1-R vaccine strain through 80 serial passages
of the highly pathogenic PRRSV JXA1 strain in Marc-145 cells. Compared to the JXA1 pa-
rental strain, the JXA1-R vaccine strain exhibited six amino acid mutations in the GP4
protein, which correspond to a mutation rate of 3.37%. During the development of the
HuN4-F112 vaccine strain, obtained by 112 serial passages of the HP-PRRSV HuN4 strain
in Marc-145 cells, five amino acid mutations were identified in the GP4 protein, resulting
in a mutation rate of 2.81% [31].

Mutations in GP4 are distributed across multiple functional regions, including do-
mains involved in CD163 receptor interaction and regions proximal to N-glycosylation
sites. These mutations may influence interactions between viral particles and host cells, as
well as glycosylation patterns, thereby potentially affecting infectivity and immune eva-
sion [32]. Structural modifications induced by these mutations may impair interactions
with host cell receptors, leading to changes in the core biological functions of GP4. In ad-
dition, disruption of viral particle assembly may occur, which could result in reduced vir-
ulence. Collectively, such changes may have substantial implications for infectivity and
pathogenicity, consequently influencing vaccine efficacy and the dynamics of viral trans-
mission [33].

Sun et al. (2013) [34] investigated the local Yanbian strain YB-0605 and identified pro-
nounced sequence divergences in the N-terminal and central regions of the GP4 protein
compared with European LV strains. These observations suggest that GP4 evolution in
geographically isolated strains may display distinct regional characteristics, likely reflect-
ing adaptive modifications driven by local environmental conditions and host-virus in-
teractions.The key mutations identified in these vaccine and field strains are summarized
in Table 1.

Table 1. Summary of amino acid mutations in the PRRSV GP4 protein.

Strain/Vaccine Parental Strain GP4 Mutations M‘;::;On
TJM vaccine strain HP-PRRSV TJ strain  ° [ L1 F15, A32 = 532, among others —
(detected at passage 19)
GXNN1310b/10-10GX-1 Guangyxi isolates “SSL” — ” APF” at aa positions 3-5 —
JXA1-R vaccine strain HP-PRRSV JXA1 strain 6 amino acid mutations 3.37%
HuN4-F112 vaccine strain ~ HP-PRRSV HuN4 strain 5 amino acid mutations 2.81%

YB-0605

Guangxi isolate

Yanbian isolate Epltope. morphology.at aa 3040 significantly B
altered; immunodominance at aa 50 enhanced

Guangxi isolate Serine at aa position 83 (Ser83) —

4, Interaction Between GP4 and Host Protein

CD163 is a member of the class I scavenger receptor family and is characterized as a
130 kDa transmembrane protein. The SRCR5 domain of CD163 is crucial for interaction
with the GP4 protein [35]. Studies involving immunoprecipitation and molecular docking
have confirmed the specific binding between CD163 and GP4, suggesting that small mol-
ecule drugs could potentially antagonize this interaction to inhibit viral infection [36]. The
binding of GP4 to CD163 has been demonstrated to be a critical step in the initiation of
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viral infection in host cells [37]. During this process, GP4 anchors to the host cell surface
through its interaction with CD163, thereby triggering signaling pathways that promote
fusion between the viral envelope and the cell membrane. This fusion facilitates the entry
of the viral genome into the host cell, effectively commencing the infection process [38].

The GP4 protein of PRRSV has been reported to interact with the host CD163 receptor
and the cellular protein calpain 1; this interaction has been suggested to facilitate early
viral uncoating, promotes the release of the viral genome into the cytoplasm, and initiates
the subsequent viral genome replication process [39]. Upon the absence of the SRCR5 do-
main in porcine CD163, the interaction between PRRSV, and the cellular protein calpain
1is abrogated, ultimately leading to the clearance of PRRSV by host cells [40]. During the
canonical infection process of PRRSV, following PRRSV entry into host cells, porcine
CD163 binds to PRRSV GP4 and concurrently mediates the recruitment of the cellular
protein calpain 1 to the vicinity of PRRSV virions [41]. Calpain 1 has been shown to exert
its protease activity to cleave and modify PRRSV structural proteins or associated cellular
factors, which disrupts the structural stability of PRRSV virions and facilitates the release
of the PRRSV genome from its capsid. This process establishes the prerequisite for subse-
quent PRRSV genomic replication [42,43].

Heat shock cognate 71 kDa protein (HSPAS8) has been reported to interact with
PRRSV GP4 via its C-terminal peptide-binding (PB) domain and to be involved in clath-
rin-dependent endocytosis during viral entry into cells [44]. Studies using chemical inhib-
itors and siRNA-mediated knockdown consistently showed that suppression of HSPAS8
was associated with reduced PRRSV RNA levels, infectivity, and viral titers [45-47]. In
addition, HSPA8-GP4 interaction was reported to induce conformational changes in
PRRSV virions, potentially exposing additional receptor-binding sites and enhancing vi-
ral attachment to host cells [48].

In addition, interactions between PRRSV GP4 and the cellular protein HSPAS8 have
been associated with modulation of viral attachment to cells [49]. The schematic summary
of these processes were shown in Figure 2.
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Figure 2. GP4 interacts with host and viral protein. The pattern was created with BioGDP.com
[19].

5. Interactions Between GP4 and Other PRRSV Proteins
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Wissink et al. (2005) [50] investigated the characteristics and functions of PRRSV non-
structural proteins (NSPs) and demonstrated that these NSPs contribute significantly to
viral replication. During PRRSV replication, PRRSV GP4 may exhibit potential interac-
tions with NSPs; for instance, it may engage in indirect interactions with NSP4, thereby
promoting PRRSV genomic replication by regulating the activity of the viral replication
complex (RTC) [51]. The GP4 protein of PRRSV can form a heteromultimeric complex with
the minor structural proteins GP2a and GP3, and this complex plays a crucial role in
PRRSV virion assembly and host cell infection. Furthermore, the potential interaction be-
tween PRRSV GP4 and GP5 may contribute to the stable maintenance of the PRRSV en-
velope structure [52]. Specifically, the specific interaction between PRRSV GP4 and GP2a
enables this subcomplex to serve as a viral attachment entity, which mediates the engage-
ment of PRRSV with the porcine CD163 receptor during the virus entry into susceptible
host cells [53,54].

The PRRSV GP4 protein has been implicated in viral replication through its involve-
ment in the intracellular transport of viral components to the host cell surface, a process
associated with efficient virion release. In addition, during viral assembly, the GP2a-GP3-
GP4 trimeric envelope protein complex has been reported to constitute a key component
contributing to efficient PRRSV assembly [55,56].

GP4 modulates replication efficiency through interactions with cellular proteins such
as TRIM28. During assembly, GP4 forms a heteromultimeric complex with GP2a and GP3,
which is essential for virion assembly, and interacts with GP5 to maintain envelope sta-
bility. During release, GP4 facilitates intracellular transport of viral components to the cell
surface [22,57,58]. The schematic summary of these processes is shown in Figure 2.

6. Relationship Between GP4 and Host Immune Response

The GP4 protein of PRRSV has been demonstrated to be immunogenic and capable
of inducing the production of PRRSV-specific antibodies in the host, thereby contributing
to humoral immune responses against PRRSV infection [16]. Through the application of
synthetic peptide technology, the B-cell epitope of the PRRSV GP4 protein was screened,
and several dominant peptide segments were identified —most notably the fourth seg-
ment, with amino acid residues 51-65 or 59-67 serving as the core region of the neutraliz-
ing epitope [59]. Antibodies targeting this peptide were detectable at 3-5 weeks post-im-
munization, indicating that these GP4-derived epitopes effectively elicit PRRSV-specific
antibody production and robust humoral immune responses in the host [60].

Chen et al. (2018) [61] identified key motifs mediating the interaction between resi-
dues Q48 and I5 of the PRRSV GP4 protein and the monoclonal antibody mAb-5F2. It was
subsequently demonstrated that mAb-5F2 spatially interferes with the interaction be-
tween PRRSV GP4 and the porcine receptor CD163, resulting in a 78-85% reduction in
viral entry efficiency at a concentration of 50 ug/mL [62,63]. These findings not only con-
firm the presence of critical neutralizing epitopes on the GP4 protein but also demonstrate
that PRRSV infection can be effectively inhibited by antibodies targeting these epitopes,
thereby underscoring the essential role of GP4 in the induction of protective humoral im-
mune responses [64,65].

During PRRSV replication in host cells, viral antigens are expressed on the surface of
infected cells and presented via major histocompatibility complex class I (MHC-I) mole-
cules. As a result, infected cells are recognized as non-self and targeted by immune effec-
tor mechanisms [66]. T-cell immunodominant peptides derived from the GP4 protein
have been identified and mapped to amino acid residues 41-58, 86-103, and 140-157
within the PRRSV GP4 sequence. These regions are therefore capable of being recognized
by T cells, leading to the activation of cellular immune responses [67,68]. The cytotoxic
effects mediated by T lymphocytes can directly kill virus-infected cells, preventing the
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spread of the virus between cells [69-71]. Consequently, the cell-mediated immune re-
sponse induced by the GP4 protein plays a significant role in limiting viral replication and
controlling infection [72].

GP4 has been demonstrated to induce a neutralizing antibody response, with GP4-
specific antibodies detected in approximately 65% of PRRSV-2-positive sera, suggesting
that GP4 is immunogenic in a substantial proportion of infected pigs [73,74].

7. Relationship Between GP4 and Virulence

Compared with the PRRSV VR-2332 strain, the conformational epitope of the GP4
protein in the Yan-Bian PRRSV strain YB-0605 exhibited significant structural changes
within the amino acid residues 3040 region, and the immunodominance of the epitope
at residue 50 was enhanced —a phenomenon that may be associated with viral virulence
and immune escape [34]. Mutations at multiple amino acid sites in the GP4 protein of the
Guangxi PRRSV isolate are consistent with those of HP-PRRSV, and aa residue 83 of this
isolate is serine (Ser83), indicating that this site or its flanking regions are closely corre-
lated with viral virulence [27].

Changes in the receptor-binding capacity of GP4 or its synergistic efficiency with
other viral proteins may impair PRRSV entry into host cells, thereby reducing viral repli-
cation and transmissibility, and ultimately modulating virulence [75,76]. PRRSV GP4 is
also implicated in the assembly and release phases of PRRSV virions, and the integrity of
its functional activity modulates the formation and release yield of PRRSV virions. When
PRRSV assembly or release processes are abrogated, viral transmissibility is constrained,
with concomitant reduction in virulence [77].

VR-2332, a representative strain of PRRSV-2, was serially passaged in vitro in Marc-
145 cells to generate the RespPRRS MLV vaccine strain [52]. During this passage process,
no amino acid mutations were identified in the GP4 protein, and the mutation rate was 0%
[78].

Chimeric strains with different regions of the GP4 protein replaced were constructed
using reverse genetics [79]. The CHsx1401-SPJX strain, which carries the complete JXwn06
structural protein region, was used as the control. Twenty-eight-day-old SPF pigs were
randomly assigned to groups and intranasally inoculated with experimental viruses or
DMEM. Except for the CHsx1401-SPJX group, viremia was detected from day 3 post-in-
oculation in all groups and persisted until day 14. Significant viremia was observed in the
DMEM and CHsx1401 groups between days 3 and 5, and clearance in the CHsx1401 group
occurred only by day 14. In contrast, only low-level viremia was detected in the chimeric
virus-immunized groups and was rapidly cleared between days 5 and 7. Viremia was
undetectable from day 3 in the CHsx1401-SPJX and CHsx1401-GP5MJX groups [80,81].
These findings suggest that the GP4 protein indirectly modulates PRRSV virulence by in-
fluencing viral entry, participating in virion assembly and release, and regulating host
immune response efficiency, ultimately leading to attenuated pathogenicity [1,82].

8. Application of GP4 Protein in Vaccine Development

The GP4 protein has been considered an ideal target for subunit vaccine development
due to its essential role in viral infection and its strong immunogenicity [83].

Although GP4 is naturally glycosylated in eukaryotic cells, prokaryotic expression
systems lack this post-translational modification. Nevertheless, recombinant GP4 ex-
pressed in E. coli has been shown to retain immunoreactivity with PRRSV-positive sera,
suggesting that linear epitopes, rather than conformational glycosylation-dependent
epitopes, are sufficient for antibody detection and certain vaccine applications [84].
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Numerous studies have employed prokaryotic expression systems, such as the
SUMO system, pET32a vector, and E. coli system, to express or co-express the GP4 recom-
binant protein. Following purification, these studies confirmed that the protein could in-
duce a specific immune response, bind specifically to PRRSV-positive sera, and be used
to produce high-titer polyclonal antibodies, thereby providing a solid foundation for the
development of GP4 subunit vaccines [85-87].

Jing et al. (2023) [88] constructed a recombinant lymphocytic choriomeningitis virus
(LCMV) reverse genetics system carrying the GP4 gene. They found that after several pas-
sages, the recombinant virus exhibited enhanced proliferative ability and could express
the GP4 protein, offering a new vector direction for PRRSV vaccine development.

Codon-optimized GP4 lacking the transmembrane region was expressed in Ara-
bidopsis thaliana [89]. Following oral administration of transgenic plant material to pigs,
significant humoral and cellular immune responses were induced, and lung injury and
viral load were reduced upon challenge, suggesting that plant-derived GP4 may serve as
an effective subunit vaccine component.

Guo et al. (2014, 2021, 2022) [90-92] truncated the GP4 protein for monoclonal anti-
body production and constructed a stable Marc-145 cell line expressing the ORF4 gene.
Through trans-complementation rescue, they obtained an ORF4 replication-defective
PRRSV, providing candidate strains for a novel replication-defective vaccine.

9. Application of GP4 Protein in Antibody Detection

Prokaryotic expression systems have been widely used to produce recombinant GP4
protein. After mouse immunization, high-titer polyclonal antibodies (up to 1:12,800) or
GP4-specific monoclonal antibodies (e.g., 5F12 and four IgG isotype—positive clones) were
successfully generated. These antibodies exhibited high specificity and stability and were
able to specifically recognize GP4 protein or PRRSV. Therefore, they provided essential
antibody resources for the development of PRRSV diagnostic methods and reagents
[84,93-97].

Mice were immunized with prokaryotically expressed GP4 protein derived from the
PRRSV HUN4 strain, and GP4-specific monoclonal antibodies were generated. The pep-
tide epitopes recognized by these antibodies were subsequently identified using a phage-
displayed random peptide library [98-100]. These findings provided a foundation for
PRRSV detection and epitope-based vaccine research design.

Collectively, these findings indicate that bacterially expressed GP4 is well suited for
generating high-specificity antibody reagents and for defining antigenic determinants rel-
evant to PRRSV diagnostics and antigen design.

10. Application of GP4 Protein in Therapeutic Antibodies

The conserved neutralizing epitope of the GP4 protein provides a critical target for
the development of therapeutic monoclonal antibodies [101]. Porcine-derived monoclonal
antibodies, owing to their high identity with the host and low immunogenicity, have
shown significant potential in the treatment of PRRSV infections [102]. Recent studies re-
ported a porcine monoclonal antibody targeting the conserved GP4 epitope, presenting a
breakthrough approach for PRRS treatment. This study developed porcine monoclonal
antibodies targeting the conserved neutralizing epitope of GP4. In vitro experiments con-
firmed that the antibody specifically binds to different PRRSV genotypes and blocks the
interaction between GP4 and the host CD163 receptor through steric hindrance. The anti-
body demonstrated broad-spectrum neutralizing activity, significantly outperforming
traditional mouse-derived monoclonal antibodies.
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Challenge experiments further validated the protective effects of the antibody. After
administration to 28-day-old SPF pigs, followed by intranasal exposure to a highly viru-
lent PRRSV strain, no significant clinical symptoms were observed in the pigs. The dura-
tion of viremia was reduced by more than 50%, lung viral load was significantly lower,
and lung tissue damage scores were reduced by 60% compared to the control group, no
antibody-dependent enhancement (ADE) was observed [103].

These results indicate that porcine monoclonal antibodies targeting the conserved
GP4 epitope can effectively control PRRSV infection by inducing broad-spectrum neutral-
izing responses, offering a novel strategy for treating emergency PRRS outbreaks in pig
populations in vivo [104].

A recent study employed phage display technology to screen for GP4-specific nano-
bodies, identifying Nb6, Nb31, and Nb85. It was demonstrated by functional assays that
these nanobodies effectively inhibit PRRSV infection via blocking viral attachment to host
cells and subsequent internalization in vivo. These findings offer novel candidate formu-
lations for PRRSV antiviral therapy and broaden the potential applications of GP4 protein
in the development of therapeutic biopharmaceuticals [105].

11. Future Directions

PRRSV represents a significant threat to the swine industry, with its GP4 protein
playing a pivotal role in viral entry and immune evasion. Consequently, GP4 has become
a central target for control and prevention research. Future investigations should priori-
tize three key areas: structural-functional analysis, technological innovation and transla-
tion, and integrated control strategies. These efforts are essential for providing both theo-
retical support and technological solutions for the precise prevention and control of PRRS.

In structural studies, cryo-electron microscopy (cryo-EM) and Al modeling tech-
niques should be utilized to determine the full-length three-dimensional structure of the
GP4 protein [106]. This will provide insights into the biological functions of its glycosyla-
tion modifications, reveal the assembly mechanism of the GP4 complex with GP2a and
GP3, and confirm the role of critical amino acid residues. Furthermore, the interaction sites
and pathways between GP4 and the host receptor CD163 require further exploration. A
comprehensive understanding of the regulatory mechanisms of viral immune evasion
will establish a foundation for future research. Similar to PRRSV GP4, the GP2-GP3-GP4
complex of equine arteritis virus (EAV) has been shown to determine cell tropism and
receptor binding, suggesting that the GP4-mediated entry mechanism may be conserved
among Arteriviruses [18].

In the context of vaccine development, multi-epitope vaccine candidates can be ra-
tionally designed based on conserved regions of the GP4 protein. The SpyCatcher/SpyTag
system may be utilized to incorporate immunodominant epitopes from GP3, GP5, and
other viral proteins to enhance overall immunogenicity [107]. Meanwhile, emerging vac-
cine platforms, including self-amplifying RNA (saRNA) vaccines and nanoparticle-based
vaccines, warrant further exploration. These technologies offer advantages such as low-
dose administration and high antigen expression and may enable efficient presentation of
GP4 antigens while synergistically activating both humoral and cellular immune re-
sponses. In influenza virus, hemagglutinin (HA) receptor-binding domain mutations and
glycosylation changes drive immune escape, highlighting the importance of targeting
conserved epitopes in vaccine design [108].

Regarding diagnostic applications, high-affinity monoclonal antibodies targeting
conserved GP4 epitopes should be developed to improve the sensitivity and specificity of
ELISA kits and colloidal gold immunochromatographic assays. Such improvements
would enhance the detection of variant strains and early-stage infections. Furthermore,
the establishment of a dual diagnostic strategy combining antigen detection with nucleic
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acid confirmation is recommended. By integrating colloidal gold assays with RT-qPCR, a
standardized workflow from preliminary screening to confirmatory diagnosis can be
achieved to accommodate diverse clinical and field scenarios.

12. Conclusions

An integrated, multi-technology framework centered on the GP4 protein, comple-
mented by continuous surveillance of conserved GP4 sequences and epidemiological
monitoring of circulating strains, may contribute to more effective PRRS prevention and
control in the future.
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